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Summary

The use of exosomes derived from stem cells as microRNA (miRNA) delivery vehicles for neuroregenerative medicine is an area
that is gaining increasing attention. Their biocompatible natural structure and ability to effectively interact with target cells make
these nanometric vesicles a candidate of interest for modulating nerve repair mechanisms. The scalability of exosome production
and the standardization of isolation methods still require further development. Furthermore, miRNAs are being increasingly
investigated due to their roles in regulating gene expression and neuronal survival and regeneration through various pathways
in which they participate. This review examines current information on the biogenesis and molecular profile of stem cell-derived
exosomes, as well as various endogenous and bioengineering-based strategies for miRNA loading. Besides, mechanisms including
ESCRT-dependent and ESCRT-independent pathways, as well as other physical and chemical processes, are explained in terms
of specificity and effectiveness. Furthermore, this review assesses the vast therapeutic promise of miRNA-loaded exosomes in
enhancing neurogenesis, regulating inflammation, preserving synaptic plasticity, and inhibiting apoptosis. Special attention is
also paid to experimental findings in various neurodegenerative disorders such as Alzheimer’s, Parkinson’s, amyotrophic lateral
sclerosis (ALS), multiple sclerosis (MS), Huntington’s, and spinal cord injuries, and translational challenges in these areas. Finally,
emerging approaches, such as personalized exosome-based therapies, gene editing tools like CRISPR, and integrated therapeutic

platforms, are discussed in this review as elements that may shape future developments.
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Introduction

Cells communicate with each other by exchanging signals
through various pathways. Cells that send signals about
their functioning and other cells through autocrine,
paracrine, or endocrine stimulation primarily transmit
these signals in extracellular vesicles (EVs), especially
exosomes.! In stem cell treatments, the goal is to improve
stem cells that can proliferate and differentiate into various
cells by utilizing their paracrine factors instead of using
them directly. However, research shows that exosomes
are the main responsible for the paracrine effect. In other
words, applying treatment with exosomes secreted by stem
cells instead of using them directly makes the treatment
easier, more applicable, and safer.?

Stem cell exosomes can be obtained from a wide variety
of stem cell types, such as embryonic, induced pluripotent,
hematopoietic, mesenchymal, endothelial, and neural stem
cells.’ Stem cell exosomes are stable, so they can remain
intact in the body, exhibit cell-specific effects, and escape
the immune system.* These make stem cell exosomes
more advantageous than using stem cells directly. One
of the important components carried by these exosomes
is microRNAs (miRNA). Differentiation of neural
progenitor cells, neurogenesis, synaptic reorganization,
and neuron-glia cell interactions are neural regeneration

pathways that are spontaneously found in our body and
regulated by miRNAs. At the same time, studies are
also being conducted to provide neural regeneration by
taking advantage of the important role of miRNAs in cell
programming with bioengineering.’ All of these point to
the pioneering role of miRNAs in both physiological and
therapeutic neural regeneration.®

Dysfunctions of miRNAs are closely related to cancer,
genetic diseases, infections, inflammations, cardiovascular
diseases, neurodegenerative diseases, and many other
pathologies. This relationship has increased research on
treatment approaches through miRNA in recent years.
In studies, miRNA-like molecules or miRNA antagonists
are preferred according to the molecular process of the
relevant disease.”*

The expression of miRNAs changes after neurological
traumas such as brain injuries, spinal cord injuries, and
peripheral nerve injuries. Changes in miRNA expression
regulate neural regeneration through post-transcriptional
modifications.” For this reason, a thorough understanding
of these miRNAs and an investigation of their therapeutic
potential may provide an effective treatment opportunity
for nerve injuries in the future.

It is challenging for miRNAs to pass directly through
the cell membrane because both the cell membrane and
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miRNAs are negatively charged; In addition, miRNAs
have high renal clearance, may have problems in passing
from the endosome to the cytoplasm, may be destroyed by
nucleases, may be phagocytosed, may trigger the immune
system (especially the reticuloendothelial system), and may
cause other side effects.'®'! For this reason, miRNAs must
be taken into the cell through various transfer mechanisms
to benefit from miRNAs. These mechanisms are divided
into two viral and nonviral transfer mechanisms.
Although viral mechanisms are advantageous in terms
of high efficiency and stable miRNA expression, they
carry serious risks, including immune response, toxicity,
and mutation. Transfer by viral mechanisms is carried
out through retroviruses, lentiviruses, adenoviruses, and
adeno-associated viruses. Each vector has its areas of use,
advantages, and disadvantages.®'?

