D J Med Sci 2023;9(1):24-38
doi: 10.5606/fng.btd.2023.128

Exosomes derived from mesenchymal stem cells:
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ABSTRACT

Extracellular vesicles (EVs) are particles released by almost all types of cells into the extracellular space and are delimited by a lipid bilayer
membrane, but they cannot duplicate themselves like cells. They can be divided into three subtypes: microvesicles, apoptotic bodies, and
exosomes, according to their size, synthesis mechanism, and origin. Although the size of EVs varies between 50 to 1000 nm, exosomes are the
smallest vesicles derived from the endosomal pathway and are typically 30-150 nm in size. Exosomes can be derived from various sources, such
as dendritic cells and mesenchymal stem cells (MSCs). Among these sources, MSCs are the most convenient and efficient sources since they are
biocompatible and offer potential as a therapeutic agent. Mesenchymal stem cell-derived exosomes contain a variety of biomolecules, including
proteins, lipids, and carbohydrates, as well as nucleic acids such as deoxyribonucleic acid and micro-ribonucleic acid that have significant functions
in transferring genetic material between cells. The MSCs-derived exosomes have emerged as an area of intense research interest in recent years
due to their potential applications in various fields such as regenerative medicine, immunotherapy, and drug delivery. In this review, we not only
emphasize exosomes and their biological functions but also examine MSC-derived exosomes and their obtaining methods in detail, as well as the
current state of knowledge and research on their therapeutic strategies. Furthermore, we discuss new methodologies concerning the challenges of
applying exosomes in healthcare and emphasize future perspectives to present effective and safe insights for exosome studies.
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Both prokaryotic and eukaryotic cells Extracellular vesicles are typically classified into

require the transfer of biological information
throughout their cells. Therefore, a release
mechanism occurs between cells, and the release
of vesicles is beneficial for biological processes.
Extracellular vesicles (EVs) are small, lipid bilayer
and phospholipid-enclosed particles that play a
pivotal role in releasing biological information
as cargo.! They have an endocytic origin and
typically circulate in bodily fluids. Body fluids such
as blood and urine contain 10'° vesicles per mL,
as cells release vesicles into their environment,
and conditioned culture media usually include the
same amount of cell-derived vesicles per mL.?
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three subtypes: microvesicles, apoptotic bodies,
and exosomes, based on their origin, biogenesis,
and size. Generally, their size ranges from
50 to 1000 nm.® These nanoscale particles are
essential for both prokaryotic and eukaryotic cells,
as they transfer specific compositions such as
proteins, lipids, carbohydrates, and nucleic acids
such as ribonucleic acid (RNA), micro-ribonucleic
acid (miRNA), and deoxyribonucleic acid (DNA).
All three types of vesicles play a significant role in
various biological processes, such as homeostasis,
coagulation, and intercellular signaling, as the
recipient cells receive their components.®©!
Although wvesicles were previously known as
waste management particles associated with
the apoptosis process, recent studies suggest
that EVs play a crucial role in cell-to-cell
communication by carrying specific biological
components. These studies point out that vesicles
can be used for therapeutic purposes, and in the
treatment of various diseases, depending on
the methods used to obtain them.”! Exosomes,
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in particular, have gained much attention lately
due to their several applications. However, their
molecular mechanism and therapeutic activities
require further investigation. This review will
focus on the functional roles, sources, and
biogenesis of exosomes in the body, isolation
techniques, and recent developments in
therapeutic studies. Additionally, we will discuss
the promising aspects of mesenchymal stem cells
(MSCs) derived exosomes, although they have
some disadvantages, and groundbreaking new
technological approaches by exosomes will be
included.

Exosomes

Exosomes are well-known EVs that are
nanosized and released by most cells, including
in various body fluids such as urine, blood,
and saliva. They are the smallest vesicles with
sizes ranging from 30 to 150 nm and have a
spherical shape that is limited by a lipid bilayer.
Exosomes, when in a sucrose density gradient
solution, float at a density of 1.15-1.19 g/mL1.@!
These vesicles transfer genetic materials such as
messenger RNA (mRNA) and miRNA, and they
also carry cargo molecules that include bioactive
substances such as proteins, carbohydrates,
lipids, and cytokines to recipient cells. The
biochemical compositions of these recipient
cells are altered by the transferred exosomes,
affecting their signaling pathways. Exosomes can
carry bioactive components and easily transfer
externally given components to recipient cells
through multiple pathways and regions. These
active agents can serve therapeutic purposes,
such as tissue repair, cancer diagnosis, and
immune regulation.®1% In the past, exosomes
were thought to be only particles that contribute
to apoptosis, but research on their cell-to-
cell communication feature and potential
therapeutic applications in several diseases, such
as neurodegenerative, cardiovascular, and lung
disease, has dramatically increased in recent
years.[1112]

The concept of exosomes was first reported
42 years ago by Trams et al.'¥ in 1981. They
proposed the concept of exosomes, which are
accepted as membrane vesicles with 5' nucleotide
enzyme activity that may have physiological
functions. These vesicles were arising from the
exudation of various cell line cultures, and they
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are collectively called the vesicles produced in the
plasma membrane as exosomes. The currently
accepted concept of exosomes was introduced
in 1983 by Johnstone et al.™ who was working
with maturing reticulocytes. During their study
of transferrin receptors during maturation, they
found that the loss of transferrin receptors that
occurs in mature red blood cells is part of
the exosome formation mechanism. They called
it "exosomes" to distinguish it from EVs. In
addition, in the Minimal Information for Studies
of Extracellular Vesicles (MISEV) 2018 guidelines,
it is stated that changing the concept of exosomes
to small EVs is more appropriate due to the
difficulties of separating exosomes.!?!

