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Biochemistry
Volume 69

Aims and Scope of the Series

Biochemistry, the study of chemical transformations occurring within living
organisms, impacts all of the life sciences, from molecular crystallography and
genetics, to ecology, medicine and population biology. Biochemistry studies
macromolecules - proteins, nucleic acids, carbohydrates and lipids —their building
blocks, structures, functions and interactions. Much of biochemistry is devoted

to enzymes, proteins that catalyze chemical reactions, enzyme structures, mech-
anisms of action and their roles within cells. Biochemistry also studies small sig-
naling molecules, coenzymes, inhibitors, vitamins and hormones, which play roles
in the life process. Biochemical experimentation, besides coopting the methods

of classical chemistry, e.g., chromatography, adopted new techniques, e.g., X-ray
diffraction, electron microscopy, NMR, radioisotopes, and developed sophisticat-
ed microbial genetic tools, e.g., auxotroph mutants and their revertants, fermenta-
tion, etc. More recently, biochemistry embraced the ‘big data’ omics systems.
Initial biochemical studies have been exclusively analytic: dissecting, purifying
and examining individual components of a biological system; in exemplary words
of Efraim Racker, (1913 -1991) “Don’t waste clean thinking on dirty enzymes.”
Today, however, biochemistry is becoming more agglomerative and comprehen-
sive, setting out to integrate and describe fully a particular biological system. The
‘big data’ metabolomics can define the complement of small molecules, e.g., ina
soil or biofilm sample; proteomics can distinguish all the proteins comprising e.g.,
serum; metagenomics can identify all the genes in a complex environment e.g., the
bovine rumen.

This Biochemistry Series will address both the current research on biomolecules,
and the emerging trends with great promise.
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Preface

Mesenchymal stem cells (MSCs) are among the most promising foundations of modern
regenerative medicine. These cells possess an exceptional capacity for self-renewal,
differentiation, and immune system modulation, playing a fundamental role in tissue
repair methods, cell therapies, and the creation of advanced biotechnological products.

The growing scientific and clinical focus on MSCs highlights their therapeutic poten-
tial, as well as the diverse range of fields in which they are applied, including cell and
molecular biology, tissue engineering, gene therapy, oncology, and neurosciences.
An improved understanding of their operational mechanisms and interactions with
the cellular microenvironment has driven the creation of new translational medicine
strategies aimed at regenerating and modifying complex diseases.

The book Mesenchymal Stem Cells — Biology, Therapeutics, and Beyond brings together
insights from researchers across different fields, exploring topics as genetic engineer-
ing and genome editing, clinical and preclinical uses in regenerative medicine, neu-
roprotection, immunomodulation, extracellular vesicle applications, and innovative
perspectives on cell-based therapies and bioengineering. This variety of approaches
demonstrates the multidisciplinary and constantly evolving nature of MSC research,
as well as its growing influence on contemporary biomedicine.

This book aims to provide a comprehensive and current overview of the biology and
therapeutic possibilities of MSCs, serving as a theoretical and practical resource for
researchers, clinicians, and students eager to explore this rapidly growing field.

The editors would like to express their sincere gratitude to the IntechOpen editorial
team for their assistance, as well as to all the authors who invested their effort and
commitment in completing this volume.

Rui Damasio Alvites
CESPU - Advanced Polytechnic and University Cooperative, CRL,
Gandra, Porto, Portugal

Ana Colette Mauricio

Department of Veterinary Clinics,

Instituto de Ciéncias Biomédicas Abel Salazar (ICBAS),
University of Porto (UP),

Porto, Portugal
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Chapter 1

Engineering Mesenchymal Stem
Cells Using Electroporation

Shirley O’Dea

Abstract

Despite an encouraging safety profile emerging from the large number of clinical
trials carried out, only a relatively small number of MSC-based products have been
approved globally to date. It is likely that the next generation of MSC cell therapy
products will need to be engineered in order to enhance functionality and/or persis-
tence in vivo and thus advance the field. Non-viral methods of cargo delivery, such
as electroporation, are of interest for cell engineering as safety concerns remain with
viral vectors. To ensure the success of future non-viral MSC engineering studies it
will be critical for researchers to understand the principles and challenges associated
with techniques such as electroporation. Here, the basic principles of electropora-
tion are presented along with an discussion of critical parameters and the impact of
these parameters on cell health and functionality. A review of the literature is also
presented to assess the current state of the art in electroporation-mediated delivery to
MSCs. This review highlights the diversity in the field and underscores the need for
a standardised approach in terms of reporting of methods and selection of assays to
assess cell viability and functionality.

Keywords: bone marrow, Cas9, cell therapy, CRISPR, gene editing, MSC,
intracellular delivery, iPSC, non-viral, transfection

1. Introduction

Mesenchymal stem cells (MSCs) are a diverse subset of adult stem cells present in
avariety of adult tissues. Bone marrow- (BM-) derived MSC have been most widely
studied to date and other sources include adipose tissue, umbilical cord tissue (UCT)
and induced pluripotent stem cells (iPSCs) [1]. MSCs are multipotent and are capable
of both self-renewal and differentiation into mesodermal lineages such as osteocytes,
adipocytes and chondrocytes [2]. In vivo, MSCs can secrete multiple bioactive
molecules which promote cell survival and angiogenesis, decrease inflammation and
enhance tissue repair in the surrounding microenvironment. These differentiation,
immunoregulatory and tissue-protective properties of MSCs have attracted consider-
able interest in the field of translational medicine. Over 1500 clinical trials to date
worldwide examining the therapeutic potential of MSCs as cell-based therapies for
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conditions including heart disease, spinal cord injuries, stroke, Parkinson’s disease,
type-1 diabetes, graft-versus-host disease, autoimmune disease, inflammatory bowel
disease and cancer [3].

However, despite an encouraging safety profile emerging from the large number
of clinical trials carried out, only a relatively small number of MSC-based products
have been approved globally to date [4]. In December 2024, Ryoncil (remestemcel-L-
rknd), an allogeneic BM-derived MSC therapy indicated for the treatment of steroid-
refractory acute graft-versus-host disease in paediatric patients, became the first
U.S. FDA-approved MSC therapy [5]. Notwithstanding the large number of patients
treated in trials, favourable pre-clinical outcomes have largely failed to translate into
clear clinical benefits [4]. In hindsight it has become apparent that failure or inability
to standardise key aspects of cell production and administration has been a significant
confounding factor to success in the clinic. Deeper understanding of, and closer
control over, areas including cell production methods, metabolic activity of the cells,
dose and disease stage is required to improve translational outcomes [5]. In addition,
cell engineering strategies to increase efficiency and specificity of MSC products have
become the focus of much attention [6]. Furthermore, it has been proposed that use
of allogenic cells (allo-MSC), rather than autologous cells which have been preferred
to date, could help address these issues. However, while MSCs are considered immune
privileged and several clinical studies have demonstrated the safety of allo-MSC,
investigations in animal models and in patients have found low levels of engraftment
and limited cell survival in vivo [7]. In addition to rejection, biological function
of MSCs can be significantly reduced within a week of delivery [7]. Therefore, cell
engineering approaches may also be required to support translation of allo-MSC into
clinical studies.

A range of viral and non-viral methods have been used to introduce genes and
other cargos into MSCs (reviewed in [6]). Electroporation, discussed in detail later
here, is the most widely used ‘physical’ non-viral method. Other physical approaches
reported for MSCs include sonoporation, which utilises ultrasonic waves to increase
cell membrane permeability, and nanoparticles such as quantum dots, gold nanopar-
ticles, carbon nanotubes and magnetic nano-beads which are used to bind and
transfer material into cells by penetrating the cell membrane. Non-viral chemical
methods include cationic lipid-based transfection, cationic polymers and cationic-
based peptides. These chemicals form complexes with the cargo and interact with the
cell membrane to transfer the cargo into the target cells. Non-viral methods generally
have advantages compared with viral vectors such as low cost and safety. However,
low efficiency and, notably, high cytotoxicity can be challenges.

In the last decade, advances in cell engineering technologies such as CAR-T and
gene editing have stimulated the cell therapy field as a whole and generated renewed
interest in MSC cell therapies. The possibility of genetically engineering MSCs to
improve their therapeutic potential using approaches such as loading therapeutic
agents onto/into MSCs, or modifying the homing or survival capabilities of the cells
by genetic engineering, is being examined [2]. In particular, the CRISPR/Cas system
has been advocated as an exciting opportunity for the next generation of MSC-based
therapies [6, 8-10]. MSC are readily transducible with viruses and CRISPR/Cas9-
mediated engineering has been achieved with lentiviral vectors [2, 11]. However,
given the good safety profile of MSCs, non-viral delivery methods that could avoid
risks of immunogenicity and carcinogenicity associated with viruses are considered
attractive [12, 13]. Chemical-based methods have been used to deliver CRISPR/Cas



Engineering Mesenchymal Stem Cells Using Electroporation
DOI: http://dx.doi.org/10.5772/intechopen.1012365

plasmids to MSCs [14-16]. However, the use of recombinant Cas9 protein and guide
RNA complexes in the form of Cas9 ribonucleoproteins (RNPs) are viewed as prefer-
able to plasmids due to lower rates of off-target effects [6].

Given the growing utilisation of electroporation as a non-viral transfection
method in the CAR-T field, the purpose of this review is to discuss aspects of electro-
poration transfection processes that may warrant deeper consideration when applied
to engineering of MSCs in order to support the ultimate success of future clinical
studies. To this end, the mechanism of electroporation will be discussed briefly, with
reference to several in depth review articles on the topic, and similarities and differ-
ences between common electroporation systems will be examined. The importance
of considering potential effects of transfection methods on MSC viability and func-
tionality will be highlighted. A review of the literature was carried out to determine
whether a particular electroporation system and protocol has become standard in the
field of MSC transfection to what extent studies have been carried out to assess MSC
injury and functionality post-electroporation. It does not appear that a similar review
has been carried out to date. While this was not an exhaustive search, it was compre-
hensive and is likely to be representative.

2. Therapeutic potential of MSCs and their derivatives

Several features of MSCs have stimulated interest in their therapeutic potential.
These include their differentiation capacity, their production of a wide array of
biologically active molecules and their ability to home to damaged tissues. Over the
past decade there has been a paradigm shift in the view of the therapeutic potential
of MSCs away from differentiation and in vivo cell replacement toward utilisation
of the paracrine activity of these cells to stimulate innate tissue repair and modulate
inflammation and immune responses [16]. MSCs synthesise cytokines, chemokines,
hormones, growth factors and miRNAs that modulate cell behaviour and can protect
damaged tissue and promote repair processes [17]. Initially, studies focused on deliv-
ery of whole MSCs to the target site in vivo in order to achieve a therapeutic benefit.

It is now know that these active factors are primarily transported in vivo within
MSC-derived extracellular vesicles (EVs) and this has driven the exploration of cell-
free approaches that use these structures as delivery vehicles [18]. Notwithstanding
this, cell-to-cell communication via gap junctions and tunnelling nanotubes is also
an important mechanism by which MSCs transfer larger molecules, and even cell
organelles such as mitochondria, to neighbouring cells, and the therapeutic potential
of intact MSCs cell therapies remains under investigation [17].

The ability of MSCs to home to sites of tissue injury is also of interest for therapeu-
tic applications. Injured or inflamed tissue release a chemokine gradient which directs
MSC migration to the site via chemokine receptors on the MSC cell membrane [17].
MSCs then tether and transmigrate through the endothelium and basement mem-
brane, to the injury site. Although the mechanisms of MSC homing and migration are
not fully understood, these functions have been seconded for applications where the
MSC membrane is being deployed as a drug coating material to enhance biocompat-
ibility and tissue targeting [19].

The retention of MSC functionality is critical for the success of studies such as
these and should be considered in light of the reported impacts of electroporation on
cell viability and functionality as discussed below.
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3. Mechanism of electroporation

Despite being widely used as a transfection method for several decades, the
mechanism by which electroporation permeabilises the cell membrane and
facilitates transfer of material into cells remains unclear. This is due in part to
technical limitations with analysing sub-microsecond nano-scale alterations in
the cell membrane [20]. Several review articles discuss theories on the mechanism
of electroporation in depth [21-24]. In particular, Stewart et al. [25] provide a
comprehensive overview of electroporation as an intracellular delivery method.
Therefore, it is not intended to provide a detailed treatise here. Rather the aim is
to summarise the current state of the art in so much as to provide context that may
inform and advance the MSC therapeutics field. Firstly, the proposed mechanism
by which the cell membrane is rendered permeable by electroporation will be
summarised followed by a brief discussion of the proposed mechanisms by which
molecules are transported into the permeabilised cell.

Amongst several theories on the mechanism, the aqueous pore formation theory
is generally held as the best description of the electroporation process (reviewed in
detail in [22]). This theory focuses on the fluid mosaic model which describes the cell
membrane as a phospholipid bilayer in which proteins are embedded. The head of the
phospholipid is a hydrophilic phosphate while the fatty acid tails are hydrophobic.
Both inside and outside the cell, the cell membrane is surrounded by an aqueous
environment containing electrolytes and various substances. As the membrane forms,
phospholipids naturally arrange themselves into a double layer due to their hydro-
philic and hydrophobic characteristics. In this structure, the phosphate heads of the
phospholipids face outward toward the water on both sides, while the hydrophobic
tails orient inward, away from the water, forming the inner part of the membrane.
Due to a system of ion pumps and channels in the membrane, most cells maintain
an electric potential difference, termed the resting transmembrane voltage (TMV),
between the inner and outer side of the membrane. Eukaryotic cells generally exhibit
aTMV between —40 and — 70 mV [20].

The phospholipids in the cell membrane can move and rotate, giving the mem-
brane fluidity and flexibility and allowing it to adapt to changes in cell shape and
internal pressure. As a result of this fluidity, it is thought that, under normal condi-
tions, local thermal fluctuations can cause the formation of random micropores in
the cell membrane. The micropores are hydrophobic due to the phospholipid tail in
the bilayer yet, despite being energetically unfavourable, a small number of water
molecules may be able to penetrate the bilayer and enter the cell. These micropores
are unstable and reseal within nanoseconds.

In the presence of a sufficiently strong external electric field such as that applied
during electroporation, structural changes occur to the cell membrane and its con-
stituent molecules which have relevance for the transfection process. When cells in
solution are placed between plate electrodes and exposed to electric pulses, an electric
field is established between the electrodes during each pulse and the TMV increases.
Once the TMV reaches a sufficiently high, or ‘critical value, it is postulated that water
molecules on either side of the cell membrane tend to orient their dipoles along the
local electrical field created by the TMV, form intermolecular hydrogen bonds and
increasingly ingress into the hydrophobic region of the bilayer, forming so-called
‘water-fingers’ These finally merge to form a water column that spans the bilayer [20,
23]. This in turn causes the polar head groups of neighbouring fatty acids to adjust
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their orientation to face the water molecules, resulting in a hydrophilic pore through
which more water can flow into the cell. The pore size increases and other polar
molecules and ions can likewise enter through the permeable membrane.

The pores formed during electroporation are relatively stable, persisting from mil-
liseconds to minutes, and will reclose spontaneously after the electric field is removed
unless the duration or strength of the electric field has been excessive, in which case
the permeability is irreversible [22]. Resealing of the pores can take several minutes
and is faster at higher temperatures suggesting the involvement of enzymes [20, 23].
The cytoskeleton is also involved [23].

The membranes of intracellular organelles can also become permeabilised under
certain conditions. Electroporation occurs primarily on the cell membrane when
pulses with duration in the microsecond-millisecond range are used. When higher
electric field strengths are used with pulses in the nanosecond range, mitochondrial
and nuclear membranes may become electropermeabilised (Figure 1).

4. Mechanism of transmembrane molecular transport

Electroporation-mediated transport of molecules into cells is believed to occur
via diffusion, electrophoresis or endocytosis, or a combination thereof, depend-
ing on the size and charge of the molecule and whether the electric pulse is in
progress or has ceased. Small molecules may enter the electropermeabilsed cell
by diffusion across their concentration gradient, while charged small molecules
will benefit from an added electrophoretic effect that can augment transfer into
the cell. It has been reported that transport during the pulse is primarily electro-
phoretic while diffusion occurs after the pulse [23]. For these smaller molecules,
microsecond-millisecond pulses of relatively low electric field strengths appear
to be optimal for transport [23]. For larger macromolecules such as proteins and
nucleic acids, larger pore sizes are required and nanosecond pulses with consider-
ably higher field strengths are required to achieve transfection. Additionally,
charge on the molecule plays a key role as electrophoretic forces are believed to
be critical. Thus macromolecules such as DNA and RNA, which carry a negative
charge, are typically efficiently transferred into cells by electroporation. However,
transport mechanisms may differ between macromolecules. While siRNA can
translocate during the pulse, DNA does not appear to enter the cell immediately
and endocytosis may be the primary mechanism [23].

5. Electroporation and cell injury

As discussed by Stewart et al. [25], electroporation can be a highly efficient means
of transporting molecules into cells but cell injury remains a challenge, particularly
for cell therapy applications. Napotnik et al. [26] observe that reversible electropora-
tion was developed in order to deliberately damage the cell membrane in a sub-critical
manner. In addition to the desired influx of cargo, outflow of biomolecules from the
cell will also occur during electroporation, which may affect the viability or func-
tion of the cell post-electropermeabilisation, although this may also apply to other
membrane-disruption techniques. Several issues apply specifically to electroporation
and their resolution is confounded by difficulties in measuring and controlling their
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Relationship between the pulse strength-duration pavameter space and subcellular targeting. High intensity
short pulses are biased toward perturbing small membrane bound bodies like organelles, while milder, longer
pulses are more specific for the plasma membrane and larger cells. At large field strengths and longer durations
thermal damage due to heating becomes an issue, being also dependent on buffer conductivity. Figure and legend
reproduced from ref. 25. Copyright 2018 with permission from American Chemical Society.

extent and impact in a given experiment. These issues include temperature increases
caused by the electric current, metal contamination due to electrolysis of the elec-
trodes, pH changes adjacent to the electrodes, non-uniformity of the electric field
leading to heterogeneity in transfection rates and cell viability, and cell damage [25].
Electrically induced chemical changes to membrane lipids, such as peroxidation, and
modulation of membrane proteins’ functions, such as voltage gated channels, can
also occur. The extent to which these processes occur has not been well-studied in any
cell type including MSC. Other specific disruptions to normal cell physiology and
health include influx of Ca2+ ions, disrupting intracellular calcium homeostasis and
cell signalling and depleting intracellular ATP, production of reactive oxygen species
and oxidation damage of unsaturated lipids, mitochondrial damage, DNA damage
and protein damage [26]. Thus, electric pulses can have detrimental effects on many
cellular molecules, structures and functions and it should be recognised that active
cellular processes are required for cell recovery.
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6. Electroporation systems and key parameters

The history of the development of electroporation devices and methods is well
described elsewhere [21, 25]. In brief, for conventional electroporation, also known
as bulk electroporation (BEP), the cell suspension and cargo are mixed together ina
conducting buffer solution and transferred to a cuvette which contains two electrodes.
The cuvette is placed into a device where it connects to a generator of high electric voltage
where an electric field is generated. The pulse strength, pulse duration and number of
pulses determine the coverage and size of pore formation respectively. Other key factors
that influence pore formation include cell size, membrane composition and physiological
condition as well as buffer solution composition and temperature [23]. If these parameters
are not well understood and controlled, there is a high likelihood that the transfection pro-
cess will fail due to either insufficient permeabilisation resulting in limited cargo transfer,
or excessive pore formation resulting in cell death. Control of cargo dosage is also difficult
to manage in the cuvette setup as volumes are relatively large.

Despite these issues, BEP remains widely used. Commonplace commercial systems
include the the Neon® (Thermo Fisher Scientific), the Nucleofector™ (Lonza) and
the Gene Pulser Xcell™ (Bio-Rad). The formats of these systems and others vary
with respect to conformation of the cuvette/cassette/multi-well strip, buffer solution
composition, optimal cell number and pulse regimes, meaning that process optimisa-
tion is required for a given application on each system. Several commercial providers
have also made automated, higher throughput, GMP-aligned systems available to
address the need to engineer larger numbers of cells for applications such as ex vivo
cell therapy. A wide variety of academic-designed microscale and nanochannel
electroporation platforms which attempt to address aforementioned issues have also
been reported [21, 25].

As discussed below here, a review of the literature has found that the Neon and
Nucleofector systems are by far the most commonly used electroporation instruments
for transfecting MSCs (Table 1). Therefore, these systems will be discussed briefly.
The Neon system was developed to address issues such as pH changes, electrolysis and
extensive bubble formation associated with the fixed, plate-style electrodes used in
cuvette electroporation formats [27]. Originally called ‘microporation) a tip-type cap-
illary electroporator was developed that integrated a wire type electrode that served
to minimise the effective surface area of the electrode, resulting in enhanced transfec-
tion rate and reduced cell death (Figure 2). Currently, the Neon NxT is available ina
single channel or eight channel format, according to the supplier’s website. The key
electroporation parameters are programmable by the user and a small number of
proprietary buffers are provided for different cell types, the compositions of which
have not been made publicly available. The Nucleofection system has been reviewed
in detail by Stewart et al. [25]. This system employs a cuvette format with parallel
plate electrodes. Optimised, dual pulse settings and cell-type specific buffers appear
to contribute to its efficacy in transfection studies. Several formats of the system have
been developed including 24-, 96- and 384-well instruments as well as a closed large
scale instrument. However, the electroporation parameters are preset into the instru-
ments and are selected as codes, unlike other systems where the operator can select
the specific pulse strength, pulse duration and number of pulses for an experiment.
This prevents the operator from taking a rational, systematic approach to an optimi-
sation study and can impede understanding of failed experiments. Nonetheless, the
system is highly popular generally for electroporation studies, although based on the
findings in this review, apparently less so for MSC studies.
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Figure 2.

(Ag) Comparison of electrochemical side-effects due to the physical geometry of two parallel plate-type electrodes
integrated in the cuvette system and a single wire-type electrode used in the capillary system; (B) schematic of a
piston-driven capillary tip (diameter: 0.65 mm; length: 30 mm); (C) the position of the anode and cathode in the
capillary electroporation system; (D) schematic of the overall capillary electroporation system, which consisted of
a high voltage pulse generator and a pipette station. Figure and legend reproduced from ref. 27. Copyright 2008
with permission from Elsevier.

7. Literature review of studies of electroporation-mediated transfection of
MSCs

When the literature was examined for reports of electroporation-mediated trans-
fection of MSCs it was found that most studies used human-derived primary MSCs,
with adipose tissue-derived and umbilical cord blood derived-MSCs being the most
common cells types (Table 1). Interestingly with respect to broader advances in cell
therapy, one recent study reported the use of MSCs derived from induced pluripotent
stem cells (iMSCs) and another used electroporation to engineer extracellular vesicles
derived from MSCs [44, 47]. The aims of the published studies were diverse and
included evaluations of electroporation and other non-viral delivery systems as well
as engineering of MSCs for therapeutic applications.

Plasmid DNA was by far the most commonly used cargo. Some studies did not
report the transfection efficiencies obtained or referred to data shown in figures
without directly stating efficiency levels. The remaining body of studies used
a wide range of assays to assess transgene expression and/or efficacy including
direct or indirect flow cytometry, fluorescence or immunofluorescence, ELISA
and Western blotting. Only half of the studies reported cell viability post-electro-
poration making interpretation of transfection efficiencies difficult. Therefore,
efficiencies are not discussed here except for CRISPR Cas9 RNP studies which are
of particular interest for cell engineering and are discussed in more detail later in
this section.
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As mentioned above, the literature review found that the Neon and
Nucleofection systems have been the most widely used to date for MSC studies
with a small number of studies using other systems (Table 1). Three of the studies
carried out comparisons between at least two electroporation systems [49-51].
Most, but not all, studies provided some details of the electroporation parameters
used (Table 1), and some also included parameters used during prior optimisa-
tion studies. Within the group of studies that used the Neon system, the cell type
varied widely and there was no consistency evident in the electroporation param-
eters used. For Nucleofection, three studies reported using programme U23 even
though the cell type was different in each study.

Experienced users of electroporation are aware that the handling of cells imme-
diately post-electroporation has a significant impact on the viability of the cells.
Factors such as temperature of culture medium, rest times and pipetting can affect
cell recovery from the transfection process. Therefore, it was of particular interest to
assess the extent to which these factors were reported. Most studies provided some
level of information, such as type of culture medium and seeding vessel, but did
not typically refer to cell handling steps per se (Table 1). A small number of papers
mentioned the use of prewarmed culture medium [36, 38, 39, 45] and Chicaybam
etal. [38] described ‘gently resuspending’ the cells. Otherwise, handling of the cells
was not discussed.

Notably with respect to possible future translational studies, only half of the
studies reported data analysing MSC viability or functionality post-electroporation.
For cell viability, a range of dye exclusion or metabolic assays were employed. Lineage
differentiation capability was the most common measure of functionality examined.

Despite its widespread use elsewhere, CRISPR Cas9 RNP studies in MSCs were
fewer than expected. The earliest study, from Torres-Ruiz et al. in 2017, reported
using the Neon system to deliver RNPs to induce translocations in human umbilical
cord-derived MSCs [30]. Despite naming the Neon system in the Methods section of
their paper, they used the term ‘nucleofection’ in the Results section which typically
refers to the Nucleofection system, leading to some uncertainty, but their reference
to tips and specific pulse parameters suggests the Neon system was indeed used.
Translocation edit efficiencies of 1.0% were reported but neither cell viability nor
functionality were discussed. Xu et al. used the Celetrix system to transfect RNPs
and single stranded DNA oligonucleotides into human MSCs to achieve homology-
directed repair [45]. They reported up to 80% knock out of f2-microglobulin (B2M)
in primary human MSCs but corresponding cytotoxicity levels are not discussed. Kim
et al. used the Nucleofection 4D system to deliver RNPs to insert a brain-derived neu-
rotrophic factor (BDNF) gene into human umbilical cord-derived MSCs to examine a
therapeutic strategy to ameliorate Rett syndrome (RTT) symptoms [40]. The amount
of BDNF secreted from transfected cells was 5.85 times higher than that of wild-type
MSCs, as measured by ELISA. MSC viability or functionality assays were not dis-
cussed. When BDNF-MSCs were injected into a mouse model of RTT, several desir-
able therapeutic effects were observed. In the most comprehensive study, Han et al.
(2024) compared the Neon and Nucleofector systems for delivery of RNPs to human
umbilical cord-derived MSCs [51]. Though not explicitly stated in their report, it is
assumed that they used the Neon system for their studies based on their early opti-
misation data. When targetting the B2M gene, mutation frequencies of 85.1% were
reported with cell viability above 90%. B2M-knockout MSCs effectively supressed
CD8+ T-cell proliferation and results suggested that B2M-knockout augmented the
priming effects of IFN-y in upregulating immunomodulatory cytokines.
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The relatively small number of studies reported to date suggests that success
with electroporation-based delivery of CRISPR Cas9 RNPs in MSCs has been limited
and has been either inefficient or toxic. The diversity of electroporation systems
apparently used, the lack of clarity around which systems were actually used, and
the variety of analytical assays used means that electroporation-mediated delivery
of CRISPR-Cas9 for editing MSCs appears feasible but requires robust process
development addressing critical process parameters as well as detailed reporting of
procedures.

8. Conclusions

It is likely that the next generation of MSC cell therapy products will need to be
engineered in order to enhance functionality and/or persistence in vivo and thus
advance the field. In addition to having a better safety profile than viral vectors
in terms of immunogenicity and carcinogenicity, other advantages of non-viral
approaches include ease-of-use and flexibility. A wide range of non-viral methods
have been used to delivery various cargos to MSCs including physical methods such as
electroporation and sonotransfection and chemical methods such as cationic lipids,
cationic polymers and nanoparticles [6]. However, low efficiency and toxicity chal-
lenges have generally hampered their success. The purpose of this study was to assess
the current state of the art for electroporation-mediated delivery to MSCs.

Despite the expanded availability of electroporation systems and gene editing
tools in recent years, the relatively low number of studies identified indicates that
electroporation remains a challenging process in primary human MSCs, particularly
for CRISPR Cas9-mediated editing (Table 1). In order for studies to be successfully
optimised and reproduced, it is therefore imperative that investigators provide
detailed protocols including the electroporation parameters used in their studies.
The optimal handling of MSCs post-electroporation should be specifically studied
and reported. Additionally, cell viability and functionality assays appropriate for
the desired therapeutic effect should always be included in such studies. It would be
helpful to the field if standardised assays could be agreed and recommend for this
purpose.
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Chapter 2

Mechanism of Action of NestaCell®:
A Bioinformatics-Guided
Translational Approach for
Therapeutic Modulation in
Huntington’s Disease

Rodrigo Pinheiro Araldi, Irina Kerkis, Jodo Rafael Dias Pinto
and Cristiane Valverde Wenceslau

Abstract

Translational bioinformatics integrates computational tools with biomedical data
to uncover novel therapeutic strategies for complex diseases, such as Huntington’s
disease (HD). In this chapter, we highlight the utility of BDASeq®, an Al-enhanced
transcriptomic analytics platform, as a powerful tool for identifying previously
unrecognized druggable targets and supporting therapeutic innovation. By perform-
ing the largest transcriptomic meta-analysis of post-mortem HD brain samples to date
(n = 353), BDASeq® identified 4095 differentially expressed genes (DEGs), includ-
ing 394 putative therapeutic targets. Of these, 187 downregulated genes (DRGs) are
naturally expressed by NestaCell®, an advanced cellular therapy product (ACTP)
derived from human dental pulp stem cells (hDPSCs). Comparative transcriptomic
analysis further revealed that 112 of these DRGs are encapsulated in extracellular
vesicles (EVs) secreted by hDPSCs, termed NestaExo. Functional enrichment analy-
sis demonstrated that these transcripts are involved in biological processes such as
neurogenesis, synaptic plasticity, cytoskeletal organization, and nervous system
development, suggesting a mechanism of action (MOA) for NestaCell® based on
both BDNF-mediated signaling and EV-mediated delivery of therapeutic mRNAs.
Independent in vitro studies using an ALS model confirmed the neuroregenerative
potential of NestaExo, showing dose-dependent increases in neurite and axon length.
Clinical trials have also demonstrated that NestaCell® is safe and well tolerated in
patients with HD. Altogether, this case study illustrates how BDASeq® and transla-
tional bioinformatics can inform the development of disease-modifying therapies,
positioning ACTPs like NestaCell® as a promising alternative to conventional drugs
remain limited to symptomatic relief in neurodegenerative disorders.

Keywords: translational bioinformatics, BDASeq®, NestaCell®, RNA-Seq,
extracellular vesicles (EVs)
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1. Introduction

1.1 Huntington’s disease: A rare neurodegenerative disorder orphan of approved
disease-modifier drugs

Huntington’s disease (HD, OMIM 143100) is a rare, fatal autosomal-dominant
monogenic neurodegenerative disorder characterized by progressive motor dysfunc-
tion, neuropsychiatric disturbances, and cognitive decline [1, 2].

The disease is caused by an abnormal expansion of cytosine-adenine-guanosine
(CAG) trinucleotide repeats in the first exon of HTT gene. While less than >36 CAG
repeats are considered non-pathogenic, expansions beyond this threshold (>36
repeats) lead to disease onset [3-5]. Despite considerable clinical heterogeneity, HD
typically progresses through three well-defined stages: early, middle, and late.

In the early stage, patients may present with subtle involuntary movements such as
chorea, clumsiness, or impaired coordination. Psychiatric manifestations commonly
include depression, irritability, anxiety, apathy, or obsessive-compulsive behaviors.
Cognitive impairments often involve difficulties with multitasking, reduced process-
ing speed, and challenges in planning or organizing tasks [6].

During the middle stage, choreic movements become more pronounced, par-
ticularly in the limbs and facial muscles, while voluntary motor functions such as
ambulation and speech—progressively decline. Psychiatric symptoms may inten-
sify, including mood swings, impulsivity, manic episodes, and severe depression.
Disinhibition and irritability increasingly affect social interactions, and cognitive
deficits in memory, reasoning, and problem solving become more apparent [6].

In the late stage, chorea typically diminishes, giving way to rigidity and bradykine-
sia. Swallowing difficulties and severe motor impairments necessitate full-time care.
Neuropsychiatric features such as profound apathy, social withdrawal, psychosis,
delusions are common, and severe dementia leads to marked impairments in commu-
nication, memory, and comprehension [6].

In the general population, the wild-type HTT alleles usually contain fewer than
36 CAG repeats, typically ranging from 10 to 26 [7]. Approximately 6% of healthy
individuals carry intermediate alleles (IA) with 27-35 repeats. Although these IAs do
not cause overt clinical symptoms, they exhibit instability during germline transmis-
sion and may expand into the pathogenic range in subsequent generations [8-10]. The
prevalence of IAs significantly across different populations, from 0.45% in Thailand
to 8.7% in Brazil [8]. This high prevalence, along with Brazil’s notable genetic diver-
sity, make the country a strategically important setting for clinical trials of investiga-
tional products (IP) targeting HD, such as diversity enhances the generalizability and
translational potential of trial outcomes.

Individuals carrying the mutated HTT allele (mHTT), defined by the expansion
of more than 36 CAG repeats, are at risk of developing HD. The pathogenic threshold
is further categorized by penetrance: alleles with 36-39 CAG repeats are associated
with reduced penetrance, suggesting that some carriers may remain asymptomatic
throughout life, while alleles with 40 or more repeats demonstrate full penetrance
and are invariably associated with clinical manifestation of the disease [11].

HTT gene encodes huntingtin (HT'T), a soluble a-helical protein with a molecular
weight of approximately 348-kDa, comprising 3144 amino acids [12]. Although HTT
is ubiquitously expressed throughout the body, its highest concentration is found in
the central nervous system (CNS), where it plays key roles in neurodevelopment and
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maintaining of neuronal function [5, 13]. HT'T interacts with over 200 other proteins
and is involved in numerous cellular and biological processes essential for neuronal
health, including vesicular transport and recycling, endocytosis, endosomal traffick-
ing, autophagy, and transcription regulation, cell cycle control, and energy metabo-
lism—all of which are crucial for proper synaptic activity [5, 7, 14].

Pathogenic CAG expansion results in the elongation of the polyglutamine (polyQ)
tract within the HTT protein, reducing its solubility and promoting intracellular
aggregates of mHTT. These aggregates predominantly form in GABAergic medium
spiny neurons (MSNs) of the striatum [5, 15]. MSNs, which account for 85-95% of
striatal neurons, are essential for motor coordination and higher-order cognitive
functions such as reward processing and decision-making [16].

Initially, the accumulation of insoluble mHTT aggregates was thought to be the
primary driver of neurodegeneration. However, emerging evidence suggests that
smaller, toxic N-terminal mHTT fragments may be more pathogenic, while larger
aggregates could play a protective role. The precise contribution of mHTT aggregates
remains under investigation. Notably, N-terminal fragments have been shown to
impair mitochondrial axonal transport even in the absence of visible inclusions,
indicating that neurotoxicity may occur early in the disease process [7, 17-21].

Since the discovery of mHTT in 1993, a wide array of pathogenic mechanisms
has been linked to HD, including mitochondrial dysfunction [2, 22], metal ion
dyshomeostasis [23-25], cholesterol imbalance [26-28], oxidative stress [5, 29, 30],
excitotoxicity [31, 32], impaired proteostasis [33, 34], and neuroinflamation [35, 36].
Despite decades of research, no approved therapies can alter the underlying neurode-
generative process in HD, underscoring the urgent need for novel disease-modifying
approaches.

To data, only three pharmacological agents have been approved for the
treatment of HD: tetrabenazine (TBZ, Xenazine®), deutetrabenazine (DEU,
Austedo®), and valbenazina (VBZ, Ingrezza®). These drugs are exclusively indi-
cated for the management of chorea—a hallmark motor symptom predominantly
observed during the early stages of HD but typically absent in later stages due to
neurodegeneration [37-40].

Despite their symptomatic benefit, particularly in reducing involuntary move-
ments, none of these agents offers neuroprotective effects capable of delaying or
halting disease progression. Furthermore, TBA and DEU are frequently associated
with a high incidence of both common and serious adverse events (AEs) that can
significantly diminish patients’ quality of life. These AEs include sedation, som-
nolence, and fatigue, which may aggravate the functional impairments associated
with HD. More concerning, however, are severe psychiatric AEs, such as depression,
anxiety, and dyskinesia—conditions that often necessitate treatment discontinuation
[37-45]. Among these, depression is particularly noteworthy, affecting approximately
19% of TBZ—treated individuals in clinical trial [42], and is strongly associated with
increased risk of suicide [41]. As a result, patients undergoing treatment with these
agents require continuous psychiatric evaluation and monitoring throughout the
treatment course [46].

In addition to safety concerns aside, TBZ’s presents pharmacokinetics limitations.
Its short half-life and rapid clearance of active metabolites lead to fluctuating plasma
concentration, requiring administration three times daily to maintain symptom con-
trol [39]. These fluctuations are believed to contribute to CNS-related AEs, including
drowsiness, insomnia, and anxiety [39].
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To mitigate these limitations, DEU—a deuterated form of TBZ—was developed.
The substitution of hydrogen atoms with deuterium, a stable, non-toxic isotope,
slows the drug’s metabolism, extending its half-life and leading to more stable plasma
concentrations. This pharmacokinetic enhancement allows for less frequent dosing,
improved therapeutic consistency, and a potentially better safety profile compared to
TBZ [37-39].

Although no head-to-head clinical trials directly compare TBZ and DEU, meta-
analysis is feasible due to the methodological similarities between the first-HD study
(DEU) and the TETRA-HD studies (TBZ) [41]. Both agents showed significant
reductions in chorea and total motor scores as measured by the Unified Huntington’s
Disease Rating Scale-Total Motor Score (UHDRS-TMS) compared to placebo. DEU
was associated with fewer adverse events than TBZ, although its therapeutic effects
remained confined to chorea control and did not influence disease progression [41].

Comparable results were observed in the KINECKT-HD trial evaluating VBZ,
which is also presumed to exert its effects through vesicular monoamine transporter 2
(VMAT?2) inhibition, although its precise mechanism of action in HD remains incom-
pletely understood [38]. Like its predecessors, VBZ demonstrated limited efficacy
restricted to the reduction of chorea [38].

In the absence of approved disease-modifying therapies, the current standard of
care for HD remains palliative, focusing on symptom management using antipsychot-
ics, antidepressants, and mood stabilizers to control motor, cognitive, and neuropsy-
chiatric manifestations [47-49]. In addition to its clinical and therapeutic challenges,
HD presents significant ethical and psychological considerations related to predictive
testing and genetic counseling, especially in populations with a high prevalence of
intermediate alleles.

Given the multifactorial pathogenesis of HD and the limitations of existing
pharmacotherapies, cell-based interventions—such as advanced therapy medicinal
products (ATMPs)—have emerged as promising candidates for disease modification.

2. Advanced therapy medicinal products (ATMPs): New avenues for HD
treatment

Mesenchymal stromal/stem cells (MSCs) have emerged as pivotal agents
in regenerative medicine and cell therapy, owing to their multifaceted thera-
peutic mechanisms and broad clinical potential. First identified by Alexander
Friedenstein in the 1960s as plastic-adherent progenitor cells within bone marrow
capable of differentiating into bone and cartilage lineages [50-53], MSCs were
formally named by Arnold Caplan in 1991 [54]. Since then, advances in immu-
nophenotyping and functional assays have refined their characterization. The
International Society for Cell and Gene Therapy (ISCT) defines MSCs by several
key characteristics. These include adherence to plastic under standard culture
conditions, expression of the surface markers CD105, CD90, and CD73 in at least
95% of cells, and low expression (<2%) of hematopoietic and immune markers
such as CD45, CD34, CD14/CD11b, CD19/CD79a, and HLA-DR. Additionally,
MSCs must demonstrate the ability to differentiate in vitro into osteoblasts,
chondrocytes, and adipocytes [55].

Building upon this, a recent Delphi-driven consensus study involving interna-
tional experts further refined the definition of MSCs and developed comprehensive
reporting guidelines for MSC-based clinical trials, emphasizing transparency and
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reproducibility by standardizing critical quality attributes such as cell marker expres-
sion, tissue origin, stemness, and MSC fitness, viability, and immune compatibility
parameters [2025].

MSCs can be classified as endogenous or exogenous depending on their origin.
Endogenous MSCs are naturally present within the body’s tissues—such as bone
marrow, adipose tissue, placenta, and umbilical cord—and contribute to normal tis-
sue repair and maintenance. In contrast, exogenous MSCs are derived from external
sources and introduced into the body for therapeutic purposes [56]. These exogenous
MSCs can be autologous, meaning they originate from the same individual receiving
the treatment, or allogeneic, sourced from a different donor. Both autologous and
allogeneic MSCs offer distinct advantages and challenges regarding immunogenic-
ity, availability, and therapeutic potential. Table 1 summarizes the key biological
and therapeutic differences between endogenous and exogenous MSCs, which may
be either autologous (self-derived) or allogeneic (donor-derived). The comparison
highlights differences in origin, immunogenicity, availability, expansion potential,
therapeutic mechanisms, and safety considerations relevant to clinical application.

The therapeutic potential of MSCs is closely linked to their origin, with endog-
enous and exogenous sources presenting distinct advantages and limitations.
Endogenous MSCs support tissue repair through natural physiological mechanisms;
however, their regenerative capacity may be compromised in aged or diseased indi-
viduals due to cellular senescence or disrupted microenvironment.

From this point forward, the discussion will focus on exogenous MSCs and their
therapeutic potential in clinical applications. Due to their accessibility, scalability,
and adaptability to manipulation, exogenous MSCs have become a cornerstone of

Feature Endogenous MSCs Exogenous MSCs

Origin Naturally present in patient’s own Derived externally, introduced into patient
tissues

Types — Autologous (self-derived) or Allogeneic

(donor)

Immunogenicity Low (self) Autologous: low; Allogeneic: low to moderate

Availability Limited by patient’s health and Scalable, off-the-shelf possible
tissue source

Expansion Limited proliferative capacity in Can be expanded in culture to large numbers
vivo

Therapeutic potential Personalized, may be impaired in Enhanced by culture, possible genetic

disease/age

modification

Risk of immune
rejection

Minimal

Low for autologous; potentially higher for
allogeneic

Paracrine effects

Natural, dependent on patient
condition

Can be enhanced or modified in vitro

Homing ability Intrinsic and physiologically Variable; can be preconditioned or
regulated engineered
Safety concerns Minimal contamination risk Risks related to culture conditions and donor
compatibility
Table 1.

Comparison of endogenous and exogenous MSCs.
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advanced cell-based therapies. Their use allows for the development of standardized
products that can be manufactured under Good Manufacturing Practice (GMP)
conditions, ensuring reproducibility and quality control. Moreover, exogenous and
allogeneic MSCs can be sourced from healthy donors, circumventing issues related
to cellular aging or disease-associated dysfunction often seen in endogenous and
exogenous autologous populations. Through careful selection, priming, or genetic
modification, exogenous MSCs can be tailored to enhance their immunomodulatory
properties, secretion of trophic factors, and regenerative capabilities. These features
make them particularly attractive for treating a wide range of conditions, including
inflammatory, autoimmune, neurodegenerative, and fibrotic diseases.

The therapeutic efficacy of MSCs is primarily attributed to their pleiotropic
mechanisms of action. While their capacity to differentiate iz vitro under appropri-
ate stimuli into mesodermal lineages suggests a contribution to tissue regeneration,
a growing body of evidence indicates that mesenchymal stromal/stem cells (MSCs)
exert most of their clinical benefits through paracrine signaling. They secrete a
rich milieu of bioactive factors including cytokines, chemokines, growth factors,
and extracellular vesicles (EVs) such as exosomes, which collectively modulate the
local microenvironment [56]. This secretome promotes tissue repair by stimulating
resident progenitor cells, enhancing angiogenesis, and attenuating fibrosis.

A particularly critical feature of MSCs is their potent immunomodulatory capac-
ity. MSCs interact dynamically with various components of the immune system,
suppressing activation and proliferation of T cells, B cells, natural killer (NK) cells,
and dendritic cells. They secrete anti-inflammatory cytokines such as interleukin-10
(IL-10), transforming growth factor-beta (TGF-p), and prostaglandin E2 (PGE2),
which promote the expansion of regulatory T cells (Tregs) and shift macrophage
polarization from pro-inflammatory M1 to anti-inflammatory M2 phenotypes. This
broad immunoregulatory effect not only dampens excessive immune responses but
also creates an environment conducive to tissue healing and regeneration [56-58].
The ability of MSCs to modulate both innate and adaptive immunity underpins their
therapeutic potential in autoimmune diseases, graft-versus-host disease, and other
inflammatory conditions.