Nonviral transfer mechanisms can be physical, such as
gene guns, electroporation, or hydrodynamic injection,
or chemical, including lipid-based or polymer-based
systems and inorganic carriers. In nonviral transfer
mechanisms, unlike viral mechanisms, much less toxicity
and immunogenicity are encountered; the surfaces of
the carriers can be customized and have flexible carrying
capacity. However, their carrying efficiency is also lower
compared to viral transfer mechanisms.*'! Despite all these
disadvantages, their safety makes nonviral mechanisms
more preferred in the clinic."” For this reason, researchers
have concentrated their efforts on optimizing nonviral
transfer mechanisms. In these studies, exosome is an
excellent carrier thanks to their advantages'* (Figure 1).

Exosomes are considered excellent carriers for miRNAs

due to their unique biocompatibility, ability to cross
biological barriers (especially the blood-brain barrier
[BBB]),”* interact with the extracellular matrix and
trigger a response in cells in the microenvironment,'
high stability, natural origin, selectivity,'” and long-
distance intercellular communication.”® Despite the
difficulties encountered in their isolation, loading, and
targeting processes, exosomes have demonstrated their
drug delivery potential in different animal models.”
Moreover, it has been confirmed that exosomes carry
miRNAs and enhance their activities in various ways,
such as triggering apoptosis, supporting angiogenesis, or
regulating lipid metabolism.* The fact that this situation
is not encountered in traditional treatments has made
exosome-based miRNA delivery more advantageous. For
all these reasons, miRNAs loaded into stem cell exosomes
are being investigated as a strong treatment option in
both neurodegenerative diseases and other diseases for
which no curative treatment has yet been found. In this
study, we have compiled the current studies on miRNAs
loaded into stem cell exosomes.

Biogenesis and composition of stem cell-derived exosomes
Exosome formation and release mechanisms

Exosomes are small EV's derived from late endosomes and
released as a result of the fusion of multivesicular bodies
with the plasma membrane.? Unlike apoptotic bodies
and microvesicles, exosomes are formed by the release of
intraluminal vesicles (ILVs) into the external environment
by ESCRT-dependent or -independent mechanisms.?>*
Throughout this process, Rab5-to-Rab7 conversion, and
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Figure 1. Mechanisms of miRNA delivery into cells
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subsequently the role of Rabll, Rab27a/b, and Rab35
proteins, lead to the release of exosomes beyond the cell.**
» Exosomes were originally assumed to be cellular trash,
but were afterwards known to be actively engaged in
intercellular exchange.”'

Molecular cargo: proteins, lipids, and nucleic acids
Exosomes harbor biomolecules such as proteins, lipids
and nucleic acids, and participate in physiological and
pathological processes and are also candidate biomarkers
or drugs.*>”” The composition of exosomes are particularly
dependent on the condition of the source cell.*** Loading
of cargo onto exosomes for therapeutic use can be carried
out at biogenesis or ex vivo.*” Databases like ExoCarta
that contain data on content of exosomes offer isolation
and characterization methods as well as content analysis
methods.*"*

Mechanisms of miRNA loading into stem cell exosomes
Endogenous (natural) loading mechanisms

Endogenous (natural) loading mechanisms refer to the
cell’s intrinsic ability to selectively package miRNAs into
EVsandexosomes during their biogenesis. These processes
are tightly regulated and involve multiple pathways, such
as ESCRT-dependent and ESCRT-independent sorting,
RNA-binding protein (RBP)-mediated selective loading,
sequence and structure-specific miRNA motifs, ceramide
and lipid raft-associated pathways, and the involvement
of Argonaute proteins and the miRNA-induced silencing
complex (miRISC) complex. Additionally, cellular
conditions like stress, microenvironmental cues, and
differentiation states significantly influence these natural
loading mechanisms, shaping the functional cargo profile
of EVs and exosomes.

miRNA loading through ESCRT-dependent and
independent pathways

Endosomal sorting complexes required for transport
(ESCRT) is a membrane remodeling tool found in all life
forms and transcends evolutionary boundaries.*> ESCRTs
were first discovered and named for their essential role in
recognizing and directing ubiquitin-labeled multi-pillar
vesicle body (MVB) cargoes into MVB vesicles.”* ESCRT
complexes have a wide range of functional functions,”
including classical functions such as MVB biogenesis,
budding of HIV and other viruses, and membrane
separation during cytokinesis, as well as more recently
discovered functions such as microvesicle and exosome
biogenesis, micro- and macroautophagy, removal of
damaged nuclear pore complexes, and nuclear envelope
remodeling.*