Although the structure of exosomes is specific
to the cell in which they are secreted, some
specific components are seen in each exosome,
including heat shock proteins (Hsp 60, Hsp
70, and Hsp 90), certain tetraspanins (CD9,
CD63, and CD8]1), proteins related to biogenesis
such as tumor susceptibility gene (TSG) 101,
fusion proteins (annexins, nucleotide guanosine
triphosphate (GTP), and Rab proteins), nucleic
acids (DNA, mRNA, miRNA, and long non-coding
RNAs), lipids such as cholesterol, and membrane
transport. Proteins in the structure of exosomes
are divided into two. Among them, fusion
proteins, Hsps, four-transmembrane protein
superfamily, integrins, and endosomal sorting
complex required for transport (ESCRT) complex-
related proteins are proteins that are involved in
membrane transport and fusion processes and
participate in vesicle formation and secretion.
Other proteins, such as CD45 and MHC-II, are
closely associated with progenitor cells and are
derived from antigen-presenting cells as well as
cell-specific components. The difference in the
content of exosomes ensures that parent cell
signals are transmitted to recipient cells without
direct contact between the cells. Furthermore,
the diversity in the content of exosomes makes
them a valuable tool in diagnosing and treating
various diseases.!'! For example, by monitoring
the components secreted by a specific type of
tumor cell, one can gather information about the
disease by examining intracellular communication
and the release of exosomes. Tan et al.l'”! focused
on the numerous functions and mechanisms of
tumor-derived exosomal components in breast
cancer metastasis. The researchers addressed the
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role of these exosomes in the development of a
pre-metastatic niche and how they aid metastasis
through several methods, such as promoting
angiogenesis and suppressing the immune
system. Exosomal components have the potential
to serve as biomarkers and therapeutic targets
for breast cancer metastasis, as demonstrated in
the study. Overall, the researchers emphasized
the importance of understanding the complex
interactions between tumor-derived exosomal
elements and the tumor microenvironment in
the initiation and progression of breast cancer
metastasis.

EXOSOME BIOGENESIS AND
SECRETION

Exosomes are distinguished from other EVs
not only by their size and origin but also by their
biogenesis. In general, exosomes are formed
by the inward folding of the plasma membrane
during the endosomal maturation process, but
microvesicles, for example, are formed by budding
off the cell membrane. In the early stages of
cell membrane infolding, initial endosomes are
formed and bioactive substances accumulate in
these early sorting endosomes. These endosomes
are then mature into late sorting endosomes,
which contain intraluminal vesicles (ILVs) formed
by inward budding of the endosomal membrane,
under the control of the ESCRT machinery and
other related proteins.!'® Late sorting endosomes
that have undergone a second indentation are
called multiple vesicular bodies (MVBs), which
contain multiple ILVs. Exosomes are secreted
by cells through a process known as exocytosis,
which involves the fusion of exosome-containing
MVBs with the plasma membrane. Exosomes are
released into the extracellular place to interact
with other cells and tissues as a result of MVBs
fusing with the plasma membrane.™ In addition,
MVBs can also be transported to a lysosome and
digested as can be seen in Figure 1. The secretion
of exosomes can be regulated by various factors
such as environmental factors, signaling pathways,
and cellular stress. The specific mechanisms of
exosome biogenesis are still an area of interest
for researchers, and the formation mechanism
of exosomes can differ according to their origin.
Moreover, there is debate about whether all
vesicles released from cells are exosomes, and
various studies have recently been conducted to
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isolate and characterize exosomes from other
types of EVs, recently.?%

The biogenesis of exosomes is divided into
ESCRT-dependent and ESCRT-independent
mechanisms. However, it is believed that
components such as lipids and four-transmembrane
domain proteins are involved in complex
interactions in ESCRT-mediated vesicle formation
and release. Although the effect on ILV formation
is unknown, it has been observed that the
expression of oncogenes activated through p52
regulation is induced by exosome secretion, much
like hypoxia and genotoxic stress.?!! Additionally,
the upregulation of six-transmembrane epithelial
antigen of prostate 3, syndecan-4, and NadB
have also been used to increase exosome
production up to 10-fold in cell culture studies.??
The mechanism of these processes is not fully
understood due to knockdown procedures. The
biogenesis of exosomes utilizes complexes with
different names depending on whether it is in
metazoans, protozoans, or other origins, but this
article focuses on metazoans.

ESCRT-mediated pathway

The formation of ILVs from the limiting
membrane of maturing endosomes plays an
important role in the biogenesis of exosomes.
Five different complexes such as ESCRT 0-III and
Vps4 and two dozen proteins are involved in the
formation of ILV called ESCRT. These complexes
have functions such as cargo separation and
membrane shaping.?!-22
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Figure 1. Biogenesis of exosomes, release and uptake
mechanism.