Importantly, the immunomodulatory and regenerative functions of MSCs can be
significantly enhanced through a process called priming or licensing. Priming is a
process that involves exposing MSCs to specific stimuli—such as inflammatory cyto-
kines or environmental cues—to enhance their immunomodulatory and regenerative
functions. This “activation” boosts the cells’ ability to secrete therapeutic factors and
respond more effectively in damaged or diseased tissues. Thus, priming involves
exposing MSCs to specific inflammatory cytokines—such as interferon-gamma
(IFN-y), tumor necrosis factor-alpha (TNF-a), or interleukin-1 beta (IL-1f)—which
activates intracellular signaling pathways that boost the production of immunosup-
pressive molecules, increase secretion of trophic factors, and enhance homing and
survival capabilities. This activation “licenses” MSCs to exert stronger anti-inflam-
matory and tissue-protective effects; tailoring their response to the pathological
microenvironment, they encounter post-transplantation. Primed MSCs demonstrate
augmented capacity to induce regulatory immune cells, inhibit effector immune
responses, and promote tissue repair, thereby improving therapeutic outcomes in
preclinical models of inflammatory and neurodegenerative diseases [56, 57].

Moreover, MSCs exhibit notable neuroprotective properties, making them
promising candidates for treating neurodegenerative diseases and central nervous
system (CNS) injuries. MSC-secreted neurotrophic factors such as brain-derived
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neurotrophic factor (BDNF), glial cell-derived neurotrophic factor (GDNF), and
nerve growth factor (NGF) support neuronal survival, promote neurogenesis,

and facilitate synaptic plasticity. Their immunomodulatory effects within the CNS
help mitigate neuroinflammation, a common pathological feature in disorders like
Parkinson’s disease (PD), Alzheimer’s disease (AD), and Multiple sclerosis (MS)

[5, 59, 60]. Additionally, MSC-derived extracellular vesicles have demonstrated the
capacity to cross the blood-brain barrier (BBB), delivering bioactive molecules that
protect neurons and modulate microglial activation, further amplifying neuroprotec-
tive outcomes.

MSCs also demonstrate homing abilities, migrating toward sites of injury or
inflammation in response to chemotactic signals, which facilitates targeted thera-
peutic action. Their low immunogenicity, attributable to limited expression of major
histocompatibility complex (MHC) class II and co-stimulatory molecules, supports
their use in allogeneic settings with minimal risk of rejection [56, 57].

Clinically, MSCs have been evaluated in numerous trials for a range of indica-
tions including graft-versus-host disease, osteoarthritis, myocardial infarction,
autoimmune disorders, and neurodegenerative diseases. Advances in bioprocessing,
genetic modification, and formulation strategies—such as encapsulation and scaffold
integration—are enhancing MSC survival, potency, and delivery efficiency, accelerat-
ing their transition into approved ATMPs [57, 59, 61].

Given that the manufacturing process defines the final MSC product, a com-
prehensive description of the entire production process—including culture condi-
tions—is essential. Each culture parameter (e.g., oxygen concentration, medium
composition, serum source) can profoundly influence MSC potency, functional
properties, and viability. Consequently, detailed reporting of these parameters is
critical to enable reproducibility and meaningful comparison between studies.

Moreover, biological adjuvants such as serum or human platelet lysate may affect
immune compatibility and host responses, with potential implications for patient
safety. Thorough documentation of these biological supplements and any observed
adverse clinical effects is therefore crucial to guide the development of safer MSC-
based therapies for clinical application.

In summary, MSCs represent a versatile and promising platform in modern
regenerative medicine. Their combined regenerative, immunomodulatory, and
neuroprotective activities address the multifactorial pathophysiology of complex
diseases, offering hope where traditional pharmacotherapies have fallen short. The
recent consensus-driven refinement of their definition and standardized clinical
reporting guidelines significantly advances the field by improving reproducibility and
facilitating regulatory approval, thus positioning MSC-based therapies as cornerstone
components of next-generation ATMPs [62-64].

3. Cell signaling and communication as mediators of ACTP’s mechanism
of action

Although the therapeutic potential of MSCs has been widely demonstrated in
numerous systematic reviews and meta-analyses [5, 57, 59, 65, 66], their precise
mechanism of action (MOA) remains incompletely understood.

Cumulative evidence shows that, following intravenous transplantation, MSCs
(i) migrate and (ii) transmigrate through the endothelium to sites of injury/inflam-
mation, (iii) adhere to target tissues (homing) [60, 67], and (iv) differentiate into
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specialized cell types [56, 61, 68-70]. This led to the initial hypothesis that their
therapeutic action effects were primarily due to the replacement of damaged or dead
cells [69, 71].

However, a study involving glycerol-induced kidney injury demonstrated that trans-
planted MSCs remained at the lesion site for only a few days, indicating that the therapeu-
tic effects might not rely on cell replacement alone [72]. Supporting this, further studies
revealed that only 0.1-2.7% of transplanted MSCs successfully attach to target tissues [50,
51, 58] and merely 1-2% survive beyond one week following systemic administration
[52-54, 71, 73, 74]. These findings challenge the notion that MSC-mediated tissue regen-
eration is primarily driven by cell differentiation and integration.

In 1996, Haynesworth et al. [75] reported that MSCs secrete a range of growth
factors and cytokines that act in a paracrine manner on receptor cells, leading to the
formulation of paracrine signaling hypothesis. This was later confirmed by Takahashi
etal. [55] who demonstrated MSC-conditioned medium enhanced capillary density
and cardiac function, thereby mitigating damage from acute myocardial infarction in
rats. Since then, the therapeutic activity of MSCs has been largely attributed to their
paracrine effects [54, 68, 69, 76-80].

A wide range of bioactive molecules—including cytokines, growth factors, lipids,
nucleic acids, ions, and metabolites — influence intercellular signaling and communication
pathway and mediates these effects [71, 81, 82]. These molecules can exist in free form or
be encapsulated within extracellular vesicles (EVs) secreted by cells [83]. However, free
biomolecules are more susceptible to degradation by hydrolyzed or oxidized, whereas
EV—encapsulated molecules exhibit greater stability and bioavailability [59, 84].

As aresult, EVs have emerged as key components of a novel and complementary
therapeutic approach known as cell-free therapy [59, 68, 70, 84-86]. EVs comprise a
heterogeneous group of particles initially classified based on their origin, size, and
content into: (i) microvesicles (0.1-1 nm), (ii) apoptotic bodies (50-2000 nm), and
(iii) exosomes (30-200 nm) [56, 86-89]. Among these, exosomes have garnered par-
ticular attention for their selective packaging and delivery of biomolecules involved in
intercellular communication.

Originally identified by Harding and Stahl [90] and once dismissed as “cellular
debris,” exosomes are now recognized as functional nanocarriers of coding and non-
coding RNAs, proteins, lipids, and metabolites. Their ability to transfer genetic and
molecular information to recipient cells has significantly increased interest in their
biotechnological applications, as illustrated in Figure 1 [86, 87, 91-94]. Furthermore,
due to their small size (<200 nm), exosomes can efficiently cross biological barriers,
including the blood-brain barrier, meningeal lymphatic vessels, and choroid plexus
capillaries, thereby reaching multiple brain regions [95, 96].

Because EVs are secreted by cells, they inherently carry bioactive molecules that
reflect the physiological state of their cells of origin. Exosomes possess complex
machinery that facilitates the selective incorporation of bioactive molecules into their
lumen. This characteristic establishes them as natural, highly selective nanocarriers
and key mediators of intercellular communication [87-89, 97]. Consequently, exo-
somes play a fundamental role in mediating the signaling effects of MSCs and are now
considered integral to their MOA.

In summary, the MOA of MSCs appears to occur through two distinct yet comple-
mentary pathways: (1) cell signaling, mediated by the paracrine action of bioactive
molecules that bind to surface receptors on recipient cells, and (2) cell communica-
tion, involving the transfer of biomolecules via extracellular vesicles, particularly
exosomes.
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Figure 1.

Number of publications on EVs from 1956 to January 22, 2025. The figure illustrates the increasing scientific
interest in EV5 over time, with a marked rise in publications beginning around 2009. Among the various types of
EV5, exosomes have emerged as the most extensively studied subtype, particularly from 2015 onward. Publication
trends were analyzed using data vetrieved from PubMed.

4. The promises of NestaCell® for HD treatment

Although MSCs can be isolated from different tissues, they retain transcriptional
signatures reflective of their tissue of origin, which may influence their functional
properties [91, 98, 99]. Consequently, the therapeutic efficacy of MSCs may vary
not only by source of tissues but also by donors, as recently demonstrated by Araldi
etal. [92]. In this context, human dental pulp stem cells (hDPSCs) have emerged as
particularly promising candidates for use as ATMPs in the treatment of neurodegen-
erative diseases.

Due to their ectomesenchymal origin from the neural crest, hDPSCs naturally
express genes commonly found in the CNS, such as including Nestin, brain derived
neurotrophic factor (BDNF), glial cell-derived neurotrophic factor (GDNF), nerve
growth factor (NGF), and vascular endothelial growth factor (VEGF) [91, 93, 94].
This intrinsic gene expression profile endows hDPSCs with enhanced neuroprotective
and neuroregenerative capacities compared to other typical MSCs [93, 100-103]. As
such, these cells have garnered increasing biotechnological interest for the treatment
of neurodegenerative disorders [104] such as HD [105], PD [106], AD [107] and
amyotrophic lateral sclerosis (ALS) [90, 108, 109].

Phenotypically, hDPSCs fulfill the criteria established by the International Society
for Cellular Therapy (ISCT) for defining MSCs [91, 95, 96, 110], and are therefore
often described as MSC-like cells. While this classification may provide reassurance
regarding the safety profile of hDPSCs—especially in light of extensive clinical and
preclinical evidence supporting the safety of MSC-based ATMPs over the past two
decades [111], the term “MSC-like” may also be misleading. It implies a MOA based
primarily on cellular replacement through differentiation, in line with the original
stromal/stem cell concept. However, this narrow classification underestimates the
unique therapeutic potential of hDPSCs, which extends beyond the paradigms typi-
cally associated with MSCs.
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Moreover, the continued reliance on surface marker profiles proposed by Dominici
etal. in 2006 [112] for defining MSC identity has recently been challenged. ISCT
now recommends that MSCs and MSC-like cells, including hDPSCs, be recognized
as a distinct class of therapeutic cells, emphasizing their functional capabilities over
phenotype alone.

Importantly, hDPSCs also exhibit superior immunomodulatory properties com-
pared to other MSC types—a characteristic attributed to their native role within
the dental pulp, an environment equipped to respond to cariogenic pathogens and
contribute to dentin repair [113-115]. This immunomodulatory capacity is particu-
larly relevant for the treatment of neurodegenerative diseases, in which progressive
neuronal loss is closely linked to chronic neuroinflamation triggered by oxidative
stress and the accumulation of misfolded protein aggregates [116-118].

From a practical standpoint, hDPSCs offer several advantages in terms of cell
sourcing and production. They can be isolated from non-invasively exfoliated decidu-
ous (baby) teeth [119, 120]. Moreover, being derived from young tissue, the cells
exhibit reduced susceptibility to senescence and possess a higher proliferative capac-
ity in vitro compared to MSCs isolated from adult tissues [94, 119]. These properties
facilitate large-scale expansion and standardization of hDPSC-based therapies,
making them highly suitable for clinical applications [121].

4.1The development and unique properties of NestaCell® for HD therapy

Building on the unique therapeutic potential of hDPSCs, the Genetics Laboratory
of Butantan Institute developed a proprietary and innovative technology for their iso-
lation [122] and large-scale expansion [104]. This technology was patented and sub-
sequently licensed to the Brazilian’s biopharmaceutical company Cellavita Scientific
Research LTD, which now manufactured hDPSCs under GMP conditions. These cells
as passage 5 (P5) constitute the active pharmaceutical ingredient of NestaCell®,
the investigational hDPSC-based ATMP, authorized for clinical use in humans, as
registered on Clinical Trial.gov (NCT02728115, available on https://clinicaltrials.gov/
study/NCT02728115).

NestaCell® is a cryopreserved cell suspension of hDPSCs isolated from dental
pulp of healthy donors aged 6-12 years. Their ectomesenchymal origin and derivation
from a young tissue confer superior therapeutic characteristics when compared to
MSC from adult cell sources [56, 61, 69], including enhanced proliferative capacity
and reduced senescence.

Through bioinformatics and data analytics approaches, the molecular signa-
ture of hDPSC comprising NestaCell® was characterized revealing the expres-
sion of 375 unique genes not shared with other therapeutic cell types derived
from bone marrow, adipose tissue, liver, menstrual blood, or vertebral tissue
[92]. Functional enrichment analyses combined with in vitro studies (Pharma
Intelligence) demonstrated that these genes confer distinct neuroprotective,
neuroregenerative, and synaptogenic properties to NestaCell®, supporting its
investigation as a potential therapy for HD [123].

Further supporting this therapeutic rationale, hDPSCs within the NestaCell®
product were shown to express nestin in over 70% of the cell population and to secrete
more than 1 ng/mL of BDNF.

Nestin is a type IV intermediate filament protein that plays central role in CNS
development and axon growth [124-131]. Predominantly expressed in neural progen-
itor cells during early neurodevelopment, nestin is considered a hallmark of cellular
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“stemness” in CNS [124-131]. It contributes to the structural integrity of proliferating
and migrating cells, supporting processes such as proliferation, differentiation, and
cytoskeletal reorganization. In the context of axonal development, nestin influences
microtubule and actin filament dynamics, promoting neurite extension, axonal
branching, and neuronal connectivity [124-131]. Moreover, nestin is re-expressed

in response to CNS injury, where it participates in regeneration and repair [132].
Although its expression decreases upon full cellular differentiation, nestin persists

in some adult tissues, including hDPSCs, particularly in niches with neurogenic or
reparative functions [133].

BDNF, on the other hand, is a critical neurotrophin essential for striatal homeostasis
[134, 135]. In HD, MSNs—which constitutes approximately 95% of striatal neurons—are
selectively vulnerable. In HD-positive individuals, BDNF levels are significantly reduced
due to impaired transcription caused by mutant huntingtin (mHTT) [136], as well as
defective axonal transport of BDNF from cortical neurons to the striatum [137]. This
depletion is strongly implicated in HD neuropathology, as BDNF is indispensable for
MSN survival, neurogenesis, neuronal migration (via activation of CREB and PAX6), and
cholesterol metabolism—processes all disrupted in HD [138-142].

Consequently, BDNF restoration has been proposed as a therapeutic strategy for
HD [143, 144]. This is because nonclinical studies showed that BDNF level restora-
tion ameliorated HD phenotype in animal models [136, 145]. Although recombinant
BDNF could emerge as a potential candidate for HD treatment, its inability to cross
the BBB limits the BDNF delivery to the striatum [146], requiring complex delivery
methods, such as intrastriatally administration. However, even when intrastriatally
administrated, therapeutic benefits of recombinant BNDF is limited to neuronal
function improvement, with no confirmed benefit for the MSN survival [143, 144],
underscoring its limited therapeutic effect as a monotherapy. The lack of effects on
neuronal survival has been attributed to conformational differences between recom-
binant and native BNDF that reduce the neurotrophin biological activity [147].

Further supporting the therapeutic rationale for NestaCell®, it has been demon-
strated that native BDNF, secreted by genetically modified MSCs, exhibits signifi-
cantly higher neuroprotective activity—even at lower concentrations (0.23-0.70 ng/
mL)—compared to recombinant BDNF administered at doses exceeding 10 ng/mL
[148, 149]. This superior efficacy is likely due to conformational and post-transla-
tional differences that favor the biological functionality of the native form.

Given that the active component of NestaCell® —hDPSCs—naturally express and
secrete native BDNF, this product emerges as a potential ATMP for HD. Additionally,
nonclinical biodistribution studies have demonstrated that NestaCell® when
administrated intravenously can cross the BBB [150]. Supporting these findings, the
independent proof of concept study confirmed not only BBB penetration, but also
selective engraftment of hDPSC in brain regions critically affected by HD pathology,
including striatum, cerebral cortex, caudate and subventricular zone [151, 152].

Importantly, this preclinical model—based on male rats exposed to 3-nitro-
propionic acid (3-NPA), a well-established chemical model for HD—showed that
administration of NestaCell® restored the expression of BDNF, DARPP-32, and
dopamine receptor D2 (D2R) in the striatum and cerebral cortex [153, 154]. These
molecular changes are highly relevant, as DARPP-32 and D2R are established bio-
markers of medium spiny neuron (MSN) function, which is profoundly disrupted in
HD. Collectively, these results indicate that NestaCell® exerts neuroprotective and
neuroregenerative effects, at least in part, by restoring the expression of BDNF and
MSN-specific biomarkers.
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Given that BDNF is a signaling molecule with pleiotropic functions in the CNS, its
endogenous secretion by hDPSCs suggests that BDNF is likely an important compo-
nent of NestaCell®‘s MOA. Supporting this, systems-level analyses using Pharma
Intelligence tools revealed that hDPSCs—the active component of NestaCell® —
exhibit nearly twice the signaling and intercellular communication potential com-
pared to conventional MSCs [123, 155]. While BDNF may represent a key effector
in this process, these findings indicate the involvement of multiple yet unidentified
molecular mediators, consistent with the expected complexity of ATMPs.

Nevertheless, identifying the full spectrum of molecules contributing to the MOA
of NestaCell® remains a significant challenge. This is particularly true in the context
of HD, for which, as of 2025, no validated therapeutic targets or robust biomarkers
have been universally accepted. Traditional target discovery pipelines are not only
labour-intensive but also poorly suited for multifactorial diseases like HD, where the
pathophysiology involves a wide array of interacting cellular and molecular processes.
Therefore, comprehensive and integrative approaches will be essential to fully eluci-
date the therapeutic mechanisms underpinning NestaCell®'s clinical effects.

5. Reveling potential druggable targets and biomarkers for HD using
BDASeq®

Traditionally employed by pharmaceutical companies, multi-Omics tools are
critical for the identification of differentially expressed genes (DEGs) that may serve
as potential druggable target and/or biomarkers to address synthetic drug design
using computer-aided drug design (CADD). CADD has transformed pharmaceutical
research by using computational methods for drug discovery and development. It
enables the prediction of drug behavior, evaluation of interactions with biological
targets, and optimizes pharmacokinetic properties before experimental synthesis and
testing [156, 157].

CADD encompasses two principal strategies: (i) Structure-based drug design
(SBDD), which uses the three-dimensional structure of a biological target (e.g., a
protein) to design molecules capable of binding to it effectively; (ii) ligand-based
drug design (LBDD), which relies on knowledge of existing molecules that interact
with a target to predict new compounds with similar properties [156, 157]. These
approaches significantly accelerate drug discovery by reducing both the time and cost
associated with traditional experimental methods. However, the success of is highly
contingent on the prior identification of viable biological targets—namely, druggable
genes—thereby underscoring the importance of integrative bioinformatics tools such
as RNA sequencing (RNA-Seq) in the context of HD research.

Over the past decade, RNA-Seq has has emerged as a fundamental methodology
for identifying DEGs and, therefore, druggable targets and/or biomarkers [123, 158,
159]. The standard RNA-Seq workflow begins with RNA isolation, followed by mRNA
enrichment or rRNA depletion. For pharmaceutical purposes, mRNA enrichment is
typically favored, as it prioritizes protein-coding transcripts. The enriched mRNAs
are then reverse transcribed into cDNA and sequenced using high-throughput plat-
forms such as Illumina™ at a depth of 10 to 100 million reads per sample. Sequencing
data undergo quality control to assess metrics Phred score, GC content, and fragment
length distribution. After quality filtering, reads are mapped to a reference genome to
determine gene expression. These reads are then quantified, normalized, and sub-
jected to statistical analysis to identify DEGs [160, 161].
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Nevertheless, the reliability of RNA-Seq data is strongly influenced of biologi-
cal replicates included in the study [161, 162]. Research indicates that a minimum
of four samples is required to achieve sufficient statistical power. Insufficient
sample sizes may hinder the detection of druggable genes, particularly in complex
diseases such as HD, where phenotypic heterogeneity can obscure key transcrip-
tomic signals [162, 163].

To date, four independent transcriptomic studies - analyzing a total of 268 post-
mortem samples from the cerebral cortex (Broadmann areas 4 and 9) of individuals
with HD (cases) and neurologically healthy subjects (controls), have been conducted
with the aim of identifying potential druggable targets and biomarkers for the disease
[132, 164-166]. Despite these efforts, the studies did not yield DEGs suitable for sup-
porting computer-aided drug design (CADD), nor did they identify reliable blood-
based biomarkers.

However, a reanalysis of one of these studies, for which sequencing datasets
are publicly available in the Sequence Read Achieve (SRA) database, demon-
strated that the absence of age-matched controls (at time of death) significantly
compromised DEG discovery by increasing both type I and II errors [133]. In
addition to this limitation, the relatively small sample sizes analyzed in these
studies likely contributed to the failure to identify robust druggable targets,
particularly given the high degree of clinical and molecular heterogeneity charac-
teristic of HD [132, 164-166].

To overcome these limitations, and with the support of the IHA and the ABH,
BioDecision Analytics™ conducted the largest exploratory transcriptomic study on
HD to date. This study identified and curated 353 RNA-Seq datasets from BA4 and
BA9, including samples from HD-positive individuals (cases, n = 146) and neurologi-
cally healthy controls (n = 207) available in the SRA database.

Moreover, technical aspects of DEA, including statistical remodeling, normaliza-
tion strategies, and correction for multiple hypothesis testing—play a critical role
in the reliability of target identification [167-169]. To address these challenges and
improve the precision of druggable target and biomarker discovery, we developed
BDASeq®, a customized algorithm designed to simultaneously control type I and
type II errors, thereby enhancing the robustness and accuracy of transcriptomic
analysis in HD research [138, 170].

BDASeq® is an integrative, analytics-based platform specifically designed to
facilitate identification of therapeutic targets through transcriptomic profiling [138,
139]. At the core of its architecture lies the Recursive Method Combination (RMC)
framework, an innovative ensemble strategy that aggregates the results of eight
most widely used DEA algorithms—DESeq2 [169], edgeR [140], limma-Voom [141],
NOISeq [142], EBSeq [171], dearseq [172], Wilcoxon [173] e Firth logistic regres-
sion [174]. This ensemble approach mitigates method-specific biases and enhances
the robustness and reproducibility of gene detection across heterogeneous datasets.
In addition to DEA integration, BDASeq® incorporates artificial intelligence (AI)
algorithms that combine transcriptomic signatures with clinical metadata, enabling
the prioritization of candidate targets for CADD.

Using BDASeq®, we conducted the most comprehensive transcriptomic
meta-analysis in HD to date, reanalyzing 353 RNA-Seq samples from 12 inde-
pendent BioProjects (PRJNA271929, PRINA316625, PRINA670925, PRJEB59710,
PRJNA253002, PRJNA557205, PRJNA602538, PRJNA531456, PRJNA398545,
PRJNA729761, PRINA388174 e PRINA755746) deposited in the NCBI Sequence Read
Archive, as described in Dias-Pinto et al. (Figure 2) [175].
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Figure 2.

Schematic illustration of design study. Eligible brain (Broadmann areas (BA) 4 and 9) and blood BioSamples
(FASTQ files) from HD-positive (cases) and neurologically normal controls were downloaded from SRA
database and processed using BDASeq®). The FASTQ files underwent quality control analysis, sequence
alignment /mapping, and read counting. Subsequently, read counts were analyzed for differential expression using
RMC algorithm. Differentially expressed genes were then integrated with clinical-pathological features to identify
potential thevapeutic targets or biomarkers using Al Figure adapted from Dias-Pinto et al. [148].

The study considered as eligible BioSamples from humans carrying mHTT gene
(cases) confirmed by genetic diagnostic (declared in BioProject metadata, cases) or
not carrying mHTT gene, which cause of death was unrelated to any neurodegenera-
tive disorder (controls). To avoid case-control bias, control samples without age
matching with cases were excluded using the Matchlt package in R [149], imple-
mented into the BDASeq® platform (propensity score matching (PSM) algorithm).
FASTAQ files of eligible BioSamples, including age-matched control samples, were
downloaded from the SRA database using SRA Toolkit. Pre-eligible BioSamples were
subjected to quality control analysis using FastQC [176] and MultiQC [153]. Samples
selected for this study met the following criteria: a Phred score above 30, fragment
length of 100-150 bp, and %GC of 50% + 4, according to the recommendations by
Conesa et al. [162]. Eligible BioSamples were then aligned with the human reference
genome GRCh38 (release 108) using STAR [154]. Mapped reads were counted with
featureCounts [155]. This process resulted in a count matrix, which serves as input
for the next step differential expression analysis (DEA). Due to the combination
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of different studies, with different strategies, the batch effects from the raw count
matrix were removed by using CombatSeq algorithm [177]. Bioinformatic tools used
for data downloading and processing are implemented in the first layer of BDASeq®
(data processing). Outliers samples were filtered out using the combination of
unsupervised algorithm with clustering analysis. Genes were then classified as zero
(ZCG), low (LCG), equally (EEG), non-relevant (NRG), up- (UGR) or downregu-
lated gene (DRG), as previously proposed by us [160]. Bioinformatic and statistics
tools used for DEA and RMC algorithm are part of the second layer of BDASeq®
(differential expression). Subsequently, the most relevant genes (UGRs and DRGs)
and their association with clinical features of Huntington’s Disease (HD)—including
CAG repeat number, age at onset, Vonsattel grade (indicative of brain degeneration),
and lifespan—were identified using supervised classification algorithms coupled
with feature selection techniques [43]. This feature selection step combined with
feature (i.e., gene) importance measurements were integrated into the third layer of
BDASeq® (Gene Target Search) [175, 178]. A summary description of BDASeq® is
shown in Figure 3.

This large-scale integrative analysis led to the identification of 4095 DEGs and 394
putative druggable targets associated with HD pathogenesis (Figure 4) [175]. These
findings, which were recognized at the MENA Congress for Rare Disease (Abu Dhabi,
UAE, 16-19 May 2024) [138, 139, 178], open new avenues for therapeutic develop-
ment—particularly through drug reposition strategies aimed at accelerating the
transition from target discovery to clinical application.
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Figure 3.

Sa%ematic model of BDASeq® tool. High-throughput sequencing files/data (FASTQ ) are imported into the tool
using the SRA Toolkit. To minimize case-control bias, control samples are selected using the Propensity Score
Matching (PSM) algorithm. Pre-selected BioSamples from controls and cases ave then subjected to quality control
analysis using FastQC. Samples that pass quality control are aligned to a reference genome using the STAR aligner
and mapped reads are quantified using the featureCounts, generating a count matrig that serves as the input to the
next step - differential expression analysis. In the differential expression analysis phase, eight different methods
(DESeq2, edgeR, limma-Voom, NOISeq, EBSeq, dearseq, Wilcoxon e Firth logistic regression) are applied
individually. Results ave then combined using the disruptive Recursive Method Combination (RMC) algorithm,
which simultaneously reduces type I and type II ervors, thus minimizing analytical bias. The process also filters

out undesired samples through outlier-detection techniques. Following this integrative analysis, genes are classified
into six categories: zevo-count genes (ZCG), low-count genes (LCG), equally expressed genes (EEG), non-relevant
(NRG), up- (UGR) or downvregulated gene (DRG). Finally, in the target gene search layer, artificial intelligence
(AI) algorithms are employed to both identify putative target as well as retrieve URGs and DRGs associated with
clinical-pathological features of interest (based on the sample metadata varviables). BDASeq® is proprietary
intellectual property of BioDecision Analytics Ltd., registered in Brazilian National Institute of Industrial
Property (INPI, Brazil, BR512025001097-4). Figure obtained from Dias-Pinto et al. [148].
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Figure 4.

Number of protein-coding genes (mRNAs) identified as DEGs (A), and corresponding therapeutic tavgets
identified in post-mortem brain tissues (Brodmann aveas 4 and 9) of individuals with HD (B). The analysis
revealed 4095 DEGs, comprising 2568 DRGs and 1527 URGs. Among these, 394 mRNAs were classified as
putative therapeutic tavgets for HD, including druggable genes and/or biomarkers. Of these targets, 210 were
downregulated and 184 were upregulated, underscoring the disease’s complex transcriptomic landscape and
highlighting promising candidates for future therapeutic development.

By integrating CADD and pharmacogenomic data derived from Drug Bank, we
observed that several top-ranked druggable genes identified through BDASeq® could
be targeted by valproic acid (VA), also known as valproate. VA has been investigated
as a therapeutic option for HD, particularly for the management of psychiatric
symptoms such as aggressiveness and agitation [181]. Some clinical studies suggest
that VA may alleviate these symptoms, thereby enabling better disease management
without necessitating increased doses of neuroleptic agents, which are often associ-
ated with undesirable motor and psychiatric side effects [179]. Additionally, VA has
demonstrated dose-dependent efficacy in improving myoclonic hyperkinesia — a rare
but debilitating symptom observed in some HD patients [180].

The therapeutic activity of VA is primarily attributed to its capacity to enhance
GABAergic neurotransmission, thereby stabilizing neuronal excitability. Moreover,
VA exerts multiple neuroprotective effects through mechanisms such as inhibition of
histone deacetylase, modulation of voltage-gates ion channels, and reduction of gluta-
matergic transmission. These combined actions may underline its potential utility in
the treatment of neurodegenerative disorders like HD [181]. However, despite these
pharmacological advantages, VA is associated with a range of adverse effects, includ-
ing nausea, vomiting, tremors, cognitive impairments, extrapyramidal symptoms,
hepatotoxicity, pancreatitis, and teratogenicity [181].

While these findings underscore the potential of Al-driven transcriptomic plat-
forms as BDASeq®, in accelerating drug repurposing for neurodegenerative diseases,
they also highlight the inherent limitation of synthetic pharmacological agents.
Current treatments—including tetrabenazine, deutetrabenazine, and valbenazine—
primarily offer symptomatic relief, particularly in the management of chorea, and are
not expected to modify the natural course of HD.

In contrast, preclinical studies have demonstrated that NestaCell® product exert
both neuroprotective and neuroregenerative effects in HD animal models [120,

151, 152, 182]. Clinical data further support its therapeutic potential: intravenous
administration of NestaCell® has been shown to be safe and well tolerated in patients
with HD, as evidenced by a first-in-human clinical trial using an advanced cellular
therapy product (ACTP) for HD (Phase I study, SAVE-DH; NCT02728115). Moreover,
results from both Phase I and II trials (ADORE-DH; NCT03252535) indicated that
administration of 1-2 million hDPSCs/kg was associated with improvements in total
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motor score (TMS), while the higher dose (2 million cells/kg) also led to a significant
improvement in total functional capacity (TFC). Notably, some patients in advanced
disease stages demonstrated functional recovery, transitioning from late to middle
stage or from middle to early stage, as documented in the statistical regulatory report.

Despite the growing body of evidence supporting its clinical benefits, the MOA of
NestaCell®, as well as other ACTPs, remains incompletely understood. Although it
has been extensively demonstrated that the active component of NestaCell® naturally
secretes BDNF—a molecule capable of mediating neuroprotective signaling—this
alone does not fully account for the observed improvements in TFC in clinical studies,
nor the neuroregenerative effects reported in preclinical models.

6. Reveling the MOA of NestaCell® using translational bioinformatics

Translational bioinformatics lies at the intersection of computational science and
biomedical research, offering powerful robust methodologies for elucidate the MOA
of both conventional drugs and ACTPs. By integrating diverse datasets—including
multi-omics profiles, clinical trial data and molecular interaction work—this disci-
pline enables systematic characterization of the biological pathways modulated by
therapeutic interventions.

Bioinformatics-driven network analyses can uncover previously unrecognized
mechanisms by mapping functional interactions among genes, proteins and metabo-
lites. Such integrative approaches not only facilitate drug repurpose but also support
the identification of predictive biomarkers, enabling stratification of patients based
on likely therapeutic response. As translational bioinformatics continues to advance,
its incorporation into precision medicine is poised to transform the development,
testing, and clinical application of both pharmacologic and cell-based therapies—
ultimately enabling more targeted and effective treatments across a spectrum of
diseases.

In this context, BDASeq® has been employed to perform high-resolution tran-
scriptomic profiling in both HD patient samples [138, 139, 160], and the active
component of NestaCell® product [92]. Moreover, BDASeq® identified 394 puta-
tive druggable targets in HD that, if modified therapeutically, may alter the natural
progression of the disease [138, 139, 160].

To explore the MOA of NestaCell®, we conducted a comparative analysis between
the downregulated genes (DRGs) identified in 146 post-mortem brain samples from
HD-positive individuals and the transcriptomic signature of NestaCell®’s active
component. This analysis revealed that NestaCell® naturally expresses 187 of the 1527
DRGs, including 44 of the 184 druggable targets identified by BDASeq® (Figure5).
These findings suggest that NestaCell® may exert its therapeutic effects, at least in
part, by replenishing or reactivating critical molecular pathways suppressed in HD,
providing a mechanistic rationale for its observed neuroprotective and functional
benefits in both preclinical and clinical settings.

Using functional enrichment analysis, we further demonstrated that the tran-
scripts expressed by hDPSCs (NestaCell®) might exert therapeutic effect upon trans-
fer to recipient cells. Specifically, these transcripts have the potential to: (i) enhance
synaptic plasticity by stimulating axon guidance pathway, (ii) promote cholesterol
metabolism, which is known to be dysregulated in HD, (iii) provide antioxidant
protection, (iv) confer neuroprotective affect, and (v) support neurorregeneration by
modulating multiple molecular pathways, as illustrated in Figure 6.
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NestaCell

DRG targets (brain)

Figures.

Venn diagram comparing the 1527 downregulated genes (DRGs) identified in the brain of individuals with HD
(DRGs brain), including the 184 druggable DRG targets identified by BDASeq® (DRG targets (brain) ), with
the transcriptomic profile of NestaCell®. The results indicate that NestaCell® naturally expresses 187 of the 1527
DRGs, including 44 of the 184 DRG targets considered thevapeutically relevant due to their direct involvement in
HD pathophysiology. Diagram generated using FunRich software v3.1.4.

Figure 6.

Fu%tctional envichment analysis of biological pathways using GO reveals that the 187 downregulated genes
(DRGs)—, which are naturally expressed by the NestaCell® product—are significantly associated with
biological processes related to neurovregeneration and cellular communication. Analysis was performed using the
Web Gestalt—Network Topology-based Analysis tool in conjunction with the FunMap database.
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However, for these biomolecules to exert therapeutic effects, they must be effec-
tively delivered to recipient cells via intercellular communication mechanism. As
discussed in Section 3, EVs play a pivotal role in this process, acting as natural carriers
for the transfer of bioactive molecules.

To investigate whether EVs derived from hDPSC can mediate the delivery of thera-
peutic transcripts, we isolated EVs from the conditioned culture medium of hDPSCs
at passage five (NestaCell® product) using innovative technology developed and
patented by Kerkis and Araldi (US patent number 63/484,440). These EVs, hereafter
referred to as NestaExo, were subjected to RNA sequencing for transcriptomic profile.

Subsequently, the transcriptomic profiles of NestaExo, and NestaCell®, were
comparatively analyzed in relation to the DRGs identified by BDASeq® in the
HD-positive individuals. Bioinformatics and Data Analytics tools employed for this
comparative analysis.

As anticipated, NestaExo was found to contain 5930 protein-coding genes
(mRNAs) out of the 8127 mRNAs naturally expressed by hDPSCs comprising the
NestaCell® (Figure 5). Importantly, 112 from 187 DRGs expressed by hDPSCs and
identified as putative druggable targets for HD were also detected in NestaExo, sup-
porting the hypothesis that hDPSC-derived EVs serve as vehicles for the delivery of
therapeutically relevant molecules (NestaExo, Figure 7).

Based on these findings, the 112 genes identified within NestaExo were sub-
jected to functional enrichment analysis to assess their potential biological roles.
Remarkably, the results revealed that the mRNAs encapsulated within NestaExo, once
delivered to recipient cells, are associated with pathways involved in neurorregenera-
tion, including neuronal differentiation and generation, as well as synaptic plasticity.
These transcripts contribute to critical processes such as cytoskeletal remodeling,
microtubule dynamics, and synapse organization, underscoring their therapeutic
relevance in the context of HD (Figure 8).

Further supporting the neuroregenerative potential of these biomolecules and
the role of EVs in the MOA of the NestaCell® product, an independent study was
conducted in collaboration with Tel Aviv University using an in vitro model of

NestaExo

2122 NestaCell

DRGs (brain)

Figure7.

Ve%m diagram illustrating the overlap between the 187 DRGs identified in the brains of individuals with HD
and the transcriptomic profiles of the NestaCell® product and its EVs (NestaExo). Of these 187 DRGs, 112 are
not only expressed by NestaCell® but are also encapsulated within NestaExo, supporting their potential role in
intercellular delivery of thevapeutic transcripts. Diagram generated using FunRich software v3.1.4.
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Figure 8.

Results of GO-based functional envichment analysis of biological processes associated with the 112 gene products
expressed by NestaCell® and transferred via NestaExo. The analysis reveals that the synergistic action of

these gene products may promote neuroprotective and neuroregenevative effects by supporting nervous system
development, neurogenesis, and neuronal diffeventiation, as well as enhancing synaptic organization and
neuronal plasticity. Results were obtained using the STRING webservice. FDR—false discovery rate (adjusted
p-value).

ALS—another neurodegenerative disorder. In this study, treatment with NestaExo
at a concentration of 50 pg/mL, corresponding to the EV yield from approximately
1 million hDPSCs/kg, resulted in significant promotion of cell body growth and

a dose-dependent increase in axon and neurite length [123]. These findings fur-
ther substantiate the therapeutic relevance of hDPSC-derived EVs in mediating
neurorregeneration.

7. Conclusions

Altogether, these findings provide compelling evidence that BDASeq®
serves as a powerful analytical platform—not only for uncovering previously
unidentified druggable targets but also for advancing the field of translational
bioinformatics. The case study presented in this chapter highlights the utility of
translational bioinformatics in revealing novel therapeutic strategies for currently
incurable diseases such as HD.

In this context, ACTPs emerge as one of the most promising therapeutic
approaches. Unlike synthetic drugs, which are often limited to symptom management
by targeting a narrow set of molecular pathways, ACTPs offer the potential to modu-
late complex disease networks through multimodal mechanisms of action.

Among ACTPs, NestaCell® —under investigation for HD treatment for over
adecade [151]—represents a particularly promising candidate. As demonstrated
through integrative bioinformatics analyses, NestaCell® exerts synergistic thera-
peutic effects by combining BDNF-mediated signaling with extracellular vesicle
(EV)-mediated intercellular communication. Notably, NestaCell® delivers at least
112 mRNA transcripts, recognized as druggable targets, that are downregulated in the
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brains of HD-positive individuals. These findings, together with the demonstrated
clinical safety of NestaCell® in early-phase trials, provide strong support for its
continued development as a disease-modifying therapy for HD.
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Mesenchymal Stem Cell Therapy
and Its Clinical Application
Potential

Lei Zhang

Abstract

Mesenchymal stem cells (MSCs) have attracted extensive attention in the fields
of regenerative medicine and cell therapy. This is primarily due to their multipotent
differentiation abilities, immunomodulatory properties, and ability to secrete various
repair-promoting factors. Over the past few years, MSCs have been applied in a broad
range of clinical conditions in clinical trials, including neurodegenerative diseases,
cardiovascular disorders, cancer treatment, pulmonary injuries, osteoporosis, and
others, and have demonstrated promising therapeutic potential. In this chapter, we
aim to synthesize the biological characteristics of MSCs, their preparation processes,
mechanisms of action, and current clinical applications. This chapter focuses specifi-
cally on the molecular mechanisms underlying MSC therapy, the role of extracellular
vesicles, genetic engineering strategies, and the challenges in clinical translation.
By integrating recent clinical trial data and foundational research findings, we aim
to provide a theoretical basis and technical support for the clinical application and
future exploration of MSCs.

Keywords: mesenchymal stem cell therapy, immunomodulation, tissue repair,
multipotent differentiation, stem cell exosomes, regenerative medicine

1. Introduction

Mesenchymal stem cells (MSCs) are a type of adult stem cell characterized by
their unique ability to self-renew and differentiate into various cell types, includ-
ing osteoblasts, adipocytes, and chondrocytes. They are primarily derived from
various tissues, such as bone marrow, adipose tissue, and umbilical cord, and are
recognized for their immunomodulatory properties and potential in regenera-
tive medicine. MSCs play a crucial role in tissue repair and regeneration due to
their capability to differentiate into other cell types and secrete a wide array of
bioactive molecules, which influence the microenvironment, promote cell and
tissue regeneration, and modulate the immune response [1]. This multifunctional
nature of MSCs makes them a competitive choice in the development of novel
therapeutic strategies for a variety of diseases, including degenerative conditions,
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autoimmune disorders, and even complications arising from viral infections such
as COVID-19 [2]. As of July 2025, ClinicalTrials.gov reports 1163 registered clini-
cal trials focused on stem cell therapy (http://www.clinicaltrials.gov). These trials
primarily address conditions such as central nervous system disorders, autoim-
mune diseases, graft-versus-host disease (GVHD), osteogenesis, and osteo-
arthritis, with the specific distribution illustrated in Figure 1A. The stem cell
types utilized in these trials predominantly include bone marrow-derived MSCs,
umbilical cord Wharton’s jelly-derived MSCs, dental pulp-derived MSCs, and
adipose tissue-derived MSCs, with the detailed breakdown shown in Figure 1B.

The significance of MSCs in regenerative medicine is underscored by their
extensive applications in clinical trials aimed at treating a range of conditions. Their
ability to migrate to sites of injury and exert paracrine effects enhances tissue repair
and regeneration, making them ideal candidates for cell-based therapies. Recent
studies have highlighted the therapeutic efficacy of MSCs in treating conditions such
as ischemic heart disease, neurodegenerative disorders, and chronic inflammatory
diseases [3, 4]. The versatility of MSCs not only aids in direct tissue regeneration but
also provides a platform for developing advanced therapies that can address multiple
pathological processes simultaneously [5].

Despite the promising potential of MSCs, the field faces significant challenges in
translating these therapies from bench to bedside. One major hurdle is the hetero-
geneity of MSC populations, which can lead to inconsistent therapeutic outcomes.
Variability in cell source, culture conditions, and donor characteristics can signifi-
cantly impact the functional properties of MSCs [6]. Moreover, the standardization
of manufacturing processes and the establishment of quality control measures are
essential for ensuring the safety and efficacy of MSC therapies in clinical settings [7].
With the development of MSC applications, urgent action is needed to address these
challenges and to unlock the full clinical potential.

This chapter systematically summarizes the current understanding of MSCs, their
therapeutic mechanisms, and the technological advancements in their preparation
and application. We aim to provide insights into the ongoing research efforts, clinical
applications of MSCs in various diseases, the challenges faced in clinical translation,
and future directions for research. By looking at the MSCs’ characteristics and the
barriers to their clinical application, we hope to contribute to the optimization of
MSC-based therapies and to enhance patient outcomes in regenerative medicine.
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Figure 1.
Overview of clinical stem cell therapy trials registered on ClinicalTrials.gov. A. Distribution of diseases targeted
by stem cell therapies in clinical trials; B. Types of stem cells utilized in clinical therapeutic research.
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2. Production and quality control of clinically applicable MSCs
2.1 GMP-compliant cell preparation techniques

The preparation of MSCs under Good Manufacturing Practice (GMP) standards is
crucial for ensuring their safety and efficacy in clinical applications. MSCs isolated from
the human placenta and umbilical cord show great promise. These tissues offer rich cel-
lular content, allow for noninvasive acquisition, and present fewer ethical concerns. The
process typically involves enzymatic digestion, where tissues are treated with collagenase
or other proteolytic enzymes to liberate MSCs from their extracellular matrix. Following
isolation, cells are cultured in media optimized for MSC growth, often supplemented
with human serum or platelet lysate instead of fetal bovine serum to comply with GMP
guidelines and minimize immunogenicity [2, 8]. Cryopreservation is another critical step
in MSC preparation, allowing for the long-term storage of cells while maintaining their
viability and functionality. The use of controlled-rate freezing and appropriate cryopro-
tectants, such as dimethyl sulfoxide (DMSO), ensures that MSCs retain their regenerative
properties upon thawing. The establishment of a GMP-compliant production process also
necessitates rigorous quality control measures, including assessments of cell viability,
sterility, and differentiation potential, to ensure that the final product meets the required
safety and efficacy standards for clinical use [9].

Although cultivation techniques for MSCs from various sources differ slightly,
particularly in target cell yields and specific quality control metrics for cellular evalu-
ation, a core set of standardized protocols ensures consistency. Table 1 summarizes
the essential workflow for culturing clinical-grade MSCs, detailing the fundamental
procedures that support reliable and reproducible production across diverse MSC
sources.