The ESCRT protein machinery plays a role in the
transformation of endosomes into multivesicular bodies.
ESCRT consists of five different protein complexes.
These are ESCRT-0, -1, -II, -III and AAA ATPase Vps4.
ESCRT-0 recognizes proteins marked with ubiquitin,

which is a “send for destruction” signal, and accumulates
them in the endosomal membrane. Thus, the MVB
pathway is initiated. ESCRT-I binds to both ESCRT-0
and ubiquitinated cargo, more effectively sequesters the
protein it receives from ESCRT-0, and also interacts with
ESCRT-II to advance the process. ESCRT-II then calls the
ESCRT-III complex and initiates polymerization. ESCRT-
III forms membrane invaginations into the cytoplasm in
a topologically reversed direction from classical surface
budding, trapping cargo and playing a role in cell
membrane formation, constriction, closure and rupture.
Finally, the AAA ATPase Vps4 disassembles ESCRT-III,
allowing the ESCRT system to be reused.’**

A comprehensive RNA interference (RNAi) screen in
the HeLa cell line identified seven ESCRT proteins that
affect exosome secretion: ESCRT-0 proteins Hrs and
TSG101, ESCRT-I protein STAM1 increased exosome
release; ESCRT-III and its related proteins CHMP4C,
VPS4B, VTAI and ALIX reduced exosome release. The
functions of Hrs, TSG101, STAM1 and VPS4B of these
proteins were confirmed by further studies.*’ It has been
shown that the absence of ALIX also disrupts exosome
biogenesis both in vivo and in vitro.*?

The general knowledge is that the ESCRT protein
complex is required for the formation of ILVs. However,
as a result of some studies, it has been understood
that ESCRT-independent pathways can also provide
ILV and thus exosome formation. ILV formation in
mammals occurs through both ESCRT-dependent and
ESCRT-independent pathways.”” Tetraspins, SIMPLE/
LITAF protein, and ceramides are examples of ESCRT-
independent mechanisms.?*>%

To give an example of the functioning of ESCRT-
independent  pathways,  tetraspins, which are
transmembrane proteins such as CD9, CD63, and
CD81, organize cargoes on the membrane into clusters
and facilitate the budding of ILVs into the membrane.
Ceramide and cholesterol-rich membrane regions also
recruit certain proteins such as flotillin and LC3 and
support ILV formation. Flotillin attracts the GTPase
Rab31 to the MVB. Rab31, which is phosphorylated and
activated by EGFR (epidermal growth factor receptor),
initiates ILV budding by binding to the SPFH domain
of flotillin proteins. Thus, receptors such as EGFR
accumulate in MVBs containing CD63, an exosome
marker.**¢

Selective miRNA transport mediated by RBPs

Certain RBPs, such as hnRNPA2B1 and YBXI, recognize
specific miRNA sequence motifs and mediate their
selective incorporation into exosomes. This mechanism
confers sequence specificity to the miRNA loading
process, allowing for regulated and targeted cargo sorting.
In 2013, Villarroya-Beltri and colleagues demonstrated
that the RBP hnRNPA2B1 plays a critical role in the
selective loading of miRNAs into exosomes by recognizing
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specific sequence motifs known as EXOmotifs. Their
study showed that the sumoylation of hnRNPA2BI is
essential for its interaction with these motifs, thereby
modulating miRNA sorting. Mutational analysis of these
motifs and silencing of hnRNPA2BI1 significantly altered
the exosomal miRNA profile, highlighting a regulated and
sequence-specific mechanism of miRNA packaging.”

miRNA sequence motifs and structural recognition
signals

Certain miRNAs contain short sequence motifs such as
the EXO motif that are specifically recognized by carrier
proteins. These structural elements play a critical role in
guiding miRNAs into exosomes and contribute to the
selectivity of exosomal cargo loading.

In a 2022 study conducted by Garcia-Martin and
colleagues, the authors demonstrated that specific
sequence motifs within miRNAs namely EXOmotifs and
CELLmotifs play a critical role in determining whether
these molecules are exported into small sEV's or retained
within the parent cell. Their experiments further revealed
that the RBPs Alyref and Fus mediate the selective
export of miRNAs that harbor potent EXOmotifs, such
as CGGGAG. This research provides valuable insights
into the molecular mechanisms of miRNA trafficking
and identifies potential strategies for refining RNA-based
therapeutic delivery.*®

Ceramide and lipid raft associated loading mechanisms
Ceramide facilitates the inward budding of endosomal
membranes by inducing membrane curvature,
thereby promoting the sorting of miRNAs into ILVs.
Additionally, lipid rafts contribute to the cargo loading
process by modulating protein-lipid interactions, further
influencing miRNA packaging within EVs.