The figure was drawn in Biorender.
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The initial stage in the formation of ILVs is
initiated by the ESCRT-0 complex. Comprised
of signal-transducing adaptor molecule and Hrs
proteins, which are continuously associated with
each other as a heterodimer and heterotetramer,
this complex interacts with membrane areas that
are rich in phosphatidylinositol 3-phosphate. It
also binds to general cargo via zinc finger domains
and ubiquitin-interaction motifs, respectively.?3

The ESCRT- is a complex that binds to the
C-terminus of the Hrs subunit of ESCRT-0 and is
a heterotetramer of the TSG101, Vps37, MVB12,
and Vps28 proteins and MVBs. The ESCRT-
complex forms a rod-like structure at opposite
ends for ESCRT-0 and ESCRT-Il. The ESCRT-I
and ESCRT-II are also called supercomplexes, this
supercomplex also induces endosome exit from

the cytoplasm. In this process, the uploads move
into the bud.?4

The ESCRT-I complex is activated by the
direct binding of CHMP6 to the ESCRT-II
complex. This process is carried out after bud
formation and cargo selection. The Vps4 complex
consists of SKD1, LIP5, and CHMP5 proteins,
and the ESCRT-III complex is disassembled by this
complex.?3:24

ESCRT-independent pathway

It has been suggested that the
ESCRT-independent pathway cannot
be considered independently from the ESCRT-
mediated pathway and works together, but the
molecular mechanisms of the ESCRT-independent
pathway are not fully known. Besides, there may
be several mechanisms in the ESCRT-independent
pathway that involve sorting and budding
processes, which do not rely on the commonly
known ceramide-mediated membrane budding.
However, the breakdown of sphingomyelin by
neutral sphingomyelinase produces ceramide and
forms raft-like structures. The reason for this is
the self-assembly ability of ceramides. As a result
of the assembly, it is said that the initial shape
change of the membrane maintains.?®

MESENCHYMAL STEM CELL
BIOLOGY AND
IMMUNOMODULATION

Mesenchymal stem cells belong to a unique
category of stem cells that are characterized by
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their self-renewal and plastic adherent properties.
These adult stem cells exhibit different properties
depending on the tissue source from which
they are obtained and play a crucial role in the
regeneration and repair of various tissues. In
addition to their unique features, MSCs possess
multipotency, enabling them to differentiate into
cells derived from all three embryonic germ
lines.?® Furthermore, the surface markers of
MSCs distinguish them from other cell types.
They express CD73, CD90, and CD105 at a
rate of 95% and above on cell surfaces, while
their expression of CD11j3, CD14, CD19, CD34,
CD45, CD79A, and HLA-DR markers is limited
to 2% or less. Mesenchymal stem cells are
typically isolated from various tissues, such as
adipose tissue, bone marrow, cord blood, dental
pulp, placenta, and skin. They can proliferate and
renew themselves throughout the cell cycle and
differentiate in response to various stimuli, such as
environmental stressors. Researchers harness the
potential of MSCs for the regeneration and repair
of tissues. For instance, MSCs found in the bone
marrow can differentiate into bone, cartilage,
and adipose tissue cells, making them suitable
for bone marrow transplantation procedures.?”.28
Moreover, their immunosuppressive and anti-
inflammatory properties suggest that MSCs can
potentially treat autoimmune and inflammatory
diseases. However, further research is required to
fully develop MSC-based therapies.

Recent studies have shown that MSC-derived
exosomes may also be used as therapeutic
agents due to their immunological functions.
Zhang et al.?? demonstrated that MSC-derived
exosomes stimulated T cell proliferation and
cytokine secretion, indicating that they possess
immunologically active functions. This suggests
that MSC-derived exosomes may play a role in
modulating the immune response and treating
immune-related disorders. Similarly, a study by
Shabbir et al.®” demonstrated that MSC-derived
exosomes promote wound healing by enhancing
cell proliferation, migration, and angiogenesis-
related gene expression in both normal and
chronic wound fibroblasts. In addition to their
differentiation ability, the immunomodulatory
potential of MSCs is also significant. Mesenchymal
stem cells secrete various factors, including
cytokines, chemokines, growth factors, and
immunosuppressive molecules, which modulate
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the function of the immune system. Mesenchymal
stem cells influence the functions of immune cells,
such as T cells, B cells, natural killer cells, and
dendritic cells, in immune system-related diseases,
including autoimmune diseases, allograft rejection,
inflammatory diseases, and tissue damage.®!
The immunomodulatory ability of MSCs makes
them a potential treatment modality for various
diseases. The immunomodulatory effect of MSCs
is based on several mechanisms that regulate
the function of the immune system, including
modulation of cytokine release, influencing
the proliferation and differentiation of immune
cells, triggering apoptosis of immune cells, and
increasing the release of immunosuppressive
molecules. Therefore, the immunomodulating
ability of MSCs is a promising treatment modality
for immune system-related diseases. However,
more research and a better understanding of the
mechanisms underlying the immunomodulating
effect of MSCs are necessary to develop effective
MSC-based therapies.