GMP aspect Key protocols Rationale Regulatory alignment
Donor selection e Screening for infectious Ensures MSC Complies with FDA, EMA,
diseases (HIV, Hepatitis B/C) sources are free and PMDA guidelines for
via serological tests and nucleic ~ from pathogens donor eligibility and safety
acid amplification. and possess optimal screening.
. proliferative and

Evaluation of donor age

differentiation
(preference for younger donors) ool
and health status (exclusion of potential.
chronic illnesses).
* Genetic background assessment
for potential impact on MSC
functionality.
Isolation and * Use of GMP-grade reagents Minimizes Aligns with ISCT
purification (e.g., culture media, enzymes) contamination recommendations for
and sterile equipment. risk and ensures standardized isolation
e Standardized methods: density C;)]nsmtent MSdC protocols.
gradient centrifugation or p en(.)type. an
functionality.

plastic adherence (monitored
for temperature, pH, and
incubation time).

Validation of purity via
flow cytometry (removal of
contaminating cells).
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GMP aspect Key protocols Rationale Regulatory alignment
Cell culture and * Culture in controlled envi- Maintains MSC Adheres to EMA’s emphasis
expansion ronments (GMP-certified viability, potency, on process quality and
cleanrooms) with monitoring of ~ and genetic stability FDA’s manufacturing
oxygen tension, nutrient levels,  during expansion. control requirements.
and pH.
* Limitation of passage number
to prevent senescence (assessed
via -galactosidase staining).
* Use of closed, single-use
bioreactors to reduce
cross-contamination.

Characterization * Phenotypic analysis via flow Verifies MSC identity, ~ Meets ISCT minimal
cytometry (>95% expression multipotency, and criteriaand FDA/EMA
of CD73, CD90, CD105; <2% therapeutic efficacy. requirements for product
expression of CD34, CD45). characterization.

* Functional assays: trilineage
differentiation (Alizarin Red
for osteogenesis, Oil Red O for
adipogenesis) and immu-
nomodulatory tests (mixed
lymphocyte reaction).

Safety testing * Sterility testing: culture-based Prevents adverse Complies with FDA,
methods, membrane filtration, reactions (infections, EMA, and PMDA safety
and rapid PCR for microbial inflammation) thresholds for cellular
contaminants. and ensures therapeutics.

¢ Endotoxin detection via LAL non-tur'norlgenlc
assay (<0.5 EU/mL). properties.

* Mycoplasma screening via PCR
and culture-based assays.

* Tumorigenicity assessment:

Soft agar assay and nude mouse
transplantation.

Cryopreservation * Use of GMP-grade cryopro- Preserves MSC Aligns with ISCT

and storage tectants (e.g., DMSO) and functionality and guidelines for
controlled-rate freezing. ensures product cryopreservation and the

« Storage in validated cryogenic stablht}/r (;l.url.rllag . FDzzs requlrerrtl)e.?ts for
systems (—~196°C in liquid storage/distribution. product traceability.
nitrogen) with traceability of
storage conditions.

* Post-thaw viability testing
(>70% viable cells).

Documentationand ¢ Detailed records of donor Ensures Required by FDA, EMA,

traceability information, processing steps, accountability, and PMDA for audit trails
test results, and batch history. reproducibility, and batch consistency.

* Implementation of batch release and rf;gulatory
criteria based on predefined compiiance.
quality attributes.

Table 1.

Summary of GMP protocols for clinical-grade MSC preparation.
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2.2 Cell expansion and purification techniques

Optimizing the conditions for MSC expansion is essential to avoid heterogeneity
and cellular senescence, which can compromise their therapeutic potential. Factors
such as cell density, culture medium composition, and the presence of growth factors
play pivotal roles in promoting optimal cell proliferation. Research has shown that
the use of bioreactors for large-scale expansion can enhance the yield of MSCs while
maintaining their functional characteristics [10]. Additionally, the implementation of
purification techniques, such as magnetic-activated cell sorting (MACS) or fluo-
rescence-activated cell sorting (FACS), allows for the isolation of high-purity MSC
populations. These methods select cells that express specific surface markers, such
as CD105, CD73, and CD90, while simultaneously lacking the expression of markers
such as CD34 and CD45, which are typically expressed by hematopoietic stem cells. In
this way, MSCs are enriched and purified. Quality control measures for assessing cell
purity include flow cytometry for surface marker expression and functional assays
to evaluate differentiation potential and immunomodulatory capabilities. Ensuring
a high level of purity and activity is vital for the successful application of MSCs in
regenerative medicine and therapeutic interventions [11].

2.3 Multi-omics analysis in MSC preparation

The integration of multi-omics approaches, including transcriptomics, pro-
teomics, and metabolomics, has emerged as a powerful strategy to optimize MSC
culture systems. Transcriptomic analysis enables the identification of gene expression
profiles associated with MSC self-renewal and differentiation, providing insights into
the molecular mechanisms underpinning cell behavior during culture [12]. Proteomic
studies further elucidate the protein landscape of MSCs, revealing key signaling
pathways that can be targeted to enhance cell function and therapeutic efficacy.
Metabolomic profiling complements these analyses by assessing the metabolic state
of MSCs, which can influence their proliferation and differentiation capabilities. For
instance, the substitution of fetal bovine serum with platelet-rich plasma has been
shown to improve MSC bioactivity and enhance their regenerative properties, align-
ing with GMP standards [13, 14]. By leveraging these multi-omics insights, research-
ers can refine MSC culture conditions and develop standardized protocols that ensure
consistent quality and performance of MSCs for clinical applications. This compre-
hensive approach not only aids in the production of high-quality MSCs but also paves
the way for personalized medicine strategies in regenerative therapies.

2.4 Quality control of MSCs
2.4.1 Clinical grade MSC quality vequirements

Clinical-grade MSCs must meet stringent safety and efficacy requirements. For
safety, sterility is critical, with regulatory bodies like the International Society for
Cell and Gene Therapy (ISCT) and the European Medicines Agency (EMA) man-
dating rigorous testing via culture-based methods, membrane filtration, and rapid
molecular techniques such as PCR. Endotoxin levels are strictly limited (<0.5 EU/mL
for injectables) and tested using the Limulus Amebocyte Lysate (LAL) assays, with
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routine monitoring during production. Mycoplasma contamination, which can alter
cell behavior, requires comprehensive screening via culture-based assays and PCR, as
outlined in the European Pharmacopeia [15-17].

Regarding efficacy, viability is a key metric, with regulatory standards requiring
at least 70% viability, assessed through methods such as trypan blue exclusion, flow
cytometry, and metabolic assays. Proliferation capacity, evaluated via population
doubling time and colony-forming unit (CFU) assays, is crucial for determining
dosing and timing in therapies. Functional testing, including mixed lymphocyte
reactions for immunomodulatory capacity and lineage-specific differentiation assays
(osteogenic, adipogenic, chondrogenic), confirms therapeutic potential. These
combined safety and efficacy measures ensure that MSCs are safe for clinical use and
retain the functionality necessary for effective therapeutic applications [18-20].

2.4.2 Clinical grade MSC quality control in preparation

To meet the stringent quality control standards of MSC production, precise pro-
cess control in MSC preparation is essential, encompassing mainly three stages: donor
selection, isolation, and purification.

Donor selection is pivotal to ensure MSC safety and efficacy. Preference is given to
younger donors due to their MSCs exhibiting superior proliferative capacity and dif-
ferentiation potential, in contrast to older donors, whose MSCs often exhibit diminished
functionality and increased senescence. Comprehensive health screenings are mandatory
to exclude donors with chronic conditions that could impair cell quality to exclude those
with chronic illnesses. Infectious disease screening for HIV, Hepatitis B, and Hepatitis C
is required to prevent pathogen transmission via MSCs [21]. Additionally, genetic back-
ground is considered, as variations in genetic predisposition can influence MSC behavior
and therapeutic responses, making it an essential component of donor evaluation [22].

In the isolation and purification of MSCs employ two primary techniques, density gra-
dient centrifugation separates MSCs by density but may cause cell loss [23]. Alternatively,
plastic adherence leverages MSCs’ natural adherence to tissue culture surfaces, offering a
simpler approach with high purity, though less effective for isolating specific subpopula-
tions. Key parameters, such as temperature, pH, and incubation time, require strict moni-
toring to preserve cell viability and functionality. Consistency and reproducibility in these
processes are upheld through robust quality control measures, including assessments of
MSC identity, potency, and purity, to ensure the final MSC product meets clinical-grade
quality standards for therapeutic applications [22, 24].

2.4.3 Criteria of clinical grade MSCs

For clinical applications, the final production of MSCs must meet stringent phe-
notypic and genetic criteria, validated through rigorous testing to ensure their safety,
purity, and efficacy.

Phenotypic identity: >95% of the cells must express CD73, CD90, CD44, and
CD105, and < 2% may express CD45, CD34 or CD14, CD45, CD34, CD14, CD11b,
CD79a, CD19, and HLA-DR, as defined by the ISCT. Flow cytometry is the primary
tool for phenotypic quantification, requiring calibrated instruments, validated
isotype and compensation controls, standardized sample handling, and qualified
operators [25].

72



Mesenchymal Stem Cell Therapy and Its Clinical Application Potential
DOI: http://dx.doi.org/10.5772/intechopen.1012366

Multilineage potency: In lineage-specific induction media, the cells must demon-
strate differentiation capacities into at least three other cell lineages, such as osteo-
genic, adipogenic, and chondrogenic lineages.

Genomic integrity: Metaphase karyotyping is used to exclude aneuploidy and
structural rearrangements; STR profiling by polymerase chain reaction (PCR)
and capillary electrophoresis confirms identity and detects drift during expan-
sion; telomere length (qPCR or Southern blot) is measured to monitor replicative
lifespan and avoid senescent batches [1, 26, 27].

Collectively, these assays, summarized with acceptance criteria in Table 2, ensure
that clinical-grade MSCs are phenotypically uniform, genetically stable, and func-
tionally competent.

Category Item Methods Acceptance criteria
Cell dose Viable cell count per Hemocytometer >5 x 10° viable cells/kg body
dose counting automated weight
cell counters (e.g., flow
cytometry-based)
Morphology Cellular morphology Light microscopy Typical fibroblast-like
observation morphology; spindle-shaped,
adherent to plastic surfaces
Vitality Cell viability Trypan blue exclusion >70% viable cells
assay, flow cytometry
(propidium iodide
staining), Cell Titer-Glo
assay
Purity Residual contaminants ELISA (for serum/ No detectable residual serum/
cytokine residues), PCR cytokine beyond acceptable
(for exogenous agents) limits
Contaminating cells Flow cytometry <5% of total cells are non-MSC
(detection of non-MSC populations
markers)
Phenotypes Positive surface Flow cytometry >95% expression of CD73,
markers CD90, CD105, and CD44
Negative surface Flow cytometry <2% expression of CD34,

markers

CD45, CD14/CD11b, CD19, and
HLA-DR

Colony-forming

CFU-F (Colony-

CFU-F assay (culture in

Formation of distinct, adherent

capacity Forming semisolid media) colonies with fibroblastic
Unit-Fibroblastic) morphology
Genetic stability Chromosomal Karyotype analysis Normal karyotype (no
integrity (metaphase chromosome aneuploidy or structural
staining) chromosomal abnormalities)
Cell identity Short Tandem Repeat STR profile matches donor
verification (STR) profiling source; no cross-contamination
with other cell lines
Telomere length Quantitative PCR, Telomere length within the
Southern blotting normal range for the cell source

and passage number
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Category Item Methods Acceptance criteria
Safety Sterility (bacteria/ Culture-based methods No growth of bacteria or fungi
fungi) (incubation in growth in culture; negative PCR results
media), membrane for microbial markers
filtration, PCR
Mycoplasma Culture-based assays, No mycoplasma detected
contamination PCR (detection of
mycoplasma-specific
DNA)
Endotoxin levels Limulus Amebocyte <0.5 EU/mL (for injectable
Lysate (LAL) assay products)
(gel-clot or chromogenic
format)
Tumorigenicity In vitro tumorigenic Soft agar colony No colony formation in soft
potential formation assay agar
In vivo tumorigenic In vivo transplantation in No tumor formation at the
potential nude mice injection site within the
observation period
Potency Trilineage Osteogenic Positive staining for calcium
differentiation differentiation: Alizarin nodules (osteogenesis)
capacity red staining (calcium
nodules)
Adipogenic Positive staining for lipid
differentiation: Oil droplets (adipogenesis)
Red O staining (lipid
droplets)
Chondrogenic Positive staining for cartilage
differentiation: or matrix (chondrogenesis)
Safranin O staining
(cartilage matrix)
Immunomodulatory Mixed lymphocyte Significant suppression of
function reaction (MLR), lymphocyte proliferation in
cytokine secretion assays MLR; detectable secretion of
(e.g., ELISA for IL-6, immunomodulatory cytokines
TGF-B)
Table 2.

Testing methods and standards for endpoint MSCs quality control.

3. The mechanisms underlying MSC-based therapies

MSCs play a critical role in tissue regeneration through various mechanisms.
Current mechanistic investigations focus mainly on three primary pathways:
(1) direct cell replacement and tissue regeneration via MSC differentiation; (2)
paracrine-mediated immunomodulation and trophic support through extracellular
vesicles and soluble factors; and (3) mitochondrial transfer to rescue damaged cells.

3.1 Cell replacement and tissue regeneration

Research shows that MSCs have the ability to migrate and home to sites of injury,
then differentiate into various cell types to promote tissue repair. The process begins
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with the migration of MSCs to damaged tissues, often guided by chemokines and
growth factors released from injured cells, which create a conducive microenviron-
ment for stem cell homing. Once they arrive at the injury site, MSCs can differenti-
ate into specialized cell types, such as osteoblasts, chondrocytes, and adipocytes,
depending on the tissue context and the local microenvironment. This differentiation
is crucial for restoring the structural integrity and function of the damaged tissue.
Additionally, MSCs can engage in cell fusion with local cells, enhancing tissue repair
through hybrid cell formation, which may contribute to the regenerative process.
Furthermore, MSCs are involved in the remodeling of the extracellular matrix
(ECM), which is essential for supporting new tissue formation and facilitating the
migration and function of other cell types involved in healing. The interplay between
MSCs and their microenvironment, including interactions with immune cells, is vital
for effective tissue regeneration, as it helps to modulate inflammation and promote a
favorable healing response [1, 28].

3.2 Secreted factors and paracrine effects

The therapeutic potential of MSCs extends beyond direct differentiation; their
secretomes play a pivotal role in mediating tissue repair and modulating immune
responses. MSCs secrete a variety of bioactive molecules, including growth factors,
cytokines, and extracellular vehicles (EVs), which collectively contribute to their
paracrine effects. These secreted factors can promote angiogenesis, reduce apoptosis,
and modulate inflammation, thereby creating a favorable environment for tissue
repair. For instance, factors such as hepatocyte growth factor (HGF) and vascular
endothelial growth factor (VEGF) are known to enhance angiogenesis and tissue
regeneration. Moreover, MSC-derived exosomes, which contain proteins, lipids, and
RNA, have emerged as crucial mediators of intercellular communication, facilitating
the transfer of bioactive molecules to target cells and enhancing their regenerative
effects. The clinical application of MSC-derived exosomes is gaining traction, as they
provide a cell-free therapeutic approach that overcomes some of the challenges posed
by direct MSC transplantation, including low cell retention rates, potential tumori-
genicity, and difficulty in penetrating the blood-brain barrier (BBB) for neurological
diseases. The ability of these exosomes to modulate immune responses and promote
tissue repair positions them as promising candidates for therapeutic interventions in
various diseases, including those characterized by chronic inflammation and tissue
degeneration [28, 29].

3.3 Mitochondrial transfer mechanisms

Recent studies have illuminated the role of mitochondrial transfer as a novel
mechanism through which MSCs exert their therapeutic effects. Mitochondrial
transfer involves the transfer of mitochondria from MSCs to recipient cells, which
can significantly enhance the metabolic activity and survival of damaged cells. This
process is particularly relevant in the context of tissue injury, where recipient cells
may be compromised by oxidative stress and energy deficits. The transfer of healthy
mitochondria can restore cellular function, improve ATP production, and reduce
apoptosis in injured cells. The molecular mechanisms underlying mitochondrial
transfer are complex and involve various signaling pathways and cellular interactions.
For instance, the process may be facilitated by membrane fusion proteins and cyto-
skeletal elements that mediate the uptake of mitochondria by target cells. While the
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therapeutic advantages of mitochondrial transfer are promising, there are also poten-
tial risks requiring further study: (1) The “two-way” nature of mitochondrial transfer
between MSCs and damaged cells remains poorly understood, including when one
direction dominates and how this directionality is initiated/regulated. (2) Studies that
mostly focused on the transfer of mitochondria from MSCs to damaged cells, whether
it is possible that there is a transfer from damaged cells to MSCs simultaneously, and
how this decision is regulated. (3) The dual role of mitochondrial transfer is beneficial
for damaged cells, but it is potentially harmful to MSCs (e.g., enhancing cancer cell
aggressiveness), and the need to suppress it in such cases. Therefore, understanding
the balance between the benefits and risks of mitochondrial transfer is crucial for
optimizing MSC-based therapies in clinical settings [30, 31].

4. Applications of MSCs in neurological disorders
4.11Ischemic stroke

MSCs have emerged as a promising therapeutic option for ischemic stroke,
primarily due to their multifaceted roles in promoting neural regeneration, suppress-
ing inflammation, and enhancing BBB repair. The regenerative potential of MSCs is
largely attributed to their ability to secrete a variety of growth factors and cytokines
that facilitate neuroprotection and repair following ischemic injury. For instance,
studies have demonstrated that MSCs can promote angiogenesis, reduce apoptosis,
and enhance neurogenesis, thereby contributing to functional recovery after stroke
[30, 32, 33]. Furthermore, MSCs can modulate the inflammatory response, which
is critical in the context of ischemic stroke, where excessive inflammation can exac-
erbate neuronal damage. Recent clinical trials have begun to evaluate the efficacy
of MSC transplantation in patients with ischemic stroke, with preliminary results
suggesting that MSC therapy may improve neurological outcomes and reduce disabil-
ity [34, 35]. However, challenges remain regarding the optimal timing, dosage, and
delivery methods for MSC therapy, as well as the need for standardized protocols to
ensure safety and efficacy across diverse patient populations. Overall, the application
of MSCs in ischemic stroke presents a promising method for enhancing recovery and
improving patient outcomes, although further research is necessary to fully elucidate
their mechanisms of action and optimize therapeutic strategies.

4.2 Neurodegenerative diseases

With the intensification of global population aging, the potential of MSCs in
treating neurodegenerative diseases such as Parkinson’s disease (PD) and Alzheimer’s
disease (AD) attracts increasing attention due to their unique properties, including
their ability to differentiate into neuron-like cells and secrete neurotrophic factors. In
the context of PD, MSCs have been shown to promote the survival of dopaminergic
neurons and improve motor function in preclinical models [36, 37]. Mechanistically,
MSCs may exert their therapeutic effects through paracrine signaling, where they
release exosomes containing miRNAs and proteins that modulate inflammation and
promote neuroprotection [38, 39]. Additionally, the combination of MSC transplan-
tation with gene therapy strategies has emerged as a novel approach to enhance the
therapeutic efficacy in neurodegenerative diseases. For example, genetically engi-
neered MSCs that overexpress neurotrophic factors or anti-inflammatory cytokines
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may provide synergistic benefits in restoring neuronal function and mitigating
disease progression [40, 41]. A phase I/II clinical trial (NCT04388982) evaluating the
safety and efficacy of intranasally administered allogeneic human adipose-derived
MSC exosomes in patients with mild-to-moderate AD demonstrated cognitive
improvement. Participants received the exosomes twice weekly for 12 weeks (total

of 24 administrations). By week 12, cognitive function, measured by the Alzheimer’s
Disease Assessment Scale-Cognitive Subscale (ADAS-cog), showed significant
improvement compared to baseline levels. Notably, these improvements in ADAS-cog
scores continued beyond the treatment period, decreasing further until week 36.
While the trial found no significant differences in amyloid-beta or tau deposition,
hippocampal volume atrophy was attenuated to some degree. The study concluded
that intranasal administration of MSC-derived exosomes was safe and well-tolerated
[42]. Despite the promising preclinical findings, the clinical translation of MSC
therapies for neurodegenerative disorders faces several hurdles, including choice of
cell sourcing, immunogenicity, and the need for rigorous clinical trials to establish
the safety and efficacy therapy process. Leveraging MSC-derived exosomes to target
and clear aging-related factors in mild AD appears to be a viable approach, given their
capacity to cross the BBB and their senolytic therapeutic potential [43]. Nonetheless,
the innovative strategies involving MSCs hold great promise for developing effective
therapies for neurodegenerative diseases, potentially offering a novel therapeutic
alternative for these debilitating conditions.

5. MSCs in clinical applications for lung diseases
5.1 Acute lung injury and pulmonary fibrosis

MSCs have garnered significant attention for their therapeutic potential in acute
lung injury (ALI) and pulmonary fibrosis (PF), primarily due to their immunomodu-
latory and regenerative properties. MSCs can alleviate inflammation and inhibit the
fibrotic process, which are critical in managing these conditions. For instance, in mod-
els of ALI, MSCs have been shown to reduce the levels of pro-inflammatory cytokines
and promote the resolution of inflammation, thereby facilitating tissue repair [44].
Furthermore, in the context of PF, MSCs exert their effects through the secretion of
various paracrine factors that can modulate fibroblast activity and extracellular matrix
production, ultimately reducing collagen deposition and improving lung function
[45]. A notable example of an MSC application is in the treatment of paraquat poison-
ing, which leads to severe lung injury. Recent studies have demonstrated that MSC
therapy can significantly improve survival rates and lung histopathology in animal
models of paraquat-induced lung damage, highlighting the potential for MSCs to serve
as a therapeutic strategy in clinical settings [46]. It seems that MSCs alleviate lung
damage by modulating NF-kB and IL-17 signaling pathways in pulmonary cells [47].
Research studies underscore the promise of MSCs in mitigating the inflammatory
response, phenotypic transformation of alveolar macrophages (AMs), and inhibiting
the progression of fibrosis, making them a compelling option for treating ALI [48, 49].

5.2 COVID-19 and other infectious lung diseases

The COVID-19 pandemic has underscored the urgent need for effective therapies to
manage severe respiratory complications associated with SARS-CoV-2 infection. MSCs
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have emerged as a potential treatment modality due to their ability to modulate the
immune response and promote tissue repair in the lungs. In COVID-19 patients, MSCs can
help mitigate the cytokine storm—a hyper-inflammatory response that can lead to acute
respiratory distress syndrome (ARDS) and subsequent lung damage. Clinical trials have
shown that MSC therapy can improve lung function and reduce inflammatory markers in
patients with severe COVID-19, suggesting that MSCs can play a critical role in controlling
inflammation and facilitating recovery [50, 51]. Additionally, MSCs have been investi-
gated for their efficacy in treating other infectious lung diseases, such as pneumonia and
tuberculosis, where their immunomodulatory properties can help restore homeostasis

in the lung microenvironment. The therapeutic effects of MSCs are attributed to their
ability to secrete a variety of growth factors and cytokines that promote alveolar epithelial
cell regeneration and inhibit apoptosis, thereby enhancing lung repair processes [52]. As
ongoing clinical trials continue to evaluate the safety and efficacy of MSCs for treating
COVID-19 and other infectious lung diseases, the results thus far indicate a promising
avenue for therapeutic intervention, potentially transforming the management of these
severe respiratory conditions.

6. MSCs in cancer treatment potential
6.1 Clinical trials involving MSCs in cancer treatment

Clinical trials have explored MSCs for cancer treatment, leveraging their tumor-hom-
ing ability, immune-modulatory capacity, and interaction with the tumor microenviron-
ment. MSCs act as multifunctional agents: They deliver chemotherapeutics, oncolytic
viruses, and gene therapies, while their interplay with the tumor microenvironment is
dual-sided, secreting factors such as vascular epithelial growth factor (VEGF) and inter-
leukin-6 (IL-6) to promote tumor growth and angiogenesis, yet also inhibiting tumors
via immune modulation and apoptosis induction [53]. They influence T cell responses by
suppressing cytotoxic T cells and fostering regulatory T cells, creating an immunosup-
pressive tumor microenvironment [54], and their exosomes carry miRNAs or proteins
that further modulate tumor behavior, highlighting their complex role in therapy.

As drug delivery carriers, MSCs offer advantages: Their tumor tropism, mediated
by the SDF-1/CXCR4 axis, enables targeted accumulation in the tumor microenviron-
ment, reducing systemic side effects [55]. Loading strategies include nanoparticles
and exosomes (biocompatible, barrier-crossing) to encapsulate drugs, viruses, or
siRNA. Engineering MSCs to boost loading capacity and optimize release enhances
their potential, making them a promising tool to improve treatment specificity and
efficacy in cancer therapy.

In cancer clinical trials, MSCs have been applied exclusively as vectors for gene
therapy, owing to their unique properties that enable enhanced targeted therapeutic
delivery efficiency and their double-edged sword role within the tumor microen-
vironment. One of the primary advantages of using MSCs as gene therapy vectors
is their inherent ability to home to tumor sites. This tumor tropism allows MSCs
to deliver therapeutic genes directly to cancer cells while minimizing exposure to
healthy tissues, thereby reducing side effects associated with conventional therapies.
Recent studies have demonstrated that MSCs can be genetically modified to carry
anticancer genes, such as those encoding tumor suppressor proteins or pro-apoptotic
factors, which can induce apoptosis specifically in tumor cells. This targeted approach
not only enhances the therapeutic efficacy but also mitigates the systemic toxicity
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often seen with traditional chemotherapy [56, 57]. Furthermore, MSCs possess
immunomodulatory properties that can reshape the tumor microenvironment. By
secreting various cytokines and growth factors, MSCs can modulate the immune
response, potentially converting an immunosuppressive environment into one

that is more conducive to antitumor immunity [58]. This dual action of delivering
therapeutic genes while simultaneously modulating the immune landscape presents
a multifaceted strategy for combating cancer, making MSCs a vital component in the
evolving landscape of cancer gene therapy [6, 59].

Currently, completed key clinical trials for cancer treatment are limited. The trial
of MSC therapy for pancreatic cancer (NCT01494232) assessed the safety of gene-
modified MSCs engineered to deliver therapeutic genes. The infusion was well-toler-
ated with no significant adverse events, establishing a crucial safety profile for using
MSCs as gene therapy vehicles in this aggressive cancer and supporting future efficacy
studies [60]. Another study (NCT02068794) used MSCs to deliver interferon-o to the
ovarian cancer microenvironment. MSCs effectively delivered the payload, enhancing
immune responses (improved immune markers) and demonstrating safety/tolerabil -
ity. While tumor reduction was not universally achieved, the results support explor-
ing MSCs to enhance immunotherapies [61].

Ongoing innovative trials include MSCs application in colorectal cancer
(NCT03298763) and liver cancer (NCT02530047). In a colorectal cancer clinical
trial, CRISPR technology is applied to genetically modify MSCs, aiming to enhance
their anticancer properties for targeted tumor delivery. It will evaluate the safety
and efficacy (tumor response) of these engineered cells, representing a significant
advancement in personalized MSC therapies [62]. In liver cancer clinical trials, MSCs
combined with PD-1 inhibitors aim to boost antitumor immune responses while
potentially mitigating immune checkpoint inhibitor side effects via MSC immuno-
modulation. Preliminary data suggest the combination may improve outcomes by
reactivating the immune system [61].

6.2 Combination strategies of MSCs and nanotechnology

The integration of nanotechnology with MSCs represents a novel and promis-
ing strategy for enhancing cancer treatment efficacy. Recent advancements have
highlighted the potential of solid lipid nanoparticles (SLNs) combined with MSCs
to improve drug delivery systems. SLNs can encapsulate chemotherapeutic agents
and facilitate their targeted release at tumor sites when combined with MSCs, which
naturally migrate toward these areas due to their homing capabilities. This synergistic
approach not only improves the bioavailability of the drugs but also enhances the
therapeutic index by reducing systemic exposure and associated side effects [63, 64].
Studies have shown that MSCs can be engineered to express specific receptors that
can interact with SLNs, allowing for a more efficient uptake of therapeutic agents.
Moreover, the safety and efficacy of these combined therapies have been rigor-
ously evaluated, with findings indicating that the use of MSCs in conjunction with
nanoparticles does not significantly increase the risk of tumorigenicity, a common
concern with stem cell therapies [38, 65]. The dual evaluation of safety and therapeu-
tic effectiveness is crucial, as it ensures that the innovative strategies not only provide
arobust treatment option but also maintain patient safety, paving the way for clinical
applications in oncology. This combination of MSCs and nanotechnology thus holds
great promise for the future of targeted cancer therapies, offering a pathway toward
more effective and less toxic treatment modalities.
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7. Applications of MSCs in osteoporosis and bone repair
7.1 Mechanisms by which MSCs promote bone formation

MSCs have garnered significant attention for their potential to promote bone forma-
tion, particularly in conditions like osteoporosis. The mechanisms of MSCs influencing
bone metabolism are multifaceted, primarily involving the modulation of signaling
pathways that regulate osteoblast and osteoclast activity. Key signaling pathways, such
as the Wnt/p-catenin pathway, play a crucial role in osteogenic differentiation of MSCs.
Activation of this pathway leads to the upregulation of osteogenic markers, thereby
enhancing bone formation. Additionally, MSCs secrete various paracrine factors, includ-
ing growth factors and cytokines, that further modulate the bone microenvironment. For
instance, MSC-derived EVs have been shown to carry microRNAs and proteins that can
inhibit osteoclastogenesis, thereby reducing bone resorption. Furthermore, the applica-
tion of static magnetic fields (SMFs) has been shown to enhance the osteogenic differ-
entiation of MSCs, providing a noninvasive method to promote bone formation. Studies
indicate that SMFs can influence cellular signaling pathways, leading to increased expres-
sion of osteogenic markers and enhanced mineralization in MSCs. This dual approach of
utilizing intrinsic MSC properties and external stimuli like SMFs presents a promising
avenue for enhancing bone repair and addressing conditions such as osteoporosis [66, 67].

7.2 Current clinical applications and challenges

The clinical application of MSCs in treating osteoporosis and facilitating bone repair is
rapidly evolving, with numerous studies exploring their efficacy in fracture healing and
osteoporosis management. Recent clinical trials have demonstrated that MSC trans-
plantation can significantly enhance fracture healing, reduce healing time, and improve
overall bone density in osteoporotic patients. However, challenges remain that hinder
the widespread adoption of MSC-based therapies. One major concern is the stability and
safety of MSC treatments, particularly regarding the potential for tumorigenesis and
immune rejection. The variability in MSC sources, preparation methods, and patient-
specific factors can lead to inconsistent outcomes, complicating the standardization
of MSC therapies. Moreover, the long-term effects of MSC transplantation are still not
fully understood, necessitating rigorous clinical trials to assess their safety and efficacy
over extended periods. The development of MSC-derived EVs as a cell-free alternative
has emerged as a potential solution to some of these challenges, offering a therapeutic
approach that minimizes the risks associated with live cell therapies. EVs have shown
potential in promoting osteogenic differentiation and reducing inflammation, making
them an attractive candidate for clinical applications in osteoporosis and bone repair [68,
69]. Future research should focus on optimizing MSC isolation and expansion protocols,
enhancing targeting mechanisms for MSC delivery, and conducting large-scale clinical
trials to validate the therapeutic potential of MSCs in bone-related disorders.

8. MSCs in reproductive medicine and other systemic diseases

8.1 Treatment of reproductive aging and infertility

MSCs have emerged as a promising therapeutic option in the field of reproduc-
tive medicine, particularly in addressing reproductive aging and infertility. The
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regenerative potential of MSCs stems from their ability to home to damaged tissues,
secrete paracrine factors, and modulate immune responses, thereby promoting
ovarian function recovery. Recent studies have demonstrated that MSCs can enhance
ovarian reserve and restore fertility in animal models of premature ovarian failure
(POF) and other reproductive disorders. For instance, human umbilical cord-derived
MSCs (hUC-MSCs) have shown significant efficacy in restoring ovarian function by
reducing apoptosis in granulosa cells and enhancing follicular development, thereby
improving hormone levels such as estradiol and progesterone [70, 71]. Clinical trials
are beginning to reflect these findings, with preliminary data suggesting that MSC
therapy can effectively improve reproductive outcomes in women suffering from
various infertility issues, including those related to age and autoimmune conditions.
The mechanisms underlying these benefits include the secretion of growth factors
and cytokines that facilitate tissue repair and regeneration, as well as the immuno-
modulatory properties of MSCs that help create a favorable environment for follicle
development [72, 73]. However, while the preclinical results are promising, further
research is needed to fully elucidate the mechanisms at play and to establish the
standardized protocols for MSC therapy in clinical settings.

8.2 Metabolic syndrome

The application of MSCs extends beyond reproductive medicine into the manage-
ment of metabolic syndrome, where they exhibit significant therapeutic potential.
Metabolic syndrome (MetS) represents a cluster of complex metabolic disorders char-
acterized by insulin resistance, obesity, chronic low-grade inflammation, hyperten-
sion, and dyslipidemia, which significantly elevate the risk of cardiovascular diseases
and type 2 diabetes [74]. MSCs are known to regulate metabolic disorders through
their immunomodulatory effects and ability to differentiate into various cell types,
which can help ameliorate insulin resistance, restore homeostasis in dysfunctional
tissues [75]. In the context of metabolic syndrome, studies have shown that MSCs can
improve insulin sensitivity and reduce inflammation by modulating cytokine profiles
and enhancing the regenerative capacity of pancreatic cells [75, 76]. Currently, 35
clinical trials on MSC therapy for diabetes are registered, but no results have been
published in academic literature.

8.3 Autoimmune diseases

Furthermore, in autoimmune diseases such as systemic lupus erythematosus
(SLE) and rheumatoid arthritis, MSCs have been recognized for their ability to
suppress over-immune responses and promote tissue repair [77, 78]. The mechanisms
by which MSCs exert these effects include the secretion of extracellular vesicles rich
in bioactive molecules that can influence immune cell behavior and promote tissue
regeneration [79]. Comparative studies of autologous versus allogeneic MSC therapies
have highlighted the safety and efficacy of both approaches, although challenges such
as immune rejection and variability in patient responses remain [80].

The clinical application of MSCs in treating rheumatoid arthritis (RA) has
garnered significant attention, particularly in Phase I and II clinical trials, such as
NCT01547091. These trials have explored various administration routes, including
intravenous (IV) and intra-articular (IA) injections, to evaluate their efficacy and
safety. The findings indicate that both administration routes can be effective, but
they yield varying results in terms of dosage effects and safety profiles. For instance,
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studies have shown that IA injections may provide localized relief with fewer systemic
side effects, while IV administration may offer broader immunomodulatory effects.
The dose-response relationship remains a critical area of investigation, with some tri-
als suggesting that higher doses of MSCs correlate with improved clinical outcomes,
such as the American College of Rheumatology (ACR) 50 and ACR 70 response rates,
which measure significant improvement in RA symptoms. Additionally, imaging
studies have demonstrated joint structural improvements, including reduced synovial
inflammation and erosion, further supporting the therapeutic potential of MSCs in
RA management. However, safety data across these trials indicate that while serious
adverse events are rare, they can occur, necessitating careful monitoring of patients
receiving MSC therapy. Overall, the results from completed clinical trials underscore
the promising role of MSCs in RA treatment but also highlight the need for standard-
ized protocols and further research to optimize therapeutic strategies [81-83].

Overall, the use of MSCs in treating autoimmune diseases is a rapidly evolving
field, with ongoing clinical trials aimed at optimizing their therapeutic applications
and addressing safety concerns. As research progresses, MSCs may offer novel strate-
gies for managing these complex and prevalent health issues.

9. MSCs treatment challenges and future directions
9.1 Heterogeneity and functional instability

The therapeutic application of MSCs is significantly complicated by their inher-
ent heterogeneity and functional instability, which can be influenced by various
factors, including the source of the cells, culture conditions, and individual patient
differences. MSCs can be derived from multiple tissues, such as bone marrow, adipose
tissue, and umbilical cord blood, each presenting distinct phenotypic and functional
characteristics that can affect their therapeutic efficacy. For instance, the immuno-
modulatory properties of MSCs can vary based on their tissue of origin, which may
influence their effectiveness in treating specific conditions. Additionally, the culture
conditions, including the composition of the growth medium and the duration of
expansion, can lead to alterations in MSC functionality, such as changes in their
differentiation potential and secretory profiles [84]. Individual patient factors, such
as age, health status, and underlying diseases, further contribute to variability in MSC
responses, complicating treatment outcomes. Therefore, standardization of MSC
production and rigorous quality control measures are essential to ensure consistent
therapeutic effects. The establishment of GMP for MSCs is critical to address these
challenges, as it would provide a framework for the production of high-quality cell
products suitable for clinical applications [85]. This necessitates the development of
robust protocols that encompass not only the isolation and expansion of MSCs but
also their characterization and functional assessment prior to clinical use.

9.2 Safety concerns of MSCs

The potential for MSCs to induce tumor formation represents a major concern in
their clinical application. While MSCs are generally considered to be non-tumori-
genic, the possibility of tumorigenesis cannot be entirely eliminated. The presence
of residual undifferentiated or partially differentiated cells within MSC preparations
can bring risk of tumorigenesis, raising concerns about the long-term safety of MSC
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therapies. Consequently, thorough long-term safety assessments are important to
evaluate the risk of adverse events associated with MSC transplantation. To mitigate
these risks, advancements in cell engineering technologies are being explored, such
as genetic modification to enhance the immunomodulatory properties of MSCs or to
eliminate tumorigenic potential [86]. Additionally, the use of MSC-derived EVs has
emerged as a promising strategy to circumvent some of the immunogenicity issues
associated with whole cell therapies. EVs retain many of the beneficial properties of
MSCs while minimizing the risks associated with cell-based therapies, thus present-
ing a safer alternative for clinical applications [87].

9.3 Integration of cell engineering and emerging technologies

The integration of cell engineering techniques with emerging technologies holds
great promise for enhancing the efficacy of MSC therapies. Innovations such as gene
editing, particularly CRISPR/Cas9 technology, enable precise modifications of MSCs
to improve their therapeutic potential, including enhancing their homing abilities
to target tissues and modulating their secretory profiles [88, 89]. Furthermore, the
application of nanotechnology in MSC therapies allows for the development of novel
drug delivery systems that can enhance the bioavailability and targeting of therapeu-
tic agents delivered by MSCs. For instance, the incorporation of MSCs with nanopar-
ticles can facilitate the controlled release of therapeutic molecules, thereby improving
treatment outcomes in various conditions, including cancer and neurodegenerative
diseases [85]. Additionally, the exploration of biomaterials in conjunction with MSCs
can create supportive microenvironments that promote cell survival and function,
further enhancing the therapeutic efficacy of MSC-based treatments. The use of
MSC-derived EVs as cell-free therapies represents another exciting frontier, as these
vesicles can deliver bioactive molecules to target cells, thereby mimicking the para-
crine effects of MSCs without the associated risks of cell therapy [40]. Collectively,
these advancements underscore the potential of combining MSCs with cutting-edge
technologies to address existing challenges and expand their clinical applications.

9.4 Clinical trial design and regulatory oversight

The design of clinical trials for MSC therapies must evolve to address the unique
challenges associated with these complex biological products. There is a pressing need
for multicenter, large-scale clinical trials that can provide robust data on the safety
and efficacy of MSC treatments across diverse patient populations and conditions
[90]. Such trials should incorporate standardized protocols for patient selection,
treatment administration, and outcome assessment to ensure comparability and
reproducibility of results. Furthermore, regulatory oversight plays a crucial role in
the development and application of MSC therapies. The current landscape reveals
that several guidelines have been proposed by international regulatory bodies, such
as the Food and Drug Administration (FDA) in U.S.A., the European Medicines
Agency (EMA), and the Chinese Pharmaceuticals and Medical Devices Agency
(PMDA), the International Society for Cell and Gene Therapy (ISCT) and the World
Health Organization (WHO) provide also essential guidelines that aim to standard-
ize practices in the field of cell therapy, but there remains a significant gap in the
implementation of these standards across different regions and clinical practices.
The standards and regulations must adapt to the complexities of cell-based therapies,
ensuring that safety and efficacy are thoroughly evaluated while also facilitating
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timely access to innovative treatments for patients. The establishment of international
standards for MSC production and application is essential to harmonize regulatory
requirements across different regions, thereby promoting global collaboration in MSC
research and clinical application [84]. As the field of regenerative medicine continues
to advance, ongoing dialog between researchers, clinicians, regulatory bodies, and
patient advocacy groups will be vital to navigate the challenges and opportunities
presented by MSC therapies, ultimately leading to safer and more effective treatment
options for patients.

10. Conclusions

In recent years, MSCs have emerged as a focal point of regenerative medicine,
demonstrating remarkable potential in treating a variety of diseases due to their
multifunctional capabilities and safety profile. As highlighted throughout this review,
the clinical applications of MSCs have extended across diverse fields, including
neurological disorders, pulmonary injuries, oncology, osteoporosis, and reproduc-
tive system diseases. This breadth of application underscores the versatility of MSCs,
making them an invaluable resource in the therapy of multiple diseases.

The advancement of MSC-based therapies has been significantly influenced by the
standardization of preparation processes, optimization of multi-omics technologies,
and innovations in cell engineering. These factors are critical in enhancing the thera-
peutic efficacy of MSCs, allowing for more consistent and predictable outcomes in
clinical applications. However, despite these advancements, the field is still immature
with its challenges, such as heterogeneity among MSC populations, immune rejection
responses, and safety concerns remain pressing issues that must be addressed through
rigorous foundational and clinical research.

The majority of experts concur that integration of MSCs into clinical practice
needs a balanced evaluation of diverse research findings and perspectives related to
them. For instance, while some studies highlight the promising therapeutic effects of
MSCs in certain conditions, others raise concerns regarding their safety and long-
term efficacy. This dichotomy necessitates a careful evaluation of the existing litera-
ture, encouraging a dialog between researchers, clinicians, and regulatory bodies to
reconcile these differing viewpoints.

Furthermore, the future of MSC therapy will evolve from advanced biotechnolo-
gies and stringent clinical trials into routine medical treatments. Novel techniques
such as gene editing and bioreactor systems are revolutionizing the way MSCs are
harvested, expanded, and differentiated, potentially overcoming some of the inher-
ent challenges related to cell heterogeneity and immune response. Additionally, MSC
therapies might be tailored to individual patient profiles according to the personalized
medicine requirements, which could significantly enhance treatment outcomes and
minimize adverse side effects.

To realize the full potential of MSC-based therapies in achieving the goals of preci-
sion regenerative medicine, it is imperative that researchers continue to explore the
underlying mechanisms that govern MSC behavior and interaction within the host
environment. This includes investigating the role of the immune system in modulat-
ing MSC function and identifying biomarkers that can predict patient responses to
MSC therapies.

The collaboration between basic research and clinical application will be cru-
cial moving forward. As we aim for a more translational approach, promoting
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partnerships between academia, industry, and clinical practitioners will facilitate
the sharing of knowledge and resources necessary for advancing MSC therapies into
mainstream medicine.

In summary, the field of MSC research is at a pivotal moment, with
both immense potential and substantial hurdles. By addressing the challenges of
heterogeneity, immune rejection, and safety through innovative research and col-
laborative efforts, we can pave the way for the broader clinical application of MSC
therapies. Ultimately, the integration of advanced biotechnological approaches and a
commitment to rigorous clinical evaluation will be essential in achieving the ambi-
tious goals of precision regenerative medicine and improving patient outcomes in all
kinds of diseases.

Acknowledgements

The author would like to thank Prof. Yue Li-Min (West China Medical Center,
Sichuan University in China) and Prof. Natalia De Isla (Biopdle of Nancy Medical
College, Lorraine University in France) for their polishing of the language. This
research was funded by the Central University Basic Scientific Research Project
and the Medical-Engineering Integration Cultivation Special Project, grant number
2682025ZTPY056.

Conflict of interest

The authors declare no conflict of interest.

Author details

Lei Zhang
College of Medicine, Southwest Jiaotong University, Chengdu, China

*Address all correspondence to: zhanglei01l@swjtu.edu.cn

IntechOpen

© 2025 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited. ) NN
85


http://creativecommons.org/licenses/by/4.0
mailto:zhanglei01@swjtu.edu.cn

Mesenchymal Stem Cells — Biology, Therapeutics, and Beyond

References

[1] Jovic D, Yu Y, Wang D, Wang K,

Li H, Xu F, et al. A brief overview

of global trends in MSC-based cell
therapy. Stem Cell Reviews and Reports.
2022;18(5):1525-1545

[2] Costa-Ferro ZSM, Rocha GV, da
Silva KN, Paredes BD, Loiola EC,
Silva JD, et al. GMP-compliant
extracellular vesicles derived from
umbilical cord mesenchymal stromal
cells: Manufacturing and pre-clinical
evaluation in ARDS treatment.
Cytotherapy. 2024;26(9):1013-1025

(3] Nam YH, Kim JS, Yum Y, Yoon J,

Song H, Kim H]J, et al. Application of
mesenchymal stem cell-derived Schwann
cell-like cells spared neuromuscular
junctions and enhanced functional

recovery after peripheral nerve injury.
Cells. 2024;13(24):2137

[4] Qu H, He S, He ], Wang C, Wang K,
Deng C, et al. Potential future
therapeutic application of mesenchymal
stem cell-derived exosomes in ulcerative
colitis. Current Stem Cell Research &
Therapy. 2025;20(9):966-977

[5] Akanyibah FA, He C, Cai P, Wang X,
Wang Y, Mao F. Mechanism of cell
death and its application in the repair
of inflammatory bowel disease by
mesenchymal stem cells. Frontiers in
Immunology. 2025;16:1597462

[6] Pharoun J, Berro J, Sobh J, Abou-
Younes MM, Nasr L, Majed A, etal.
Mesenchymal stem cells biological
and biotechnological advances:
Implications for clinical applications.