In a 2008 study, Trajkovic and colleagues investigated
the mechanisms underlying exosome formation within
multivesicular endosomes. They discovered that
ceramide, a sphingolipid, facilitates the inward budding
of endosomal membranes, leading to the generation of
ILVs that are later secreted as exosomes. Notably, this
process was found to be independent of the ESCRT
(endosomal sorting complex required for transport)
machinery. Their experiments showed that purified
exosomes were enriched in ceramide, and inhibiting
neutral sphingomyelinases significantly reduced exosome
release. These findings highlight a ceramide-dependent,
ESCRT-independent pathway for exosome biogenesis,
offering new insights into the molecular mechanisms of
vesicular trafficking and intercellular communication.49

The role of Argonaute proteins and the miRISC complex
in miRNA loading

Components of the miRISC complex, such as Ago2, play a
key role in guiding miRNAs bound to their target proteins
within the cell toward exosomal packaging. This process

contributes significantly to the regulation of miRNA
activity. In 2009, Gibbings and colleagues demonstrated
that MVBs are not merely vesicular transport stations,
but also play an active role in the intracellular regulation
of miRNA activity. Through their experimental
observations, they showed that key components of
the miRISC, particularly Argonaute 2, accumulate in
association with MVBs. This finding suggested that the
trafficking of miRISC through the endosomal system
may be essential for modulating gene silencing efficiency,
revealing a deeper layer of regulatory control within the
miRNA machinery.*

miRNA loading influenced by cellular
microenvironment, and differentiation status
Microenvironmental changes such as hypoxia and
oxidative stress have been shown to alter both the
composition of secreted exosomes and their miRNA
cargo. This dynamic modulation is thought to reflect an
adaptive mechanism, contributing to cellular defense and
regenerative responses. In their 2022 study, Jiang et al
demonstrated that hypoxic conditions significantly alter
both the quantity and molecular composition of exosomes
secreted by cells. Their findings highlight the role of HIF-
la in regulating exosomal cargo particularly miRNAs and
proteins thereby reshaping the biological activity of these
vesicles. Exosomes released under hypoxia were shown
to influence angiogenesis, cellular proliferation, and
immune responses in recipient cells. These observations
underscore the clinical relevance of hypoxia-induced
exosomal changes, especially in the context of tumor
microenvironments and regenerative medicine.”!

stress,

Preconditioning and genetic modification of stem cells
Stem cells can be genetically modified to induce the
overexpression of specific target miRNAs. Through this
approach, these miRNAs are naturally incorporated into
exosomes during the endogenous biogenesis process,
offering a strategic method to engineer exosomal
content for therapeutic applications. In 2016, Wang et
al. demonstrated that mesenchymal stem cells (MSCs)
can be genetically modified to overexpress the miRNA
let-7¢c, which is subsequently packaged into exosomes
via the cell’s endogenous biogenesis pathways. These
engineered exosomes were then administered in a model
of renal fibrosis, where they effectively delivered let-7c to
damaged renal tissue. The treatment significantly reduced
fibrotic gene expression and improved kidney histology.
This study highlights the therapeutic potential of MSC-
derived exosomes as targeted miRNA delivery vehicles in
fibrotic diseases.”

Exogenous

mechanisms
Exogenous (artificial or bioengineering-based) loading
mechanisms represent a set of deliberate strategies

(artificial/bioengineering-based) loading
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designed to introduce specific miRNAs into eEVs
or exosomes. These methods bypass natural sorting
processes and include various techniques such as
chemical transfection (e.g., using lipofectamine), passive
incubation, freeze-thaw cycles, electroporation, and
sonication (Figure 2) Each approach offers distinct
advantages and limitations in terms of efficiency, vesicle
integrity, and cargo specificity, and their selection often
depends on the experimental goal and sensitivity of the
biological system.

Loading via electroporation

Electroporation involves applying brief electrical pulses
to create transient pores in the exosome membrane,
facilitating the entry of miRNAs into the vesicles. While
this method achieves a high loading efficiency, it may
compromise the structural integrity of the exosomal
membrane. In 2019, Pomatto et al investigated the use of
electroporation to load antitumor miRNAs into plasma-
derived EVs. They optimized electrical pulse parameters
to maximize loading efficiency while preserving vesicle
integrity and natural cargo. Their results demonstrated
that electroporation significantly enhanced miRNA
encapsulation compared to passive incubation, protecting
the miRNAs from degradation and maintaining effective
delivery to target cells.”