Mesenchymal stem cell-derived
exosomes

Exosomes can be described as small, vesicle-like
structures that contain information, such as
protein and gene material which enables them to
transfer information between cells. Of particular
interest are exosomes that are secreted by MSCs
due to their immunomodulatory functions.
These exosomes can regulate the behavior of
immune cells by binding to receptors on their
surface, which changes their behavior through
signal transduction. For example, MSC-derived
exosomes can inhibit immune cells such as T cells
and natural Killer cells and can be used to treat
autoimmune diseases and conditions associated
with excessive immune response.’®? In addition to
their immunomodulatory functions, MSC-derived
exosomes can also regulate cytokines and
chemokines that regulate inflammation. These
exosomes can bind to cytokine and chemokine
receptors on immune cells, inhibiting or
activating signaling pathways dependent on these
receptors. As a result, exosomes can regulate the
inflammatory response, making them a promising
therapeutic tool for immune system modulation.®?!

This can be particularly beneficial in conditions
such as autoimmune diseases, inflammatory
diseases, and transplantation. Exosomes
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can modulate the function of immune cells
by inhibiting the release of pro-inflammatory
cytokines, reducing the activation of immune
cells, and inducing apoptosis in T cells. Hence,
MSC-derived exosomes have the potential as an
immunomodulatory therapeutic approach for the
treatment of various diseases.3*3%

These  vesicles are an important
communication tool that cells use to
communicate  with  their environment.
Mesenchymal stem cells-derived exosomes
contain many different proteins, nucleic
acids, lipids, and other biomolecules. These
components, also, include growth factors,
cytokines, miRNAs, mRNAs, lipids, enzymes,
and extracellular matrix proteins. Their
contents may vary according to the tissues from
which MSCs originate, the age of MSCs, and
environmental conditions. Mesenchymal stem
cells-derived exosomes have several functions,
including intercellular communication, wound
healing, anti-inflammatory effects, tissue repair,
promoting angiogenesis, inhibition of apoptosis,
and neuroprotective effects.*® Compared to
MSCs, exosomes have the advantages of good
stability and reduce the risk of cell transplantation
and amplification. There are various exosome
studies depending on the origin of MSCs,
such as bone marrow mesenchymal stem cells
(BM-MSCs), human umbilical cord mesenchymal
stem cells (hUC-MSCs), adipose tissue-derived
mesenchymal stem cells (AD-MSCs), and
embryonic stem cell-derived human MSCs. 13738
Overall, MSC-derived exosomes have the potential
to be a useful tool for the treatment of various
immune response-related conditions, including
autoimmune diseases and inflammatory diseases.

OBTAINING TECHNIQUES OF
EXOSOMES: ISOLATION AND
PURIFICATIONS

Studies based on the release mechanisms
of exosomes and related to their biogenesis
are usually performed in cell lines in vitro by
creating cell models. Different cell types release
exosomes into the extracellular environment at
different levels. It has been noted that in some cell
lines, exosomes may have cell-specific molecular
compounds for biogenesis. The collection of
exosomes from cell cultures requires a separate
sensitivity for each experiment.
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The number of cells and the collection time
of exosomes can also be adjusted according
to different cell lines.®® Exosome releases,
unlike other particles, are studies whose kinetic
studies are not frequently seen in the literature.
Researchers' collections often range from a few
hours to days. For example, in the research
conducted by Llorente et al.,*% it was observed
that exosome release in PC-3 cells increased
during the first 24 hours. Exosomes are grown
in regions of fetal bovine serum as well as cell
environments where exosomes congregate, which
are of great importance as these environments
simply affect results. To avoid this problem,
media free of exosomes can be used, or collected
in serum-free media depending on the tolerance
of the cells. The bovine pituitary extract does
not contain exosomes but may contain other
proteins and vesicles during, for example,
ultracentrifugation. After these cell culturing and
collection procedures, various separation methods
are applied for exosomes.

The separation of exosomes poses
tremendous difficulty due to their nano size, low
density, and mixing with similar components in
body fluids such as proteins.*4? Additionally,
according to the choice of various separation
techniques, the biological activity of exosomes
can also be affected.*3! Therefore, the separation
methods of exosomes applied in standard
protocols are of great importance in terms of
separating exosomes and then adapting them
to clinical studies. Some of the separation
methods of exosomes contain ultrafiltration,
polymer precipitation, immunoaffinity,
ultracentrifugation, and size  exclusion
chromatography.*4+40 Ultracentrifugation is the
most commonly used method for exosome
isolation. It involves centrifuging MSC culture
media or other biological fluids at high speeds
to pellet the exosomes. The resulting pellet
can then be resuspended and further purified
by sucrose gradient centrifugation or other
methods. On the other hand, the method
of separating exosomes from other biological
particles according to their sizes is called
size-exclusion chromatography. While culture
media or other biological components are passed
through the column, exosomes can be collected
in the void of the column. Additionally, the
immunoaffinity technique can be used for the
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separation of exosomes, and it is the method
that is specific to exosome surface markers
and captures exosomes from other biological
fluids and MSC culture media. The next steps
involve purification, which can be performed
by ultracentrifugation or other conventional
methods.*”! It is important to note that each
method has its advantages and limitations, and
the choice of method depends on the specific
application and the type of sample being used.
Multiple methods can also be combined to
increase the purity and vield of exosomes.
The isolation and purification methods can be
explained with more examples. However, in this
review, common separation methods are given.