European Journal of Pharmacology.
2024;977:176719

(7] Chua JKE, Lim J, Foong LH, Mok CY,
Tan HY, Tung XY, et al. Mesenchymal

86

stem cell-derived extracellular vesicles:
Progress and remaining hurdles in
developing regulatory compliant
quality control assays. Advances in
Experimental Medicine and Biology.
2022;1401:191-211

[8] Lechanteur C, Briquet A,
Bettonville V, Baudoux E, Beguin Y.
MSC manufacturing for academic
clinical trials: From a clinical-grade to
a full GMP-compliant process. Cells.
2021;10(6):1320

[9] Chen T, Zhang S, Jin H, Fu X,
Shang L, Lu Y, et al. Nonfreezing low
temperature maintains the viability of
menstrual blood-derived endometrial
stem cells under oxygen-glucose
deprivation through the sustained
release of autophagy-produced
energy. Cell Transplantation.
2022;31:9636897221086971

[10] Jankovic MG, Stojkovic M, Bojic S,
Jovicic N, Kovacevic MM, Ivosevic Z,
etal. Scaling up human mesenchymal
stem cell manufacturing using
bioreactors for clinical uses. Current
Research in Translational Medicine.
2023;71(2):103393

[11] Wu S, Wang Z, Wang Y, Guo M,
Zhou M, Wang L, et al. Peptide-grafted
microspheres for mesenchymal stem
cell sorting and expansion by selective
adhesion. Frontiers in Bioengineering
and Biotechnology. 2022;10:873125

[12] Yang Y, Zhang W, Wang X, Yang J,
Cui Y, Song H, etal. A passage-
dependent network for estimating the
in vitro senescence of mesenchymal
stromal/stem cells using microarray,
bulk and single cell RNA sequencing.
Frontiers in Cell and Development
Biology. 2023;11:998666



Mesenchymal Stem Cell Therapy and Its Clinical Application Potential

DOI: http://dx.doi.org/10.5772/intechopen.1012366

[13] Ma CY, Zhai Y, Li CT, Liu J, Xu X,
Chen H, et al. Translating mesenchymal
stem cell and their exosome research
into GMP compliant advanced therapy
products: Promises, problems and

prospects. Medicinal Research Reviews.
2024;44(3):919-938

[14] Ma YN, Hu X, Karako K, Song P,
Tang W, Xia Y. Exploring the multiple
therapeutic mechanisms and challenges
of mesenchymal stem cell-derived
exosomes in Alzheimer’s disease.
Bioscience Trends. 2024;18(5):413-430

[15] Grau-Vorster M, Laitinen A,
Nystedt ], Vives J. HLA-DR expression
in clinical-grade bone marrow-derived
multipotent mesenchymal stromal cells:
A two-site study. Stem Cell Research &
Therapy. 2019;10:164

[16] Mufioz-Dominguez N, Carreras-
Sanchez I, Lopez-Ferndndez A, Vives J.
Optimisation of processing methods
to improve success in the derivation

of human multipotent mesenchymal
stromal cells from cryopreserved
umbilical cord tissue fragments.
Cryobiology. 2022;108:34-41

[17] Oja S, Kaartinen T, Ahti M,
Korhonen M, Laitinen A, Nystedt J.
The utilization of freezing steps in
mesenchymal stromal cell (MSC)
manufacturing: Potential impact on
quality and cell functionality attributes.
Frontiers in Immunology. 2019;10:1627

[18] Grau-Vorster M, Rodriguez L, del
Mazo-Barbara A, Mirabel C, Blanco M,
Codinach M, et al. Compliance with good
manufacturing practice in the assessment
of immunomodulation potential of
clinical grade multipotent mesenchymal
stromal cells derived from Wharton’s
jelly. Cells. 2019;8(5):484

[19] Lépez-Fernandez A, Garcia-
Gragera V, Lecina M, Vives J.

87

Identification of critical process
parameters for expansion of clinical
grade human Whartonss jelly-derived
mesenchymal stromal cells in stirred-
tank bioreactors. Biotechnology Journal.
2024;19(2):e2300381

[20] Lépez-Fernandez A, Codinach M,
Coca MI, Prat-Vidal C, Castaiio J,
Torrents S, et al. Comparability exercise
of critical quality attributes of clinical-
grade human mesenchymal stromal
cells from the Wharton’ jelly: Single-
use stirred tank bioreactors versus
planar culture systems. Cytotherapy.
2024;26(5):418-426

[21] Zhang F, Zhang L, Yu H. Potential
druggability of mesenchymal stem/
stromal cell-derived exosomes.
Current Stem Cell Research & Therapy.
2024;19(9):1195-1209

[22] Nguyen VVT, Welsh JA,

Tertel T, Choo A, van de Wakker SI,
Defourny KAY, et al. Inter-laboratory
multiplex bead-based surface

protein profiling of MSC-derived

EV preparations identifies MSC-EV
surface marker signatures. Journal of
Extracellular Vesicles. 2024;13(6):€12463

[23] Yu H, Zhang F, He YC, Zhang LS.
Quality by design strategy of human
mesenchymal stem/stromal cell drug
products for the treatment of knee
osteoarthritis. World Journal of Stem

Cells. 2025;17(5):106547

[24] Gimona M, Brizzi MF, Choo ABH,
Dominici M, Davidson SM, Grillari J,

et al. Critical considerations for the
development of potency tests for
therapeutic applications of mesenchymal
stromal cell-derived small extracellular
vesicles. Cytotherapy. 2021;23(5):373-380

[25] Brinkhof B, Zhang B, Cui Z,
Ye H, Wang H. ALCAM (CD166)
as a gene expression marker for



Mesenchymal Stem Cells — Biology, Therapeutics, and Beyond

human mesenchymal stromal
cell characterisation. Gene.
2020;763S:100031

[26] Nadeau S, Cheng A, Colmegna I,
Rodier F. Quantifying senescence-
associated phenotypes in primary
multipotent mesenchymal stromal cell
cultures. Methods in Molecular Biology.
2019;2045:93-105

[27] Jaibaji M, Jaibaji R, Volpin A.
Mesenchymal stem cells in the treatment
of cartilage defects of the knee: A
systematic review of the clinical
outcomes. The American Journal of
Sports Medicine. 2021;49(13):3716-3727

28] Xu'Y, Zhou X, Wang X, Jin Y,
Zhou L, Ye ]. Progress of mesenchymal
stem cells (MSCs) & MSC-exosomes
combined with drugs intervention

in liver fibrosis. Biomedicine &
Pharmacotherapy. 2024;176:116848

[29] Teté G, D’Orto B, Nagni M,
Agostinacchio M, Polizzi E, Agliardi E.
Role of induced pluripotent stem cells
(IPSCS) in bone tissue regeneration in
dentistry: A narrative review. Journal of
Biological Regulators and Homeostatic
Agents. 2020;34(6 Suppl. 3):1-10

[30] Han D, Zheng X, Wang X, Jin T,

Cui L, Chen Z. Mesenchymal stem/
stromal cell-mediated mitochondrial
transfer and the therapeutic potential in
treatment of neurological diseases. Stem
Cells International. 2020;2020:8838046

[31] Liu Q, Zhang X, Zhu T, Xu Z,
Dong Y, Chen B. Mitochondrial
transfer from mesenchymal stem
cells: Mechanisms and functions.
Mitochondrion. 2024;79:101950

[32] Zhou L, Wang J, Huang ], Song X,
Wu 'Y, Chen X, et al. The role of
mesenchymal stem cell transplantation
for ischemic stroke and recent research

88

developments. Frontiers in Neurology.
2022;13:1000777

[33] Ogata K, Moriyama M, Matsumura-
Kawashima M, Kawado T, Yano A,
Nakamura S. The therapeutic potential
of secreted factors from dental pulp stem

cells for various diseases. Biomedicine.
2022;10(5):1049

[34] Zhou L, Zhu H, Bai X, Huang ],
Chen Y, Wen ], et al. Potential
mechanisms and therapeutic targets of
mesenchymal stem cell transplantation
for ischemic stroke. Stem Cell Research
& Therapy. 2022;13:195

(35] Zhu P, Tan H, Gao H, Wang ], Liu Y,
Yang D, et al. Potential mechanism

and perspectives of mesenchymal

stem cell therapy for ischemic stroke:

A review. Global Medical Genetics.
2024;11(4):278-284

[36] Zhang X, Kuang Q, Xu J, Lin Q,
Chi H, Yu D. MSC-based cell therapy
in neurological diseases: A concise
review of the literature in pre-clinical
and clinical research. Biomolecules.
2024;14(5):538

[37]1 Guo X, Tang L, Tang X. Current
developments in cell replacement therapy

for Parkinson’s disease. Neuroscience.
2021;463:370-382

[38] Zhang X, Che X, Zhang S, Wang R,
LiM, Jin Y, et al. Mesenchymal stem
cell-derived extracellular vesicles

for human diseases. Extracellular
Vesicles and Circulating Nucleic Acids.
2024;5(1):64-82

[39] Hedayat M, Ahmadi M, Shoaran M,
Rezaie J. Therapeutic application

of mesenchymal stem cells derived
exosomes in neurodegenerative diseases:
A focus on non-coding RNAs cargo,
drug delivery potential, perspective. Life
Sciences. 2023;320:121566



Mesenchymal Stem Cell Therapy and Its Clinical Application Potential

DOI: http://dx.doi.org/10.5772/intechopen.1012366

[40] Zhang W, Uyemura R, Zhong K,
Guo R, Zhong L. Current advances and
future perspectives on mesenchymal
stem cell-derived extracellular vesicles in

Alzheimer’ disease. Aging and Disease.
2024;15(5):2015-2027

[41] Hu X, Ma YN, Peng J, Wang Z,
Liang Y, Xia Y. Exosomes derived from
olfactory mucosa mesenchymal stem
cells attenuate cognitive impairment in
a mouse model of Alzheimer’s disease.
Bioscience Trends. 2025;19(2):189-201

[42] Xie X, Song Q, Dai C, Cui S,

Tang R, Li S, et al. Clinical safety and
efficacy of allogenic human adipose
mesenchymal stromal cells-derived
exosomes in patients with mild to
moderate Alzheimer’s disease: A phase
I/II clinical trial. General Psychiatry.
2023;36(5):€101143

[43] Gonzales MM, Garbarino VR,

Kautz TF, Palavicini JP, Lopez-

Cruzan M, Dehkordi SK, et al. Senolytic
therapy in mild Alzheimer’s disease: A
phase 1 feasibility trial. Nature Medicine.
2023;29(10):2481-2488

[44] Lai S, Guo Z. Stem cell therapies for
chronic obstructive pulmonary disease:
Mesenchymal stem cells as a promising
treatment option. Stem Cell Research &
Therapy. 2024;15:312

[45] Zhao Y, Yan Z, Liu Y, Zhang Y, Shi J,
LiJ, et al. Effectivity of mesenchymal
stem cells for bleomycin-induced
pulmonary fibrosis: A systematic review
and implication for clinical application.
Stem Cell Research & Therapy.
2021;12:470

[46] Gong L, Wang X, Xu S, Liao F,
Zhou M. Human amnion-derived MSCs
alleviate acute lung injury and hinder
pulmonary fibrosis caused by Paraquat
in rats. Oxidative Medicine and Cellular
Longevity. 2022;2022:3932070

89

[47] Zhang L, Wang Y, Shen H, Zhao M.
Combined signaling of NF-kappaB

and IL-17 contributes to mesenchymal
stem cells-mediated protection for
Paraquat-induced acute lung injury. BMC
Pulmonary Medicine. 2020;20:195

[48] Zhu ], Zhou ], Feng B, Pan Q, YangJ,
Lang G, etal. MSCs alleviate LPS-
induced acute lung injury by inhibiting
the proinflammatory function of
macrophages in mouse lung organoid-
macrophage model. Cellular and
Molecular Life Sciences. 2024;81(1):124

[49] Zhao R, Wang L, Wang T, Xian P,
Wang H, Long Q. Inhalation of MSC-EVs
is a noninvasive strategy for ameliorating
acute lung injury. Journal of Controlled
Release. 2022;345:214-230

[50] Kangag1 DD, Ovali E. The
therapeutic significance of mesenchymal
stem cells in COVID-19 acute pulmonary
respiratory disease. Turkish Thoracic
Journal. 2022;23(5):355-363

[51] Chen L, Qu]J, Kalyani FS, Zhang Q,
Fan L, Fang Y, et al. Mesenchymal stem
cell-based treatments for COVID-19:
Status and future perspectives for clinical
applications. Cellular and Molecular Life
Sciences. 2022;79(3):142

[52] Fang Q, Wu W, Xiao Z, Zeng D,
Liang R, Wang ], et al. Gingival-derived
mesenchymal stem cells alleviate allergic
asthma inflammation via HGF in animal
models. iScience. 2024;27(5):109818

[53]1 Zhao Y, Zhong X, DuF, Wu X, Li M,
Wen Q, et al. The role of mesenchymal
stem cells in cancer immunotherapy.
Current Stem Cell Research & Therapy.
2023;18(8):1056-1068

[54] Montazersaheb S, Fathi E,
Mamandi A, Farahzadi R, Heidari HR.
Mesenchymal stem cells and

cancer stem cells: An overview of



Mesenchymal Stem Cells — Biology, Therapeutics, and Beyond

tumor- mesenchymal stem cell
interaction for therapeutic interventions.
Current Drug Targets. 2022;23(1):60-71

[55] Ding W, Zhang K, LiQ, Xu L, Ma 'y,
Han F, et al. Advances in understanding
the roles of mesenchymal stem cells in
lung cancer. Cellular Reprogramming.
2023;25(1):20-31

[56] Xie M, Tao L, Zhang Z, Wang W.
Mesenchymal stem cells mediated
drug delivery in tumor-targeted
therapy. Current Drug Delivery.
2021;18(7):876-891

[571He W, LiQ, Lu Y, Ju D, Gu Y, Zhao K,
et al. Cancer treatment evolution from
traditional methods to stem cells and
gene therapy. Current Gene Therapy.
2022;22(5):368-385

(58] Zhang L, Su XS, Ye JS, Wang YY,
Guan Z, Yin YF. Bone marrow
mesenchymal stem cells suppress
metastatic tumor development in mouse
by modulating immune system. Stem
Cell Research & Therapy. 2015;6(1):45

[591 Wang L, Liu G, Zheng L, Long H,
Liu Y. A new era of gene and cell
therapy for cancer: A narrative review.

Annals of Translational Medicine.
2023;11(9):321

[60] Ma Z, Hua ], Liu J, Zhang B,
Wang W, Yu X, et al. Mesenchymal
stromal cell-based targeted therapy
pancreatic cancer: Progress and
challenges. International Journal of
Molecular Sciences. 2023;24(4):3559

[61] Tang J, Chen Y, Wang C, Xia Y, Yu T,
Tang M, et al. The role of mesenchymal
stem cells in cancer and prospects

for their use in cancer therapeutics.
MedComm. 2020;5(8):e663

[62] Yao H, Sun C, Wang C, Liu J,
LiY, LiL, etal. The double-edged

90

sword property of mesenchymal stem
cell-derived exosomal microRNAs in
colorectal cancer. The Turkish Journal of
Gastroenterology. 2024;35(10):755-762

[63] Zhang W, Huang X. Stem cell
membrane-camouflaged targeted
delivery system in tumor. Materials
Today Bio. 2022;16:100377

[64] Kamarehei F. The effects of
combination therapy by solid lipid
nanoparticle and dental stem cells
on different degenerative diseases.
American Journal of Translational
Research. 2022;14(5):3327-3343

[65] Afkhami H, Mahmoudvand G,
Fakouri A, Shadab A, Mahjoor M,
Komeili MT. New insights in application
of mesenchymal stem cells therapy in
tumor microenvironment: Pros and
cons. Frontiers in Cell and Development
Biology. 2023;11:1255697

[66] Zhang G, Zhen C, Yang ],
Zhang Z, Wu Y, Che J, etal. 1-2T
static magnetic field combined with
ferumoxytol prevent unloading-
induced bone loss by regulating iron
metabolism in osteoclastogenesis.
Journal of Orthopaedic Translation.
2022;38:126-140

[67] Yang Y], Chen XE, Zhou XC,
Liang FX. Mesenchymal stem cell-
derived extracellular vesicles: A
promising therapeutic strategy in
diabetic osteoporosis. World Journal of
Diabetes. 2024;15(12):2399-2403

[68] Huldani H, Abdalkareem Jasim S,
Olegovich Bokov D, Abdelbasset WK,
Nader Shalaby M, Thangavelu L, et al.
Application of extracellular vesicles
derived from mesenchymal stem

cells as potential therapeutic tools in
autoimmune and rheumatic diseases.
International Immunopharmacology.
2022;106:108634



Mesenchymal Stem Cell Therapy and Its Clinical Application Potential

DOI: http://dx.doi.org/10.5772/intechopen.1012366

[69] Torrecillas-Baena B, Pulido-
Escribano V, Dorado G, Galvez-
Moreno MA, Camacho-Cardenosa M,
Casado-Diaz A. Clinical potential

of mesenchymal stem cell-derived
exosomes in bone regeneration. Journal
of Clinical Medicine. 2023;12(13):4385

[70] Garg K, Zilate S. Umbilical cord-
derived mesenchymal stem cells for the
treatment of infertility due to premature
ovarian failure. Cureus. 2022;14(10):€30529

[711 Wei L, Bo L, Luo C, Yin N, Jiang W,
Qian F, et al. Transplantation of human
umbilical cord-derived mesenchymal
stem cells improves age-related ovarian
functional decline via regulating the
local renin—angiotensin system on
inflammation and oxidative stress. Stem
Cell Research & Therapy. 2024;15:377

[72] Ghajari G, Heydari A, Ghorbani M.
Mesenchymal stem cell-based therapy
and female infertility: Limitations and
advances. Current Stem Cell Research &
Therapy. 2023;18(3):322-338

[73] Rizano A, Margiana R, Supardi S,
Narulita P. Exploring the future potential
of mesenchymal stem/stromal cells and
their derivatives to support assisted
reproductive technology for female
infertility applications. Human Cell.
2023;36(5):1604-1619

[74] Shimizu S. Association of detrusor
underactivity with aging and metabolic
syndrome: Suggestions from animal
models. Journal of Smooth Muscle
Research. 2024;60:23-30

[75] Huang X, Liu Y, Li Z, Lerman LO.
Mesenchymal stem/stromal cells therapy
for metabolic syndrome: Potential
clinical application? Stem Cells.

2023;41(10):893-906

[76] Kotikalapudi N, Sampath SJP, Sukesh
Narayan S, Nemani H, Mungamuri SK,

91

etal. The promise(s) of mesenchymal
stem cell therapy in averting preclinical
diabetes: Lessons from in vivo and in
vitro model systems. Scientific Reports.
2021;11:16983

[77] Zare Moghaddam M, Mousavi MJ,
Ghotloo S. Stem cell-based therapy

for systemic lupus erythematous.
Journal of Translational Autoimmunity.
2024;8:100241

[78] Lou S, Duan Y, Nie H, Cui X, DuJ,
Yao Y. Mesenchymal stem cells: Biological
characteristics and application in disease
therapy. Biochimie. 2021;185:9-21

[79] Ahad Mir P, Hussain MS, Ahmad
Khanday M, Mohi-Ud-Din R, Pottoo FH,
Hasssan MR. Immunomodulatory roles
of mesenchymal stem cell-derived
extracellular vesicles: A promising
therapeutic approach for autoimmune
diseases. Current Stem Cell Research &
Therapy. 2025;20(9):949-965

[80] Asserson DB. Allogeneic
mesenchymal stem cells after In vivo
transplantation: A review. Cellular
Reprogramming. 2023;25(6):264-276

[81] Meng HY, Chen LQ, Chen LH.
The inhibition by human MSCs-
derived miRNA-124a overexpression
exosomes in the proliferation and
migration of rheumatoid arthritis-
related fibroblast-like synoviocyte
cell. BMC Musculoskeletal Disorders.
2020;21(1):150

[82] Hwang JJ, Rim YA, Nam Y, Ju JH.
Recent developments in clinical
applications of mesenchymal stem
cells in the treatment of rheumatoid
arthritis and osteoarthritis. Frontiers in
Immunology. 2021;12:631291

[83] Ba¢enkova D, Trebunova M,
Morochovi¢ R, Dosedla E, Findrik
Balogova A, Gasparova P, et al.



Mesenchymal Stem Cells — Biology, Therapeutics, and Beyond

Interaction between mesenchymal
stem cells and the immune system in
rheumatoid arthritis. Pharmaceuticals
(Basel). 2022;15(8):941

[84] Rasouli M, Naeimzadeh Y,

Hashemi N, Hosseinzadeh S. Age-related
alterations in mesenchymal stem cell
function: Understanding mechanisms
and seeking opportunities to bypass

the cellular aging. Current Stem Cell
Research & Therapy. 2024;19(1):15-32

[85] Bang OY, Kim JE. Stem cell-derived
extracellular vesicle therapy for acute
brain insults and neurodegenerative
diseases. BMB Reports. 2022;55(1):20-29

[86] Jeung SY, An JH, Kim SS, Youn HY.
Safety of gonadal tissue-derived
mesenchymal stem cell therapy in
geriatric dogs with chronic disease.
Animals (Basel). 2024;14(14):2134

[87] Park SY, Kim DS, Kim HM, Lee JK,
Hwang DY, Kim TH, et al. Human
mesenchymal stem cell-derived
extracellular vesicles promote neural
differentiation of neural progenitor
cells. International Journal of Molecular
Sciences. 2022;23(13):7047

[88] Basalova N, Illarionova M,
Skryabina M, Vigovskiy M,
Tolstoluzhinskaya A, Primak A, et al.
Advances and obstacles in using CRISPR/
Cas9 technology for non-coding RNA
gene knockout in human mesenchymal
stromal cells. Noncoding RNA.
2023;9(5):49

[89] Han AR, Shin HR, Kweon J, Lee SB,
Lee SE, Kim EY, et al. Highly efficient
genome editing via CRISPR-Cas9
ribonucleoprotein (RNP) delivery in
mesenchymal stem cells. BMB Reports.
2024;57(1):60-65

[90] He C, Yang Y, Zheng K, Chen Y,
Liu S, LiY, et al. Mesenchymal stem

92

cell-based treatment in autoimmune
liver diseases: Underlying roles,
advantages and challenges. Therapeutic
Advances in Chronic Disease.
2021;12:2040622321993442



Chapter 4

Mesenchymal Stem Cell-Based
Therapeutic Strategies for
Neurological Disorders in Dogs

Rogério Martins Amorim
and Lucas Vinicius de Oliveira Ferrveirva

Abstract

Neurological disorders in dogs pose a significant challenge in veterinary medicine,
often leading to permanent deficits and reduced quality of life. Traditional therapeu-
tic approaches frequently offer limited efficacy, especially in neuroimmune or degen-
erative conditions. In this context, mesenchymal stem cells (MSCs) have emerged as a
promising therapeutic strategy due to their immunomodulatory, anti-inflammatory,
neuroprotective, and neuroregenerative properties. This chapter provides a com-
prehensive review of MSC-based therapy for canine neurological disorders, with
an emphasis on their application in meningoencephalomyelitis of unknown origin
(MUO), peripheral nerve injuries, and spinal cord injury (SCI). Key aspects discussed
include MSC sources, mechanisms of action, delivery routes, neurological improve-
ment, functional recovery, and limitations. In addition, future directions and per-
spectives are explored to support the development of safe and effective MSC-based
therapies in veterinary neurology.

Keywords: cell therapy, central nervous system, neuroprotection, peripheral nerve,
regenerative medicine

1. Introduction

Neurological disorders in dogs represent a significant challenge in veterinary
clinical practice due to the wide range of etiologies and the inherent complexity of
the nervous system [1, 2]. Epidemiological data indicate that neurological disorders
account for a significant proportion of veterinary cases, with one study reporting that
18.7% of all admitted French Bulldogs presented with neurological signs, and another
showing that nearly 14% of all canine and feline referrals were diagnosed with a neu-
rological disease [3, 4]. These conditions can have a substantial negative impact on the
well-being of affected animals, often leading to prolonged clinical courses, functional
impairments, and, in some cases, fatal outcomes [5, 6].
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Conventional therapeutic approaches, such as glucocorticoid administration for
meningoencephalomyelitis of unknown origin (MUO), which may be associated
with side effects, and surgical decompression alone for spinal cord injury (SCI), may
provide limited results in the management of neurological disorders [7, 8]. In this
context, regenerative medicine has gained increasing attention in veterinary science,
particularly the use of mesenchymal stem cells (MSCs), due to their immunomodula-
tory, anti-inflammatory, neuroprotective, and neuroregenerative properties [8-10].

Recent studies have explored the application of MSCs in a range of canine neuro-
logical disorders, such as SCI [11, 12], MUO [13], and peripheral nerve injuries (PNI)
[14]. These investigations have demonstrated encouraging results, with reports of
improved functional recovery and reduced lesion severity. Despite these advances,
important challenges remain, including the standardization of treatment protocols,
optimization of delivery routes, and the need for long-term safety and efficacy data.

In this context, this chapter provides a comprehensive overview of the use of
MSCs in the treatment of neurological diseases in dogs, including cellular sources,
mechanisms of action, administration strategies, clinical outcomes, and current limi-
tations. Furthermore, future perspectives are discussed, with the aim of supporting
the advancement of safe and effective MSC-based therapies in veterinary neurology.

2. MSCs

MSCs are progenitor cells characterized by high proliferative capacity, self-renewal
ability, multilineage differentiation potential, and notable immunomodulatory,
neuroprotective, and neuroregenerative properties [15, 16]. The International Society
for Cellular Therapy has proposed minimal criteria for the identification and charac-
terization of human MSCs in vitro. These include adherence to plastic under standard
culture conditions; the potential to differentiate into mesodermal lineages, osteo-
genic, chondrogenic, and adipogenic; positive expression of surface markers CD73,
CD90, and CD105; and lack of expression of hematopoietic and endothelial markers
such as CD45, CD34, CD14 or CD11b, CD79« or CD19, and HLA class II [17]. In
canine MSCs, a similar surface antigen expression profile has been identified, includ-
ing positive expression of CD29, CD44, CD90, and CD105, and lack of expression of
CD34, CD45, CD146, CD11b, CD79«, and MHC class I [18-21].

MSCs can be derived from various tissues, including adipose tissue, bone marrow,
amniotic fluid, placenta, umbilical cord, muscle tissue, and peripheral blood [22].
Their therapeutic effects are primarily mediated through direct cell-to-cell interac-
tions and the release of soluble factors and extracellular vesicles (EVs) via paracrine
mechanisms [23, 24]. These cells secrete a wide range of bioactive molecules, includ-
ing anti-inflammatory cytokines and neurotrophic factors, that modulate the immune
response, reduce neuroinflammation, and promote neuronal survival and tissue
repair [25, 26]. These mechanisms support the potential use of MSCs in the treatment
of neurological disorders.

3. Meningoencephalomyelitis of unknown origin (MUO)

MUO encompasses a group of idiopathic, noninfectious inflammatory diseases
affecting the central nervous system (CNS) of dogs [27]. It is characterized by
several subtypes, granulomatous meningoencephalomyelitis (GME), necrotizing
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meningoencephalitis (NME), and necrotizing leukoencephalitis (NLE), in which
autoimmunity is regarded as the primary underlying mechanism [28]. GME presents
in multifocal, focal, or ocular forms, affecting the forebrain, hindbrain, and spinal
cord. Histologically, it is characterized by perivascular whorling mononuclear infil-
trates in the white matter, meninges, and spinal cord, with acute lesions involving
both gray and white matter and chronic lesions in the white matter. NME typically
presents with focal or multifocal forebrain signs, with seizures being the most
common clinical manifestation. Histologically, it is marked by asymmetric necrosis
and cavitation affecting the cerebral cortex, subcortical white matter, and corona
radiata, accompanied by mononuclear infiltrates, prominent astrogliosis, and lepto-
meningeal inflammation; lesions may also extend to the brainstem and cerebellum.
NLE presents with focal or multifocal neurological signs involving the forebrain

and hindbrain. Histologically, it is characterized by asymmetric necrosis and cavita-
tion predominantly in the white matter, with mononuclear infiltration and marked
reactive astrogliosis; the meninges are minimally affected [7]. A definitive diagnosis is
only possible through histopathological examination. In England, MUO accounts for
47.5% of inflammatory CNS disorders in dogs [29].

MUO is clinically characterized by progressive focal or multifocal neurologi-
cal signs associated with single or multiple/diffuse intra-axial lesions observed on
T2-weighted magnetic resonance imaging of the CNS, cerebrospinal fluid showing
inflammatory features, and exclusion of infectious agents [28, 29].

Glucocorticoids remain the cornerstone of initial treatment and, in the long
term, are generally combined with other immunosuppressive agents [30]. However,
corticosteroid use is frequently associated with severe side effects, including gastric
ulceration, hepatopathy, alopecia, and iatrogenic hyperadrenocorticism [7].

Combination therapies involving additional immunosuppressive and immu-
nomodulatory agents, such as cytarabine (cytosine arabinoside), azathioprine,
lomustine, procarbazine, leflunomide, cyclosporin, and mycophenolate mofetil,
have been employed to enhance remission rates and reduce corticosteroid dosages
[30, 31]. Nonetheless, these drugs carry risks of myelosuppression, hepatotoxic-
ity, gastrointestinal disturbances, hepatic dysfunction, and nephrotoxicity,
among others [13, 30].

Considering that MUO is a fatal disease and that conventional treatments are often
associated with severe adverse effects, there is an increasing demand for innovative
therapeutic alternatives. Among these, MSC-based therapies have emerged as a prom-
ising approach.

3.1 Neuroinflammation and neurodegeneration mechanisms in MUO

The etiopathogenesis of MUO remains incompletely understood, but it is con-
sidered multifactorial and shares characteristics similar to multiple sclerosis (MS),
including genetic susceptibility and immune-mediated processes that compromise
CNS integrity [32].

Genomic analyses have identified genetic risk factors associated with histo-
pathological subtypes of MUO in Pug [33] and Maltese dogs [34]. An immunobhis-
tochemical study has revealed that CD3+ T lymphocytes are the most abundant
inflammatory cells in lesions of MUO subtypes, and CD163+ macrophages are
predominantly expressed in GME [35]. Additionally, B lymphocytes have been
identified in lesions of dogs with GME, NME, and NLE [35, 36], as well as in the
CNS of patients with MS [37].
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Cytokine expression profiles differ among MUO subtypes: dogs with NME exhibit
elevated levels of interferon-gamma (IFN-y), whereas those with GME display
increased expression of interleukin-17 (IL-17) [38]. In GME, IL-17 is believed to drive
macrophage and microglial activation. Similarly, in humans with MS, IL-17 produced
by Th17 lymphocytes increases blood-brain barrier (BBB) disruption and facilitates T
cell infiltration into the CNS [39].

Autoimmune responses in the CNS can arise due to failures in central or peripheral
immune tolerance. These responses may be triggered by molecular mimicry, the
presentation of self-antigens, or the exposure of previously sequestered antigens. As
aresult, autoreactive lymphocytes become activated in lymphoid organs, enter the
bloodstream, and infiltrate the CNS by crossing the BBB [37, 40].

Immune imbalances within the microenvironment, such as elevated levels of IFN-
¥, can promote macrophage polarization toward a classically activated macrophage
(M1, pro-inflammatory) phenotype, shifting away from the alternatively activated
macrophage (M2, anti-inflammatory) state [40]. Microglial cells undergo similar
cytokine-driven phenotypic transitions. M1-polarized microglia enhance the release of
pro-inflammatory cytokines, including tumor necrosis factor alpha (TNF-a), IL-6, and
IL-1B, as well as reactive oxygen species (ROS) and nitric oxide (NO), while reducing the
production of neurotrophic factors [7]. Conversely, M2-polarized microglia secrete higher
levels of anti-inflammatory cytokines, such as IL-10 and transforming growth factor beta
(TGF-p), and neurotrophic factors, thereby dampening pro-inflammatory activity [7].

Chronic inflammation in the CNS promotes the release of neurotoxic factors, such
as ROS, reactive nitrogen species, and pro-inflammatory cytokines. These molecules
alter neuronal and axonal metabolism, leading to cytotoxicity, mitochondrial dys-
function, metabolic stress, and neurodegeneration [7, 37, 40].

Energy imbalance and demyelination lead to ion channel dysfunction and activa-
tion, which, together with glutamate accumulation, disrupt Ca®*/Na* homeostasis
and trigger the activation of lytic enzymes, thereby perpetuating neuroaxonal dam-
age and resulting in oncotic cellular edema, apoptosis, and necrosis [41].

Experimental autoimmune encephalomyelitis (EAE) remains the most widely
used experimental model for studying MS, as it mimics T cell-mediated responses
against myelin antigens in laboratory animals [37]. Nonetheless, the pathological
features elicited by EAE vary according to factors such as the myelin antigen used, the
dose of peptide or adjuvant, and the species or strain of animal, resulting in a hetero-
geneous model whose applicability must be tailored to the specific research objective
[42]. In this context, MUO in dogs serves as a natural model for MS due to similarities
in immune mechanisms, pathological features, and spontaneous onset [43].

While these parallels support the use of MUO as a valuable natural model for MS,
it is important to recognize interspecies differences that may impact translational
interpretation. For instance, although both diseases exhibit neuroinflammation, MS
involves infiltration of both B and T lymphocytes, whereas MUO is characterized
predominantly by T cell infiltration [32]. Moreover, demyelination is more prominent
in MS than in MUO [31]. Thus, while MUO provides an important spontaneous model
that complements experimental systems, findings should be extrapolated to human
MS with consideration of these biological distinctions.

3.2 MSCs as a treatment strategy for MUO

MSCs demonstrate significant therapeutic potential in autoimmune disorders,
largely due to their diverse biological functions. These include the secretion of
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paracrine factors, modulation of immune activity, and the capacity to migrate
to sites of inflammation or tissue damage [44]. MSCs support neuroprotection
mainly through the release of neurotrophic factors, which promote neuronal
survival and contribute to remyelination processes within the CNS [26]. In
addition, MSCs have been shown to enhance neurogenesis, promote astrocyte
activation, stimulate angiogenesis, exert anti-apoptotic effects, and support
synaptogenesis, all of which contribute to central nervous system repair and
functional recovery (Figure 1) [26, 45].

Among these properties, the immunoregulatory role of MSCs is especially rel-
evant, as it balances inflammatory processes through cytokine release that modulates
local immune dynamics (Figure 2). One key mediator involved in this immunomodu-
lation is prostaglandin E2 (PGE2), a lipid compound synthesized via the cyclooxy-
genase enzymes COX-1 and COX-2. PGE2 exerts pivotal effects by downregulating
Th1 lymphocyte responses, suppressing macrophage and neutrophil effector func-
tions, and promoting the accumulation of regulatory T cells (Tregs) [47, 48].

Natural killer (NK) cells play a key role in immune surveillance, but their activ-
ity can be tightly regulated by MSCs. Rather than simply responding to stimulatory
cytokines like IL-2 and IL-15, which typically enhance NK cytotoxicity, these cells
undergo functional suppression in the presence of MSCs. This suppression includes
reduced proliferation, downregulation of key activation markers (such as NKG2D,

Astrocyte modulation Angiogenesis

Axonal myelination  Trophic Factors and.
and  Extracellular Vesicles.

synaptogenesis

Figure 1.

Mechanisms of action of mesenchymal stem cells (MSCs) in neurodegenerative diseases. MSCs exert therapeutic
effects through the secretion of soluble factors and extracellular vesicles, as well as direct cell-to-cell interactions.
These mechanisms contribute to neuroprotection and regeneration by promoting angiogenesis, synaptogenesis,
axonal myelination, neurogenesis, astrocyte modulation, and a shift in microglia from a pro-inflammatory M1
phenotype to a protective M2 phenotype. Additionally, MSCs exhibit immunomodulatory and anti-apoptotic
properties, limiting inflammation and supporting tissue vepair in the central nervous system. Created in
BioRender. Amorim, R. (2025) https://BioRender.com/wn3fs5og.
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Figure 2.

Schematic representation of the immunomodulatory effects of mesenchymal stem cells (MSCs). MSCs modulate
immune responses primarily through pavacrine signaling via the release of soluble factors and extracellular
vesicles, as well as through direct cell-to-cell interactions. They suppress T cell proliferation and activation,
inhibit the cytotoxic functions of natural killer cells, modulate B cell activity, impair dendritic cell maturation
and their capacity to activate T cells, and promote the polarization of macrophages from a pro-inflammatory
M1 phenotype to an anti-inflammatory M2 phenotype. HGF: Hepatocyte growth factor; IDO: Indoleamine
2,3-dioxygenase; IFN-y: Interferon-gamma; IL-6: Interleukin 6; NO: Nitric oxide; PGE2: Prostaglandin E2;
TGF-p: Transforming growth factor beta; TNF-oa: Tumor necrosis factor alpha. The immunomodulatory effects
of MSCs were adapted from both Andrzejewska et al. [44] and Dias et al. [46], with the list of soluble factors
released by MSCs specifically based on Dias et al. [46]. Created in BioRender. Amorim, R. (2025) https://
BioRender.com/wn3fsog.

NKp30, and NKp44), and diminished secretion of inflammatory cytokines like IFN-y
[48]. In addition, the secretion of the anti-inflammatory cytokine IL-10 suppresses
the production of pro-inflammatory mediators and contributes to the generation of
regulatory T cells (Tregs) [49].

Beyond their effects on NK cells, MSCs exert broader immunomodulatory func-
tions that are particularly relevant in neuroinflammatory contexts. They can regulate
the activity of microglia by modulating the release of ROS and pro-inflammatory
mediators [25]. In parallel, MSCs induce a shift in macrophage phenotype from the
classically activated M1 type to the alternatively activated M2 type, promoting an
anti-inflammatory environment and suppressing T lymphocyte proliferation [50].
Another crucial mechanism involves the inhibition of Th17 cell differentiation from
naive CD4+ T cells, a process observed in both human and canine MSCs [51, 52].
Given that Th17 cells are major producers of the pro-inflammatory cytokine IL-17,
which plays a central role in the pathogenesis of MS and MUO, this pathway repre-
sents a key target for MSC-based therapies [38, 40, 53].

Studies using EAE have demonstrated that MSCs can suppress neuroimmune
responses and promote local neuroregeneration [54-57]. Additionally, one study demon-
strated the safety of autologous bone marrow-derived MSC transplantation in dogs and
reported early improvements in their general and neurological conditions (Table 1) [13].
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One of the main mechanisms through which MSCs exert their immunomodulatory
and neuroprotective effects is via the secretion of EVs. These MSC-derived EVs play a
key role in intercellular communication by transferring bioactive molecules, such as
microRNAs, mRNAs, proteins, and lipids, to target cells, thereby modulating immune
responses, reducing neuroinflammation, and promoting neuroregeneration [58, 59].
EVs have been shown to stimulate M2 microglial polarization, suppress dendritic cell
activation, upregulate soluble immunomodulatory factors such as TGF-p and PGE2,
and inhibit T and B cell proliferation [60].

In an EAE model, a high dose of EVs derived from placenta-derived mesenchymal
stem cells (PMSCs) significantly improved motor function, reduced DNA dam-
age in the oligodendroglia population, and enhanced spinal cord myelination [55].
Moreover, a comparative study in dogs with experimental MS demonstrated that
intrathecal administration of MSC-derived exosomes led to clinical improvement,
resolution of hyperintense lesions on magnetic resonance imaging, and histopatho-
logical evidence of remyelination [61].

While experimental studies using EAE models have demonstrated the immuno-
modulatory and neuroprotective effects of MSCs, their application in dogs with MUO
remains poorly explored. This highlights the need for further research to determine
safety, efficacy, and standardized treatment protocols for this specific condition.

4.PNI

PNI are common in dogs, typically resulting from trauma or surgical complica-
tions [62]. Traumatic PNI are relatively common in dogs, particularly involving the
brachial plexus and sciatic nerve, usually resulting from excessive traction or abduc-
tion of the thoracic or pelvic limbs [63]. In the human population, peripheral nerve
trauma affects approximately 13.9 individuals per 100,000 each year [64]. Overall,
PNI impact millions of people worldwide annually [65].

4.1 Mechanisms of degeneration and regeneration in the PNI

Following PNI, Wallerian degeneration is initiated and characterized by the disin-
tegration of the distal axonal segment and the removal of cellular and myelin debris
that may inhibit regeneration, thus facilitating the establishment of a microenviron-
ment that supports repair [66].

Between 12 and 24 hours after injury, the disorganization of axonal microtubules
and cytoskeletal breakdown begin to occur [67]. The influx of calcium ions activates
apoptotic signaling pathways, leading to neurofilament degradation and the accu-
mulation of granular debris [68]. Schwann cells (SCs) begin to transdifferentiate
into repair SCs, which support axonal regeneration by proliferating and releasing
signaling molecules that promote the recruitment of macrophages and other immune
cells to the injury site [69, 70]. Together, these cells are responsible for clearing the
degenerating cellular debris, thereby creating a permissive environment for axonal
regeneration.

In the proximal segment of the injured nerve, a limited retrograde degenera-
tion occurs up to the next intact Ranvier node [67, 71]. Changes in this segment
vary depending on the severity and location of the injury and may include
apoptosis in lesions close to the neuronal cell body or, in some cases, reversible
chromatolysis [71, 72].
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Concomitantly with the degeneration process, axonal regeneration begins. This
process depends on the survival of the neuronal cell body and SCs, as well as on the
coordinated activity of neurotrophic factors, components of the extracellular matrix,
and the inflammatory response [73, 74]. After injury, SCs proliferate, elongate, and
align within their preserved basal lamina, forming Biingner bands, longitudinally ori-
ented structures that guide and support the regrowth of axons [75]. In addition, SCs
play a central role in this process by secreting various neurotrophic factors, including
nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), glial cell
line-derived neurotrophic factor (GDNF), neurotrophins NT-3 and NT-4/5, fibroblast
growth factor 2 (FGF-2), neuregulins, and ciliary neurotrophic factor (CNTF) [68,
76,77].

Although the peripheral nervous system possesses an intrinsic capacity for regen-
eration, this ability is often inadequate in long-gap nerve injuries due to several limit-
ing factors. These include neuronal death resulting from axotomy and subsequent
retrograde degeneration, the inability of regenerating axons to successfully cross the
injury site, leading to atrophy of denervated target tissues, and the lack of accurate
reinnervation caused by the random growth of axons along distal endoneurial tubes
following complete nerve transection [78].

4.2 Therapeutic potential of MSCs in PNI

MSCs have emerged as promising candidates for the treatment of PNI due to their
unique biological properties. The therapeutic effects of MSCs are achieved through
multiple pathways, including the release of soluble factors and EVs, mitochondrial
transfer, direct cell-cell interactions, and the stimulation of proliferation and differ-
entiation of cells (Figure 3) [23].

A key mechanism by which MSCs promote nerve regeneration is the secretion
of neurotrophic factors, such as NGF, BDNF, GDNF, CNTF, FGF-2, insulin-like
growth factor (IGF), and hepatocyte growth factor (HGF) [79-81]. These molecules
contribute to neuronal survival and enhance axonal outgrowth, thereby supporting
neuroregeneration.

The immunomodulatory properties of MSCs also play a pivotal role. MSCs secrete
anti-inflammatory cytokines and immunoregulatory molecules such as IL-10, TGF-p,
PGE2, indoleamine 2,3-dioxygenase (IDO), NO, and IL-6 [82-85]. Moreover, MSCs
can stimulate angiogenesis, mainly through the release of vascular endothelial growth
factor (VEGF) [81], further supporting tissue regeneration. However, the immu-
nomodulatory potential of MSCs may vary depending on the species and the tissue
source from which the cells are derived [86, 87].

Under specific conditions, MSCs can transdifferentiate into Schwann-like cells
(SLCs), thereby mimicking the functions of native SCs [88]. To the best of our knowl-
edge, this approach has not yet been investigated in canine MSCs; however, several
studies have demonstrated positive outcomes following the transplantation of SLCs in
sheep [89, 90], rabbits [91], and rats [92].