Loading via chemical transfection
Chemical transfection has emerged as a commonly used

method for loading miRNAs into exosomes and other
EVs. In this approach, lipid- or polymer-based reagents
such as Lipofectamine form complexes with synthetic
miRNAs, facilitating their incorporation into isolated
vesicles. This technique is relatively straightforward
and widely accessible in laboratory settings, making it
attractive for experimental use. However, it often results
in lower loading efficiency compared to endogenous
methods and carries the risk of co-isolating residual
transfection reagents or free RNA complexes. Despite
these limitations, chemical transfection remains a useful
tool for functionalizing EVs, particularly in early-stage
research focused on therapeutic RNA delivery.

In their 2013, Shtam et al demonstrated that
Lipofectamine could be used to load exogenous small
interfering RNA (siRNA) into exosomes, establishing a
chemically driven method for exosomal cargo engineering.
By transfecting siRNA into isolated exosomes, they
were able to deliver functional siRNA to human cells in
vitro, resulting in measurable gene silencing. This work
positioned Lipofectamine-mediated transfection as an
early and accessible approach for manipulating exosomal
content, though the authors noted the importance of
controlling for potential contamination from free siRNA-
lipid complexes.*

Loading via passive incubation
In the passive incubation method, exosomes are incubated
with synthetic miRNAs under controlled temperature
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Figure 2. Exogenous (artificial/bioengineering-based) loading mechanisms
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and time conditions, allowing spontaneous association
or diffusion of miRNAs into the vesicles. Although this
technique generally results in low loading efficiency,
it is favored for its simplicity, safety, and non-invasive
nature. Due to the minimal disruption of exosomal
structure, passive incubation is considered a gentle
strategy, particularly suitable for preliminary studies
where preserving the integrity of vesicles is crucial. In
2021, Brossa and colleagues conducted a study using
passive coincubation as a method to load synthetic miR-
145 into EVs derived from human liver stem cells. By
gently incubating the miRNA with isolated EVs, they
successfully achieved miRNA incorporation without
damaging the vesicles’ structure. Although this technique
has lower efficiency compared to active methods, it
offers a simple and non-disruptive way to engineer EVs.
Their results showed enhanced anti-tumor activity of the
miRNA-loaded EVs, highlighting passive incubation as
a valuable and practical strategy for therapeutic miRNA
delivery.”

Loading via freeze-thaw cycles

In this approach, exosomes are mixed with synthetic
miRNAs and subjected to repeated freeze-thaw cycles. The
process temporarily increases membrane permeability,
allowing miRNAs to pass into the vesicles during the
thawing phase. While this technique may compromise
membrane integrity, it has shown some effectiveness
under specific conditions and remains a simple and
accessible loading strategy. In 2020, Lee and colleagues
conducted a study where they utilized freeze-thaw cycles
to load miR-140 into exosomes, aiming to enhance their
therapeutic efficacy. This method allowed the successful
incorporation of miRNA without complex procedures,
and the exosome-miR-140 complexes significantly
promoted chondrogenic differentiation of bone marrow-
derived stem cells. Their findings highlight freeze-thaw
loading as a simple yet promising strategy for cartilage
repair and regenerative medicine applications.®

Loading via sonication

Inthismethod, ultrasonicvibrationsareused totemporarily
disrupt the exosomal membrane, allowing for the entry
of miRNAs into the vesicles. While this technique can
enhance loading efficiency, the application of high-energy
waves may compromise membrane integrity, potentially
affecting the structural and functional stability of the
exosomes. Nonetheless, under optimized conditions,
sonication remains a viable strategy for therapeutic
cargo delivery and is frequently explored in experimental
studies. In 2016, Lamichhane and colleagues conducted
a pioneering study where they used sonication as an
active loading strategy to incorporate small RNAs (siRNA
and miRNA) into EVs. By applying short ultrasonic
pulses, they temporarily disrupted the EV membranes,
allowing RNA molecules to enter without significantly

compromising vesicle integrity. The engineered EVs
successfully delivered the RNA cargo to recipient cells,
leading to oncogene knockdown, including effective
suppression of HER2 expression. This work highlighted
sonication as a promising and controllable technique for
functionalizing EVs in therapeutic applications, especially
in gene silencing strategie.”