MSC-DERIVED EXOSOMES AS
THERAPEUTIC AGENTS

Recent research focuses on the therapeutic
efficacy of exosomes derived from MSCs.
Exosomes are small vesicles that play a critical
role in intercellular communication and are a
reflection of the cell contents, rich in proteins,
lipids, and nucleic acids. Exosomes obtained
from MSCs can be used in the treatment of a
wide variety of diseases, thanks to the different
biomolecules they contain.*84 They contain
many biological molecules that affect cells such
as exosomes, growth factors, cytokines, RNA,
and other bioactive molecules. Therefore,
exosomes are considered an important mediator
in intercellular communication. The therapeutic
efficacy of exosomes derived from MSCs has
been studied in various disease models such as
cardiac diseases, neurological diseases, bone
diseases, and cancer.?%-52'Exosomesderived from
MSCs have much therapeutic efficacy. These
include anti-inflammatory, immunomodulatory,
regenerative, and neuroprotective effects.
Exosomes can help reduce inflammation
and play a role in regulating the immune
system. It is also thought that exosomes can
increase the regeneration of tissues and help
repair damaged cells. Mesenchymal stem
cell-derived exosomes can also be used as a
promising therapeutic agent in the treatment
of neurological diseases.®® This is because
the neuroprotective effects of exosomes are
associated with reducing inflammation in brain
tissue and helping repair damaged cells.
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For instance, in their study Min et al.5¥
investigate the effect of exosomes obtained
from BM-MSCs on hypoxic-ischemic
brain injury. The researchers modeled
hypoxic-ischemic brain injury in newborn rats
and administered exosomes from BM-MSCs
intraventricularly to hypoxic-ischemic brain-
damaged rats. The results showed that the
cognitive and neurological functions of the
rats treated with exosomes were significantly
improved compared to the control group.
Also, in this study, the molecular mechanism
of the neuroprotective effects of exosomes was
investigated. As a result of the examinations,
it was observed that miRNA-124-3p released
together with exosomes suppressed the tumor
necrosis factor receptor-associated factor 6
gene, which reduces inflammation in brain
tissue and protects neurons. These results
suggest that exosomes derived from BM-MSCs
can be used as a potential therapeutic agent in
the treatment of hypoxic-ischemic brain injury.

Another study conducted by Lou et al.,®%
investigated the therapeutic efficacy of
miR-199a-modified AD-MSC-derived exosomes
that can be used in the treatment of liver
cancer (hepatocellular carcinoma). In in vitro
studies, miR-199a-modified exosomes reduced
proliferation, function, and invasive properties
of hepatocellular carcinoma cells. Moreover,
miR-199a-modified exosomes increased the
susceptibility of hepatocellular carcinoma cells
treated with cytotoxic drugs. Mechanistically,
the effects of miR-199a-modified exosomes
are due to the inhibition of the mammalian
target of rapamycin (nTOR) pathway in cells.
miR-199a-modified exosomes suppress the
mTOR signaling pathway in hepatocellular
carcinoma cells, making cells more sensitive
to chemotherapeutic agents. In addition, it was
shown in this study that miR-199a-modified
exosomes from AD-MSC can increase the
sensitivity of hepatocellular carcinoma cells to
doxorubicin (chemotherapy drug). The results
of the study show that miR-199a-modified
exosomes can be used in the treatment of
hepatocellular carcinoma cells resistant to
doxorubicin therapy. Exosomes can increase
the efficacy of chemotherapeutic agents to
reduce the development of drug resistance.
These results show potential for the use of
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MSC-derived exosomes in cancer therapy in
future research.

Mesenchymal stem cell-derived exosomes
potentially offer advantages for many therapeutic
applications. Among these advantages are
immunological tolerance, being effective in
cancer treatment, and being simpler to obtain
than other cell types. Obtaining exosomes is
usually accomplished by growing cells in a culture
medium, and then separating the exosomes
by a process called ultracentrifugation.®® This
process is quite technical and time-consuming.
It has been shown that exosomes obtained from
MSCs can be obtained more easily than those
obtained from other cells. This is because MSCs
produce large amounts of exosomes. Therefore,
obtaining exosomes from mesenchymal stem
cells is a faster and much easier method than
obtaining them from other cell types.®” In
addition, the isolation of MSCs is easy since it
has the advantage that MSCs are found in many
tissues and can be easily isolated. However,
MSCs-derived exosomes also have disadvantages
such as standardization difficulties, production
costs, inability to determine the effective dose,
and not knowing the long-term side effects. For
these reasons, the use of MSC-derived exosomes
in clinical practice is currently limited, and further
research is needed.

MSC-derived exosomes in drug delivery

Liposomes have been the most used and
promising particles in the concept of drug
delivery applications for a long time. Since
they have several advantages as therapeutic
agents many others drug delivery vehicles
have mimicked their functions and biological
aspects.®® Extracellular vesicles can be also
called nature-derived liposomes and have
the potentials that overcome some of the
drawbacks of synthetic liposomes such as
toxicity. Exosomes have been the most studied
and clearly defined vesicles that are convenient
for the drug delivery vehicle and increase the
effects of therapeutic agents. Ideal drug delivery
systems should have some properties, such
as providing an effective release mechanism,
non-fluctuation in the plasma membrane, and
long circulation in the blood.® Exosomes can
satisfy these demands with a variety of features.
Since exosomes have some protein and genetic
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materials like DNA and RNA, it is possible that
such biological compounds can be loaded into
them. Due to their presence in several body
fluids like urine and blood, exosomes can be
well tolerated in the body. Thus, exosomes have
much longer circulation and half-life besides
increasing efficiency compared to other drug
delivery vehicles.[® Additionally, exosomes can
pass the plasma membrane and release the
therapeutic agent to the target or recipient cell
following their nature.