The potential of MSC-based therapies has been demonstrated in dogs, where
MSCs from different sources contributed to axonal regeneration and functional
recovery. Furthermore, the incorporation of MSCs from dogs and humans into
scaffolds has been shown to enhance recovery in nerve gap injuries in dogs
(Table 2) [93, 95].

Although MSC-based therapies show promise in preclinical studies for treating
PNI, their clinical use in dogs faces several obstacles. One key issue is the variability
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Figure 3.

Illgstmtion of the multifaceted mechanisms involved in MSC-mediated repair in nerve injury. Mesenchymal stem
cells (MSCs) contribute to tissue regeneration through seveval complementary processes, including integration into
damaged tissue, secretion of paracrine factors, velease of extracellular vesicles, mitochondrial transfer, and direct
cell-to-cell intevactions. These mechanisms enable MSCs to tailor their therapeutic actions to the specific conditions
of the local microenvironment. Created in BioRender. Amorim, R. (2025) https://BioRender.com/wn3fs50g.

in MSC characteristics depending on their source, donor, and culture methods, which
impacts their effectiveness. Moreover, the harsh environment at injury sites, including
inflammation, may reduce MSC survival and integration. The absence of standard-
ized guidelines for cell dose, delivery method, and treatment timing further compli-
cates the consistency and scalability of these therapies. Furthermore, fundamental
questions remain regarding the safety and efficacy of using allogeneic and xenogeneic
MSCs for therapeutic purposes in animals. Additionally, more research is needed to
confirm the long-term safety of MSC applications.

5.SCI

SCI represents severe neurological disorders that often result in permanent
disability and a marked decline in quality of life for both humans and companion
animals [96, 97]. Available data suggest that the yearly occurrence of SCI varies sig-
nificantly, with estimates ranging from 12 to over 65 cases per million [98], resulting
in a considerable socioeconomic impact due to both direct and indirect costs [99].

Although comprehensive epidemiological data in veterinary populations are
limited, SCI is considered relatively common in clinical practice, especially in dogs.
Canines frequently suffer from traumatic events such as vehicular accidents, but
intervertebral disc disease (IVDD) is the most prevalent cause of spinal cord com-
pression and remains the leading cause of paralysis in dogs [100, 101].
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Because of their anatomical and pathological similarities to human SCI, dogs
have become important translational models for studying SCI pathophysiology and
developing new therapeutic approaches. Definitive treatment options for SCI remain
unavailable [102]. Among emerging treatments, MSCs stand out due to their well-
documented anti-inflammatory, neuroprotective, and regenerative effects, position-
ing them as promising candidates for innovative therapies.

5.1 Mechanisms of spinal cord degeneration

SCI typically results from mechanical forces such as contusion, compression, or
overstretching of the spinal cord. In more severe cases, complete transection may
occur, particularly when associated with vertebral fractures. The pathophysiologi-
cal response to SCI can be divided into two main phases: the primary injury and the
secondary injury cascade [96].

The primary injury can be classified as either nontraumatic, caused by factors such
as tumors, infections, or degenerative diseases, or traumatic, resulting from vertebral
fractures or dislocations [103]. Mechanical damage to the spinal cord leads to imme-
diate cell death and vascular injury, disrupting the blood-spinal cord barrier at the
lesion site and triggering rapid infiltration of inflammatory cells into the affected area
[96]. These alterations impair nerve conduction and axoplasmic transport, disrupt
spinal cord pathways, and initiate the formation of a glial scar [104].

Following the initial injury, a complex secondary injury cascade ensues, sig-
nificantly exacerbating tissue damage. This secondary phase encompasses vascular
permeability changes, ionic imbalances, glutamate-mediated excitotoxicity, metabolic
disturbances, a robust inflammatory response, and the establishment of a highly
inhibitory microenvironment [103].

Together, these pathological processes lead to progressive degeneration of spinal
cord tissue, including neuronal apoptosis and necrosis, demyelination, axonal disrup-
tion, cyst formation, and consolidation of the glial scar. The resulting environment
poses substantial challenges to axonal regeneration and functional recovery.

5.2 Therapeutic potential of MSCs in SCI

Given the complex pathophysiology of SCI, developing effective therapeutic
strategies that promote neuroregeneration while minimizing secondary damage is
crucial. Current research focuses on several key objectives, including the replacement
of lost neural cells, enhancement of neurotrophic factor secretion, modulation of
intracellular signaling pathways, regulation of immune responses, neutralization of
inhibitory factors that impede axonal growth, and provision of physical scaffolds to
support and guide axonal regeneration.

In this context, MSCs have emerged as a highly promising therapeutic option
due to their diverse properties, which include immunomodulation, neuroprotec-
tion, anti-apoptotic effects, promotion of angiogenesis, and reduction of glial scar
formation [105].

Experimental studies investigating MSC therapy in traumatic SCI have been
conducted across various animal models, including mice [106], rats [107], rabbits
[108], and nonhuman primates [109]. In canines, clinical studies applying diverse
MSC-based protocols to treat SCI caused by trauma or intervertebral disc disease have
demonstrated variable but often positive neurological improvements (Table 3). These
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encouraging results underscore the growing potential of MSC therapies as regenera-
tive treatments for spinal cord injuries in both veterinary medicine and translational
research.

Despite their therapeutic promise, the clinical application of MSCs for SCI
faces several significant challenges. The hostile microenvironment at the injury site
frequently leads to low cell survival and limited integration of transplanted MSCs
into the damaged tissue. Moreover, persistent inhibitory factors in the lesion area
may continue to hinder axonal regeneration, even in the presence of MSCs. Finally,
concerns remain regarding long-term safety, possible adverse effects, and the lack of
standardized protocols for cell preparation, delivery, and dosing, all of which compli-
cate the translation of MSC therapy into routine clinical practice.

6. Future directions and perspectives

To advance safe and effective MSC-based therapies for neurological diseases
in dogs, future research must prioritize the rigorous standardization of protocols
encompassing cell isolation, culture conditions, expansion, and administration routes
and dosages specifically for dogs. Harmonizing these parameters is essential to ensure
reproducibility and optimize therapeutic potency.

In addition, comparative studies evaluating different MSC sources, as well as
investigations into optimal delivery routes, are urgently needed to establish best
practices tailored to canine models. Systematic exploration of these variables will help
clarify which cell sources and administration methods maximize therapeutic efficacy
and safety in different neurological conditions.

A comprehensive understanding of MSC behavior within the complex and often
hostile injured microenvironment in dogs, including their interactions with resident
neural cells, immune populations, and other components, is critical to maximizing
regenerative outcomes and minimizing adverse effects.

Innovative strategies to enhance MSC survival, retention, and integration at
lesion sites in canine nervous tissue hold significant promise. These include the
use of biocompatible scaffolds and biomaterials that provide physical support and
guidance cues for regenerating tissue, as well as modulation of the inflammatory
microenvironment to create a more permissive milieu. Emerging approaches such as
genetic modification or priming of MSCs to boost their neurotrophic factor secretion,
immunomodulatory capacity, or resistance to oxidative stress also warrant explora-
tion in canine models.

Crucially, well-designed, multicenter, and long-term clinical trials in dogs are
required to systematically assess the efficacy, safety, optimal dosing regimens,
delivery methods, and potential adverse effects of MSC-based therapies across a
spectrum of canine neurological disorders. Such studies will establish evidence-
based guidelines that can standardize clinical applications and improve outcomes
for dogs.

Interdisciplinary collaboration in research among veterinary clinicians, bioen-
gineers, and regulatory agencies will be essential to advance the clinical application
of MSC therapies in veterinary medicine. Such collaborative efforts not only have
the potential to improve the treatment of neurological diseases in dogs but also to
generate valuable insights applicable to human regenerative medicine. To ensure the
responsible and effective use of stem cell therapies in companion animals, the estab-
lishment of clear regulatory and ethical guidelines will be crucial.
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To ensure the responsible and effective use of stem cell therapies in companion
animals, the establishment of clear regulatory and ethical guidelines will be crucial.
Key challenges include compliance with good manufacturing practices (GMP) for
cell production to guarantee quality and safety, as well as navigating varying regional
veterinary regulations. The choice between autologous and allogeneic MSC sources
presents additional ethical and safety considerations, with allogeneic therapies raising
concerns about immune rejection and autologous treatments involving individualized
processing and cost.

Moreover, issues such as donor animal welfare, informed consent from pet owners,
and transparent communication about the risks and benefits of MSC therapies must be
thoroughly addressed. Expanding these discussions will enhance the practical relevance
and guide stakeholders in advancing veterinary regenerative medicine responsibly.

7. Conclusions

The therapeutic potential of MSC-based approaches for neurological disorders is
undeniably promising. Despite encouraging results, variability in outcomes highlights
the influence of numerous biological and technical factors. As research advances,
MSC therapies are expected to become key tools in addressing conditions where
conventional treatments fall short. Achieving this, however, will depend on a deeper
understanding of MSC biology, improved control over their differentiation pathways,
and better insight into the mechanisms that affect their clinical performance. Such
advancements will enable the development of more targeted, effective, and disease-
specific treatment strategies for dogs.
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Appendices and nomenclature

AF-MSCs amniotic fluid-derived mesenchymal stem cells
AT-MSCs adipose tissue-derived mesenchymal stem cells
BBB blood-brain barrier

BDNF brain-derived neurotrophic factor

BM-MSCs bone marrow-derived mesenchymal stem cells

CNS central nervous system

CNTF ciliary neurotrophic factor

DMEM Dulbecco’s modified Eagle medium

EAE experimental autoimmune encephalomyelitis

EGF epidermal growth factor
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EVs
FBS
FCS
FGF
FGF-2
bFGF
GDNF
GME
GMP
HGF
IA
IDO
IFN-p
IFN-y
IGF

IL

IT

v
IVDD
LIF
M1
M2
MBP
MS
MSCs
MUO
NGF
NK
NLE
NME
NO
NPs
NT
Olig2
Pen
PGE2
PLGA
PMSCs
PNI
ROS
SCs
SCI
SLCs
Strep
TGF-p
TNF-a
UC-MSCs
VEGF
W]J-MSCs
o-MEM
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extracellular vesicles

fetal bovine serum

fetal calf serum

fibroblast growth factor

fibroblast growth factor 2

basic fibroblast growth factor

glial cell-derived neurotrophic factor
granulomatous meningoencephalomyelitis
good manufacturing practices

hepatocyte growth factor

intra-arterial

indoleamine 2,3-dioxygenase

interferon-beta

interferon-gamma

insulin-like growth factor

interleukin

intrathecal

intravenous

intervertebral disc disease

leukemia inhibitory factor

classically activated, pro-inflammatory macrophages.
alternatively activated, anti-inflammatory macrophages
myelin basic protein

multiple sclerosis

mesenchymal stem cells
meningoencephalomyelitis of unknown origin
nerve growth factor

natural killer

necrotizing leukoencephalitis

necrotizing meningoencephalitis

nitric oxide

neural precursors

neurotrophins

oligodendrocyte transcription factor 2
penicillin

prostaglandin E2

poly(lactic-co-glycolic acid)

placenta-derived mesenchymal stem cells
peripheral nerve injuries

reactive oxygen species

Schwann cells

spinal cord injury

Schwann-like cells

streptomycin

transforming growth factor beta

tumor necrosis factor alpha

umbilical cord-derived mesenchymal stem cells
vascular endothelial growth factor

Whartonss Jelly-derived mesenchymal stem cells
minimum essential medium alpha
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Chapter 5

Stem Cell-Based Therapies for
Refractory Thin Endometrium in
In vitro Fertilization: Advances,
Challenges, and Future Prospects

Hsuan-Ju Chen and Hsun-Ming Chang

Abstract

Refractory thin endometrium, characterized by a failure of the endometrial lining
to achieve optimal thickness despite standard treatments, poses a significant barrier
to successful embryo implantation and favorable reproductive outcomes during in
vitro fertilization (IVF). In recent years, various regenerative therapies have been
explored to address this condition. In recent years, regenerative therapies, particu-
larly stem cell-based interventions, have garnered attention for their potential to
address this condition. Clinical studies have reported encouraging outcomes using
stem cells derived from various sources, including bone marrow, endometrial tis-
sue, and adipose tissue. These therapies have been shown to promote endometrial
regeneration, increase endometrial thickness, and enhance fertility outcomes, with
intrauterine infusion and subendometrial injection being the primary delivery routes.
Additionally, exosomes derived from stem cells have demonstrated regenerative
potential in preclinical animal studies, especially when combined with biomate-
rial scaffolds. This emerging strategy presents a potential alternative treatment for
patients with refractory thin endometrium. As a cell-free therapeutic approach,
exosome-based therapy may offer significant advantages over traditional stem cell
transplantation, such as reduced immunogenicity and a lower risk of tumorigenicity.
This emerging strategy holds promise as an alternative treatment option for patients
with refractory thin endometrium.

Keywords: thin endometrium, in vitro fertilization, regenerative therapy, stem cells,
exosome

1. Introduction
In vitro fertilization (IVF) has become a cornerstone of assisted reproductive

technology, comprising several essential steps: ovarian stimulation, oocyte retrieval,
fertilization, and embryo transfer. Among these, the success of embryo transfer
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largely depends on two critical factors: the quality of the embryo and the thickness of
the endometrium [1]. Optimal endometrial thickness has been extensively studied,
with most evidence indicating that a minimum threshold of 7 mm is associated with
higher implantation and pregnancy rates [2, 3].

Clinically, multiple protocols are employed to prepare the endometrium for embryo
transfer during IVF treatment, including natural cycle, modified natural cycle, mild
stimulation cycle, and artificial (hormone replacement therapy) cycle. These approaches
aim to enhance endometrial proliferation either by stimulating endogenous estrogen
production (in natural and mild stimulation cycles) or through the administration of
exogenous estrogen (in artificial cycles) [4]. Adjunct therapies, such as low-dose aspirin
[5], sildenafil citrate [6], and pentoxifylline [7, 8], have also been investigated for their
potential to improve endometrial receptivity by enhancing uterine blood flow.

Despite the availability of conventional treatments, a subset of patients fail to
attain adequate endometrial thickness, referred to as a refractory thin endometrium.
In the context of IVF, the reported prevalence of thin endometrium ranges from
0.7 t0 2.5% [9]. Consequently, the prevalence of refractory thin endometrium is
presumed to be even lower; however, definitive epidemiological data remain lacking.
This condition remains a significant clinical challenge and has prompted interest in
regenerative therapies as alternative interventions. Several regenerative strategies,
including platelet-rich plasma, growth hormone, granulocyte colony-stimulating fac-
tor (G-CSF), and stem cell-based therapies, have been explored with varying degrees
of success in clinical settings [10-12].

This article focuses on stem cell-based therapy, exploring its underlying mecha-
nisms of action and current clinical evidence. Additionally, we discuss emerging
research on stem cell-derived exosomes, which, although still in the preclinical stage,
offer promising potential for tissue regeneration and present several advantages as a
novel therapeutic option for patients with refractory thin endometrium.

1.1 Terminology and definition of the endometrial disorders

This section addresses key endometrial conditions, including refractory thin endo-
metrium, atrophic endometrium, and Asherman syndrome. Currently, there is no
universally accepted definition that clearly distinguishes refractory thin endometrium
from atrophic endometrium. Therefore, we adopt the most commonly cited defini-
tions in the literature and apply these standardized criteria consistently throughout
the subsequent sections.

* Refractory thin endometrium: Typically defined as an endometrial thickness of
less than 7 mm despite adequate estrogen treatment [13].

* Atrophic endometrium: Often considered a more severe form, characterized by an
even thinner lining, generally measuring less than 5 mm [14, 15].

o Asherman syndrome: Characterized by intrauterine adhesions and the loss of nor-
mal endometrial function, most commonly resulting from mechanical trauma
(e.g., dilation and curettage) or intrauterine infection. Clinical manifestations
include intrauterine adhesions, abnormal menstrual patterns, and impaired
reproductive outcomes [16, 17].
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2. Stem cell therapy for refractory thin endometrium or Asherman
syndrome

Stem cells are defined by their ability to self-renew and differentiate into
various cell types. Based on their differentiation potential, they are classified
into three main categories: totipotent, pluripotent, and multipotent stem cells.
Totipotent stem cells, such as the zygote, can differentiate into both embryonic
and extra-embryonic tissues. Pluripotent stem cells, exemplified by the inner cell
mass of the blastocyst, can give rise to all three embryonic germ layers (ectoderm,
mesoderm, and endoderm) but not to extra-embryonic tissues. In contrast,
multipotent stem cells have a more limited differentiation capacity, restricted to
specific cell lineages. Examples include mesenchymal stem cells (MSCs), hema-
topoietic stem cells, and endothelial stem cells [18, 19]. Among these, mesenchy-
mal stem cells (derived from the mesoderm) play a central role in regenerative
therapies due to their immunomodulatory properties, ability to differentiate into
stromal and epithelial cells, and capacity to promote tissue repair through para-
crine signaling [19]. MSCs can be isolated from various tissues, including bone
marrow, adipose tissue, umbilical cord, and endometrium [20]. Their accessibility
and versatility make them promising candidates for stem cell-based therapies
targeting refractory thin endometrium and Asherman syndrome.

2.1 Mechanism of stem cell therapy

Several basic and clinical studies have investigated the underlying mechanisms
by which stem cell therapy promotes endometrial regeneration. One key mechanism
is the differentiation of transplanted stem cells into endometrial progenitor cells.
Endometrial progenitor cells, also known as endometrial stem cells, are located in
both the functional and basal layers of the endometrium and play a critical role in its
cyclic regeneration.

Evidence suggests that bone marrow-derived stem cells (BMDSCs) can also
serve as an exogenous source of such endometrial progenitor cells [21, 22]. For
example, donor-derived endometrial cells have been identified in recipients fol-
lowing bone marrow transplantation, indicating that BMDSCs possess the ability
to migrate to the endometrium and differentiate into epithelial and stromal cells
[22]. In addition to cellular differentiation, the paracrine activity of stem cells
plays a crucial role in tissue regeneration. Stem cells secrete a variety of bioactive
molecules, such as growth factors (hepatocyte growth factor, insulin-like growth
factor 1, and vascular endothelial growth factor), cytokines, and extracellular
vesicles that contribute to immunomodulation, activation of resident progenitor
cells, angiogenesis, and overall enhancement of the endometrial microenviron-
ment [20, 23]. These paracrine effects contribute to tissue repair, cellular prolif-
eration, and endometrial regeneration (Figure 1).

The therapeutic efficacy of stem cell therapy in promoting endometrial
regeneration under IVF conditions has been demonstrated in several case reports
and clinical studies (Table 1). Most participants in these studies presented with
severe endometrial conditions and had not responded to conventional treatments,
including refractory thin endometrium, atrophic endometrium, and Asherman
syndrome.
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Abbreviation: HGE, hepatocyte growth factor; IGF-1, insulin-like growth factor-1; VEGE, vascular endothelial
growth factor; HLA-G, human leukocyte antigen-G; PGE2, prostaglandin E2. https://BioRender.com/dgsbopz

Study Study Objective Administration route EMT Reproductive
(year) design (sample) changes outcomes
(mm)
Bone marrow-derived stem cells
Nagori [24] Case AS with AE Intrauterine infusion 3671 Pregnancy via
report (1) IVF, followed until
8 weeks
Singh [25] Case AS (6) Subendometrial 14->41 (at  5/6 resume of the
series injection 3 months) menstrual cycle
Singh [14] Cohort AS (12) Subendometrial 3351 (at 6/7 resume of the
study AE (13) injection 3 months) menstrual cycle
11 ETs: 1 live birth
Santamaria Cohort AS (11) Spiral arterioles 4257 15/16 resume of the
[15] study AE (5) via intra-arterial menstrual cycle
catheterization 14 ETs: 7
pregnancies, 1 live
birth
Endometrium-derived stem cells
Sapozhak Case AE (1) Subendometrial 2.0->63 ET (2 embryos):
[26] report injection twin pregnancy, 1
(hysteroscope) take-home baby
Tersoglio Cohort Refractory Subendometrial 52599 29 ETs
[13] study thin EM with injection CPR:23/29 (79.31%)
RIF (29) LBR: 10/22 (45.45%)
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Study Study Objective Administration route EMT Reproductive
(year) design (sample) changes outcomes
(mm)

Umbilical cord-derived stem cells

Zhang [27] Cohort AS with Intrauterine placement 4159 22ETs: 3
study refractory of stem cell-coated (at pregnancies, 2 live
thin EM (17) scaffolds via a Foley 3 months) births
catheter

Menstrual blood-derived stem cells

Tan [28] Cohort AS (7) Intrauterine infusion 33567 5 ETs: 2 pregnancies
study
Adipose tissue-derived stem cells
Sudoma [29] Cohort AE (25) Subendometrial 20/25 19 ETs: 11
study injection increase in pregnancies
EMT
Significant difference.

EMT: endometrial thickness; AS: Asherman syndrome; EM: endometrium; IVF: in vitro fertilization; AE: Atrophic
endometrium; ET: embryo transfer; RIF: recurvent implantation failure; CPR: clinical pregnancy vate; LBR: live birth vate.

Table 1.
Summary of the clinical use of stem cell therapy in women with thin endometrium or Asherman syndrome.

2.2 Bone marrow stem cells (BMSCs)

As previously mentioned, the bone marrow is a recognized source of endometrial
progenitor cells. BMSCs are among the most widely used and extensively studied
types of stem cells in regenerative medicine [30].

2.2.1 Intrauterine infusion with BMSCs

In an animal study, heterologous BMSCs were infused into the uterine horns
of rats with thin endometrium. The treated rats exhibited significantly increased
endometrial thickness, enhanced cellular proliferation, and upregulation of receptiv-
ity markers. These improvements were attributed to both the differentiation potential
and immunomodulatory properties of BMSCs [31].

The first reported human case of stem cell therapy for infertility caused by Asherman
syndrome with associated atrophic endometrium was published in 2011. The patient,
who had failed multiple frozen embryo transfer (FET) cycles despite hysteroscopic
adhesiolysis and conventional therapies, received autologous bone marrow-derived stem
cells. Endometrial angiogenic stem cells were isolated from the aspirated bone marrow,
and 39 million cells—positive for CD9, CD44, and CD90 markers—were infused into
the uterine cavity following endometrial curettage. Hormonal therapy was continued
postinfusion. The patient’s baseline endometrial thickness of 3.6 mm expanded to 71 mm
on the day of donor oocyte embryo transfer, resulting in a clinical pregnancy [24]. This
study highlighted the therapeutic potential of intrauterine stem cell infusion combined
with mechanical endometrial stimulation.

2.2.2 Subendometrial zone injection with BMSCs

Beyond intrauterine infusion, another delivery method involves direct injection of
autologous BMSCs into the subendometrial zone, the basal layer of the endometrium,
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where resident stem cells reside. In the case series, 6 patients with Asherman syn-
drome were recruited; the isolated stem cells were injected into this zone under
transvaginal ultrasound guidance using an ovum pickup needle [25]. The infused
cells were isolated using the Ficoll density gradient separation method, in which
diluted bone marrow was layered over a lymphocyte separation medium, followed by
centrifugation to collect the mononuclear cell fraction. The harvested mononuclear
cells were subsequently quantified based on CD34 expression, a marker of endothe-
lial progenitor cells known for their roles in angiogenesis, immunomodulation, and
anti-fibrotic activity [32]. Three months posttreatment, mean endometrial thick-
ness significantly increased from 1.38 to 4.05 mm. However, further improvement
plateaued by the 6th and 9th months. Notably, five out of six patients resumed their
menstruation. In this series, genital tuberculosis was the predominant underlying
cause of Asherman syndrome, which may have contributed to suboptimal posttreat-
ment endometrial growth (less than 7 mm).

To further evaluate BMSCs therapy in patients with both Asherman syndrome
and atrophic endometrium, the same research group conducted a prospective study
using the same injection technique and similar stem cell isolation method. Similar
growth patterns were observed, and 11 of 25 patients achieved the target endometrial
thickness of >7 mm, allowing progression to IVF. Over a five-year follow-up period,
three live births were reported, with one through IVF and two through spontaneous
conception [14].

2.2.3 Spiral arterioles administration

Recognizing that the endometrial stem cell niche is located near the endothelial
lining of spiral arterioles in the basal layer, researchers developed a novel technique
for BMSC delivery via intra-arterial catheterization targeting these vessels. In this
approach, stem cell mobilization was first induced with four doses of G-CSF, followed
by the isolation of mononuclear cells from peripheral blood using a CobeSpectra
separator, an apheresis system designed to separate blood components. Furthermore,
CD133-positive cells, a marker of endothelial progenitor cells, were selected for
administration with a mean cell count of 124.39 million cells [33]. In patients with
an atrophic endometrium or Asherman syndrome, this method resulted in a marked
improvement in endometrial thickness. Fifteen out of sixteen patients experienced
the return of menstruation, although it was transient in some cases. Importantly, one
patient achieved a live birth via IVF following treatment [15].

2.3 Endometrial stem cells (ESCs)

The endometrium consists of two layers: the functional layer and the basal layer.
During each menstrual cycle, the functional layer undergoes dynamic changes,
including proliferation, decidualization, and shedding. The basal layer serves as
the structural foundation of the endometrium, contributing to tissue regeneration,
vascular supply, and support. Stem cells residing in the basal layer are believed to
account for the remarkable regenerative capacity of the endometrium [34]. Initially,
endometrial stem cells (ESCs) were thought to reside exclusively within the endo-
metrial tissue. However, accumulating evidence interestingly suggests that the bone
marrow-derived stem cells may also contribute as an exogenous source [35].

A case report demonstrated the therapeutic potential of autologous stromal
ESC transplantation in a woman with an atrophic endometrium and infertility.
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Endometrial mesenchymal stem cells were isolated by enzymatic digestion from a
biopsy of the endometrium (on day 4 of the menstrual cycle) and expanded to a total
of 20 million cells. After sorting and confirming the immunophenotype of the stem
cells, the cells were cryopreserved for later use. Following hysteroscopic removal of
the intrauterine adhesion, the stem cells were sequentially administered into the sub-
endometrial layer. The patient’s endometrial thickness increased from 2 to 6.3 mm,
and pregnancy was subsequently achieved via embryo transfer [26].

Similarly, a cohort reported encouraging reproductive outcomes in women with
recurrent implantation failure and refractory thin endometrium following ESC trans-
plantation. In this study, 2.5 to 3.6 million ESCs, diluted in autologous platelet-rich
plasma, were injected into the subendometrial layer. The mean endometrial thickness
improved significantly, and all participants underwent embryo transfer. Clinical
pregnancy and live birth rates were 79% and 45.5%, respectively [13].

2.4 Other sources of stem cells
2.4.1 Umbilical cord mesenchymal stem cells (UCMSCs)

The umbilical cord, a typically discarded neonatal tissue, represents an ideal
source of stem cells due to its high proliferative capacity, noninvasive collection
process, and relatively high cell yield [27, 36]. A self-controlled prospective study
explored the therapeutic efficacy of UCMSCs in patients with refractory thin endo-
metrium (<5.5 mm) secondary to Asherman syndrome. Fresh umbilical cords were
obtained from term deliveries. Following the removal of blood, vessels, and the outer
membrane, the cords were minced into small fragments and cultured. The stem
cell phenotype was confirmed using flow cytometry. A final suspension contain-
ing 10 million UCMSCs was applied to a collagen scaffold and transplanted into
the uterine cavity via an inflated Foley catheter during two consecutive menstrual
cycles. Posttreatment assessments revealed improved endometrial morphology and
increased endometrial thickness. Fifteen out of 16 patients received embryo transfers,
resulting in 2 live births [27].

2.4.2 Menstrual blood-derived stem cells (MenSCs)

In 2007, Meng et al. introduced a novel stem cell source derived from human
menstrual fluid [37]. MenSCs share similar proliferative and differentiation potentials
with mesenchymal stem cells from other sources while offering additional advantages
such as a noninvasive collection process, low immunogenicity, and fewer ethical con-
cerns. Although MenSCs share some characteristics with endometrial stem cells, they
are not considered a direct subtype due to differences in their mechanisms of action
and therapeutic effects [38]. In murine models, MenSCs have been shown to promote
endometrial regeneration and improve fertility through activation of the AKT and
ERK signaling pathways [39]. The AKT and ERK signaling pathways are well-charac-
terized intracellular transduction cascades that have been extensively studied in the
contexts of tumorigenesis and neural regeneration. These pathways play critical roles
in regulating cellular growth, proliferation, and angiogenesis [39-41].

A cohort study evaluated the efficacy of autologous MenSCs in infertile women
with severe Asherman syndrome. Menstrual blood was collected using a catheter
rinsed with penicillin and streptomycin on the second day of the menstrual cycle.
Following isolation and iz vitro expansion for 14 days, the stem cells were infused
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into the uterine cavity after endometrial scratching. All patients exhibited increased
endometrial thickness. Among them, five underwent embryo transfer, resulting in
two successful pregnancies [28].

2.4.3 Adipose tissue-derived stem cells (ADSCs)

Adipose tissue offers an alternative and accessible stem cell source, obtained
through the minimally invasive procedure of liposuction. In one study, autologous
adipose tissue was aspirated from the anterior abdominal wall. The stromal vascular
fraction (SVF) was isolated by enzymatic digestion using collagenase I, followed by
cell culture and selection. Stem cells expressing CD34, a marker associated with the
vascular endothelial lineage, were identified and confirmed. After three courses of
subendometrial injection of the stem cell suspension (1 million/ml), 19 out of 25
patients with a history of atrophic endometrium achieved an optimal endometrial
thickness for embryo transfers. Ultimately, embryo transfer led to 11 successful
pregnancies, corresponding to a 57.9% pregnancy rate [29].

2.5 Challenges

Despite the encouraging outcomes reported in case reports and small-scale stud-
ies, stem cell therapy for thin or atrophic endometrium and Asherman syndrome
remains in the early stages of clinical application. The current evidence is primarily
derived from case reports, case series, and cohort studies, which are limited by small
sample sizes and methodological heterogeneity, particularly in terms of stem cell
origin and routes of administration (Table 1). Although these preliminary studies
suggest promising regenerative potential, there is a lack of large-scale, randomized
controlled trials or comparative studies to robustly validate the efficacy and safety of
this therapeutic approach. This limitation hampers the development of standardized
clinical protocols.

Several critical challenges remain unresolved. First, the optimal source of stem
cells, whether autologous or allogeneic and derived from the endometrium, bone
marrow, umbilical cord, menstrual blood, or adipose tissue, has yet to be clearly
defined. Each stem cell type differs in terms of yield, proliferative capacity, immu-
nogenicity, and therapeutic mechanism, complicating the decision-making process
in clinical practice. Second, the lack of consensus on specific cell surface markers for
stem cell isolation and characterization hinders reproducibility and standardization
across studies.

Moreover, various delivery methods have been employed, ranging from intra-
uterine infusion and subendometrial injection to scaffold-based transplantation, yet
no single route has been proven superior in terms of cell retention, engraftment, or
therapeutic effect. Identifying the most effective administration strategy is crucial for
improving clinical outcomes and minimizing procedural risks.

Another major challenge is the limited understanding of the long-term fate of
transplanted stem cells, including their survival, differentiation potential, and risk
of undesired effects such as fibrosis, ectopic tissue formation, or tumorigenicity.

To ensure the safety of stem cell therapy, long-term follow-up data are essential but
currently insufficient.

Finally, regulatory and ethical considerations also pose barriers to widespread
clinical adoption. Regulatory frameworks for stem cell-based therapies differ widely
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across countries and regions, creating uncertainty in clinical translation. For example,
compliance with Good Manufacturing Practice (GMP) is required for clinical-grade
stem cell production, yet many current protocols lack GMP-standard validation.
Additionally, the use of allogeneic stem cells, particularly from perinatal sources,
raises ethical questions regarding donor consent, commercialization, and long-term
donor-recipient safety. Ensuring ethical sourcing, traceability, and oversight will be
essential for maintaining public trust and regulatory approval. Harmonizing stan-
dards for cell processing, storage, transportation, and clinical use remains an unmet
need in the field.

In summary, while stem cell therapy holds great promise for endometrial regen-
eration and fertility restoration, further high-quality research or comparative studies
are urgently needed to establish standardized treatment and cell isolation protocols,
ensure long-term safety, and define patient populations who would benefit most from
this novel therapeutic approach.

3. Exosome derived from stem cells

In recent years, exosomes derived from stem cells have garnered growing atten-
tion in the field of regenerative medicine. Exosomes are small extracellular vesicles,
typically 30-150 nm in diameter, enclosed by a single lipid bilayer and released by
various cell types, including stem cells [42, 43]. Functioning as intercellular com-
munication messengers, exosomes carry a diverse cargo of bioactive molecules,
including microRNA, peptide hormones, proteins, and lipids [44]. Exosomes derived
from stem cells exhibit therapeutic effects comparable to those of their parent cells.
However, they offer additional advantages, including lower immunogenicity, reduced
risk of tumor formation, and improved safety and stability, making them an attrac-
tive alternative to direct stem cell transplantation [42]. Currently, the use of stem
cell-derived exosomes for the treatment of injured or atrophic endometrium is under
active investigation in preclinical studies, primarily through iz vitro experiments and
animal models. These studies aim to elucidate the underlying mechanisms and evalu-
ate the regenerative potential of exosomes in promoting endometrial repair. However,
it is important to recognize the translational gap between these models and human
clinical applications. Differences in endometrial structure, hormone responsiveness,
immune interactions, and tissue remodeling capacity between species may affect
therapeutic outcomes. Thus, while preliminary results are promising, further research
in humans is needed to confirm their efficacy, determine optimal administration
strategies, and assess long-term safety before clinical application can be realized.

3.1 Mechanism for endometrial repair and regeneration
3.1.1 Suppression of fibrotic processes

Several animal studies have shown that stem cell-derived exosomes facilitate
endometrial regeneration by downregulating the TGF-p/Smad signaling pathway, a
key regulator of tissue fibrosis [45]. In this pathway, TGF-p transmits signals through
its receptor, leading to the activation of Smad proteins, which subsequently regulate
gene transcription. The TGF-f/Smad axis plays a critical role in wound healing by
promoting angiogenesis and remodeling of the extracellular matrix (ECM). This is
achieved through the upregulation of vascular endothelial growth factor (VEGF) and
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the enhancement of fibroblast-mediated production of collagen, matrix metallopro-
teinases (MMPs), fibronectin, and other ECM components [46].

In a rabbit model of endometrial injury, exosomes derived from BMSCs promoted
endometrial repair and reversed epithelial-to-mesenchymal transition (EMT),
primarily through the inhibition of the TGF-f/Smad signaling pathway [47].
Similarly, in a rat model of uterine injury, BMSC-derived exosomes transferred miR-
340, which suppressed the expression of TGF-§ and a-smooth muscle actin (a-SMA),
two key mediators of fibrosis, thereby exerting an anti-fibrotic effect [48]. Another
study revealed that miR-29a, delivered via BMSC-derived exosomes, downregulated
a-SMA and Smad proteins, further supporting the anti-fibrotic role of exosome
microRNAs [49]. Comparable findings were observed in studies using human umbili-
cal cord mesenchymal stem cell (UCMSC)-derived exosomes, both in vitro and in
vivo, demonstrating consistent suppression of fibrotic markers and improvement in
endometrial histology [50]. Additionally, exosomes contribute to collagen remodeling
and extracellular matrix degradation, which are critical for reversing fibrosis. In a
rat model of Asherman syndrome, administration of uterine-derived mesenchymal
stem cell exosomes enhanced endometrial proliferation and neovascularization. This
was accompanied by elevated expression of matrix metalloproteinases (MMP-2 and
MMP-9), enzymes essential for ECM degradation [51]. Another study identified miR-
202-3p, delivered via UCMSC-derived exosomes, as a regulator of MMP11 expression,
further promoting ECM remodeling in an injured rat uterus [52].

3.1.2 Downregulation of inflammatory responses

Stem cell-derived exosomes also play a crucial role in attenuating inflammation
during endometrial regeneration. In an in vitro model using injured mouse endo-
metrial epithelial cells, exosomes from human UCMSCs were shown to restore cell
viability and reduce inflammation. This effect was attributed to the downregulation
of proinflammatory cytokines, including IL-1p, IL-6, and TNF-a. [53] Furthermore,
exosomes exhibit immunomodulatory properties that contribute to tissue repair. In a
rat model of endometrial injury, UCMSC-derived exosomes promoted regeneration
and fertility restoration by modulating macrophage polarization. Specifically, the
exosomes facilitated the transition to an M2 macrophage phenotype, which is associ-
ated with anti-inflammatory responses and increased production of anti-inflamma-
tory cytokines [54].

3.2 The combination of exosomes and biomaterial scaffolds

In recent years, the integration of exosomes with biomaterial scaffolds has
emerged as a promising strategy in regenerative medicine, including for the treatment
of endometrial injury. Biomaterials such as hyaluronic acid, collagen, and hydrogels
offer structural support with excellent biocompatibility, biodegradability, and tun-
able physical properties (Figure 2). Key properties that enhance exosome delivery
include porosity, degradation rate, mechanical strength and elasticity, and surface
chemistry. Porosity, which allows for nutrient and oxygen exchange and facilitates
cell migration and vascular infiltration. Degradation rate, which can be engineered to
match the healing timeline of the injured tissue, ensuring sustained exosome release.
Mechanical strength and elasticity, which help maintain scaffold integrity and mimic
the biomechanical properties of the uterine environment. Surface chemistry can be
modified to enhance exosome loading, retention, and interaction with surrounding
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Figure 2.

Strategies for exosome delivery using biomaterials in endometrial regenevation: (a) Exosome delivery to the
endometrial surface using a collagen scaffold. (b) Intrauterine delivery of exosomes encapsulated within a
hydrogel. (c) The intrauterine delivery of exosomes loaded and incorporated into a hyaluronic acid-based gel or
mucus formulation with hyaluronic acid-based gel or mucus. https://BioRender.com/xvnh93s

tissues. When combined with stem cell-derived exosomes, these scaffolds serve as
effective delivery systems with appropriate and stable degradation rates, enhancing
exosome stability, sustained release, and localized retention at the injury site. This
synergistic approach can significantly enhance cell migration, adhesion, prolifera-
tion, and tissue regeneration [43].

The following are representative examples of studies utilizing combinations of
exosomes and biomaterial scaffolds for endometrial regeneration:

In a rat model of uterine injury, UCMSC-derived exosomes were delivered to the
endometrial surface using a collagen scaffold. (Figure 2a) Both the exosome-only
group and the collagen-exosome combination group showed enhanced endometrial
regeneration and fertility restoration, demonstrating the scaffold’s role in improving
therapeutic delivery and efficacy [54].

Two additional animal studies investigated the therapeutic potential of hydrogel-
based systems (Figure 2b). Lin et al. designed a silver ion (Ag")-infused hydrogel
with antimicrobial properties, incorporating adipose-derived stem cell exosomes
[55]. Liang et al. used an alginate-based hydrogel to encapsulate exosomes derived
from mouse decidual stromal cells [56]. In both studies, intrauterine injection of the
exosome-loaded hydrogels resulted in significant endometrial regeneration, angio-
genesis, improved endometrial receptivity, and restoration of fertility [55, 56].

Moreover, hyaluronic acid (HA)-based biomaterials have also shown encour-
aging outcomes (Figure 2c). Zhang et al. employed an HA-based gel with
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UCMSC-derived exosomes, leading to enhanced endometrial thickness and
tissue repair [50]. Li et al. used an HA-based mucus formulation coated with
exosomes derived from urine- and adipose-derived stem cells [57]. Posttreatment
analyses revealed increased endometrial thickness and improved reproductive
outcomes, which were attributed to the suppression of fibrosis and inflammatory
responses [50, 57].

These findings support the potential of exosome-biomaterial systems as a promis-
ing strategy for treating intrauterine damage and enhancing reproductive success.
Nevertheless, their translation into clinical practice remains contingent on addressing
key challenges, including standardization of exosome isolation and characteriza-
tion, scalable production, long-term safety evaluation, and confirmation of efficacy
in human trials. Bridging this translational gap will require well-designed clinical
studies that account for species-specific differences in endometrial physiology and
regeneration capacity.

4, Conclusion

Preclinical and clinical studies collectively indicate that stem cell therapy holds
considerable promise for endometrial regeneration, particularly in patients with
thin endometria or intrauterine adhesions. Stem cells exert their therapeutic effects
through a variety of mechanisms, including paracrine signaling, immunomodulation,
anti-fibrotic actions, and the activation and differentiation of endogenous endo-
metrial progenitor cells. To date, BMSCs and ESCs have been the most commonly
utilized in clinical practice. However, increasing attention is being directed toward
minimally invasive and ethically favorable alternatives, such as UCMSCs, MenSCs,
and ADSCs. These sources offer advantages including ease of collection, high prolif-
erative potential, and reduced ethical concerns.

Despite variability in stem cell isolation, culture, and transplantation methods, the
majority of clinical case reports and small cohort studies have reported favorable out-
comes, notably increased endometrial thickness, resumption of menstruation, and
enhanced fertility outcomes, particularly in assisted reproductive technology settings.
Nevertheless, the lack of large-scale randomized controlled trials, standardized cell
dosages, and long-term safety data continues to limit the widespread clinical adoption
of these therapies. In parallel, exosomes derived from stem cells have emerged as a
compelling cell-free therapeutic alternative, capable of delivering similar regenera-
tive signals with lower immunogenicity and tumorigenic risk. Animal studies have
demonstrated their efficacy in reducing fibrosis, modulating inflammation, and
promoting angiogenesis and endometrial repair. Furthermore, the integration of
exosomes with biomaterial scaffolds, such as collagen, hydrogels, and hyaluronic
acid-based systems, has further enhanced their therapeutic potential. These delivery
platforms improve exosome retention, bioavailability, and targeted release, leading to
more robust tissue regeneration and restoration of reproductive function in preclini-
cal models.

Looking ahead, continued research is needed to optimize cell sourcing, define
standardized protocols, and evaluate long-term outcomes and safety in human trials.
Nonetheless, stem cell-based and exosome-based strategies collectively represent a
transformative frontier in regenerative medicine for uterine disorders, offering new
hope to women facing infertility due to endometrial damage.
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Chapter 6

Transplantation of MSCs for a
Longstanding Engraftment and
Maintenance of Bone Marrow
Stroma
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Abstract

The modern concept of allogeneic hematopoietic stem cell transplantation (alloHSCT)
implies the transfer of the donor’s hematopoietic system exclusively, the essence of
which is the infusion of hematopoietic stem cells (HSCs) in the form of a single-cell
suspension into the body of the recipient, who is previously subjected to intensive
high-dose chemotherapy in order to eradicate tumor cells and destroy his own hema-
topoiesis, including immune cells (to exclude immunological conflict). This concept
does not include transplantation of BM stroma, because the results of early works
dating back to the 70-80s of the twentieth century spoke in favor of the fact that
mesenchymal stem cells (MSCs) and their progeny are not capable of transplantation.
Today, there are strong reasons to state that such an assumption is wrong. Despite the
low engraftment efficiency of MSCs demonstrated in the early studies, alternative
targeted strategies could lead to successful MSC transplantation. In this chapter, the
question of the possibility of BM stroma transplantation is considered, arguments
in favor of the expediency of co-transplantation of MSCs and HSCs in the therapy
of blood system diseases are given, and a new concept of co-transplantation of BM
stroma and the hematopoietic system is proposed.

Keywords: bone marrow transplantation, MSCs, MSC transplantation, MSCs and
HSCs co-transplantation, alternative concept of bone marrow transplantation,
bone marrow stroma damage, MSCs stable engraftment

1. Introduction
Allogeneic BM transplantation (alloBMT) is widely used for the therapy of
a whole range of malignant hematologic diseases, primarily acute leukemia and

aggressive lymphomas, as well as other diseases of the blood system, such as myelo-
dysplastic syndrome (MDS) and aplastic anemia (AA). It is often the only way to
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achieve long-term remission in a patient or even cure the disease. There are several
graft sources available for alloBMT, namely primary whole BM (BM), BM primed
with granulocyte colony growth factor (G-CSF), mobilized CD34" hematopoietic
stem cells (HSCs), and umbilical cord blood HSCs. The current trend in hematol-
ogy is that mobilized CD34" cells are used progressively more often than other
sources. These cells are mobilized from the donor’s BM into the peripheral blood
(PB) using several stimulants and collected by apheresis. Compared to the whole
BM as a source of graft, this approach has a number of advantages, including low
invasiveness for a donor, no traumatization of the donor, the ability to control the
cellularity of the transplant by selecting the optimal protocols of mobilization and
apheresis, and the ability to prepare for collection of the cells on an outpatient basis.
At the same time, this approach excludes transplantation of the stromal component
of BM. After infusion of donor CD34" cells, the hematopoietic tissue of the BM and
immune system is replaced by donor hematopoietic cells, but the stromal tissue of
the BM remains the recipient’s own. There are a number of fundamental problems
associated with this approach, since the recipient’s own stroma is allogeneic to the
hematopoietic graft, partially damaged by previous chemotherapy, and its proper-
ties are altered by tumor cells, which may lead to ineffective reconstitution of hema-
topoiesis or poor graft function and even graft failure. Moreover, the preserved
host stroma can support the survival of leukemia stem cells (LSCs), which are a
source of relapses and refractory course of the disease. Thus, there are significant
arguments in favor of transplanting not only hematopoietic but also stromal tissue
of the BM from the same donor. This will reduce the incidence of allogeneic graft
failures, relapses, and refractory course of the disease and, ultimately, will increase
the long-term survival of patients or will lead to the cure of those diseases that are
currently considered to be incurable. Successful BM stroma transplantation will also
increase the treatment efficiency of diseases associated with bone, fat, and cartilage
dysfunction, as early attempts to use mesenchymal stromal cells showed promising
but short-term clinical responses [1-3].