Neuroregenerative effects of miRNA-loaded exosomes

Promotion of neurogenesis and neuronal differentiation
Neurogenesis, the formation of new neurons, is rare in the
adult mammalian brain. Three regions are exceptions: the
olfactory bulb, the dentate gyrus of the hippocampus, and
the hypothalamus.’®*

In humans, these regions are not identical. For example,
neurogenesis in the olfactory bulb does not occur in
humans. Also, unlike other mammals, neurogenesis occurs
in humans’ striatum, the center of movement, reward,
and decision-making.®® The regulation of neurogenesis is
regulated by many different factors, from environmental
stimuli to hormones, neurotransmitters to nutrition, and
medication use to age. Disruption of this rather delicate
balance is associated with neurodegenerative disorders
such as dementia and temporal lobe epilepsy, as well as
psychiatric disorders such as schizophrenia and major
depression. Therefore, the existence of neurogenesis
in the adult brain carries the light of being an effective
treatment for the mentioned diseases.*®*!

Pluripotent human embryonic stem cells (hESCs)
obtained from early blastocyst stage embryos can produce
an unlimited number of neurons® and transform into
neural progenitor cells. Neural progenitor cells provide
neuronal differentiation through cellular signaling
pathways from the external environment.® This way,
even dopaminergic neurons can be obtained.* The fact
that hESCs can remain intact and pluripotent in culture
for a long time, exhibit functional properties, and behave
similarly to primary cells makes them a potential cell
source for studies on neuronal differentiation.®

Considering the consequences of even a minor
disruption in these two vital mechanisms in humans, the
importance of regulating intercellular communication
and ensuring a healthy neurogenic niche and healthy
neurogenesis is understood. This communication is
provided not only through classical pathways but also
through exosomes and the miRNAs they carry. These
exosomal miRNAs play a role in regulating the activity of
genes related to neurogenesis and neuronal differentiation
in target cells.®**” For example, MSCs specifically load
miRNA into exosomes during the body’s normal
functioning and thus regulate angiogenesis, which plays
a critical role in neurogenesis and its efficiency® (Table 1).

Axonal growth and synaptic plasticity enhancement
The mechanisms that enable recovery after central
nervous system injuries are not yet fully understood,
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but it is known that axon regrowth plays a significant
role in the recovery process. This is because loss of
function after neurological damage is usually due to
the severing of axon connections rather than the death
of neurons.”® Axon re-growth is essential in neuronal
plasticity and regeneration, forming new neural circuits
and functional recovery. Functional recovery requires
myelination, synapse formation, and pruning of incorrect
connections in addition to axon re-growth.” In the adult
brain, plasticity can direct new synapse formation and
provide larger-scale circuit changes. This feature shows
the uniqueness of our brain in terms of self-regulation
and development.® In addition, the permanent nature of
plasticity shows that changes at the axonal level can last
a lifetime,” ensuring the continuity of improvements
provided by plasticity.

Although creating a microenvironment suitable for
healing with stem cells has a significant place in treatment
studies for neurological injuries that are common and
cause serious consequences, such as spinal cord injury
(SCI), the fact that stem cells have limited direct effects
and that they perform their effects through paracrine
signals poses a problem in stem cell research. This is where
exosomes and the miRNAs they carry have emerged as a
relatively new and promising strategy.*®

The miRNAs carried in exosomes can affect the
neuron’s structure, function, and genetic program by
suppressing or altering gene expression in the target cell.
miRNAs whose regulation changes in disease states have
various effects on neurons® (Table 2).

Anti-inflammatory and neuroprotective properties

In neurological disorders, secondary damage, such
as neuroinflammation following the initial damage,
can lead to serious neurodegeneration. Chronic
neuroinflammation, a common feature of central

nervous system diseases, increases neuronal deaths due
to microglia activation and pro-inflammatory cytokine
release, leading to disease progression.”

The disruption of the tasks undertaken by microglia,
which are neuroimmune cells, in the field of brain
homeostasis and neuroprotection in the CNS* is effective
in this situation because microglia activation can suppress
inflammation in neurodegenerative disorders and
sometimes increase it.”® Therefore, anti-inflammatory
substances have become a new target in treating these
disorders.

MSCs, the most commonly used cell type in
neurological diseases, can affect inflammation. One of
the most important functions of MSCs in providing this
targeted anti-inflammatory effect is the exosomes they
secrete and the contents they carry.”® Exosomes affect the
course of diseases by regulating gene transcription of the
miRNAs they carry.” For example, against the changes
in miRNA profiles in neurological disorders like stroke,
traumatic brain injury, Alzheimer’s, and MS, miRNAs
contained in exosomes have potential in the treatment
of neurodegenerative disorders with their healing
properties®®* (Table 3).