Jakubec et al.®V studied the lipid composition
of plasma-derived exosome-like vesicles and
their ability to cross the blood-brain barrier.
The researchers demonstrated that exosome-like
vesicles derived from plasma have a high
content of lysophospholipid and much richer
protein composition, such as transferrin
and apolipoprotein E. Furthermore, in the
in vitro blood-brain barrier (BBB) model, it was
observed that the membrane permeability of
these exosome-like vesicles increased without
influencing neuronal cells. These results suggest
that plasma-derived exosome-like vesicles can
cross the BBB and be used as a potential
carrier for the treatment of neurodegenerative
diseases. Crossing the BBB has made exosomes
a very significant agent among drug-release
vehicles. Exosomes are also suitable vehicles for
membrane modifications to direct them to the
target cell.

Drug delivery with MSCs-derived exosomes
can be also performed to reduce damage to
the muscle, bone system, and nerves. Cheng
et all®? investigated the potential of MSCs
to inhibit intervertebral disc degeneration by
exosome-mediated miR-21 transfer. Exosomes
from MSCs contain miR-21, and miR-21 is
thought to inhibit apoptosis in nucleus pulposus
(NP) cells. In this study, NP cells were exposed
to cytotoxicity, and then cell apoptosis was
investigated after delivery of the exosome-miR-21
complex to NP cells. After the transfer of the
exosome-miR-21 complex to NP cells, a significant
reduction in cell apoptosis was observed. These
results suggest that the exosome-miR-21 complex
may be a potential therapeutic agent in inhibiting
intervertebral disc degeneration. The results of
the study show that MSCs can be used in
the treatment of degenerative diseases through
exosome-mediated miRNA transfer. However,

31

more research is needed, particularly clinical
trials evaluating the impact of this approach on
humans. Another study performed by Jeyaraman
et al.l®¥ explores the potential use of MSC-derived
exosomes for the treatment of knee osteoarthritis.
In this study, the effect of MSC-derived exosomes
in mice with knee osteoarthritis models was
investigated. The results of the study showed that
MSC-derived exosomes reduced inflammation
and increased cell proliferation in knee cartilage
cells. Exosomes also promoted chondrocyte
differentiation in cartilage cells.

In the study of Vakhshiteh et al.,® it was
investigated that exosomes obtained from MSCs
overexpressing miR-34-a inhibited cancer growth
in vitro. These exosomes have been shown to
transport miR-34-a to tumor cells, inhibiting the
growth and proliferation of tumor cells. This
study proposes the use of exosomes derived
from miR-34-a overexpressing MSCs as a new
approach in cancer therapy. Exosomes can be
used as drug carriers and could potentially be
effective in cancer therapy by targeting the
expression of genes in cancer cells. However,
more research is required on the efficacy and
safety of exosomes.

Despite the wvarious advantages of
MSC-derived exosomes, there are also
disadvantages to their use in drug delivery
systems. These include limited cargo capacity due
to low loading capacity, low targeting efficiency,
and regularity challenges due to heterogeneity,
destabilization, and tendency to accumulate in
organs of the mononuclear phagocyte system
such as the liver and spleen.®® The heterogeneity
of exosomes can be heterogeneous in size, and
surface charge, cargo content, without being
secreted by different or the same cell type. This
makes it difficult to obtain consistent results
with the use of exosomes during drug delivery,
so improvement and optimization studies are
required. To eliminate these disadvantages,
mimicking exosome-like synthetic structures or
using exosomes and these structures as hybrids
provides new therapeutic advantages.!¢¢-¢7)

Applications of MSC-derived Exosomes
in Regenerative Medicine

Mesenchymal stem cell-derived exosomes
are EVs that have played an important role
in regenerative medicine in recent years. The
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MSC-derived exosomes can be used in many
regenerative medicine applications since they
contain factors that promote cell regeneration.
These factors can reduce inflammation due to
tissue damage or injury, increase cell proliferation,
and promote tissue remodeling. In particular,
exosomes can be used effectively in the treatment
of damaged tissue or organs. Among these
applications, their use in many areas, such as
cartilage damage, muscle injury, cardiac damage,
and nerve damage is being investigated./687%

One of the promising studies in this area
was performed by Jiang et al.’! The study
examines the potential effects of MSC-derived
exosomes in the treatment of osteoarthritis
(OA). MSC-derived exosomes aim to attenuate
cartilage damage in chondrocytes by regulating
glutamine metabolism, which plays a significant
role in the pathogenesis of OA. In the study,
the effects of MSC-derived exosomes in mouse
models of OA were investigated. In in vitro
experiments, MSC-derived exosomes increased
glutamine synthesis while decreasing glutamine
consumption by chondrocytes. In addition,
MSC-derived exosomes were observed to
increase the proliferation of chondrocytes and
reduce apoptosis. In vivo studies have shown
that injection of MSC-derived exosomes reduces
cartilage damage and improves joint function
in mice. It was concluded that MSC-derived
exosomes might be a potential treatment option
in the treatment of OA by regulating glutamine
metabolism in chondrocytes.