Despite the high relevance of BM stroma transplantation, to date, among hema-
tologists, there is an entrenched view that stroma transplantation is impossible.
This opinion is based on the results of early studies dating back to the 70-80s of the
twentieth century stating that mesenchymal stem cells (MSCs) and their progeny
are not capable of transplantation, at least via intravenous injection in the form of
a single-cell suspension. Today, there are strong reasons to state that such a view is
wrong. In this chapter, the question of the possibility of BM stroma transplantation
is considered, arguments in favor of the expediency of co-transplantation of MSCs
and HSCs in the therapy of blood system diseases are given, and a new concept
of co-transplantation of BM stroma and the hematopoietic system is proposed.

2. Early studies stating that BM stroma is not transplantable

There are several key seminal studies in which the question of BM stroma trans-
plantability was considered, and the authors concluded that the answer is “no.”

Several studies on this subject are common in their design. They investigated
donor chimerism in plastic-adherent stromal cell layers of long-term bone mar-
row cultures (LTBMCs) developed from the BM of patients with different hema-
tologic malignancies after HLA-identical or compatible alloBMT from donors
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of the opposite sex [4-6]. The authors stated that stromal cells within LTBMCs
were exclusively of host origin. An analogous approach was implemented in a
mouse model [7]. The authors did not detect donor cells in the stromal sublayer
of LTBMCs derived from the BM of mice that had been previously irradiated and
then transplanted with BM from donor mice whose genome contained the marker
chromosome T6.

Attempts to clarify the transplantability of BM stroma were also made later, using
other methods, in particular, in situ hybridization of a probe specific to the Y chromo-
some. It was used in trepan biopsies of the BM from patients who underwent alloBMT
from a related HLA-identical donor of the opposite sex [8]. BM trepan biopsies were
obtained from patients on days 3-203 after infusion of donor BM, fixed in formalin,
decalcified, and hybridized with a Y-chromosome-specific DNA probe, and the probe
was further visualized using two independent methods, and its presence in stromal
and hematopoietic cells was assessed by optical microscopy. The advantage of this
study is that the assessment of stromal cells’ identity does not require iz vitro cell
culture under conditions far from physiologic, and it is possible to study cells in their
natural anatomical environment, taking into account their morphology. The authors
concluded that the cells of the stromal system (adipocytes, fibroblasts, osteoblasts,
osteocytes, and endothelial cells) in BM grafts were of host origin. The authors
hypothesized that engraftment of BM stromal cell precursors did not occur as a result
of alloBMT, in which the source of cells is BM.

Thus, we state that in most of the studies published in the 70s and 80s of the
twentieth century, both on animal models and in studies involving humans, it was
shown that in BM transplantations, in which a single-cell suspension of total BM cells
without separation into fractions of hematopoietic and non-hematopoietic cells was
used as a source of graft, donor stromal cells were not detected either in the primary
BM of recipients after alloBMT or in the stromal sublayers of LTBMCs obtained from
such BM. Although these studies were conducted on a methodological level that
corresponded to the level of technological development of that time, they had several
methodological flaws, such as insufficient sensitivity and utilizing cultured cells
instead of primary BM.

The given analysis of studies concerning MSC and BM stroma transplantation
allows us to formulate several key theses, which are most often given as reasons why
stroma transplantation is impossible:

* Nonspecific retention of MSCs in the lungs immediately after injection;

¢ Absence of MSCs in the allogeneic recipient early after injection;

¢ Absence of the mechanism of MSC homing to the BM;

¢ Loss of MSC functions due to cell dissociation;

 Absence of immune privileges of stromal cells in MSCs;

Further, we will consider experimental data on which these theses are based,
and we will give data from modern research that show that the given statements are

erroneous or, at least, can be questioned, and obstacles on the way to of MSC trans-
plantation can be overcome.
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3. Re-evaluation of basic statements about the non-transplantability
of BM stroma

3.1 Nonspecific retention of MSCs in the lungs immediately after injection?

The statement that MSCs are nonspecifically retained in lung tissue is based on
the studies in which BM mesenchymal cells were labeled with a radioisotope marker
and then injected intravenously into the recipient, and their fate was monitored [9].
The authors observed that after intravenous injection of labeled cells, which in this
study were cultured mesenchymal stromal cells (which we will abbreviate hereinafter
as “MCs,” and not primary mesenchymal stem cells of BM existing iz vivo, which
we denote here as “MSCs”), they, through the small circle of blood circulation, got
nonspecifically stuck in the lungs, where they were detected 1 hour after intravenous
injection. During the first 24 hours after infusion, MCs remained in the lungs, and
after 72 hours, they could not be detected in the recipient’s body. The same authors
subsequently published a review [10], in which they noted that most of the studies
that investigated the ability of stromal cells to transplant used iz vitro cultured MCs,
which at that time were called “MSCs,” as an object of observation, and that the low
ability of such cells to transplant may be associated with changes in their size, mor-
phology, and surface phenotype, including activation of adhesion molecule expression
as a result of in vitro cultivation. Indeed, it is known that cultivation of BM stromal
cells on plastic leads to the fact that over time, small round-shaped cells turn into
large spindle-shaped cells [11]. In another study, cultured MCs have been shown to
become as large as 19 pm in diameter [12]. Since this diameter is larger than the size of
pulmonary microcapillaries (5-10 pm), it is not surprising that such cells are retained
in the lungs after intravenous injection. Besides, in one of the early studies, it was
experimentally proved that pre-culturing reduces the ability of “MSCs” to migrate
through the basal membrane [13], which creates difficulties for the migration of these
cells. Considerations about the ratio of the linear size of cells and the diameter of
microcapillaries in the lungs are important when considering the ability of MSCs to
overcome this barrier, in light of the fact that “very small embryonic-like stem cells”
(VSELs) are known. These cells have been isolated from mouse BM as a population of
Sca-1'lin"CD45" cells expressing SSEA-1, Oct-4, Nanog, and Rex-1 markers character-
istic of pluripotent stem cells. VSELs constitute- 0.02% of BM mononuclear cells and
are characterized by a small size (2-4 pm), smaller than the diameter of pulmonary
capillaries [14]. In addition, VSELs express CXCR4 and thus are potentially capable of
homing to the BM. A wide range of differentiation of VSELs has been demonstrated:
they are able to differentiate into osteoblasts, cardiomyocytes, neurons, astrocytes,
oligodendrocytes, Schwann cells, and insulin-producing cells [14, 15]. Thus, mouse
BM contains a relatively rare cell population with osteogenic differentiation capacity
that may escape the “lung trap.” It is possible that the BM contains other cell subpopu-
lations with similar properties. Although no direct analog of VSELSs has been found in
adult humans, VSELs in humans are hypothetical, but we cannot exclude the theoreti-
cal possibility of discovering cells with similar properties in the future. For example,
a population of small stem cells with diameters of up to 5 pm resembling VSELs
was sorted recently from human embryonic stem cell (hESC) cultures [16]. These
VSEL-like cells expressed stem-cell-related markers (CD133, SSEA-4) and markers
of germinal lineage (DDX4/VASA, PRDM14). These cells were comparable to similar
populations of small stem cells sorted from cell cultures of normal ovaries and were
the predominant cells in the ascites of recurrent ovarian cancer.
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3.2 Absence of MSCs in the organism of an allogeneic recipient in the early terms
after injection?

The idea that MSCs may not survive for a long time after administration is based
on the data indicating that most MSCs become apoptotic after administration [17],
as well as on the results of early studies on the biodistribution of MCs [9]. However,
several groups of investigators have shown in different kinds of model animals that
MCs can be detected for long periods of time (up to several months) in a wide range
of tissues, including BM, after systemic administration, even despite prior in vitro
cultivation [18-24]. In one of these studies, PCR analysis showed that few donor
murine cells were present in recipient mice after 1 week, but after 1-5 months, donor
cells accounted for 1.5-12% of cells in bone, cartilage, and lung, as well as in BM and
spleen [18]. The results demonstrated that at least some of the mesenchymal progeni-
tor cells of BM expanded in culture can not only avoid arrest in lung microvessels
and repopulate other organs and tissues but also survive long term in bone, cartilage,
and lung and, more importantly, retain their functionality, since the authors were
able to show that donor cells represented 2.5% of the chondrocytes isolated from
the xiphoid and articular cartilage of the recipient. Interestingly, in these studies on
the biodistribution of MCs, their frequency of detection and concentration in BM
were often higher than in other tissues. This indicates the propensity of these cells to
repopulate BM, which is not surprising if one assumes that the cells have a tropism
for the microenvironment from which they were extracted. Recently, a systematic
review has been published on the issue of MCs biodistribution [25], which shows
that the biodistribution of MCs depends on the route of administration, that after
intravenous administration MCs are detected in a wide range of organs and tissues,
and that MCs are able to accumulate in damaged organs and tissues. In the majority
of studies discussed, it is shown that the BM and spleen are the preferred sites of MCs
homing. At the same time, the authors of a number of papers note that the efficiency
of MCs homing into the BM is low. It is shown that the ratio of donor stromal cells is
estimated as 0.1% of BM nuclear cells [18, 21, 22]. This may be due to the fact that the
cited studies performed infusion of pre-cultured cells, and cultivation may resultin a
reduced ability of cells to invade through the vascular endothelial layer, as shown [13].
In those studies, where it is stated that mesenchymal cells are absent in the recipient’s
organism after a short time, the sensitivity of the applied methods could be insuf-
ficient to observe rare cell subpopulations, which include MSCs (~0.01%-0.001% of
nuclear BM cells).

It can be concluded that at intravenous injection of pre-expanded in vitro MCs, the
majority of such cells are indeed retained in the lungs of the recipient for some time.
However, this does not mean that rare cell subpopulations present in MC cultures,
including cells resembling real MSCs by their properties, are also nonspecifically
and irreversibly retained in the lung tissue. Low efficiency of homing, together with
detection of cells in other organs and tissues, raised a question about the presence or
absence of the mechanism of homing to the BM.

3.3 Lack of a mechanism for homing MSCs to BM?

An example of studies on which this statement is based is the article in which
the arrest of MSCs in the lungs was shown [9]. In this study, the biodistribution of
MSCs was monitored for 72 hours after intravenous injection of MSCs. At none of the
investigated time points were injected MSCs detected in BM [9].
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At the same time, by now there is a plenty of researches in which it is shown that
intravenously injected stromal cells can, similarly to leukocytes, perform rolling
and adhesion to vascular endothelial cells [26] and extravasate into various tissues,
including BM, from the vascular channel through the basal membrane [27], although
the number of cells migrating through the membrane is usually low [28]. In one of the
already mentioned studies, the authors managed to detect eGFP-labeled cells in bones
and BM of two recipients using PCR DNA ELISA analysis [19], and subsequently, the
presence of MCs was detected in other organs and tissues, but using a more sensitive
method [20]. The authors conclude that after intravenous infusion, MCs are predomi-
nantly localized in the BM, indicating the possibility of the existence of a mechanism
of directed migration (homing) of these cells to the BM. Also, in another study;, it
was shown [29] that after intravenous injection of cells of stromal line GB1/6 to mice
irradiated at doses of 3-8.5 Gy with additional irradiation of the right hind limb at a
dose of 10-12.5 Gy, the injected cells were detected i situ in the hematopoietic sinuses
of the recipient BM. Donor cells were undetectable 2 months after infusion in other
organs—in the spleen, liver, and lungs. This indicates that intravenously infused
stromal cells can infiltrate the vascular system of the BM and selectively accumulate
in it [29].

Thus, both in animal models and in humans, it has been shown that after intra-
venous administration, stromal cells isolated from BM are capable of homing into
their “native” BM niches, although with relatively low efficiency [28]. What limits
the tropism and engraftment of MSCs in the BM remains not fully understood. There
have been published papers showing the ability of cultured BM mesenchymal cells
to migrate through the basal membrane and endothelial cell layer in model iz vitro
experiments and demonstrating the role of the metalloprotease MMP2, which is
able to cleave type IV collagen (a major component of the basal membrane) in this
process [27]. Interestingly, it is sufficient to culture primary BM-derived mesenchy-
mal stromal cells for 24-48 hours for their ability to home to BM to be significantly
reduced [13]. This information explains why, in many experiments on intravenous
injection of multipotent mesenchymal stromal cells (MMSCs), it was not possible to
observe significant homing of injected cells into the BM. At the time of publication
of the described study, the mechanism of this phenomenon remained unknown, but
much later it was found that MMSCs cultivation leads to a decrease in the expression
of CXCR4 on their surface—a key molecule in the migration of various types of stem
cells. The studies on the mechanisms of directed migration of MSCs and BM-MCs can
be conditionally divided into those that show mobilization of stromal cells from BM
into peripheral blood and those that study the mechanisms and pathways of migra-
tion of BM-MCs after their intravenous administration. It was noted that intrave-
nously injected BM-MCs are able to accumulate in the sites of damage, hypoxia,
and ischemia [30]. This ability of MMSCs was confirmed in myocardial infarction
and ischemic brain injury [31, 32]. It has been hypothesized that proinflammatory
cytokines, chemokines, including SDF-1a, and hypoxia factors, such as HIFla, are
involved in the mechanisms of MSCs migration to various tissues, and, in particular,
to the BM, in which hypoxic conditions are maintained physiologically [30]. The
following studies are devoted to this issue.

Among chemokines and their corresponding receptors, the SDF-1a/CXCR#4 axis is
a thoroughly studied system [30, 33-37]. This axis is known to be central to the hom-
ing of HSCs to the BM when administered intravenously [38], regulating the migra-
tion and homing of CXCR4+ hematopoietic progenitor cells, pre-B lymphocytes, and
T-lymphocytes [33-35, 39]. More recent evidence suggests that in addition to HSCs,
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functional CXCR4 is expressed on the surface of various types of tissue-specific stem
cells, such as neuronal stem cells [40], skeletal muscle satellite cells [41], liver oval
cells [42], primordial germ cells [43], and other stem cell types including Muse cells
and VSELs [44, 45].

There has been considerable evidence to suggest that the SDF-1a/CXCR4 axis is
important for the migration of mesenchymal stromal/stem cells isolated from various
sources [36, 37, 46, 47] and, more importantly, determines their ability to home to
BM after intravenous administration [48]. Interestingly, data from previous studies
suggested that a small subpopulation of cultured MSCs/MMSCs/BM-MCs initially
maintains CXCR4 expression on the cell surface [48, 49], but upon ex vivo expansion,
expression gradually declines and becomes barely detectable after prolonged cultiva-
tion [50]. This phenomenon may partly explain the fact that many researchers have
failed to observe efficient repopulation of intravenously injected MSCs/MMSCs/
BM-MCs after their preliminary expansion iz vitro.

Kyriakou et al. showed that despite low surface expression of CXCR4, human
MSCs/MMSCs/BM-MCs migrated in response to SDF-1a iz vitro, and this was
enhanced when CXCR4 was overexpressed in cells by lentiviral transduction [51].

It was also shown that artificial overexpression of CXCR4 in human adipose tissue
stromal cells (hADSCs) helps to direct these cells to damaged tissues in response to
SDF-1a signaling [36]. Chen et al. observed the same correlation both i vitro and

in vivo for CXCR4-transduced murine MSCs transplanted into irradiated mice [52].
Moreover, Bobis-Wozowikz described that transplantation of CXCR4-transduced
human MMSCs isolated from adipose tissue into NOD/SCID mice resulted in
increased engraftment to BM [53]. Interestingly, CXCR4 overexpression caused a
significant increase in homing to the BM and spleen of animals that had previously
received irradiation [51, 52]. This indicates that prior damage to the BM stroma may
be a prerequisite or at least a factor contributing to the engraftment of intravenously
injected mesenchymal progenitor cells in the recipient. It has been shown that irradia-
tion of an animal with ionizing radiation or exposure to other DNA-toxic agents leads
to increased expression of SDF-1a in BM [54], and this may be one of the mechanisms
behind the increased ability of MSCs to engraft in the BM of irradiated mice [55].

Enhanced survival and ability of MSCs to migrate in vitro in response to hypoxia
and cultivation in the presence of SDF-1a have been demonstrated [46, 56]. The
ability of BM-MCs to migrate along the SDF1a gradient was experimentally demon-
strated in a mouse model of hypoxic-ischemic brain injury (HIB), and this effect was
abrogated by the CXCR4 inhibitor (AMD3100) [30].

These prerequisites, namely the expression of CXCR4 in BM-MCs at basal level
and its activation in response to hypoxia, the local increase in SDF1a levels under
hypoxic conditions, which can occur as a consequence of ischemization or injury, are
also physiological in BM [57], together with the ability of BM-MCs to accumulate in
vivo in ischemic and injured tissues, were the grounds to suggest that the SDF-1a/
CXCR4 axis is the key and determines the ability of homing to BM not only of HSCs
but also MSCs or their progeny.

Thus, summarizing the presented data, we can conclude that the ability of MSCs
to chemotaxis along gradients of SDFla is well documented. This is primarily shown
for the migration of MSCs to injury sites. Among other things, it has been shown that
CXCR4 expression is increased on the surface of MSCs in response to several chemo-
kines, including SDF-1a. Stromal cells have been shown to be able to migrate along
the SDF-1a gradient and penetrate the endothelial barrier in the BM from peripheral
blood. At the same time, the efficiency of MSCs homing into BM is usually low, which
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is associated by researchers with a low level of expression of receptors to chemokines
on the surface of primary, uncultured MSCs; an even greater decrease of expression
of these receptors during iz vitro cultivation of MSCs/BM-MCs isolated from the
organism; and heterogeneity of the BM-MCs population.

3.4 Loss of MSC functions due to cell dissociation?

One of the significant arguments that can be heard in favor of the view that trans-
plantation of BM stroma is impossible is the notion that MSCs lose their functional
abilities to regenerate stromal tissue after dissociation of intercellular contacts and
transformation of BM into a single-cell suspension before intravenous administration
to the recipient. The conclusion that stromal cells are not capable of transplantation in
the form of a single-cell suspension was made by several independent, authoritative
researchers in the 70-80s of the twentieth century who conducted experiments on
animals. In similar studies by Ivanov-Smolensky and Friedenstein, BM explants from
(CBA x C57BL/6)F1 mice were used to investigate this issue. F1 mice were lethally
irradiated at a dose of 11 Gy and reconstituted with BM from CBA mice, and BM
explants were obtained from the recipients. Colonies of fibroblasts grew from the
explants, which, judging by isoantigens in the indirect immunofluorescence reaction
with anti-C57BL/6 serum, were of recipient origin [58, 59]. The same conclusion
about the impossibility of stroma transplantation was made by Chertkov [60, 61]. In
1983 the authors demonstrated that if BM is explanted in culture as a whole fragment
without cell separation and then the stromal sublayer is collected and transplanted
under the kidney capsule, an ectopic focus of hematopoiesis is formed in the implan-
tation site, i.e., MSCs fulfill their function and build a full-fledged hematopoietic
microenvironment [60]. However, if BM is transformed into a single-cell suspension
before explanting into the culture, the cellular composition of the stromal sublayer
of the culture is quite different, and, most importantly, when it is implanted under
the kidney capsule of the recipient mouse kidney, a focus of ectopic hematopoiesis
is not formed, i.e., the function of MSCs is lost due to the preliminary dissociation
of cells. Then, 2 years later, following a largely similar scheme to the experiments of
Ivanov-Smolensky et al. [59], Chertkov et al. studied the cells of the stromal sublayer
of LTBMCs from the BM of radiation chimeras, which were obtained by irradiating
mice with a lethal dose of radiation and reconstituting hematopoiesis by intravenous
injection of donor syngeneic or allogeneic BM in the form of a single-cell suspension
[61]. The origin of stromal cells in the LTBMCs of chimeric BM was studied using
double fluorochrome staining with mouse lineage-specific antiserums. It was shown
that the plastic-adherent cells of the LTBMCs of allogeneic chimeras contained only
recipient stromal progenitor cells. The authors concluded that stromal progenitor cells
cannot be transplanted intravenously in mice.

It is interesting to note that J. Chertkov and A. Friedenstein published the results
of their other experiments, in which the strength of the basis of the hypothesis
put forward is questionable. Thus, for example, in the same issue of Experimental
Hematology, I.L. Chertkov publishes another article [62], in which a similar experi-
ment of forming the foci of ectopic hematopoiesis from a whole fragment of BM and
from a single-cell suspension of BM, which was pelleted by centrifugation on a small
fragment of a filter, was conducted. The difference between this study and the study
described above by the same authors was that in the latter study, the stage of seeding
the BM cells in culture was omitted. In this arrangement of the experiment, foci of
ectopic hematopoiesis were formed in both cases. To the surprise of the authors, the
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dissociation of BM cells not only failed to prevent the formation of foci, but other way
round the proportion of donor cells in such foci was increased. Also, Friedenstein
published a study in which it was shown that transplantation of fibroblasts in the
form of a suspension under the kidney capsule led to the formation of elements of BM
stroma, including bone, and to the presence of hematopoietic cells in the implants,
which indicated that dissociation of cells in these experiments still did not lead to a
complete loss of MSC function [63].

The statement that MSCs lose their functions after dissociation of intercellular
contacts directly contradicts later studies, where it was shown that MSCs are able
to migrate in the organism to the microenvironment of solid tumors and to the site
of inflammation [64-66]. For example, MSCs have been shown to be selectively
recruited to injured or inflamed tissues due to the release of multiple inflamma-
tory factors by injured tissues [67]. This process, in particular, is essential for the
resolution of infection and bone regeneration. The ability of MSCs to migrate
is increased during acute inflammation, a process associated with the release of
tumor necrosis factor (TNF) and activation of the NF-«xB pathway [68, 69]. It is
known that MSCs migrate from the BM to the gastric cancer microenvironment
[70]. Thus, MSCs or some of their descendants are able to move around the organ-
ism as separate cells, accumulate in inflamed or damaged tissues, and actively
participate in regeneration processes. Consequently, dissociation of BM cells before
their administration to the recipient does not necessarily mean the cessation or
decrease of MSC functionality.

3.5 Lack of immune privileges for MSCs?

The question of immune privileges (IPs) of MSCs and other stromal progenitor
cells has a long history of study. In vitro studies of immunomodulatory properties of
MMSCs have shown that these cells are able to inhibit proliferation and activation of
T-lymphocytes during cocultivation, express MHC class I at alow level, and do not
express MHC class II on their surface [71-73]. It has also been shown that these cells
and the extracellular vesicles and individual proteins and other molecules secreted
by them are able to reduce the activation of immunologic responses in a number of
autoimmune pathologies and in graft-versus-host disease after alloHSCT [74-76].

However, it was subsequently found that pre-cultured BM-MCs do not possess
immune privileges, and their main part causes immune responses in the organism
and is eliminated by the immune system in MHC-incompatible transplantation
[77, 78]. However, even in the case of cultured cells, the possibility that among the
total cell population, there is a rare population of cells still possessing IPs cannot be
excluded. Indeed, compelling experimental evidence for IPs of BM-MCs in vivo has
subsequently emerged and includes studies performed in mice, large primates, and
humans. We will describe here only a few of them.

Long-term presence of donor BM stromal cells in the body of recipients after
alloHSCT has been demonstrated: in the already mentioned study of the ability of
BM-MCs to home to BM in primates, in addition to autoBMT, MHC-incompatible
allogeneic combined infusion of HSCs and genetically labeled BM-MCs was per-
formed [19]. It was shown that markers of donor MCs were detectable in the BM up
to +76 days. The same authors published another study on primates, in which they
injected autologous GFP-labeled MSCs into a baboon previously lethally irradiated
and recovered by its own hematopoietic cells mobilized into PB before irradiation
and a baboon that had not been irradiated or exposed to any cytotoxic therapy [20].
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MSCs expressing immunogenic protein GFP persisted in the recipient’s organism for
several months (up to 21 months) without being eradicated by the immune system of
the organism [20]. For human allogeneic MSCs, their long-term (for several months)
presence in the BM of a recipient allogeneic to the donor after intraosseous injection
of a suspension of donor MSCs has been demonstrated [79, 80].

The IPs of MSCs have proven to be so strong that they allow these cells to survive
in a xenogeneic organism. One study demonstrated the presence of xenogeneic
human MSCs in the BM of immunodeficient (nude) mice for several months
after intravenous infusion [23]. In another study, the authors transplanted a well-
characterized population of human MSCs to sheep embryos at the early stages of
pregnancy, before and after the expected development of immunological com-
petence [81]. In this xenogeneic system, human MCs engrafted and persisted in
various tissues for 13 months after transplantation. The transplanted human cells
underwent site-specific differentiation into chondrocytes, adipocytes, myocytes,
cardiomyocytes, BM stromal cells, and thymus stroma. Long-term engraftment was
unexpectedly recorded even when cells were transplanted after the development of
immunocompetence.

Recently, it was shown that MSCs have pronounced IPs iz vivo in adult mice: MSCs
expressing immunogenic marker GFP survived and maintained their functionality
for 6 weeks in immunologically complete adult mice [82, 83]. It is known that iz vitro
cultivation significantly changes the properties of cells extracted from the organism.
For example, it has been shown that MMSCs cultivation leads to the induction of
MHC expression, changes in the expression of genes encoding proinflammatory cyto-
kines [73, 84], changes in the global DNA methylation and gene expression profile,
and the occurrence of chromosomal rearrangements [85, 86]. As a consequence, it is
legitimate to suggest that the immunological characteristics of cells in vivo and in vitro
differ significantly.

Thus, it can be concluded that in mammalian BM, there are one or more distinct
cell populations that have IPs and can be successfully transplanted to an MHC-
compatible or incompatible recipient and survive in their body despite an active
immune system.

If we think about stroma transplantation in patients as a component of alloBMT,
we can assume that the probability of survival of these cells is much higher than in
other settings, because at the moment of infusion of donor cells and for a certain
period of time after it, the patient is in deep agranulocytosis, and the activity of
the remaining circulating T-lymphocytes of the recipient is significantly reduced.
Humoral immune response to MSCs and their differentiating progeny is also
unlikely in such a situation. If combined transplantation of MSCs and HSCs is
successful, the recipient becomes a “chimera:” his hematopoiesis and immune
system become donor and, consequently, syngeneic with injected MCs, so there
is no reason for a systemic immune response to injected donor MCs. However,
local immune reactions presumably can be observed due to the preserved resident
macrophages of the recipient residing in organs and tissues and residual circulating
T-lymphocytes.

It can be concluded that for today there are reliable and numerous experimental
confirmations that at intravenous injection of whole BM cell suspension containing
true multipotent, not subjected to pre-cultivation MSCs, the latter are able to survive
for along time in the recipient’s organism, migrate into BM using specialized molecu-
lar mechanisms, and perform their direct function—to participate in regeneration
and maintenance of BM stromal tissue.
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4. New concept of bone marrow transplantation that includes a change of
both stromal and hematopoietic components to donor origin

At the same time, there were studies that testified in favor of the fact that trans-
plantation of elements of the stromal component of BM is still possible. This was
demonstrated by independent teams of researchers for small mammals (mice), large
mammals (primates, dogs), and humans [13, 28, 29, 55, 87-91].

MSCs are an integral component of BM stroma and can be considered its key
element. Such perception of MSCs is generally accepted because these cells are capable
of de novo formation of a full-fledged hematopoietic territory with appropriate spatial
structure and biochemical composition, containing all the necessary cellular elements
of the stroma, including adipocytes and their precursors adipoblasts, osteocytes and
their precursors osteoblasts, reticular cells, pericytes, and other types of stromal cells
[92-95]. To date, a number of key properties of MSCs have been demonstrated, namely:

* the ability of donor allogeneic MSCs to survive in the recipient’s body for a long
period of time; and in the recipient’s body [18-24];

* the ability of intravenously injected MSCs to repopulate the BM due to special-
ized molecular mechanisms [19, 27];

¢ the ability of MSCs to maintain their functionality (to differentiate in the
osteogenic direction and proliferation) after their dissociation and intravenous
injection in the form of a single-cell suspension into the recipient’s body [55];

e immune privileges of MSCs, i.e., their ability to survive despite the recipient’s
immune system being activated against their antigens [82, 83];

This creates a fundamental basis for the development of protocols for effective MSC
transplantation and BM stroma replacement in patients with hematologic diseases,
including oncology, as well as in patients with skeletal diseases, including genetic
diseases. Successful BM stroma transplantation also has the potential to improve the
effectiveness of treatment of diseases associated with dysfunction of bone, fat, and
cartilage tissue [1, 2, 92]. However, given the failure of numerous studies of BM stroma
transplantation attempts described above, what might be the key to success?

Many researchers note the ability of MSCs to migrate to the areas of ischemic
and injured tissues, but none of the reviewed studies, in particular in the field of
hematology, proposes to increase the efficiency of homing and engraftment of MSCs
into the recipient’s BM during alloBMT by targeted and intentional damage of BM
stromal tissue before infusion of donor BM. Meanwhile, it can be one of the reason-
able tactics, since the function of MSCs is to regenerate the damaged tissue, first of
all, the stromal tissue.

I present here a new concept of BM transplantation that includes transplantation
of both MSCs and HSCs from the same donor, where transplantation means not only
injection of cells but also their stable engraftment and participation in regeneration
and maintenance of the corresponding tissue. The central idea of this concept is the
necessity of sufficient damage to the BM stroma in the recipient before BM graft infu-
sion. There are preclinical studies that suggest MSCs may constitute a powerful means
of treating tissue lesions caused by ionizing radiation, either after accidental exposure
to radioactivity or as a side effect of clinical radiotherapy. Animal studies and early
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clinical experiences suggest a role for MSCs in the regeneration of these tissue lesions,
both by differentiating into functional parenchymal cells and by creating a nurturing
microenvironment for other cells [96]. We have our own experimental data demon-
strating that prior severe damage to the recipient BM stroma is a necessary condition
of effective and lasting engraftment of donor MSCs. However, more research is
needed to fully reveal the regenerative potential of MSCs in the BM [97].

4.1 The strategy

This alternative concept consists of the following key steps/stages (Figure 1).

A hypothetical timeline for the four-step protocol is as follows. Eradication of BM
stroma could be done after induction therapy and simultaneously with consolidation
chemotherapy. Infusion of donor MSCs should be done in advance, for example, at
day-14, in order to give the cells some time to home to the BM, engraft, and reconsti-
tute BM stroma. Infusion of HSCs on day 0. Supportive and regenerative therapy for
at least 3 months after HSCs infusion. This timeline is speculative and theoretical; a
real-time course should be established in future experiments.

The first step is “Eradication of the recipient’s BM stroma.” The goal of this step is
to eradicate the host’s MSCs in the BM and/or significantly damage the patient’s BM
stroma. This is necessary so that the donor MSCs, which will be injected into the
recipient at the next step, would get into the organism in which the function of the
BM stroma is lost/damaged and, reacting to this, carry out their direct duty—to
regenerate the lost/damaged tissue. A direct analogy can be made here with alloHSCT.
This procedure is aimed not only at the elimination of tumor cells but also at almost
complete destruction of the patient’s own hematopoiesis, including his immune
system, as well as emptying hematopoietic niches in the BM. Destruction of the
immune system and emptying of hematopoietic niches create favorable conditions for
the introduced donor’s HSCs to engraft by populating empty niches without experi-
encing pressure from the recipient’s immunity, activating their regenerative program,
and fully restoring hematopoiesis. It is likely that successful engraftment of donor
HSCs and reconstitution of hematopoiesis is not in the least due to the fact that HSCs
enter the body with the lost/damaged hematopoietic tissue and activate their regen-
erative function to replenish it. At this step, various strategies and approaches can be
used, the detailed development of which is still to come. One such approach is non-
specific stromal damage by radiation or polychemotherapy (PCT). Several studies
that have demonstrated successful engraftment of the donor’ stroma have used high
doses of radiation [29, 89], so in principle, this approach is feasible. However, it
should be remembered that stromal cells are much more resistant to ionizing radiation
[96, 98] than hematopoietic cells. This means that if ionizing radiation is considered
as a factor capable of damaging MSCs and applied as TBI, it may require too high
doses of radiation to effectively suppress the stromal component of BM. The side
effects of using such doses may be acute radiation sickness, high cytotoxicity, and the

_|\ Infusion of donor whole
Eradication of the BM or selected cell . Supportive and
recipient’s BM stroma —/ populations containing osd-on gl donat Bets :> regenerative therapy

MSCs

Figure 1.
The main steps of the alternative strategy for sequential co-transplantation of BM stroma and HSCs.
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occurrence of secondary tumors. It is doubtful that in the case of TBI it will be
possible to achieve doses that would, on the one hand, lead to destruction of BM
stroma or at least MSCs within the stroma and, on the other hand, be acceptable in
terms of toxicity/complications profile. Radiation therapy is actively developing, and
methods of precision irradiation of cells with a precision of up to 1 millimeter are
available today, which is a promising alternative to TBI. The development of 3D-4D
conformal radiation therapy approaches, such as CyberKnife radiosurgery technology,
which is used for radiosurgical treatment of solid tumors, primarily brain tumors and
vascular malformations, has become more accessible nowadays. This technology
allows irradiation of areas with an accuracy of less than a millimeter and, importantly,
affords continuous tracking of the target position and correction of the course of
irradiation when the target shifts with respiration or when the patient moves inten-
tionally or not. This makes it possible to selectively and precisely apply ionizing
radiation to all areas where BM is concentrated—bones of the skull, ribs, spine, pelvis,
and epiphyses of limb bones. Another method of stromal eradication may be the
administration of chemotherapeutic drugs that have a cytotoxic effect on stromal
cells. It is difficult to think of any significant selectivity with respect to them,
although it can be assumed that those drugs used for the treatment of malignant bone
tumors and, in particular, osteosarcomas—tumors arising from osteoblasts—may be
more effective here than other substances [99]. These drugs include cisplatin, doxoru-
bicin, ifosfamide, etoposide, epirubicin, and methotrexate [100]. This list is certainly
not exhaustive; additional information can be drawn from the Russian national
clinical guidelines for the treatment of malignant bone tumors or the US National
Comprehensive Cancer Network (NCCN) national clinical cancer guidelines [100].
Other chemotherapeutic agents with distinct effects on stromal cells can be selected in
functional tests on stromal cell lines (e.g., OP-9) [101, 102], fibroblasts [103], or on
primary cultures of BM-derived MMSCs, adipose tissue, or other sources [104],
although it is most appropriate to test drugs specifically on primary, previously
uncultured BM stromal cells, since this tissue is the therapeutic target in this case, and
cultured MSCs isolated from different sources other than BM vary in their ability to
proliferate, differentiate, migrate, and secrete extracellular matrix, which may result
in different sensitivity to the drugs being tested [105], and cell culturing itself leads to
changes in cell characteristics, as mentioned above. It is also worth noting that the
tumor microenvironment (TME) is currently the focus of attention of oncologists and
oncology researchers, and there are actively developing therapeutic approaches that
target TME. Tumor-associated fibroblasts (CAFs) are one of the significant compo-
nents of TME, and attempts are being made to targetedly eradicate these cells in order
to improve the effectiveness of the treatment of primary and metastasizing solid
tumors [106]. The most effective drugs, which were discovered in these studies, can
be considered as promising candidates for the eradication of BM stromal cells within
the proposed new approach to alloBMT and treatment of stromal tissue diseases.
Another therapeutic tactic for stromal eradication may be targeting certain cell
subpopulations, in particular, MSCs in BM or their differentiated progeny involved in
niches for HSCs, such as osteoblasts. Such tactics require knowledge about the surface
markers specific to these cells. Unfortunately, to date, there is no unambiguous
opinion on the surface immunophenotype of BM MSCs: different researchers mention
different surface markers and believe that cells expressing them satisfy the definition
of MSCs. Some authors argue that MSCs are cells expressing Lepr and Cxcl12 [107].

It has also been shown that the population of stem/progenitor mesenchymal cells

in BM is significantly enriched in a subpopulation of CD271" cells [108, 109].
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Other researchers consider MSCs to be pericytes characterized by the expression of
smooth muscle a-actin (Acta2) [107, 110]. Finally, CD45 Nes" cells are considered
MSCs [93]. They are exclusively located along BM arterioles and are a component of
hematopoietic niches that regulate the quiescent state of HSCs [111]. The mentioned
subpopulations can partially overlap with each other [111], but the ability to transfer
hematopoietic activity in vivo has been clearly demonstrated so far only for Nes*
MSCs [93]. In addition, previously described Muse cells are characterized as SSEA3"
cells [112], and VSEL cells are described as Scal" CXCR4*SSEA1'lin"CD45™ [14]. By
definition, MSCs are capable of differentiating in at least three classical directions:
osteogenic, adipogenic, and chondrogenic. This ability ensures the formation and
maintenance of the basic cellular elements of the BM stroma. As a result of MSC
differentiation in the osteogenic direction, osteoblast-osteocyte precursors are
formed, the main function of which is the formation of new bone tissue due to active
secretion of extracellular matrix substances. Some studies claim that osteoblasts are
direct participants of niches for HSCs and their progeny in the BM [113-115].
Considering the important role of osteoblasts in HSC maintenance, a special term,
“osteoblastic niche” of HSCs, was even introduced. However, it should be noted that
in a number of papers, authors have disputed the importance of osteoblasts in HSC
maintenance [116]. Osteoblasts are exclusively present in BM, lining the inner surface
of bone. Osteoblasts are characterized by the expression of the surface membrane
proteins CD10 [117], CD44 [118], CD46, CD55, and CD59 [119], as well as the
recently discovered A7 antigen, which has strong specificity [120]. There is reason to
suggest that osteoblasts are a favorable target for chemotherapy aimed at damaging
the stroma as part of the preparatory step before its transplantation, because osteo-
blasts express a number of soluble extracellular matrix proteins, such as osteocalcin,
osteopontin, procollagen, procollagen peptidase, and bone sialoprotein. The content
of these proteins can be measured in peripheral blood, and their levels can serve to
assess the efficiency of osteoblast destruction along with soluble forms of the osteo-
blast surface antigens described above. Moreover, since osteoblasts are present
specifically in bones, while MSCs are distributed throughout the body, this makes the
former a more specific target, and their destruction, presumably, may have fewer
undesirable side effects on the body than the destruction of MSCs. Thus, targeted
chemotherapy can be directed at osteoblasts either separately or in addition to targeted
therapy directed at MSCs. The arsenal of methods for targeting specific cell types is
currently quite wide and includes not only chemical agents but also various types of
antibodies (monoclonal antibodies, bispecific antibodies, and mini-antibodies
conjugated to a cytostatic agent) [121, 122], and T-lymphocytes or NK cells with a
chimeric T cell receptor (CAR-T, CAR-NT cells, respectively) engineered to specifi-
cally recognize a particular target [123-126]. Such CAR-T or CAR-NT cells can be
generated against a single target in a cell population selected for exposure. CAR-T and
CAR-NT cells can be used in cocktails for a more efficient cytotoxic effect against a
selected cell subpopulation [127].

Various combinations of nonspecific and targeted drugs directed at different types
of target cells and at different antigens on the surface of these cells are possible. This
part requires detailed development in preclinical studies.

Theoretically, such a strategy can radically transform the schemes of induction and
consolidation therapy before alloBMT: such schemes and regimens can be developed
that will be primarily directed not so much at hematopoietic, tumor, and immune
cells but at BM stroma. No niches for HSCs—no hematopoiesis and no leukemia. At
the same time, it is likely that PCT regimens will retain drugs aimed at reducing the

154



Transplantation of MSCs for a Longstanding Engraftment and Maintenance of Bone Marrouw...
DOI: http://dx.doi.org/10.5772/intechopen.1011167

total mass of leukemia cells in the blood/BM in order to reduce the negative impact of
these cells on the body. An additional option for promising regimens may be to affect
T regulatory cell (Treg) populations in the recipient, as it is these cells, together with
MSCs, that confer immune privileges to HSCs in the BM, keeping the latter dormant,
and thus may contribute to the persistence of leukemia stem cells in the BM [128, 129].
On the other hand, Tregs may affect the manifestation and severity of GVHD [130], so
a balance between benefit and risk must be maintained when targeting Tregs.

The second step of the proposed concept is “Preparing the foothold,” which is an
infusion of donor whole BM cell suspension or selected subpopulations of MSCs.

The aim of this stage is to repopulate the vacant BM territory with donor MSCs so
that they begin to recreate the hematopoietic microenvironment in the BM and

build niches for HSCs. It is important to emphasize that the aim of this stage is not

to reconstitute hematopoiesis at the expense of donor hematopoietic cells. The
efficiency of engraftment of donor HSCs and, as a consequence, donor chimerism of
hematopoietic tissue will be low due to the fact that at this time point in the recipient’s
body, there will be significantly damaged or destroyed niches for them. Consequently,
at this stage, not the whole BM but only its stromal component or separate stromal
cell subpopulations, in particular, MSCs, if it is possible to isolate them in any way, are
feasible to be infused. On the other hand, infusion of whole BM implies infusion of
various subpopulations of immune cells, which may support the recipient’s immunity
for some time at the expense of granulocytes and memory lymphocytes.

The third stage is “Airborne.” This stage consists of the infusion of donor HSCs, as
is currently done in alloHSCT. This (second) infusion should probably be performed
some time (what time, it is to be determined) after the first one so that MSCs have
time to build new niches for HSCs. This will allow the HSCs to inhabit the niches/
territories recreated for them and engraft effectively. Probably due to the fact that the
stroma recovery may not be complete or the efficiency of its transplantation will not
be too high, it will be necessary to adjust the therapeutic doses of CD34" cells admin-
istered to the recipient toward their increase.

The fourth stage is “Support/Supply Pathway Establishment.” Damaging the BM
stroma can have serious negative consequences for the patient’s body. The injected
donor MSCs may not be able to cope effectively with the task of building a new hema-
topoietic territory throughout the body. They may need support. What kind of support
is the best, should be subject of further research. It could be supportive infusions of
CAR-MSCs, which have pronounced homing ability to BM and significant immune
modulatory effects [131, 132], or agents that stimulate regeneration of nerves in the
BM [133], or chemotherapeutic agents used for prophylaxis and treatment of GVHD.

At each of these stages, it is advisable to utilize factors that can increase the
efficiency of BM stromal transplantation; their combined application can result in
a significantly increased likelihood of high-quality, stable, complete BM stromal
transplantation. These factors may include effective eradication of the recipient BM
stroma. It has been shown that irradiation of an animal with ionizing radiation or
exposure to another DNA-toxic agent, such as 5-fluorouracil (5-FU) or cyclophos-
phamide (Cy), leads to increased expression of SDF-1 in the BM [54]. The ability
of BM-MCs to migrate along the SDF1a gradient was experimentally demonstrated
[30]. Together with overexpression of CXCR4 on BM-MCs, it could facilitate the
engraftment of injected cells [52]. Another factor that can increase the efficiency
of MSC transplantation is the introduction of an increased amount of these cells. In
those studies, in which it was possible to demonstrate long-term presence of donor
stromal cells in the recipient’s organism, the authors attributed the success to the
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increased dose of injected cells [28, 55, 89, 90]. Another factor that is likely to be
significant in the engraftment of stromal cells is the use of vasodilators. It has been
shown that intravenous injection of rat BM-MCs after vasodilator administration
increased the efficiency of accumulation of radioactive label embedded in the cells by
50% compared to a group that was not injected with a vasodilator [21]. Finally, after
infusion of mesenchymal cells into the recipient, it is advisable to consider supportive
therapy that will promote engraftment of the injected cells, their proliferation, and
differentiation for complete reconstruction of the stromal component of the bone
marrow. Many cytokines have a stimulatory effect on mesenchymal progenitor

cells. For example, it has been shown that the basic fibroblast growth factor FGF2
stimulates the proliferation of BM-MCs and their differentiation into tenocytes [134].
Transforming growth factor beta (TGFb) takes part in adipogenic differentiation

of MSCs [135]. Also, immunity factors have an important influence on MSCs. For
example, it has been shown that interleukin-1 beta is a growth factor for stromal pro-
genitor cells [136, 137], and tumor necrosis factor (TNF) and interferon gamma can
influence the immunomodulatory properties of BM-MCs [138, 139]. It is reasonable to
consider the possibility of supportive therapy aimed at the regeneration of BM stroma
and hematopoiesis. Sensory neuronal signaling is known to modulate the functional-
ity of MSCs and osteoclasts in BM [140]. It has been shown that active proliferation of
tumor cells in BM in acute myeloid leukemia (AML) has a deleterious and persistent
effect on the sympathetic neuronal component of HSC niches in human BM, which
can lead to long-term hematologic dysfunction [133].