Modulation of apoptosis and cell survival pathways

Exosomes and the miRNAs they contain, which form the
basis of their use in cellular therapies for disorders that
cause both acute neurological disorders, such as traumatic
brain injury, and serious problems, such as long-term
disability, can have effects that support neurological
recovery, such as intrinsic neurogenesis and neurite
growth. They also play a role in the pathophysiological
process.'” In a like manner, depending on whether the
exosomes have different cargo, exosomes may provide
different effects in neurodegenerative diseases, such as
Alzheimer’s, Huntington’s, and Parkinson’s, which are

Table 1. Primary studies on miRNA-mediated effects on neurogenesis and neuronal differentiation

miRNA loaded into  The cell of origin of

Result Disease Reference
exosomes the exosome
miR-193a El:}ig\leural progenitor Neuronal differentiation and neurogenesis Not specifically mentioned. Oh®
miR-21a Neural stem/progenitor Neuronal filffergntlatlon and neurogenesis by activating Akt Not specifically mentioned. Ma et al®
cells (NPCs) and Wnt signaling pathways
. Neural stem cells Neuronal differentiation, neurogenesis, and neuronal and Diseases that cause the loss B
miR-9 ) ) . Yuan et al”!
(NSCs) glial cell maturation by targeting the Hes1 gene of nerve cells
miR-124, miR-132, Dopaminergic neuron differentiation through pathways
miR-133b, miR-218,  Epiblast-derived stem  regulating stem cell pluripotency, such as the FoxO signaling Neurodegenerative diseases Jin et al”?
miR-9, miR-34b, miR- cells (EpiSCs) pathway, DA synapses, Wnt signaling pathway, GABAergic such as Parkinson's disease
34c, miR-135a2 synapses, and neurotrophin signaling pathways
miR-7a-5p Hippocampal NSCs lnh|b1t|‘on' of neuronal differentiation mediated by the Tcf12 Dlseases affecting © sunetal”
transcription factor hippocampal neurogenesis
miR-125b PC12 Neuronal differentiation Not specifically mentioned. Takeda and Xu’

EVs from differentiated Enhancement of neuronal differentiation and reduction of

miR-21 ve miR-19b

PC12 cells and hMSCs  neuronal apoptosis by suppressing PTEN expression

Spinal cord injury Xu et al”

Neurogenesis, angiogenesis, and functional recovery through

o . . 6
miR-126 MSC the inhibition of SPRED1 and PIK3R2 genes Spinal cord injury Huanget al
mlR—206_—3p MSC l—_hppo_campal neurogenesis via activation of the BDNF/TrkB Alzheimer's disease Peng et al”
antagomir signaling pathway.
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Table 2. Listing of major studies on the effects of miRNAs from various cells on axonal growth and synaptic plasticity

miRNA loaded

The cell of origin of the

. Result Disease Reference
into exosomes exosome
miR-26a Astrocyte By suppressing the 9td§p2 gene, there is potential to affect the morphology Neuro[oglcal Lafouzrcade
and synaptic transmission of neurons. diseases etal®
Ex-miR-133b* Mesenchymal stromal By reducnhg the level of RABEPK protein, neurite remodeling, neural plasticity, Stroke Xin ot al®
cell and functional recovery occur.
A LPS-activated BV2 By suppressing the PTEN gene ar}d activating the PI3!<—AKT pathway, neuronal Traumatic brain
miR-20b-5p . . process outgrowth and synaptic improvement occur in the presence of mild . Wang et al*
microglia . injury
hypothermia.
miR-17-92 Mesenchymal stromal With the suppression of the PTEN gene, activation of Akt, mTOR, and GSK-3B Stroke Xin et al®;
cluster cell leads to axonal growth, neurogenesis, and oligodendrogenesis. Zhang et al*
MIRNA-21 Repair Schwann cells By suppressing the PTEN gene and activating the PI3K-Akt pathway, axon Peripheral nerve Loépez-Leal
(rSCs) growth occurs." injury etal¥
. Adipose tissue-derived  Axonal regeneration through RhoA/ROCK reduction and ERK increase, along . . s
miR-133b stem cell with CREB and STAT3 regulation. Spinal cord injury Shen & Cai
miR-494 Mouse MSC Neurofilament renewal Spinal cord injury ~ Huang et al®
Suppression of RASAT protein increases Ras activity, enhances
EXmiR-132-3p MSC phosphorylation of Akt and GSK-3B proteins, and decreases p-Tau levels. Vascular dementia  Ma et al®
Consequently, synaptic plasticity, neurite outgrowth, and branching occur.
miR-206-3p Neurite outgrowth and synaptic plasticity through activation of the BDNF/TrkB ~ Alzheimer’s
. MSC S ) Peng et al””
antagomir signaling pathway. disease
miR-126-3p Mouse brain endothelial Neurite growth lschemlaA/ A Gao et 2l
cells called bEnd.3 Reperfusion Injury
By suppressing PTEN and activating the PI3K/Akt/mTOR pathway,
miR-17-92+  MSC compensatory neuroplasticity, axon elongation, and myelin remodeling are Stroke Xin et al”!
promoted.
miR-5121 Microglia By suppressing the RGMa gene, neurite growth and synaptic improvement Tréumat|c brain Zhao ot al®
occur. injury
Table 3. Important studies on the anti-inflammatory and neuroprotective effects of miRNAs derived from various cells
miRNA loaded  The cell of origin of Result Disease Reference