Exosomes can also be used for skin wounds
or severe damage. Diabetes mellitus is a complex
pathogenetic chronic disease that can cause
chronic skin injuries, and skin damage that
takes a long time to heal.’?! In this context,
the use of MSC-derived exosomes obtained
from the umbilical cord for chronic diabetic
wound healing and entire skin regeneration
was investigated in the study by Yang et
al.l”3 It also evaluated the effect of combining
MSC-derived exosomes with the pluronic F127
hydrogel. According to the outcomes of the
study, combining MSC-derived exosomes with
hydrogel provided a significant improvement
in the treatment of chronic diabetic wounds.
Histological analysis demonstrated that the
combination of MSC-derived exosomes
and hydrogel increases wound surface
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neovascularization stimulates granulation tissue
formation, and promotes re-epithelialization.
It was stated that these effects depend on
many factors. MSC-derived exosomes, when
examined throughout the study, increased the
release of vascular endothelial growth factor and
transforming growth factor-beta-1, which are
vital factors for wound healing. The increased
release of these molecules helped increase cell
proliferation and angiogenesis.

In a study by Chew et al., the effect of using
exosomes derived from MSCs to increase the
function of periodontal ligament cells (PDLCs)
and promote periodontal regeneration was
investigated. The study consists of two parts,
in vitro and in vivo. First, PDLCs were treated with
MSC-derived exosomes, and different assays were
performed. In the second part, it was investigated
whether MSC-derived exosomes enhance the
functions of PDLCs in vivo. For this purpose,
MSC-derived exosomes and control groups were
applied to the defect area in periodontal defect
models in mice. As a result of the analyzes
performed after four weeks, it was determined
that MSC-derived exosomes promote periodontal
regeneration and prevent gingival loss. In the
study, it has been indicated that the collagen
sponge used together with MSC-derived exosomes
increases the functions of periodontal ligament
cells and promotes periodontal regeneration. It is
shown that the effect of MSC-derived exosomes
on periodontal regeneration may be related to
increased cell proliferation and differentiation by
activating AKT and extracellular signal-regulated
kinase signaling pathways.

Applications of MSC-derived exosomes
in cancer treatment

Exosomes from a MSC have recently come
to the fore as an interesting alternative in cancer
treatment. Mesenchymal stem cell-derived
exosomes are potentially useful as a new cellular
therapy method in cancer therapy. Since these
exosomes are small vesicles with lipid bilayer
membranes secreted by MSCs and contain various
growth factors, cytokines, proteins, and nucleic
acids that are responsible for the therapeutic
properties of MSCs. Exosomes can modulate
the immune response to inhibit the growth
and metastasis of cancer cells and exert pro-
apoptotic effects on cancer cells.”® They may
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also be effective against cancer cells that fail to
respond to chemotherapy. The study by Biswas
et al.,"® highlights the potential of MSC-derived
exosomes in cancer therapy. This study
investigates how exosomes secreted from MSCs
induce the formation of immunosuppressive
M2-polarized macrophages in breast cancer. In
the study, the effects of MSC-derived exosomes
on human peripheral blood mononuclear
cells (PBMCs) to which they were exposed
at different doses were investigated. The
PBMCs exposed to exosomes have been
shown to subsequently differentiate into M1
(pro-inflammatory) or M2 (immunosuppressive)
macrophages. Mesenchymal stem cell-derived
exosomes have been found to increase the
formation of M2-polarized macrophages and
inhibit M1-polarized macrophages. The study
also provides evidence that MSC-derived
exosomes enhance the immunosuppressive
properties of M2-polarized macrophages and
suppress the pro-inflammatory responses of
T cells. As a result, it was observed that
tumor growth and metastasis were reduced
in mice treated with exosomes. In the study
conducted by He et al.,!””! it was investigated how
exosomes secreted by hUC-MSC are effective
in slowing the progression of esophageal
squamous cell carcinoma (ESCC) cells. In the
study, in vitro studies were performed using
exosomes from ESCC cells and hUC-MSCs.
First, hUC-MSC-derived exosomes have been
shown to inhibit enabled homolog (ENAH)
protein expression in ESCC cells. As ENAH is a
protein known to facilitate the invasion of tumor
cells, these results demonstrate the potential
effect of exosomes on tumor progression. It has
been shown that miRNA-375 inhibits ENAH
gene expression in ESCC cells and reduces the
migration and invasion of tumor cells. These
results can be seen as a promising avenue
for the use of hUC-MSC-derived exosomes in
cancer therapy.