4.2 Risks of the proposed strategy

Despite the considerations presented about the potential benefits of BM stroma
transplantation, it is necessary to evaluate all possible risks to the patient and to
ensure that the safety and clinical efficacy of this procedure are appropriate. The risks
associated with the proposed procedure of MSC transplantation after prior eradica-
tion therapy are highlighted in this chapter. Given the need for high-dose radiation
therapy and/or potential intensification of induction and consolidation protocols to
achieve profound damage to the stromal component of the BM, the risks of secondary
tumors, a higher incidence of infectious complications, and associated mortality as
well as some other risks should be evaluated [141-143].

4.2.1 Risks associated with damage to the BM stroma and failure of donor MSC
engraftment

Potential transplantation protocols will require approaches that would result in
significant damage and possibly even the eradication of the recipient’s BM stroma.
And if no engraftment of donor MSCs and regeneration of BM stroma follow, there
will be no engraftment of hematopoietic tissue due to a lack of necessary niches for
HSCs. This may result in extremely severe complications, long rehabilitation, and
even a lethal outcome for the patient. There is also a risk of such undesirable phenom-
ena as osteogenesis disorder with the formation of severe progressive osteoporosis
(progressive bone loss). The risk of immune rejection of MSCs is another factor that
should be addressed. To minimize these risks, it is important to establish and develop
new criteria for donor selection for MSCs and HSCs co-transplantation and methods that

facilitate BM stroma regeneration [131-133].
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4.2.2 Risk associated with MSC-driven support of tumor cells

Tumor recurrence is one of the leading problems that arise after alloHSCT. Here,
the risk of MSC application is connected with the fact that these donor cells can
perform not only antitumor function and replace tumor-remodeled stroma with a
healthy microenvironment but also get involved in the tumor microenvironment again,
preserving and stimulating malignant cells [144-146]. Some effects exerted by MSCs
may depend on the histological type of the tumor and its molecular characteristics,
while others may be similar for different tumor types [147, 148]. For example, several
studies have shown that MSCs exert antitumor effects on breast and lung cancer cell
lines in vitro [149, 150] and on pancreatic tumors iz vivo [151]. However, other studies
demonstrate that, in contrast, MSCs promote proliferation of breast cancer and mela-
noma cells when co-cultured with tumor cell lines iz vitro [152, 153]. They also enhance
tumor growth when administered to mice with lung or prostate cancer [154, 155]. Most
of the work in the field of investigating the effect of MSCs directly on tumor cells and
on the progression and metastasis concerns solid tumors [148, 156, 157], but the risks
and benefits of MSCs have also been investigated in the field of malignant hematologic
diseases [143, 158-160]. In addition, MSCs isolated from the BM of a healthy donor can
induce drug resistance of hematopoietic tumor cells, both cell lines and primary tumor
cells, including CML, OML, and T- and B-ALL cells [161-167].

This determines an important principle of using MSCs in clinical practice during
their transplantation as a part of the strategy for joint sequential transplantation of
BM stroma and hematopoietic tissue: MSCs should be used for the purpose of BM stroma
transplantation, if possible, during complete remission of the underlying disease.

4.2.3 Spontaneous transformation of stromal cells in culture

The possibility of spontaneous transformation of mesenchymal cells themselves
cannot be discounted. Intense ex vivo expansion of any cell type can lead to malignant
transformation through a selection of rapidly dividing cells, which increases the risk of
accumulation of genetic and epigenetic alterations and may ultimately lead to spontane-
ous aberrant transformations. BM-MCs cultured in vitro are no exception, although data
regarding the resistance of these cells to the accumulation of genetic abnormalities in
culture and the probability of their spontaneous transformation are contradictory. Some
studies claim that long-term cultivation does not reveal chromosomal abnormalities and
telomerase activity up to 60 population doublings [168, 169], and does not lead to tumor
formation when transplanted into immunodeficient mice [169, 170]. In other studies,
the authors report that after prolonged ex vivo expansion, human mesenchymal stromal
cells derived from adipose tissue or BM were prone to malignant transformation, had an
increased proliferation rate, acquired an altered immune phenotype and cell morphol-
ogy compared to typical BM-MCs, and carried cytogenetic abnormalities [171, 172].

This allows for the formulation of one more principle of MSC use: for BM stroma
transplantation, it is advisable to use primary, not pre-cultured MSCs or BM-MCs,
minimally expanded in culture.

4.2.4 Tumors from primary uncultured MSCs

It should also be kept in mind that tumors originating in the body from cells
of mesenchymal nature are known, namely malignant tumors of bone, such as
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osteosarcoma, Ewing’s sarcoma, chondrosarcoma, fibrosarcoma of bone, and others
[100]. These diseases are caused by different populations of BM stromal cells that
are descendants of MSCs, such as osteoblasts in the case of osteosarcoma [173, 174].
The frequency of such tumors is relatively low, but still, before using MSCs and their
derivatives for the purpose of their transplantation from a donor, it is necessary to
have criteria that can confirm that normal, non-pathological cells are being injected.
At least, it is vequived to exclude diagnoses with involvement of donor mesenchymal cells
in tumorigenesis, and it is better to test MSCs for genetic abnormalities associated with the
risk of tumor transformation of these cells.

4.2.5 Secondary tumors as a vesult of high-dose radiation therapy

It is known that radiation therapy carries the risk of developing not only acute
radiation sickness but also secondary tumors [175-177]. In addition, mesenchymal
cells and MSCs in particular are much more resistant to the effects of radiation than
HSCs [98]. Therefore, the use of TBI to damage MSCs would be associated with
high doses that would be necessary to achieve the desired effect, and this in turn is
associated with high toxicity and the likelihood of secondary tumor development.
Therefore, this approach appears to be ineffective. To overcome these difficulties and
increase the efficacy and safety of MSC eradication in the recipient, it is necessary to
develop targeting and low-toxic ways to target MSCs and other stromal cell subpopulations
of BM, such as 3D and 4D conformal radiation therapy, CAR-T, CAR-NK cells target-
ing MSCs, monoclonal antibodies, and their conjugates with cytotoxic drugs.

4.2.6 MSCs as potential carriers of infections

Another aspect that should be considered when using MSCs in clinical practice is
the possibility of their infection by various pathogens. It is known that part of MSCs
in vivo are pericytes that are in close contact with blood vessels [178], making MSCs
ideal guardians on the path of infection, and at the same time, targets for viruses. It
has been shown that MSCs can be infected by various members of the Herpesviridae
family, H5N1 avian influenza virus, Zika virus, and others [179]. These reservoirs are
difficult to eliminate by the immune system, as BM MSCs have been shown to have
immune privileges [83], which may be part of the immune-tolerant microenviron-
ment of the BM [128, 157]. This allows for the formulation of one more principle of
MSCs utilization: before MSCs introduction into the recipient’s organism, it is necessary to
test the cells for pathogen infection.

Summarizing the data presented in this section, it can be stated that the use of
BM-MCs and MSCs in clinical practice is associated with a number of significant
risks. These risks can be minimized by using primary MSCs that have not undergone
ex vivo expansion in culture, as well as by using MSCs in complete remission of
malignant disease of the blood system. An alternative strategy of BM transplantation
involving combined sequential transplantation of MSCs and HSCs does not involve
prior ex vivo culturing of MC-MSCs and therefore avoids the risks associated with the
accumulation of genetic abnormalities in culture. Nevertheless, regardless of the pre-
liminary cultivation, before transplantation of donor MSCs, they should be carefully
tested for the presence of genetic abnormalities and infectious agents, even in the case
of a healthy donor, in whose blood no infection is detected.
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5. Conclusion

Science, and medical science in particular, is not only the expansion of knowl-
edge about the world and, in particular, about the principles of functioning of the
human body and other living beings, but also the narrowing of the realm of the
impossible. What was considered impossible a few decades ago is now becoming
not only achievable but even routine. Those diseases that were considered incurable
are gradually losing their status. The successes of surgery, transplantology, and
other branches of medicine are vivid examples of this. In my opinion, now it is time
to raise the question of whether the combined transplantation of BM stromal and
hematopoietic tissue for the purpose of therapy of malignant and non-malignant
diseases of the blood system and skeletal diseases is really impossible. A lot of
studies performed on various animal species and on humans show that all major
fundamental obstacles for this are absent. For example, it was shown that MSCs are
able to retain their functionality after intravenous injection in the form of single-
cell suspension into the recipient’s body, have a specialized molecular mechanism of
homing into the BM, and are able not only to survive but also to divide and differen-
tiate in the necessary stromal directions in the recipient’s BM. The main problem at
present remains the extremely low efficiency of engraftment of donor mesenchymal
cells, and its solution will open the way for fundamentally new schemes of therapy
of the abovementioned diseases. In my opinion, one of the possible solutions here is
preliminary destruction or significant damage of the recipient’s BM stroma, which
is necessary to activate the regenerative potential of the injected stem cells, as well
as the use of uncultured true MSCs or more universal stem cells for transplanta-
tion, the presence of which in the mammalian organisms has been recently shown.
Obviously, this approach carries many potential risks. What is the risk of targeted
destruction of stem cells that maintain stromal tissues? Or what are the conse-
quences of the destruction of osteoblasts responsible for bone regeneration and
maintenance of HSCs? To what extent will this aggravate the situation of a patient
who has also had his own hematopoiesis and immune system destroyed as part of
induction and consolidation therapy before alloBMT? Are there any immunologi-
cal risks? These questions must be answered in many, many experimental animal
studies. Some risks can be considered to be low. For example, since a patient is in
deep agranulocytosis before infusion of donor cells of alloBMT and because MSCs
have immune privileges, the probability that infused MSCs or their differentiated
progeny will be rejected seems to be rather low. Some risks are indeed high, for
example, the risk of low efficiency of MSCs engraftment to the BM. Although if one
thinks about alloBMT, it could also be considered a wild idea: the deliberate destruc-
tion of the entire hematopoiesis along with the immune system. It would seem to be
incompatible with life. Nevertheless, today tens of thousands of people all over the
world undergo this procedure, and many take undoubted risks for the sake of a clear
goal—to get rid of deadly cancer and no less dangerous other diseases. And it often
succeeds! So, for all the potential risks and difficulties, the emerging benefits of the
proposed approach to combined stromal and hematopoietic transplantation seem as
attractive as the devastating consequences. It will reduce the incidence of BM graft
failure, leukemia and lymphoma relapses, and refractory courses of these diseases,
and thus help save many lives. There is a long road ahead, but the one who walks it
will conquer it.
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Abstract

Mesenchymal stem cell-derived extracellular vesicles (MSC-EVs) have
emerged as a promising cell-free therapeutic strategy in regenerative medicine
and immunomodulation. These nanosized vesicles, carrying bioactive molecules
like miRNAs, proteins, and lipids, exhibit dual capabilities in regulating immune
responses and promoting tissue repair. MSC-EVs promote tissue regeneration,
including revascularization, skeletal and dental tissue repair, wound healing,
hepatic and renal regeneration, and neural repair. Simultaneously, their immu-
nomodulatory properties-suppressing excessive inflammation and regulating
immune cell activity, make them promising interventions for autoimmune, neu-
rodegenerative, and inflammatory conditions. By integrating tissue repair with
immune regulation, MSC-EVs represent a transformative paradigm in precision
therapeutics, meriting accelerated clinical exploration.

Keywords: mesenchymal stem cell, extracellular vesicle, immunomodulation,
tissue regeneration, translational medicine

1. Introduction

Mesenchymal stem cells (MSCs) are non-hematopoietic stromal cells that present
in diverse tissues including bone marrow (BMSCs), umbilical cord blood (UCMSCs),
umbilical cord tissue, placental tissue (hPMSCs), adipose tissue (ADSCs), and
menstrual blood (MenSCs). These cells possess multi-directional differentiation
capabilities [1] and feature a distinctive cytokine-secreting function. Cell models
have been utilized in investigations on proliferation, transplantation, and differen-
tiation, as well as in the in vitro identification of immune responses. Despite their
unique advantages, MSC-based therapies still face several challenging limitations,
including phenotypic changes, low homing efficiency, and reduced cell viability,
which have prompted the shift toward cell-free therapeutic approaches. The finding
that the majority of the therapeutic impacts of MSCs rely on their paracrine activity
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and that extracellular vesicles (EVs) can substitute for their parent cells presents
thrilling opportunities for researchers [2]. Concurrently, these vesicles exhibit
profound regenerative and immunomodulatory capacities, capable of dampening
excessive inflammation, inhibiting immune cell activation, and fostering a regenera-
tive microenvironment [3].

The term EV is now accepted as a generic description of subcellular, membrane-
delimited particles, ranging from tens of nanometers to several micrometers in
size [4]. The origin of EVs can be traced back to the early 1940s when Chargaff and
West conducted a series of experiments. These experiments hinted at the existence
of tiny breakdown products of blood corpuscles in the blood that had clotting
functions. It was not until the 1980s that Johnstone et al. identified “reticulocyte
vesicles” as functional entities involved in antigen presentation, coining the term
“exosomes” to describe their secretion by reticulocytes. Subsequent decades unrav-
eled their complexity: EVs are now classified into three main categories including
exosomes (Exos, size from 50 to 100 nm), microvesicles (MVs, 20-1000 nm), and
apoptotic bodies (Abs, 1000-5000 nm)—each with unique biogenesis pathways
and cargo profiles [5]. This chapter uses ‘MSC-EVs’ to refer to all MSC-derived
vesicles unless specific subtypes are noted. Biochemically, EVs carry a repertoire
of molecules reflective of their cellular origin, including membrane receptors,
cytosolic proteins, lipid raft components, and nucleic acids, enabling them to
shuttle information between cells over short or long distances. Proteomics analysis
has showed that exclusive markers are expressed highly on their surfaces, such as
ALG-2 interacting protein X (Alix), tumor suppressor genes (TSG101), CD9, and
CD63 [6]. EVs exhibit biological characteristics encompassing stability, histocom-
patibility, and good material exchangeability. They are naturally secreted by cells
and prevent immune rejection. The cell-free structure helps them prevent malig-
nant differentiation in vivo [7].

The application of MSCs in cell therapy is rooted in their ability to regulate
inflammatory responses and participate in tissue repair and regeneration [8].
Traditionally, the immunomodulatory capacity of MSCs has attracted significant
attention, as they can sense and respond to the inflammatory milieu by secreting
immunosuppressive cytokines, chemokines, and growth factors. These mediators
act on various immune cell types to attenuate excessive inflammation and reestab-
lish immune homeostasis [9]. Concurrently, MSCs play a pivotal role in tissue repair
by secreting trophic factors that enhance angiogenesis, recruit resident progenitor
cells, and stimulate regeneration in damaged tissues. This regenerative potential
extends across multiple systems, including the musculoskeletal, cardiovascular,
hepatic, renal, and nervous systems [2]. Emerging evidence suggests that EVs
derived from MSCs retain these therapeutic effects, including both immunomodula-
tory and regenerative functions while avoiding safety concerns related to live cell
transplantation. This review synthesizes recent advances in MSC-EVs therapeutic
applications, with Section 2 examining their regenerative roles and Section 3
detailing their immunomodulatory mechanisms (Figure 1). This dual functionality-
bridging tissue repair and immune balance-positions MSC-EVs as a cornerstone of
modern regenerative medicine, with applications spanning degenerative diseases,
autoimmune disorders, and inflammatory injuries. As such, a comprehensive under-
standing of the characteristics and mechanisms of MSC-EVs is crucial for unlocking
their full potential in these therapeutic areas, which will be further explored in the
following sections.
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Figure 1.

The immunomodulatory and tissue regenevative capacities of MSC-EVs in various diseases. Mesenchymal stem
cell-derived extracellular vesicles (MSC-EVs) combine immunomodulatory and tissue vepair capabilities with
advantages such as low immunogenicity and efficient delivery, emerging as a novel strategy in regenerative
medicine. Studies have demonstrated that MSC-EVs not only vetain the full immunomodulatory and tissue
regenerative capacities of MSCs but also overcome the limitations of conventional cell therapies which exhibit
remarkable advantages, including high biological barrier penetration efficiency, low immunogenicity, and stable
bioactive components. From an immunomodulatory perspective, MSC-EVs exert their immunomodulatory
effects through conserved mechanisms, including suppressing actived CD4" T cells and maintaining naive T cells,
polarization of immune cells, and suppression of pro-inflammatory cytokines. Their tissue regenerative potential
is equally impressive, demonstrating the ability to target and repair damaged neural cells, vascular endothelial
cells, and osteoblasts through sophisticated multi-mechanistic pathways, such as VEGF/VEGFR2-ERK signaling
and Whnt/[}-catenin signaling, that promote neural tissue regeneration, angiogenesis, and bone formation.

Figure created with BioGDP.com.

2. Regenerative functions of MSC-EVs

The regenerative function of MSC-EVs is reflected in many aspects of the body.
In a variety of pathological conditions such as cardiovascular disease, skeletal system
disease, skin injury, dental and periodontal disease, liver disease, kidney disease,
and nervous system disease (Figure 1). Generally, MSC-EVs promote tissue regen-
eration through diverse signaling pathways, each tailored to specific therapeutic
targets. In osteogenesis, the Wnt/p-catenin pathway is activated by MSC-EV cargo to
enhance bone formation, while the Inc-H19/miR-106a/Angpt1-Tie2-NO axis couples
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angiogenesis with osteogenic differentiation. For anti-apoptosis and cell survival,

the PI3K/AKT pathway and STAT3/CREB pathways are critical in cardiovascular

and neuronal repair, respectively. In fibrotic diseases, MSC-EVs deliver miR-181-5p
to suppress the STAT3/Bcl-2/Beclinl pathway, mitigating collagen deposition. The
IL-6/JAK2/STAT?3 axis is targeted to resolve periodontal diseases. These mechanisms,
detailed in subsequent sections, highlight the precision of MSC-EV-mediated therapy
across tissues (Table 1).

21 MSC-EV therapy for revascularization and cardiac repair

Cardiovascular diseases (CVDs) are intimately linked with the processes of tissue
regeneration and repair. While the cardiovascular system possesses a limited intrinsic
capacity for self-renewal, this endogenous reparative potential is frequently inade-
quate following substantial injury. This limitation has driven the pursuit of exogenous
regenerative strategies, particularly in the context of specific CVD subtypes. Among
these, myocardial infarction (MI) represents a critical target for regenerative inter-
ventions due to its distinctive pathophysiological features [10]. Acute coronary artery
occlusion precipitates sustained myocardial ischemia, during which the restricted
proliferative capacity of terminally differentiated cardiomyocytes, coupled with
progressive apoptotic cell death, culminates in irreversible myocardial damage. This
damage is characterized not only by extensive cardiomyocyte loss but also by mal-
adaptive ventricular remodeling and fibrotic scar formation, which collectively com-
promise cardiac contractile function and precipitate heart failure [11]. Conventional
therapeutic modalities for myocardial infarction primarily aim to alleviate clinical
symptoms and limit further damage, yet they fall short in promoting structural
regeneration of the injured myocardium. This therapeutic gap has redirected atten-
tion toward stem cell-based regenerative strategies. Among these, MSC-EVs have
emerged as a promising cell-free alternative, owing to their intrinsic regenerative and
reparative capabilities. Accumulating evidence indicates that MSC-EV administration
confers substantial cardioprotective and reparative benefits, mediated through a mul-
tifaceted array of mechanisms that synergistically promote myocardial regeneration
and functional recovery [12]. In terms of promoting angiogenesis, MSC-EVs improve
myocardial blood supply through a dual mechanism: On one hand, they carry angio-
genic factors such as vascular endothelial growth factor (VEGF), fibroblast growth
factor-p (FGF-p), and hepatocyte growth factor (HGF), which can directly activate
endothelial cell function and promote neovascularization. On the other hand, MSC-
EVs preconditioned by hypoxia significantly upregulate the expression of angiogenic
genes, with characteristic miRNAs such as miR-125b-5p further enhancing vascular
network formation through epigenetic regulation [13]. Notably, MSC-EVs also
synergistically create a pro-angiogenic microenvironment by activating the nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-«B) signaling pathway and
delivering matrix metalloproteinases (MMPs) [14]. In terms of inhibiting cardiomyo-
cyte apoptosis, MSC-EVs exhibit multi-target regulatory properties: BMSC-EVs not
only upregulate the expression of anti-apoptotic proteins such as B-cell lymphoma
2 (Bcl-2) by activating key survival signaling pathways like PI3K/protein kinase B
(AKT)/mechanistic target of rapamycin (mTOR) but also silence pro-apoptotic fac-
tors through specific miRNAs such as miR-144. Meanwhile, they regulate protective
miRNAs such as miR-21 to influence downstream apoptosis-related targets, forming a
multi-layered anti-apoptotic protective network [15]. These research findings system-
atically elucidate the molecular mechanisms by which MSC-EVs promote myocardial
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tissue repair through “multi-component and multi-pathway” synergistic effects,
providing new strategic options for cardiovascular regenerative therapy. In particular,
MSC-EVs can mimic the therapeutic effects of their parental stem cells while avoiding
the risks associated with cell transplantation, making them a highly promising cell-
free therapeutic strategy in the field of MI regenerative therapy.

2.2 MSC-EV therapy for skeletal regeneration and bone repair

Although the skeletal system possesses a robust intrinsic regenerative capacity, this
ability is often insufficient in the context of large-scale bone defects, where com-
plete structural and functional restoration cannot be achieved through endogenous
repair alone. Bone regeneration is a highly orchestrated biological process involving
sequential phases of inflammation resolution, neovascularization, and osteogenic
differentiation. Disruption or dysregulation of any of these stages critically impairs
the healing process and contributes to the failure of spontaneous bone regeneration.
In clinical settings, critical-sized bone defects (CSBDs) are defined as the minimal
defect dimensions at specific anatomical locations that do not heal without surgical
or therapeutic intervention, thereby representing a significant challenge in ortho-
pedic and reconstructive medicine [16]. Common etiologies include high-energy
trauma, radical tumor resection, and chronic osteomyelitis. However, autografts face
issues such as donor site morbidity, graft absorption, and limited availability, while
allografts have drawbacks such as immune rejection, disease transmission risks, and
poor bone integration. These limitations have prompted researchers to seek safer
and more effective regenerative therapeutic strategies. MSC-EVs have emerged as a
research hotspot due to their unique bone regeneration capabilities. MSC-EVs infu-
sion therapy promotes bone defect repair through multi-dimensional mechanisms:

In vascularized bone regeneration, they construct a sophisticated dual regulation
system. On one hand, BMSC-EVs directly deliver angiogenic-osteogenic coupling
factors such as VEGF and bone morphogenetic protein 2 (BMP2) [17]. On the other
hand, they coordinate angiogenesis and osteogenesis through the long non-coding
RNA H19 (IncRNA-H19)/ miR-23a-3p-angiopoietin 1 (ANGPT1)/phosphatase and
tensin homolog (PTEN)/AKT signaling axis [18]. Notably, hypoxic preconditioning
significantly enhances the pro-angiogenic activity of MSC-EVs by upregulating miR-
126/miR-210-3p and activating the hypoxia-inducible factor (HIF) signaling pathway
[19]. In terms of cell fate regulation, MSC-EVs exhibit precise bidirectional modula-
tion capabilities: They promote the osteogenic differentiation of MSCs by activating
the Wnt/f-catenin pathway through osteogenic-related miRNAs such as miR-335 and
miR-27 [20]. While ADSC-EVs simultaneously inhibiting osteoclast formation by
secreting osteoprotegerin (OPG) and delivering bioactive components like miR-21-5p
to suppress the receptor activator of nuclear factor kappa-B ligand (RANKL)/NF-kB
signaling pathway [21]. Existing studies have shown that strategies such as genetic
engineering or biomolecular preconditioning can further optimize the bone repair
efficacy of MSC-EVs. These important findings not only deepen our understanding
of the mechanisms of bone regeneration but also provide a solid theoretical basis and
translational pathway for the development of MSC-EVs-based targeted therapies.

2.3 MSC-EV therapy for skin regeneration and wound healing

As the largest organ of the human body, the skin possesses a significant capac-
ity for self-repair. However, this regenerative process is often limited when facing
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large-scale or chronic wounds. Wound healing in the skin is a highly coordinated
physiological process involving precise regulation of three key stages: the inflam-
matory phase, the proliferative phase, and the remodeling phase. Disruption of any
of these stages can lead to delayed healing or pathological scar formation. Among
various types of skin injuries, chronic non-healing wounds and full-thickness skin
defects pose significant challenges to regenerative medicine. These wounds are often
accompanied by persistent inflammation, impaired angiogenesis, and abnormal
remodeling of the extracellular matrix, making traditional therapeutic approaches
less effective [22]. Recent studies have shown that MSC-EVs effectively promote skin
tissue regeneration through multi-dimensional mechanisms. In terms of cellular func-
tion regulation, MSC-EVs from different tissue sources exhibit unique therapeutic
advantages. BMSC-EVs enhance fibroblast proliferation and migration by activating
the Akt/extracellular signal-regulated kinase (ERK)/signal transducer and activator
of transcription 3 (STAT3) signaling axis and regulating the secretion of key growth
factors [23]. In contrast, ADSC-EVs demonstrate precise control over extracellular
matrix metabolism—promoting the synthesis and secretion of type I/III collagen to
accelerate wound closure in the early stages of healing, while inhibiting excessive col-
lagen deposition in the later stages to reduce pathological scar formation [24]. In terms
of vascular reconstruction, UC-MSC-EVs exhibit remarkable angiogenic capabilities.
Their carried miR-17-5p effectively improves angiogenic impairment in pathological
conditions such as diabetes through the PTEN/AKT/hypoxia-inducible factor-1 (HIF-
1)/ VEGF signaling cascade [25]. Additionally, MSC-EVs can inhibit the differentiation
of myofibroblasts by delivering characteristic miRNAs, thereby reducing the expres-
sion of transforming growth factor-p (TGF-f) and its downstream signaling. Notably,
IncRNA metastasis-associated lung adenocarcinoma transcript 1 (MALAT1), which is
enriched in adipose-derived MSC-EVs, regulates the epithelial-mesenchymal transi-
tion process and significantly accelerates re-epithelialization in ischemic wounds,
providing a new molecular target for the treatment of chronic wounds [26]. These
research findings not only elucidate the multiple mechanisms by which MSC-EVs pro-
mote skin regeneration but also lay an important foundation for the development of
novel wound healing strategies based on MSC-EVs. Compared with traditional stem
cell therapies, MSC-EVs offer better safety, stability, and tissue targeting, showing
broad application prospects in the field of skin regenerative medicine.

2.4 MSC-EV therapy for dental and periodontal tissue repair

Oral tissues possess unique regenerative characteristics, but their self-repair
capacity is often limited when facing severe injury or inflammatory destruction. The
regeneration of dental and periodontal tissues involves complex biological processes,
including stem cell activation, mineralized tissue formation, and regulation of the
immune microenvironment. Dysregulation of these processes is a key factor leading
to the failure of dental tissue regeneration. In clinical oral treatment, pulp necrosis
and periodontitis-induced tissue defects pose special challenges to regenerative
medicine. These injuries not only cause defects in hard tissues (such as dentin and
alveolar bone) but are also often accompanied by persistent inflammatory states and
destruction of the stem cell microenvironment, making traditional repair methods
unable to achieve true tissue regeneration [27]. Studies have shown that MSC-EVs
exhibit unique therapeutic effects in the field of oral tissue regeneration. In the
regeneration of the dental pulp-dentin complex, MSC-EVs infusion therapy operates
through multiple coordinated mechanisms. They are efficiently internalized by dental
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pulp stem cells (DPSCs) via caveolae-mediated endocytosis, subsequently activating
the p38 mitogen-activated protein kinase (p38/MAPK) signaling pathway, which
markedly upregulates the expression of key odontogenic genes such as dentin sialoph-
osphoprotein (DSPP). Meanwhile, DPSC-EVs precisely recruit endogenous stem cells
to the injury site through the stromal cell-derived factor-1 (SDF-1)/C-X-C chemokine
receptor type 4 (CXCR4) chemotactic axis, thereby providing a sustained cellular
source for tissue regeneration [28]. In the context of periodontal tissue regeneration,
MSC-EVs exert a multifaceted regulatory influence through a tripartite mechanism.
First, they finely modulate the OPG-RANKL-RANK signaling axis to maintain the
critical balance between bone resorption and formation. Second, MSC-EVs contrib-
ute to the resolution of local inflammation by promoting macrophage polarization
toward the anti-inflammatory M2 phenotype and enhancing TGF-f1 secretion,
thereby establishing a regenerative microenvironment conducive to tissue repair [29].
Breakthroughs have been achieved in animal experiments: hydrogel-based MSC-EVs
delivery systems not only significantly reduce the RANKL/OPG ratio but also demon-
strate alveolar bone regeneration efficacy comparable to clinically used guided tissue
regeneration techniques. These important findings not only elucidate the molecular
mechanisms by which MSC-EVs promote oral tissue regeneration but also provide
solid translational evidence for the development of cell-free dental regenerative
therapies based on MSC-EVs. Compared with traditional cell therapies, MSC-EVs
offer better safety, stability, and tissue targeting, showing unique application value in
the field of dental regenerative medicine [30].

2.5 MSC-EV therapy for hepatic regeneration and functional recovery

The liver, as the largest metabolic organ in the human body, has a significant
capacity for regeneration. However, under the continuous influence of chronic injury
factors, this regenerative capacity is often replaced by progressive fibrosis. Chronic
liver diseases (CLDs) represent a spectrum of disorders characterized by liver fibrosis
as the common terminal pathological change. Among them, nonalcoholic fatty liver
disease (NAFLD) and its progressive form, nonalcoholic steatohepatitis (NASH),
have become the main contributors to the global burden of liver diseases, with the
proportion of patients with chronic liver diseases increasing year by year. The core
pathological process of liver fibrosis involves the abnormal activation of hepatic
stellate cells (HSCs), excessive deposition of the extracellular matrix, and a persistent
inflammatory microenvironment. These changes ultimately lead to cirrhosis and
liver failure [31]. In the field of liver disease treatment, MSC-EVs have garnered
significant attention due to their unique multi-target intervention characteristics.
Studies have shown that MSC-EVs infusion therapy exerts therapeutic effects through
multi-level molecular mechanisms: In terms of signaling pathway regulation, they
effectively inhibit the STAT3/Bcl-2/Beclin signaling axis by delivering regulatory
RNAs such as miR-181-5p, significantly downregulating the expression of a-smooth
muscle actin (a-SMA) and type I/III collagen, thereby blocking the activation of
HSCs [32]. In terms of matrix remodeling, they reduce abnormal deposition of the
extracellular matrix by modulating the Wnt/f-catenin pathway, improving liver
tissue structure [33]. MSC-EVs demonstrate dual regulatory effects on the hepatic
microenvironment through two coordinated mechanisms: first, they suppress Kupffer
cell overactivation and reduce the release of pro-inflammatory cytokines, including
tumor necrosis factor-o (TNF-a) and interleukin-6 (IL-6), thereby improving the
inflammatory milieu; second, they activate regenerative pathways in hepatocytes
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through proliferation-stimulating signals to promote tissue repair. This bifunctional
activity enables MSC-EVs to simultaneously modulate inflammatory responses and
enhance parenchymal regeneration in the liver microenvironment. Notably, MSC-EVs
derived from different tissue sources exhibit significant differences in therapeutic
efficacy. ADSC-EVs, enriched with regulatory molecules such as miR-181-5p, show
stronger inhibition of the STAT3 signaling pathway and unique advantages in anti-
fibrotic therapy [31]. These important findings not only deepen our understanding
of the pathogenesis of liver fibrosis but also provide new ideas for the development

of multi-target combined therapeutic strategies based on MSC-EVs. Compared with
traditional drug therapies, MSC-EVs offer the advantages of multi-target synergy and
good biocompatibility, showing broad application prospects in the field of chronic
liver disease treatment. Future research should focus on optimizing the preparation
process and delivery systems of MSC-EVs to further improve their targeting and
therapeutic effects in liver disease treatment.

2.6 MSC-EV therapy for renal repair and regeneration

The kidneys, as important excretory and endocrine organs in the human body,
possess a certain capacity for self-repair. However, in the face of severe injury
or chronic lesions, this regenerative mechanism is often insufficient to maintain
normal function. Acute kidney injury (AKI) and chronic kidney disease (CKD)
constitute the main spectrum of causes leading to end-stage renal failure, with
pathological processes involving renal tubular epithelial cell injury, inflammatory
response, oxidative stress, and progressive fibrosis [34]. MSC-EVs have dem-
onstrated significant therapeutic potential in AKI treatment by simultaneously
targeting multiple pathological processes. Experimental studies have demonstrated
that these nanovesicles facilitate renal recovery through three principal mecha-
nisms. First, they directly promote the proliferation of renal tubular epithelial
cells, thereby accelerating epithelial repair. Second, they modulate the Kelch-like
ECH-associated protein 1 (Keapl)-nuclear factor erythroid 2-related factor 2
(Nrf2) signaling pathway to enhance mitochondrial function and augment cellular
antioxidant defenses. Finally, they markedly attenuate both local and systemic
inflammatory responses, thereby reducing sustained inflammatory damage to
renal tissue [35]. MSC-EVs demonstrate significant anti-fibrotic potential in CKD,
particularly in diabetic nephropathy, by targeting multiple pathological processes
simultaneously. MSC-EVs effectively suppress renal fibrosis through two primary
mechanisms: first, they significantly downregulate the expression of TGF-p1 and
inhibit its downstream fibrotic signaling pathways; second, they activate mTOR-
mediated autophagy to enhance the clearance of damaged cellular components and
maintain intracellular homeostasis. These mechanisms collectively effectively delay
the progression of renal interstitial fibrosis [36]. Existing preclinical research data
indicate that MSC-EV therapy has a favorable safety profile, with no significant
adverse reactions such as immune rejection or tumorigenicity observed [37]. Its
therapeutic effects primarily stem from the targeted delivery of bioactive molecules
it carries, including proteins, mRNA, and miRNAs, which precisely regulate key
signaling pathways in renal repair. These important findings provide a new trans-
lational direction for the treatment of kidney diseases. Compared with traditional
drug therapies or stem cell transplantation, MSC-EVs offer better targeting, stabil-
ity, and safety advantages in the field of renal regenerative medicine, showing broad
application prospects [35]. Future research should focus on solving key issues such
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as large-scale production, quality control, and optimal dosing regimens of MSC-EVs
to accelerate their clinical translation process. Meanwhile, exploring the therapeutic
efficacy differences of MSC-EVs derived from different tissue sources and develop-
ing engineered MSC-EVs with enhanced effects will provide more effective solutions
for kidney disease treatment.

2.7 MSC-EV therapy for neural regeneration and nerve repair

The nervous system presents unique regenerative challenges due to the limited
self-repair capacity of mature neurons and the inhibitory microenvironment that
develops after injury, making neurological repair-particularly for central nervous
system injuries—one of the most significant challenges in regenerative medicine.
Unlike most other tissues which possess robust regenerative abilities, the nervous
system’s combination of intrinsic neuronal growth limitations and extrinsic inhibi-
tory factors creates substantial barriers to effective repair. These fundamental
biological constraints explain why successful regeneration after neural injury
remains an elusive goal, driving the need for innovative therapeutic approaches in
this field [38]. In peripheral nerve repair, MSC-EVs have demonstrated significant
promotional effects. Their mechanisms of action primarily involve activation of
the JNK/c-Jun signaling pathway, which induces Schwann cells to adopt a reparative
phenotype and enhances their secretion of neurotrophic factors [39]. Concurrently,
MSC-EVs modulate the local inflammatory response by significantly downregulat-
ing key pro-inflammatory cytokines such as IL-6 and IL-1p, thereby improving the
microenvironment for nerve regeneration. These combined effects establish favor-
able conditions for axonal regrowth [40]. In contrast, the role of MSC-EVs in central
nervous system regeneration is more intricate and multifaceted. They construct a
sophisticated regulatory network: Inhibiting neuronal apoptosis through multiple
signaling pathways such as Wnt/p-catenin to protect surviving neurons; activating
ERK/STAT?3 signaling to promote synaptic plasticity and neural circuit reconstruc-
tion; promoting angiogenesis to improve blood supply in the injured area, while
stimulating oligodendrocyte differentiation and myelin regeneration to restore nerve
conduction function [41]. Notably, non-coding RNAs such as miR-133b carried by
MSC-EVs play a central role in these regulatory processes, influencing the expression
of multiple key target genes through epigenetic regulation [42]. These findings not
only elucidate the molecular mechanisms by which MSC-EVs promote nerve regen-
eration but also provide important evidence for the development of new therapeutic
strategies for nervous system injuries. Compared with traditional cell transplantation
therapies, MSC-EVs offer better blood-brain barrier penetration and safety, show-
ing unique advantages in the field of nerve regenerative medicine. Future research
should focus on optimizing the delivery methods and dosages of MSC-EVs and
exploring the optimal therapeutic time windows for different types of nerve injuries
to further enhance their therapeutic effects.

2.8 Conclusion

In conclusion, MSC-EVs have emerged as a highly promising cell-free therapeutic
strategy in regenerative medicine, demonstrating the remarkable potential for tissue
repair and functional recovery across diverse pathologies including cardiovascular
diseases, musculoskeletal disorders, and neurological conditions. These nanoscale
vesicles exert their therapeutic effects through the targeted delivery of bioactive cargo
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comprising proteins, nucleic acids, and lipids [43]. However, significant challenges
persist in clinical translation, particularly regarding standardization of isolation
protocols, scalability of production, and optimization of delivery efficiency. Notably,
the therapeutic efficacy of MSC-EVs is intrinsically linked to the properties of their
parent MSCs, which may vary due to donor heterogeneity, culture conditions, or
passage-induced senescence. Critically, while MSCs themselves are considered
low-risk for tumorigenesis, prolonged in vitro expansion can lead to genetic instabil-
ity or malignant transformation—a concern that necessitates rigorous evaluation of
whether derived EVs inherit any oncogenic potential, such as carrying pro-tumori-
genic miRNAs or proteins. Future research must prioritize the development of robust
characterization methods, innovative engineering approaches for enhanced targeting
and cargo loading, and rigorous preclinical validation through standardized models.
Crucially, establishing collaborative frameworks between researchers, clinicians, and
regulatory bodies will be essential to define clear pathways for clinical implementa-
tion, with specific guidelines to address EV batch consistency, MSC sourcing ethics,
and post-transplantation monitoring for unintended proliferation [44]. Through such
multidisciplinary efforts, MSC-EVs hold tremendous potential to transition from
experimental platforms to clinically viable next-generation therapeutics in regenera-
tive medicine.

3. Imunoregulation of MSC-EVs

MSC-EVs exert their immunomodulatory effects through conserved mechanisms,
including miRNA-mediated regulation of inflammatory pathways, polarization of
immune cells, and suppression of pro-inflammatory cytokines (Figure 1). Their
cell-free nature, low immunogenicity, and multi-targeted actions position MSC-EVs
as a versatile therapeutic platform, bridging autoimmune, inflammatory, and degen-
erative diseases through shared immunoregulatory axes. This universality highlights
their potential to redefine treatment strategies for complex, immune-driven patholo-
gies. This section first consolidates core mechanisms, then examines system-specific
applications.

3.1 Common immunomodulatory mechanisms

MSC-EVs exhibit multi-dimensional regulatory capabilities in immunomodulation
through the delivery of bioactive molecules. Their core mechanisms can be summa-
rized as miRNA-mediated signaling pathway reprogramming, immune cell phenotype
polarization, and cytokine network regulation, which synergistically restore immune
homeostasis (Table 2).

3.1.1 T cell function regulation

The phenotypic remodeling of immune cells by MSC-EVs is a key aspect of their
immunomodulatory function: regulatory T cell (Treg) induction and effector T cell
suppression are two interconnected immunomodulatory functions of MSC-EVs in
managing immune-related disorders. Interferon-y (IFN-y)-preconditioned MSC-
EVs enhance Treg expansion by upregulating PD-L1/PD-L2 molecules to engage the
programmed cell death 1 (PD-1) signaling pathway, a mechanism that effectively
mitigates immune rejection in graft-versus-host disease (GVHD) [45]. Concurrently,
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Disease EV source Key mechanism Effect Ref.
Rheumatoid arthritis BMSCs Inhibits Th17 via miR- Reduces joint [46]
150-5p, promotes Tregs inflammation and
bone erosion
Systemic lupus ADSCs Delivers miR-19b to Suppresses B-cell [52]
erythematosus restore Th17/Treg balance hyperactivity
Colitis Hypoxia- Enhances M2 polarization Accelerates mucosal [51]
primed MSCs via HIF-1a healing
GvHD IDO- miR-540-3p/JAK3 inhibits Suppresses [49]
overexpressing DC maturation alloimmune T cell
MSCs activation
Parkinson’s disease Various MSCs miR-133b promotes Reduces a-synuclein [60]
microglial M2 polarization aggregation
Acute lung injury UCMSCs Inhibits NF-kB/NLRP3 Alleviates [53]
inflammasome activation; pulmonary
reduces M1 macrophage inflammatory
polarization infiltration and
tissue damage
Glomerulonephritis Various MSCs IL-10-enriched EVs Reduces renal [54]
inhibit M1 macrophage inflammation and
activation; suppress TGF- interstitial fibrosis
B1-mediated fibrosis
Silicosis UCMSCs miR-223-3p targets Mitigates lung [65]
circPWWP2A/NLRP3 inflammation and
axis; reduces silica- collagen deposition
induced M1 polarization
and fibrosis
Idiopathic BMSCs Delivers miR-186 to Suppresses lung [66]
pulmonary fibrosis downregulate SOX4/ fibrosis and EMT

DKK1,; inhibits fibroblast
activation

Abbreviations: BMSCs, bone marrow mesenchymal stem cells; ADSCs, adipose-derived mesenchymal stem cells;
UCMSCs, umbilical cord blood mesenchymal stem cells; Thi7, T helper 17 cells; Tregs, regulatory T cells; HIF-1a,

hypoxia-inducible factor 1-alpha; GvHD, graft-versus-host disease; IDO, indoleamine 2,3-dioxygenase; JAK3, Janus
kinase 3; DC, dendpitic cells; NF-kB, nuclear factor kappa-light-chain-enhancer of activated B cells; NLRP3, NLR
family pyrin domain containing 3; IL-10, interleukin 10; TGF-p1, transforming growth factor beta 1; SOX4, SRY-box

transcription factor 4; DKK1, dickkopf-velated protein 1; EMT, epithelial-mesenchymal transition; miR-150-5p,

microRNA-150-5p; a-synuclein, alpha-synuclein; circPWWP2A, circular RNA PWWP2A.

Table 2.

MSC-EV therapy in immunoregulation.

in conditions like rheumatoid arthritis (RA) and multiple sclerosis, MSC-EVs directly
inhibit the proliferation of activated CD4" T cells and suppress T helper 17 cells
(Th17) cells differentiation, thereby addressing the root cause of autoimmune attacks
by disrupting pro-inflammatory T cell responses [46, 47]. For autoimmune disorders,
MSC-EVs modulate T cell responses: BMSC-EVs increase Tregs and reduce Th17 cells
via TGF- [48], while IDO-overexpressing MSC-EVs inhibit dendritic cell (DC)
maturation through miR-540-3p/JAK3, indirectly dampening T cell activation in
organ transplantation [49]. Together, these mechanisms highlight MSC-EVs’ dual role
in promoting immune tolerance and suppressing excessive inflammation to restore
immune balance across diverse pathological contexts.
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3.1.2 Macrophage repolarization

The M1 to M2 phenotype switch and enhanced phagocytic function represent
two critical mechanisms by which MSC-EVs regulate macrophage activity in inflam-
matory diseases. BMSC-EVs induce anti-inflammatory M2 macrophage polarization
via the PI3K-Akt signaling pathway, thereby alleviating cartilage degradation in
osteoarthritis [50], while hypoxic preconditioned MSC-EVs enhance M2 polarization
efficiency through HIF-1a pathway activation, accelerating mucosal repair in colitis
models [51]. In systemic lupus erythematosus (SLE), MSC-EVs further improve
macrophage phagocytic capacity for apoptotic cells, reducing self-antigen exposure
and suppressing systemic immune hyperactivation [52]. Together, these mechanisms
demonstrate MSC-EVs’ multifaceted ability to reprogram macrophage function, bal-
ancing inflammation resolution and tissue repair across diverse pathological contexts.

3.1.3 Cytokine network regulation

MSC-EVs reshape the inflammatory microenvironment through bidirectional
regulation of the cytokine network, simultaneously suppressing pro-inflammatory
responses and enhancing anti-inflammatory mechanisms. In acute lung injury
(ALI) and colitis, MSC-EVs significantly reduce the secretion of pro-inflammatory
cytokines such as IL-1p, IL-6, and TNF-a, thereby alleviating pulmonary inflamma-
tory infiltration and intestinal mucosal damage [48, 53]. Concurrently, in glomeru-
lonephritis models, IL-10-enriched MSC-EVs inhibit M1 macrophage activation by
increasing local anti-inflammatory cytokine levels, effectively reducing the degree of
renal tissue inflammation [54]. This dual regulation highlights MSC-EVs’ capacity to
rebalance cytokine networks and resolve pathological inflammation across multiple
organ systems.

3.2 System-specific applications

MSC-EVs exhibit tailored effects in distinct organ systems, leveraging their com-
mon mechanisms to address disease-specific pathologies.

3.2.1 MSC-EV therapy for immune-mediated skin disorders and regeneration

As the body’s largest organ, the skin serves as a vital protective barrier and main-
tains homeostasis, with its health intricately linked to immune system balance. Skin
diseases are increasingly recognized as closely associated with dysregulated inflam-
matory responses, encompassing a spectrum of conditions such as vitiligo and wound
healing disorders. Recent studies have emphasized that MSC-EV injection can boost
angiogenesis, regulate immune responses, facilitate extracellular matrix remodeling,
and promote skin cell proliferation and migration. The effects collectively enhance
skin quality and health.

Numerous studies have demonstrated that MSC-EVs can significantly alleviate a
range of skin pathologies. These effects encompass a reduction in the number of blood
eosinophils, decreased mast cell infiltration within the skin, diminished inflamma-
tion, and enhanced wound healing. In skin aging and photoaging, MSC-EVs counter-
act ultraviolet (UV)-induced oxidative stress and collagen degradation by modulating
MAPK/activator protein-1 (AP-1) and TGF-p/Smad pathways [55]. For wound
healing, MSC-EVs enhance fibroblast migration and ECM remodeling-a mechanism
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overlapping with their suppression of inflammatory damage in Alzheimer’s disease
(AD) and vitiligo [56].

In conclusion, with their unique biological functions and advantages, MSC-EVs
have demonstrated remarkable potential in treating various skin diseases and promot-
ing wound repair, emerging as a highly promising novel therapeutic approach in the
field of skin health.

3.2.2 MSC-EV therapy for neuroinflammation and central nervous system repair

Neurodegenerative diseases are the most common manifestations of central
nervous system (CNS) pathologies, usually including Alzheimer’s disease (AD),
Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS), and Huntington’s dis-
ease (HD). Even though the molecular mechanisms of CNS-related disorders’ patho-
genesis are still mostly unknown, research has shown that inflammatory responses
are crucial in their development [47]. Studies have demonstrated that MSC-EVs are
capable of releasing various immunomodulatory factors, such as cytokines and growth
factors, which in turn inhibit the release of excessive inflammatory mediators from
over-activated microglial cells, thereby reducing neural damage and apoptosis [57].

For AD, MSC-EVs play crucial roles. They target Ap pathology by delivering
siRNA to inhibit the activity of p- and y-secretases, thus reducing Ap production [58].
Meanwhile, Cui found that hypoxia-preconditioned MSC-EVs significantly reduced
the levels of pro-inflammatory factors IL-1p and TNF-a and increased the levels of
anti-inflammatory factors IL-4 and IL-10 in an AD model. They inhibited the inflam-
matory activation of astrocytes and microglia. Mechanistically, MSC-EVs achieved
global regulation of central neuroinflammation by inhibiting the activities of the
STAT3 and NF-«B signaling pathways [59]. Regarding PD, MSC-EVs are involved in
a-synuclein (a-syn) regulation. They deliver miR-133b to promote neuronal synapse
growth and clear a-syn aggregates through autophagy [60]. Moreover, Peng et al.
developed a self-guided nanocarrier, PR-EXO/PP@Cur, combining therapeutic MSC-
EVs with curcumin. This integration enhances the functional restoration of neurons
and lessens neuroinflammatory responses by diminishing the levels of a-synuclein
aggregates [61]. For ALS, EVs significantly alleviated the pathological characteristics
and neuroinflammation in SOD1G93A astrocytes. Lee and colleagues showed that
after treatment with EVs from ADSCs, neural stem cells in superoxide dismutase 1
(SOD1) transgenic ALS mice could differentiate. The analysis indicated a decline in
cytosolic SOD1 aggregates. Additionally, there was an enhancement in mitochondrial
protein markers, like the phospho-CREB/CREB ratio and PGC-1a [62]. In the case
of HD, MSC-EVs carry out immunomodulation by releasing cytokines like IL-10 to
inhibit the overactivation of microglia and reduce neuroinflammation [57].

In conclusion, MSC-EVs show great potential in treating CNS neurodegenera-
tive diseases. However, further research is needed to optimize their use, overcome
technical challenges, and translate these findings into effective clinical therapies for
patients.

3.2.3 MSC-EV therapy for immune-related pulmonary injury and repair

The respiratory system relies on immune system coordination for homeostasis.
Respiratory diseases are increasingly recognized as intricately linked to dysregulated
inflammatory responses, with examples including pneumonia, allergic asthma, idio-
pathic pulmonary fibrosis (IPF), and silicosis. MSC-EVs have been shown to regulate
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immune cells in respiratory disorders, effectively alleviating the inflammation linked
to respiratory impairment and tissue injury [63].

MSC-EVs possess immunomodulatory properties, as demonstrated in the context
of murine cytomegalovirus (MCMV)-induced pneumonia. In this disease, MCMV
activates the NF-kB/NLRP3 signaling pathway, leading to hyperinflammation,
macrophage M1 polarization, and pulmonary fibrosis. MSC-EVs, however, alleviate
these conditions. They inhibit the NF-kB/NLRP3 pathway, reduce pro-inflammatory
cytokine release, and promote a shift from M1 to M2 macrophage polarization. This
modulation helps mitigate lung inflammation and fibrosis, highlighting the potential
of MSC-EVs in treating viral pneumonia [64]. Similarly, in COVID-19 pneumonia,
MSC-EVs suppress hyperinflammation by transferring miR-223-3p to inhibit NLRP3
inflammasome activation [65]. In IPF, MSC-EVs deliver miR-186 to downregulate
SOX4/DKK1, inhibiting fibroblast activation [66], while in silicosis, miR-223-3p
targets the circPWWP2A/NLRP3 axis to curb silica-induced fibrosis, demonstrating
shared anti-fibrotic and anti-inflammatory pathways [65].

In conclusion, MSC-EVs and their associated miRNAs play a crucial role in treat-
ing various respiratory diseases, from pneumonia like COVID-19 to chronic condi-
tions such as asthma, IPF, and silicosis. They offer promising therapeutic strategies by
modulating inflammation and fibrosis.

3.3 Conclusion

MSC-EVs demonstrate remarkable versatility as immunomodulatory agents
across diverse pathological contexts, bridging autoimmune, inflammatory, and
degenerative diseases through conserved mechanisms. By regulating T cell func-
tion, polarizing macrophages toward anti-inflammatory M2 phenotypes, and
suppressing pro-inflammatory cytokines, MSC-EVs restore immune homeostasis in
conditions ranging from lupus nephritis to Alzheimer’s disease. While preclinical
studies highlight their efficacy in skin repair, neuroinflammation suppression, and
respiratory injury mitigation, challenges remain in standardizing isolation protocols,
optimizing cargo engineering, and validating clinical safety. In the realm of immu-
nology, MSC-EV-based therapy confronts several formidable challenges. Firstly, the
immunomodulatory effects of MSC-EVs are highly context-dependent. Their impact
on immune cell subsets, such as T cells and macrophages, can vary widely based on
the disease microenvironment, making it difficult to precisely control the therapeu-
tic immune response [67]. Secondly, the potential for immune evasion or unexpected
immune reactions remains a concern. As foreign entities, MSC-EVs might trigger
unanticipated immune responses in some patients, undermining their safety and
efficacy. Moreover, standardizing the immunomodulatory potency of MSC-EVs
across different production batches is a significant hurdle, given the variability in
MSC sources and isolation techniques. Future research should prioritize mechanistic
elucidation of context-dependent effects and large-scale trials to translate MSC-EVs
from bench to bedside, ultimately redefining treatment paradigms for complex
immune-driven pathologies.
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Chapter 8

The Dual Role of Mesenchymal
Stem Cells in Cancer: From
Immune Modulation to Therapy
Resistance

Gulcin Sahingoz Erdal, Tamay Seda Tasci and Nilgun Isiksacan

Abstract

Mesenchymal stem cells (MSCs) have emerged as key modulators within the
tumor microenvironment due to their ability to influence immune responses, tumor
progression, and therapeutic resistance. While some evidence suggests anti-tumorigenic
properties, numerous studies have revealed that MSCs can also promote immune
evasion, enhance epithelial-mesenchymal transition, and support tumor growth.
Furthermore, MSC-derived exosomes and secreted factors may contribute to resis-
tance against chemotherapy, targeted therapies, and immunotherapies. This chapter
will explore the dual role of MSCs in cancer biology, with a particular focus on their
interactions with immune cells such as myeloid-derived suppressor cells (MDSCs),
Tregs, macrophages, and natural killer (NK) cells, as well as their involvement in
drug resistance mechanisms. Additionally, recent advances in engineering MSCs as
therapeutic delivery systems will be discussed, highlighting their potential—and
limitations—in future cancer treatments. Through a comprehensive review of current
literature, this chapter aims to provide an updated and critical insight into the multi-
faceted role of MSCs in solid tumors.

Keywords: drug resistance, mesenchymal stem cells (MSCs), MSC-derived exosomes,
immune modulation, tumor microenvironment

1. Introduction
1.1 Definition and historical background of mesenchymal stem cells (MSCs)

In this chapter, the concept of Mesenchymal stem cells (MSCs) will be used
according to general use in oncology, although these cells are more accurately defined
as mesenchymal stromal cells due to their heterogeneous nature. Friedenstein and
colleagues first described MSCs in the 1960s as fibroblast-like cells derived from
bone marrow [1]. These cells exhibited adherence to plastic surfaces, colony-forming
capacity, and osteogenic differentiation potential. In 1991, Caplan coined the
term “mesenchymal stem cells” and proposed that these cells could differentiate
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into mesenchymal lineages such as osteoblasts, chondrocytes, and adipocytes [2].
However, subsequent studies revealed that these cells comprise a heterogeneous
population with immunomodulatory and tissue-repairing properties that extend
beyond the classical definition of stem cells, leading to the widespread use of the
alternative term “mesenchymal stromal cells” [3].

1.2 Sources and phenotypic characteristics of MSCs

MSCs can be isolated not only from bone marrow but also from various tissues such
as adipose tissue, umbilical cord, dental pulp, amniotic fluid, synovial fluid, perinatal
tissues, and even tumor tissue [4, 5]. According to the International Society for Cellular
Therapy (ISCT), the definition of MSCs is based on three key criteria: (i) adherence to
plastic surfaces under standard iz vitro conditions; (ii) expression of surface markers
such as CD105, CD73, and CD90, and lack of expression of hematopoietic and immune
markers such as CD45, CD34, CD14 or CD11b, CD79a, and HLA-DR; and (iii) the abil-
ity to differentiate into osteogenic, chondrogenic, and adipogenic lineages [6].

1.3 Physiological roles of MSCs

Under physiological conditions, MSCs play key roles in maintaining tissue
homeostasis, facilitating wound healing, and modulating immune responses [7].
Their ability to home to injured tissues, recognize inflammatory signals, secrete anti-
inflammatory cytokines such as IL-10 and TGF-p, and support regeneration has led to
their widespread application in both experimental and clinical studies [8]. Their low
immunogenicity also enables allogeneic transplantation between individuals, further
enhancing their therapeutic potential [9].

1.4 Tumor microenvironment and MSCs

Tumors are not composed solely of proliferating malignant cells. Today, the tumor
is recognized as a heterogeneous structure encompassing a complex microenviron-
ment (tumor microenvironment, TME), which includes immune cells, fibroblasts,
endothelial cells, pericytes, and stromal components [10]. MSCs are considered key
players in this microenvironment and exhibit the ability to migrate to tumor sites in
response to inflammatory signals (chemotaxis). Upon arrival, MSCs can differentiate
into stromal cells, fibroblasts, or even cancer-associated fibroblasts (CAFs), con-
tributing to critical processes such as immune suppression, tumor cell proliferation,
angiogenesis, metastasis, and therapy resistance [11-13].

1.5 Dual role of MSCs in cancer

The role of MSCs in cancer progression remains controversial. Some studies
suggest that MSCs exert tumor-suppressive effects by secreting antitumor cytokines
or stimulating the immune response [14]. However, many other studies indicate that
MSCs may promote tumor growth, facilitate metastasis, and contribute to therapy
resistance through immunosuppression [15, 16]. These contradictory outcomes are
influenced by several factors, including the tissue origin of the MSCs (e.g., bone mar-
row, adipose tissue, and umbilical cord), the characteristics of the target tissue, the
duration of exposure within the tumor microenvironment, and phenotypic changes
acquired during this interaction [17].
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Current literature suggests that MSCs may act as a “double-edged sword” within
the cancer microenvironment, exhibiting both tumor-promoting and tumor-sup-
pressing roles simultaneously [18]. Therefore, a detailed understanding of the impact
of MSCs on tumor biology is essential to ensure the safety and efficacy of MSC-based
therapeutic applications in oncology.

2. Pro-tumor effects

Among the dual roles of mesenchymal stem cells (MSCs) in cancer biology,
their pro-tumor effects have been more frequently reported in the literature. These
effects result from the multifaceted interactions that MSCs establish with the
tumor microenvironment. The primary mechanisms contributing to these effects
include extracellular vesicle (EV) release, immune suppression, direct cell-cell
contact with tumor cells, extracellular matrix (ECM) modification, and metabolic
reprogramming [4, 6, 8, 9].

2.1 Deepening of immunosuppressive mechanisms

The immunosuppressive features of MSCs affect not only the adaptive immune
response but also the innate immune system, thus facilitating immune escape within
the tumor microenvironment. For example, MSCs downregulate the expression of
MHC-II on dendritic cells and inhibit the expression of co-stimulatory molecules such
as CD80 and CD86, thereby weakening the antigen presentation capacity [16]. This
significantly reduces the activation potential of T cells.

Furthermore, MSCs have been shown to inhibit the cytotoxic activity of natural
killer (NK) cells by decreasing the production of perforin and granzyme B [8].
Several studies indicate that this suppression is mediated through immunomodula-
tory molecules such as IL-6, PGE2, and HLA-G. In addition, it has been reported that
in the presence of pro-inflammatory cytokines such as interferon-gamma (IFN-y)
and tumor necrosis factor-alpha (TNF-«), MSCs markedly increase their IDO expres-
sion, thereby enhancing the level of immunosuppression.

Interestingly, some MSC subtypes have also been reported to induce polarization
of macrophages toward the M2 phenotype, thereby supporting the maintenance of a
persistently immunosuppressive environment within the tumor microenvironment
(Figure1) [12].

2.2 Novel contributions to angiogenesis

The release of pro-angiogenic factors is considered one of the fundamental
mechanisms by which MSCs support tumor progression. However, recent literature
suggests that this effect is not solely dependent on paracrine signaling but also
involves the delivery of pro-angiogenic microRNAs via extracellular vesicles (EVs)
secreted by MSCs. Notably, microRNAs such as miR-21, miR-210, and miR-126, car-
ried within MSC-derived exosomes, have been shown to activate VEGF signaling in
tumor endothelial cells and thereby accelerate neovascularization [4, 9].

In addition, MSCs significantly influence the extracellular matrix (ECM). It has
been demonstrated that MSCs secrete matrix-degrading enzymes such as MMP-1 and
MMP-9, which degrade the basement membrane and facilitate the invasion of new
blood vessels into the tumor tissue [15].
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Figure 1.
Immunomodulatory effects of mesenchymal stem/stromal cells (MSCs) contributing to tumor progression.

2.3 Molecular dimensions of epithelial-mesenchymal transition (EMT)
modulation

In recent years, there has been growing evidence indicating that MSC-induced
epithelial-mesenchymal transition (EMT) occurs through more refined and diverse
molecular mechanisms. For example: MSC secretes paracrine factors that activate the
WNT/AN-Catenin signal road, resulting in the nucleus of the nucleus and upgrading
the mesenchymal markers, including Daman, N-Cadherin, and vimentin [14], epithe-
lium, and epithelium markers as e-cadherin. This infection increases the mobility and
invasion of the tumor cell. In addition, IL-6/JAK/STAT3 signaling triggered by MSCs
leads to increased expression of downstream effectors such as Cyclin D1, Survivin,
and BCL-XL, contributing to both epithelial-mesenchymal transition (EMT) and
therapy resistance [7]. MSC-derived exosomes containing MIR-221 and MIR-222
strengthen these effects and activate STAT3.

Additionally, MSCs have been reported to enhance the stabilization of hypoxia-
inducible factor 1-alpha (HIF-1a) in hypoxic tumors, further exacerbating the EMT
process. Moreover, the heterogeneity of MSC populations plays a significant role in these
effects. Certain MSC subpopulations have been found to exhibit high levels of TGF-fp1
production, while others lack this capacity, indicating that the phenotypic variability
among MSCs can critically influence their impact on tumor biology (Table1) [11].

2.4 Emerging observations in metastasis facilitation

The role of MSCs in metastasis extends beyond merely guiding or transporting
tumor cells. They also actively contribute to the formation of pre-metastatic niches.
The literature highlights several critical findings: MSCs increase the expression
of ECM proteins such as fibronectin, tenascin-C, and periostin in pre-metastatic
regions, thereby facilitating the adhesion of circulating tumor cells [9]. In target
organs like the lung, liver, and bone marrow, MSCs utilize chemokine receptors and
adhesion molecules to “prime” these sites for future metastasis.
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Pathway/miRNA Key targets/effects Outcome

‘Wnt/p-catenin 1 B-catenin, | E-cadherin, 1 EMT induction, invasion
N-cadherin, vimentin

STAT3 (via IL-6) 1 Cyclin D1, BCL-XL, Survivin Proliferation, immune evasion, and drug
resistance

miR-21 Targets PTEN, 1 AKT signaling Anti-apoptosis, invasion

(MSC-exosomal)

miR-221/222 Enhances STAT?3 activation EMT, therapy resistance

miR-145 | OCT4, SOX2 (stemness markers) Anti-stemness, anti-proliferative effects

miR-122 1 chemosensitivity in hepatocellular Drug response modulation

carcinoma (HCC)

Table 1.
Key signaling pathways and microRNA targets involved in MSC-mediated tumor modulation.

Additionally, MSCs activate the CCL2/CCR2 and CXCL12/CXCR4 chemokine
axes, promoting the chemotactic migration of tumor cells.

In the murine models of breast and colorectal cancer, the metastatic burden
decreased by ~40% as a result of the medicinal prohibition of CCL2/CCR2 and CXCR4
chemokine axes, as measured by the number of lung and liver metastases (p < 0.01)
[15]. However, these effects were model-dependent and were mainly seen in early-
phase metastatic proliferation, indicating potential boundaries in clinical extracts.

2.5 Novel mechanisms underlying therapy resistance

The impact of MSCs on therapy resistance is not limited to their role as exosomal
carriers; it also involves the metabolic reprogramming of tumor cells. MSC-derived
IL-6 and CXCL8 enhance glycolytic activity in tumor cells, thereby promoting the
Warburg effect. This metabolic shift enables tumor cells to survive even under
hypoxic or drug-induced stress conditions [6].

Moreover, MSCs activate the nuclear factor kappa B (NF-kB) signaling pathway,
which upregulates anti-apoptotic genes such as BCL-XL and Survivin, thus reduc-
ing the effectiveness of chemotherapeutic agents. In certain contexts, specific MSC
subtypes have been proposed to bind and neutralize chemotherapeutic drugs directly,
altering their pharmacodynamic profile and further contributing to resistance [12].
These characteristics suggest that MSCs should not be considered merely passive
stromal components but rather as active participants in shaping therapy-resistant
tumor phenotypes.

3. Antitumor effects

Although the role of mesenchymal stem cells (MSCs) in the tumor microenviron-
ment is predominantly characterized as tumor-promoting, numerous studies have
demonstrated that under specific conditions, MSCs may also exert tumor-suppressive
effects. These effects are generally mediated through genetically modified MSCs,
MSC-derived molecules that stimulate immune responses, or cell-based strategies
that enable targeted delivery. Furthermore, some MSC subpopulations originating
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from specific tissues have been shown to exhibit direct anti-proliferative or pro-
apoptotic properties. This section discusses the antitumor effects of MSCs under five
major subheadings.

3.1 Tumor-specific homing and targeted therapeutic delivery

MSCs possess the ability to migrate to sites of inflammation or tumor tissue fol-
lowing systemic administration, making them attractive candidates for use as biologi-
cal drug delivery vehicles [8, 17]. Chemokine and adhesion pathways such as CXCR4/
SDF-1a, CCL2/CCR2, and VCAM-1/integrin regulate this homing capacity. Through
genetic engineering, MSCs can be modified to carry antitumor proteins (e.g., TRAIL,
IFN-p, IL-12) directly into the tumor, thereby minimizing systemic toxicity while
enhancing local therapeutic efficacy. It has been shown that TRAIL-expressing MSCs
can effectively induce apoptosis in both colorectal cancer and glioblastoma models
[19]. Moreover, MSCs loaded with nanoparticles have demonstrated the ability to
deliver drug-containing vesicles specifically to tumor tissues, thereby improving drug
penetration and efficacy against resistant tumor cells [20].

3.2 Antitumor effects of MSC-derived exosomes

Exosomes secreted by MSCs can exhibit not only tumor-promoting but also
antitumor effects. These exosomes carry specific microRNAs and proteins that can
suppress proliferation or induce apoptosis in target tumor cells. For instance, miR-16
delivered via MSC-derived exosomes has been shown to downregulate BCL2 gene
expression, promoting apoptosis [21]. Similarly, exosomes containing miR-145
have been reported to suppress stemness markers such as SOX2 and OCT4 in breast
cancer cells, thereby reducing their cancer stem cell-like features [22]. Additionally,
the PTEN/AKT/mTOR signaling axis may be regulated via MSC-exosomes, inhibit-
ing tumor cell growth and metastatic potential [23]. Furthermore, proteins such as
TIMP-2 and Dickkopf-1 carried by these exosomes have been shown to suppress Wnt
signaling, thereby slowing tumor progression [24].

3.3 Activation of apoptosis and cell cycle arrest mechanisms

Certain MSC subpopulations, particularly those derived from umbilical cord
(UC-MSCs) and adipose tissue, have demonstrated the potential to induce cell cycle
arrest and apoptosis in various tumor cells [20, 25]. These effects typically involve
arresting the cell cycle at the GO/G1 or G2/M phase via modulation of regulatory
proteins such as p21, p27, and Cyclin D1, as well as altering the BAX/BCL2 ratio and
activating caspase-3 pathways. Additionally, inhibition of HIF-1a under hypoxic
conditions disrupts tumor cell adaptation, further facilitating apoptosis. For
example, UC-MSCs have been shown to activate mitochondrial-mediated apoptosis
in hepatocellular carcinoma cells by increasing BAX and decreasing BCL2 expression
levels [26].

3.4 Enhancement of immune response and antitumor immunity

Although most MSCs lack direct antigen-presenting capabilities, certain subtypes
can promote antitumor immune responses when they adopt a pro-inflammatory
phenotype. Activation of Toll-like receptor 4 (TLR4) has been shown to induce
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such a phenotype, with increased secretion of cytokines like IL-12 and IL-6 [27].
This transition enhances CD8+ T cell infiltration into tumor tissue, strengthens M1
macrophage polarization, reduces Ty, cell levels, and restores NK cell cytotoxic
activity. TLR4 stimulation, as opposed to TLR3, may thus redirect MSCs toward an
immune-stimulatory phenotype, making them suitable candidates for use in preclini-
cal immunotherapy models [17].

3.5 Preclinical evidence and therapeutic potential

Although the majority of MSC-related antitumor effects have been demonstrated at
the preclinical level, several early-phase clinical studies have reported encouraging out-
comes. For instance, IFN-B-expressing MSCs have been safely administered to patients
with glioblastoma multiforme, achieving local tumor control [27]. Similarly, TRAIL-
expressing MSCs administered intravenously have been shown to reduce pulmonary
metastases in colorectal cancer models [19]. Furthermore, UC-MSCs combined with
IL-24 have demonstrated anti-proliferative and pro-apoptotic effects in hepatocellular
carcinoma [28]. These findings suggest that MSCs hold promise not only as supportive
stromal components but also as active therapeutic agents in cancer treatment.

4. Effects of mesenchymal stem cells (MSCs) according to cancer types

The influence of mesenchymal stem cells (MSCs) within the tumor microenviron-
ment varies significantly depending on the type of cancer, its anatomical location,
and the structural characteristics of the microenvironment [7, 9]. In some malignan-
cies, MSCs exhibit tumor-suppressive effects, while in others, they contribute to
tumor progression [8, 12]. This dual behavior is influenced by factors such as the
phenotypic heterogeneity of MSCs, their tissue of origin, the duration of exposure to
the tumor microenvironment, and the degree of interaction with the immune system
[10]. In this section, the potential roles of MSCs in various solid tumor types are
comprehensively reviewed in light of the current scientific literature [13].

Among these cancer types, breast cancer stands out as one in which this dichotomy
is most prominently observed. Therefore, the effects of MSCs in breast cancer will be
discussed first.

4.1 Breast cancer

Breast cancer is one of the most extensively studied malignancies in terms of
MSC-related interactions, with both pro-tumorigenic and anti-tumorigenic effects
being well documented. In aggressive subtypes such as triple-negative breast cancer
(TNBC), the role of MSCs becomes even more pronounced.

In terms of pro-tumor effects, it has been shown that MSCs promote epithelial-
mesenchymal transition (EMT) and tumor progression through several intercon-
nected mechanisms:

e Activation of EMT-related signaling pathways such as IL-6/STAT3 and TGF-f1,
enhancing the metastatic potential of tumor cells [14].

* Expansion of CD44"/CD24" cancer stem-like cell populations, which contributes
to the formation of treatment-resistant tumor subclones [20].
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* Delivery of oncogenic microRNAs via exosomes, particularly miR-21 and miR-
222, which activate anti-apoptotic genes and support sustained tumor growth [21].

Conversely, genetically engineered MSCs that deliver molecules such as miR-145
or TRAIL have been shown to induce apoptosis in breast cancer cells [19, 22]. miR-
145, in particular, reduces cancer stem cell properties by suppressing key stemness
markers like OCT4 and SOX2 [22]. Additionally, MSCs expressing IFN-f have demon-
strated antitumor activity in various preclinical studies [27].

From a clinical standpoint, although MSC-based targeted therapy strategies are
still at the preclinical stage, their immunosuppressive properties necessitate careful
evaluation before clinical translation.

4.2 Colorectal cancer

Colorectal cancer (CRC) serves as a balanced model in which mesenchymal stem
cells (MSCs) exhibit both tumor-supportive and tumor-suppressive functions. The
heterogeneous nature of CRC and the complexity of its tumor microenvironment
contribute to the diverse effects observed with MSCs.

From a pro-tumorigenic perspective, MSCs secrete chemokines such as CXCL12
and CCL2, which enhance the invasive potential of CRC cells [9]. Furthermore,
MSCs have been reported to promote chemoresistance by upregulating anti-apoptotic
genes, including BCL-2 and Survivin [15]. Additionally, microRNAs delivered via
MSC-derived exosomes have been shown to support tumor growth and enhance
cancer cell viability.

On the other hand, MSCs engineered to express TRAIL have demonstrated the
ability to selectively induce apoptosis in colorectal cancer cells [19]. Moreover, certain
subtypes of umbilical cord-derived MSCs (UC-MSCs) have been found to arrest the
cell cycle in the GO/G1 phase, thereby inhibiting tumor cell proliferation [25]. Some
studies also suggest that MSCs exert anti-inflammatory effects by suppressing pro-
tumorigenic cytokines, indirectly contributing to tumor suppression.

These findings have heightened interest in the potential use of MSCs as thera-
peutic delivery vehicles or targeted treatment agents in CRC. Nevertheless, due to
their immunomodulatory properties and possible long-term contributions to tumor
progression, preclinical outcomes must be carefully interpreted, and the safety profile
of MSC-based therapies should be thoroughly assessed before clinical translation.

4.3 Gynecological cancers (ovarian and cervical)

Among gynecologic malignancies, mesenchymal stem cells (MSCs) exhibit
particularly prominent tumor-promoting effects in ovarian cancer. In this setting,
MSCs contribute to immune suppression and create a tumor-supportive microenvi-
ronment. Through the secretion of immunomodulatory mediators such as CCL5, IL-6,
and PGE2, MSCs suppress T cell function and facilitate immune evasion. In parallel,
activation of the STAT3 signaling pathway promotes epithelial-mesenchymal transi-
tion (EMT), leading to enhanced cellular invasiveness [15].

Conversely, MSCs genetically modified to express TRAIL have demonstrated
selective apoptotic effects in cervical cancer cells [19]. Furthermore, miR-124, deliv-
ered via MSC-derived exosomes, has been shown to target MCT1 in regulatory T cells
within the ovarian tumor microenvironment, thereby reducing lactate uptake. This
results in decreased immunosuppressive activity, suppression of tumor growth, and
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enhanced response to PD-1 checkpoint blockade therapy [29]. Additionally, preclini-
cal models have indicated that IFN-f-expressing MSCs may elicit antitumor responses
via immunostimulatory mechanisms [27].

Although these findings are promising at the preclinical level, MSC-based
therapies in gynecologic oncology have yet to be translated into clinical application.
Further research is warranted to assess the safety and efficacy profiles and determine
the potential of MSCs in gynecologic cancer treatment strategies.

4.4 Gastrointestinal system cancers

Gastrointestinal system (GIS) cancers represent a group of malignancies in which
mesenchymal stem cells (MSCs) exert pronounced effects within the tumor microen-
vironment. In both gastric and hepatic tumors, MSCs have demonstrated dual roles
with both tumor-promoting and tumor-suppressive potentials.

In gastric cancer, gastric cancer-associated MSCs (GC-MSCs) have been shown
to secrete key cytokines such as IL-8, PDGF-DD, and CXCL16, which promote tumor
cell proliferation and migration. Furthermore, these MSCs suppress natural killer
(NK) cell cytotoxicity, thereby facilitating immune evasion by the tumor [30].

In hepatocellular carcinoma (HCC) models, MSCs exhibit bidirectional effects. On
one hand, they enhance metastatic potential by promoting epithelial-mesenchymal
transition (EMT) via TGF-p signaling; on the other hand, certain UC-MSC subsets
can induce apoptosis by altering the BAX/BCL-2 ratio. Moreover, exosomes derived
from MSCs that carry miR-122 have been found to sensitize HCC cells to chemo-
therapy and reduce drug resistance [31].

Combinatorial approaches involving MSCs and therapeutic agents have also
shown promise in preclinical research. For example, the MSC + IL-24 combination
has demonstrated tumor-suppressive activity in experimental models; however,
these strategies remain unverified in clinical settings and require further safety
evaluations [32].

4.5 Glioblastoma

Glioblastoma (GBM) is one of the most promising tumors for the clinical applica-
tion of mesenchymal stem cell (MSC)-based therapeutic strategies. The invasive
nature of GBM, the presence of stem cell-like tumor cells, and the pronounced immu-
nosuppressive microenvironment significantly limit the effectiveness of conventional
treatments. In this context, MSCs capable of delivering targeted molecules directly to
the tumor site have emerged as a potential alternative.

It has been demonstrated that MSCs can specifically migrate toward glioma lesions
via chemokine pathways such as SDF-1/CXCR4, HGF/c-Met, VEGF, and PDGF-BB,
making them suitable carriers for direct therapeutic delivery [33]. However, some
studies have suggested that MSCs may fuse with glioma cells and contribute to tumor
progression by inducing genetic instability [34, 35]. Therefore, careful consider-
ation of the source, culture conditions, and mode of application is essential to avoid
potential protumoral effects of MSCs. Therapeutically engineered MSCs have shown
promising results in glioma treatment. Particularly, MSCs expressing IFN-f or TRAIL
have been found to induce selective apoptosis in glioma cells and suppress tumor mass
without causing toxicity to surrounding tissues [27, 36]. Phase I/II clinical studies by
Chiocca et al. (2008) have demonstrated the safety of these cells, although more data
are needed to establish long-term efficacy [34].
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Furthermore, the bidirectional interaction between MSCs and glioma stem cells
is critical; while some MSC subtypes can suppress tumor stem cell activity, others
may support their viability and invasiveness [33, 36]. This indicates that the source
of MSCs—such as bone marrow, umbilical cord, or induced pluripotent stem cell
origin—can directly influence treatment outcomes. Recent studies suggest that
MSC-based delivery systems, when combined with genetic engineering to enhance
targeting capability, may offer a valuable therapeutic approach in treatment-resistant
brain tumors like GBM.

4.6 Lung cancer

Lung cancer is one of the most prominent tumor types where mesenchymal stem cells
(MSCs) exhibit dual functional effects. Particularly in the context of non-small cell lung
cancer (NSCLC), MSCs have been shown to interact with the tumor microenvironment
and activate signaling pathways such as TGF-p/Smad and PI3K/AKT, which are closely
associated with proliferation and metastasis. Following their migration into the tumor
site, MSCs contribute to epithelial-to-mesenchymal transition (EMT), angiogenesis, and
tumor invasion through the secretion of cytokines and the delivery of exosomal content.
It has been reported that MSC-derived exosomes carry oncogenic microRNAs such
as miR-21 and miR-210, which can activate anti-apoptotic genes and promote tumor
progression [37, 38]. Conversely, preclinical studies have demonstrated that genetically
engineered MSCs expressing TRAIL induce apoptosis in NSCLC cells and significantly
reduce tumor volume. Similarly, MSC-derived exosomes loaded with tumor-suppressive
microRNAs, such as miR-34a and miR-126, have been shown to inhibit cell proliferation,
induce cell cycle arrest, and enhance chemosensitivity [39, 40]. These findings highlight
the bidirectional nature of MSCs in lung cancer, where they may act both as facilitators
of tumor progression and as potential therapeutic delivery vehicles. Therefore, before
translating MSC-based applications into clinical use, comprehensive biosafety analyses
and targeted engineering strategies must be thoroughly implemented.

4.7 Urogenital system cancers

Urogenital system tumors, particularly prostate, bladder, and testicular cancers,
represent a critical group of malignancies in which mesenchymal stem cells (MSCs)
may exert dual functional roles. It has been reported that MSCs can produce either
pro-tumorigenic or anti-tumorigenic effects through cytokine signaling and cell-
cell interactions within the tumor microenvironment [4, 6, 41]. In prostate cancer,
MSCs have been shown to activate TGF-f} and Wnt/p-catenin signaling pathways,
thereby promoting tumor cell proliferation and invasion and contributing to stromal
remodeling [41]. In addition, certain microRNAs carried by MSC-derived exosomes
may promote an immunosuppressive environment in the tumor microenvironment,
facilitating immune evasion [16, 42].

On the other hand, MSCs engineered to express tumor-suppressive agents such as
TRAIL or miR-145 have been reported to exert pro-apoptotic and tumor-inhibitory
effects in prostate cancer models [19, 22]. In bladder cancer, miR-145 carried by MSC-
derived exosomes has been shown to suppress tumor cell proliferation and migration,
partly through targeting IL-6 signaling and modulating inflammatory responses
[6, 22]. Nevertheless, some studies indicate that long-term exposure of certain MSC
subtypes to tumor tissue may induce their conversion into immunosuppressive
phenotypes, thereby contributing to tumor progression [6, 41].
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In the context of testicular cancer, direct data on MSC interactions remain limited.
However, some preclinical studies suggest that MSCs recruited into testicular tumor
microenvironments may differentiate into M2-like macrophages or other immuno-
suppressive cell types, resulting in attenuated antitumor immune responses [5, 6].

In conclusion, the effects of MSCs in urogenital system tumors vary depending on
cell origin, tumor subtype, exposure duration, and local micro-environmental fac-
tors. As such, therapeutic applications of MSCs in this area remain experimental, and
extensive safety profiling is required before clinical translation can be considered.

4.8 Hematologic malignancies

Although hematologic malignancies exhibit biological characteristics distinct from
solid tumors, they present a compelling area of investigation with respect to their
interactions with mesenchymal stem cells (MSCs). In diseases such as acute myeloid
leukemia (AML), chronic lymphocytic leukemia (CLL), and multiple myeloma,
MSCs within the bone marrow microenvironment have been shown to establish close
relationships with malignant cells, thereby facilitating disease progression [6, 16].

In AML patients, bone marrow-derived MSCs have been found to possess
altered transcriptomic profiles compared to those from healthy individuals. These
cells secrete high levels of immunosuppressive cytokines, such as IL-6 and TGF-p,
which support the survival of leukemic cells [41]. In addition, MSCs contribute
to chemotherapy resistance by activating anti-apoptotic signaling mechanisms in
leukemic cells [6].

In multiple myeloma, MSCs interact directly with plasma cells through cell-to-cell
contact, promoting proliferation, bone degradation, and drug resistance. Moreover,
MSCs have been reported to support myeloma cell growth via secretion of factors
such as CXCL12/SDF-1, VEGF, and IL-6, while also actively contributing to the
remodeling of the bone marrow stroma [5, 16].

Conversely, preclinical evidence suggests that genetically modified MSCs carrying
antitumor cytokines (e.g., IFN-B) or apoptosis-inducing agents may exert cytotoxic
effects against leukemic or myeloma cells [19, 36]. However, such strategies remain
at the preclinical stage and require thorough evaluation of safety and efficacy before
clinical application can be considered.

4.9 Skin cancers and melanoma

Among skin cancers, melanoma represents one of the best-studied models in
which mesenchymal stem cells (MSCs) exhibit dual effects on the tumor microen-
vironment. Despite its highly immunogenic nature, melanoma effectively develops
immune escape mechanisms, making the immunosuppressive properties of MSCs
particularly relevant [4].

MSCs have been shown to suppress local immune responses by secreting factors
such as TGF-p, IL-10, and PGE2, thereby facilitating the immune evasion of tumor
cells [20, 36]. Additionally, microRNAs such as miR-21 and miR-155 delivered via
MSC-derived exosomes have been reported to promote tumor cell proliferation,
migration, and resistance to apoptosis [20].

Conversely, genetically engineered MSCs—modified to express molecules like
IFN-p or TRAIL—have demonstrated antitumor activity against melanoma cells. In
such applications, MSCs serve as targeted carriers for therapeutic molecules, poten-
tially reducing systemic toxicity while enhancing treatment specificity [19, 36].
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Cancer type Pro-tumor effects Antitumor effects

Breast cancer EMT via IL-6/STAT3 and TGF-f, CSC Apoptosis via TRAIL or miR-145,
support, therapy resistance, exosomal downregulation of OCT4/SOX2, IFN-p-
miR-21/222 modified MSCs

Colorectal CXCL12/CCL2-mediated invasion, TRAIL-induced apoptosis, GO/G1 arrest

cancer upregulation of BCL-2, survivin, by UC-MSCs
chemoresistance

Gynecologic Immunosuppression via IL-6, CCL5, and TRAIL-triggered apoptosis in cervical

cancers

PGE2; EMT via STAT3

cancer; exosomal miR-124 suppresses
proliferation

Gastricand
HCC

EMT via IL-8, PDGF-DD, TGF-f;
NK suppression; miR-21-mediated
proliferation and invasion

Apoptosis and chemosensitization via
IL-24 or miR-122-modified MSCs

Glioblastoma

Possible cell fusion, inflammatory
enhancement, and tumor-promoting
interactions

Apoptosis via IFN-p and TRAIL-loaded
MSCs; Phase I/1I trials ongoing

Lung cancer

EMT, angiogenesis via exosomal miR-
21/210; activation of TGF-f/Smad and

TRAIL-induced apoptosis; exosomal
miR-126/34a enhances chemosensitivity

PI3K/AKT pathways

Urogenital TME immunosuppression, Wnt/p-catenin, TRAIL-induced apoptosis, suppression

cancers and IL-6 signaling; support of tumor of proliferation, and migration via
invasion miR-145

Hematologic IL-6 and TGF-p secretion support leukemic Apoptosis via IFN-p and genetically

malignancies survival; chemoresistance via anti- engineered MSCs in preclinical studies
apoptotic signals

Melanoma Immune evasion via IL-10, TGF-f, and TRAIL- or IFN-B-expressing MSCs
PGE2; support of CSCs via miR-155 induce apoptosis in melanoma cells

Table 2.

Overview of MSC effects across cancer types.

Some studies have also suggested that the interaction between MSCs and
melanoma-derived cancer stem-like cells may enhance the viability and therapeutic
resistance of these subpopulations [12]. These findings indicate that the tumor-
modulating effects of MSCs are highly context-dependent, influenced by factors such
as cell source, genetic modification, and application strategy. Therefore, MSC-based
approaches must be rigorously defined and validated through preclinical evaluations
prior to clinical translation.

The dual effects of MSCs across different cancer types (Table 2). Pro-tumor
mechanisms include induction of EMT, support of cancer stem cells (CSCs), immu-
nosuppression, and promotion of metastasis. Antitumor effects are predominantly
observed when MSCs are genetically modified to express therapeutic agents such as
TRAIL, IFN-B, or miRNAs.

5. Clinical applications and future perspectives

The use of mesenchymal stem cells (MSCs) in cancer therapy has become a
notable area of research, particularly due to their carrier functions. Their ability to
home toward the tumor microenvironment and their modifiability through genetic
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engineering have positioned MSCs as promising vectors for delivering drugs, genes,
and proteins. However, translating this potential into clinical practice has progressed
more slowly than expected.

Most MSC-based approaches remain at the preclinical or early clinical trial
(Phase I-II) stages. Studies in glioblastoma, colorectal cancer, and hepatocellular
carcinoma have investigated MSCs engineered to deliver therapeutic agents such
as IFN-B, TRAIL, IL-24, or miR-122, assessing their safety and biological effects.
Nevertheless, these findings are constrained by limited sample sizes and short
follow-up periods, and MSC-based therapies have yet to reach routine clinical
application in oncology [25, 34, 35].

One of the major obstacles to clinical use is heterogeneity. MSCs derived from
different tissues display variable phenotypic and functional properties, complicat-
ing standardization in production and application [4]. Furthermore, certain MSC
subtypes are known to exert tumor-promoting effects, raising safety concerns for
therapeutic use [20]. Long-term ix vitro expansion can result in genetic instability,
potentially increasing oncogenic risk. Additionally, the uncontrolled differentiation
potential of MSCs may lead to loss of therapeutic specificity or undesired stromal
effects.

To overcome these challenges, several innovative bioengineering strategies have
been developed. These include inducible gene expression systems, CRISPR/Cas9-
mediated gene editing, and artificial modification of MSC surfaces with ligands or
antibodies to enhance tumor specificity. Moreover, MSC-derived exosomes are gain-
ing attention as cell-free alternatives that retain MSC-like delivery properties while
minimizing cellular risks [31].

Experimental studies are also exploring the combination of MSCs with che-
motherapy, immunotherapy, or immune checkpoint inhibitors. Such combinatory
approaches aim to simultaneously target tumor cells and modulate the immune
response [18].

6. Conclusions

Mesenchymal stem cells represent a paradoxical but promising tool in oncology.
Their dual nature—supporting or suppressing tumors depending on context—places
them at the center of ongoing debate. While MSCs may contribute to immune sup-
pression, enhanced invasion, metastasis formation, and treatment resistance, they
also offer potential as genetically modifiable carriers for precise therapeutic delivery.

Antitumor effects are mostly observed in engineered MSCs programmed to
express agents such as TRAIL, IFN-p, or IL-24. These outcomes are not inherent to
MSCs themselves but rather result from external manipulation. This distinction is
important, as it underscores the need for controlled programming to unlock their
therapeutic utility.

Despite encouraging laboratory findings, clinical results remain limited, and
MSCs have not yet become part of standard oncologic practice. Key barriers include
variability in cell source, genetic instability during culture, lack of functional char-
acterization markers, and insufficient control over in vivo behavior. Importantly,
conventional surface markers often fail to predict MSC function, necessitating more
advanced omics-based characterization approaches.

Future directions include the use of MSC-derived exosomes, synthetic biology-
based sensor systems, and combination therapies that integrate MSCs with existing
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treatments. These approaches may help position MSCs not only as passive drug
carriers but also as programmable and intelligent therapeutic platforms. However,
occasional reports of MSC-induced disease progression—particularly in immunocom-
promised animal models—underscore the importance of rigorous biosafety assess-
ment, careful patient selection, and long-term monitoring in future clinical trials.

In conclusion, MSCs hold unique potential in future cancer therapy—not only
due to their targeting capacity but also because of their dynamic interaction with the
tumor microenvironment. However, realizing this potential will require strict control
over their behavior and transformation into programmable, safe, and tumor-specific
bioagents. If achieved, MSCs could become a cornerstone of next-generation, biologi-
cally engineered cancer therapeutics.
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