Applications of MSC-derived exosomes
in cardiovascular and neurodegenerative
diseases

The potentially important role of MSC-
derived exosomes in the treatment of
cardiovascular diseases has been the subject of
recent research. Cardiovascular diseases are a
group of diseases that affect the functions of
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the heart and blood vessels. Current treatments
for these diseases are limited, and additional
treatment options are being explored.
Research shows that MSC-derived exosomes
have anti-inflammatory and regenerative
effects in cardiovascular diseases.”® The
importance of MSC-derived exosomes in the
treatment of cardiovascular diseases is due
to their anti-inflammatory and regenerative
properties. Pan et al.”” investigated the usage
of miR-146a-modified MSC-derived exosomes
as a potential treatment modality to reduce
myocardial damage after acute myocardial
infarction (AMI). In the study, AD-MSCs were
modified with miR-146-a. Next, exosomes from
miR-146a-modified AD-MSCs were used in the
mouse model of AMI. These mice were treated
to reduce myocardial damage. The results of
the study showed that miR-146-a-modified
AD-MSC-derived exosomes reduced myocardial
damage after AMI. Exosomes have been found
to reduce inflammation in the heart muscle and
help reconstruct damaged tissue. It has also
been found to help prevent myocardial damage
by reducing the level of a protein called early
growth response factor 1.

Neurodegenerative diseases are a group
of diseases characterized by damage to the
nervous system over time. Diseases such
as Alzheimer's disease, Parkinson's disease,
Huntington's disease, and amyotrophic lateral
sclerosis are examples of neurodegenerative
diseases. Current treatments for these diseases
are limited, and additional treatment options are
being explored. Mesenchymal stem cell-derived
exosomes could potentially play a significant
role in the treatment of neurodegenerative
diseases as well as cardiovascular diseases.®
These exosomes are small vesicles that play
a role in communication between cells, and
they modulate cell functions thanks to the
proteins, nucleic acids, and lipids they contain.
Its anti-inflammatory effects are critical in
slowing the progression of diseases by reducing
inflammation, similar to cardiovascular diseases.
In addition, these exosomes may contribute to
the preservation of neuronal functions and
neuronal regeneration processes.!8!

The study performed by Li et al.®? investigated
the properties of MSC-derived exosomes that
could potentially be used in the treatment of
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Parkinson's disease. In the study, a microRNA
molecule called miR-188-3p was transfected
into AD-MSCs. This transfection process
caused an increase in miR-188-3p levels in
exosomes produced by MSCs. Exosomes from
these modified AD-MSCs were then tested in
a mouse model of Parkinson's disease. The
results of the study showed that miR-188-
3p modified AD-MSC-derived exosomes are
effective in developing the motor functions of
Parkinson's disease. Exosomes have been found
to help protect and regenerate neurons in mice,
reduce inflammation, and support the healthy
functioning of cells by reducing oxidative stress.

FUTURE PERSPECTIVE IN
MSC-DERIVED EXOSOME RESEARCH

Exosomes have garnered significant
attention in recent times due to their crucial
role in cellular communication. Some types
of exosomes, such as MSC-derived exosomes,
can promote cellular repair and regeneration
by controlling cell-to-cell communication and
transferring biological materials to target
cells. Therefore, exosomes have emerged as a
potential treatment option for various diseases.
Exosomes can be used as a standalone therapy
or in combination with other therapeutic
technologies, such as gene editing, drug delivery,
and imaging technologies.®38¢ For example,
therapeutic nucleic acids like miRNA or small
interfering RNA can be loaded into exosomes
and delivered to specific cells, providing targeted
treatment and reducing side effects, particularly
in cancer treatment.®”? However, using exosomes
as therapy comes with challenges. For instance,
the production and isolation process can be
challenging and may need to be directed toward
a specific target cell.

Although exosomes have been studied
extensively in recent years, research on their
therapeutic use is still in its early stages,
and further research is required. Also,
additional research is required on the structure,
production, characterization, and loading of
exosomes. Clinical trials and information on the
efficacy and safety of exosome-based therapies
are essential. Despite being a promising tool
for treating various diseases, exosomes' use
as therapeutic agents has some limitations,

D J Med Sci

including non-standardized protocols, isolation,
and purification techniques.’®¥ However, the
development of exosome-mimicking particles
has been gaining momentum due to the natural
exosomes' mechanism, origin, and functions.’8?
With the further examination of protocols and
scale-up processes, breakthrough research
can be achieved to treat different diseases.
Additionally, exosome-mimicking nanoparticles
can be utilized alone or combined with natural
exosomes as therapeutic agents in healthcare.

In conclusion, exosomes are small
structures that are enclosed by membranes and
are secreted by cells. They perform various
biological functions, including communication
between cells, signaling, and transportation
of substances between cells. Exosomes have
gained significant attention in recent years due
to their potential therapeutic applications, but
their biogenesis, composition, and functions are
not yet fully understood. However, exosomes
that are isolated from specific sources, like
MSC-derived exosomes, have been identified
as a promising option for cellular therapies.
Mesenchymal stem cell-derived exosomes
promote cell differentiation, reduce inflammation,
promote tissue regeneration, and suppress the
immune system. As a result, they are used for
therapeutic purposes in various areas, including
cardiovascular diseases, neurodegenerative
diseases, cancer, and drug delivery systems.
Nonetheless, additional research is necessary to
expand and standardize clinical practice. Ethical
and safety issues regarding the use of exosomes
also need to be addressed. Nevertheless, current
research suggests that exosomes could be a more
effective and safer treatment alternative in the
near future.
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