into exosomes

the exosome

By inhibiting the mTOR signaling pathway, it exerts anti-inflammatory,

Mavroudis et

miR-124-3p Microglia neuroprotective effects and supports neuronal repair and synaptic Traumatic brain injury o
plasticity.
miRNA-223-3p Mlcrogh.a treated with It suppresses the NLRP3-mediated pyroptosis mechanism. Chronic ce'rebral Yang et al'®!
sinomenine hypoperfusion
miR-137 M2-type microglia It exerts a neuroprotective effect against ischemia-reperfusion injury by Ischemic brain injury Zhang et al**
targeting the Notch1 gene.
miR-672-5p M2-type microglia By inhibiting the AlM2/ASC/caspase-1 slgnal|ng pathway, it suppresses Trfiumatlc spinal cord Zhou et al'®
neuronal pyroptosis and supports functional recovery. injury
Bone marrow stem When overexpressed in exosomes, Rap1 increases due to Cnr1 Zhang et
miR-338-5p cell (BMSCs) inhibition, thereby activating the PI3K/Akt1 pathway and providing Spinal cord injury s 8
neuroprotective effects.
miR-21-5p G'Inglval MSC.S Suppression of PDCD4 reduces cell death and protects retinal neurons. Retinal '?Ch?'f“a/ Yu et al'®*
stimulated with TNF-a reperfusion injury
miR-124 M2-type microglia By lnhlbltlng USF1 4, it .exerts anti-inflammatory effects and protects !sc'hemla / reperfusion Song et all®s
neurons against ischemia. injury
miR-182-5p Astrocytes treated By binding to Rac1, it suppresses neuroinflammation. Stroke Ding et al'®

with berberine

becoming increasingly common as the world are changing
as well as we are living longer. Exosomal miRNAs play a
large role in the progression of these diseases, responding
to oxidative stress that may ultimately lead to neuronal
apoptosis through the processes they activate.'®®! As can
be understood from studies on Parkinson’s''° the reason
for the widespread effects of such neurodegenerative
disorders is exosomes and the contents they carry. For this
reason, exosomes equipped with engineering methods,
such as exosomes derived from miRNA-loaded modified
iPSC, are promising treatment methods.'"! (Table 4)

Therapeutic applications in neurodegenerative diseases
Neurodegenerative diseases such as Alzheimer’s disease,

Parkinson’s disease, amyotrophic lateral sclerosis (ALS),
and Huntington’s disease (HD) are characterized by
progressive neuronal loss and currently lack effective
curative treatments. In recent years, increasing attention
has been directed toward miRNAs and exosomes as
promising therapeutic agents due to their ability to
modulate gene expression and mediate intercellular
communication in the central nervous system. miRNAs
can regulate key molecular pathways involved in
neuroinflammation, apoptosis, synaptic plasticity,
and neuronal survival, while exosomes offer a natural,
biocompatible delivery system capable of crossing the
BBB. This section explores the emerging therapeutic
applications of miRNAs and exosome-based strategies in
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Table 4. Primary studies on the effects of miRNAs from various cells on neuronal apoptosis and modulation of cell survival pathway

miRNA loaded The cell of origin

. Result Disease Reference

into exosomes of the exosome

miR-223 MSC By |nh|F)|tmg the PTEN gene, it aFtlvates the PI3K/Akt signaling pathway, thereby Hypoxia on Alzheimer Wei e al'2
protecting neurons from apoptosis. model cells

miR-134 BMSC By' suppressing caspase-8, encgded bY the CASP8 gene, it reduces apoptosis in lschemic stroke Xiao et alls
oligodendrocytes damaged by ischemia.

miR-374-5p Neural stem cell By targeting the SKT-4 gene, it initiates autophagic flux and suppresses apoptosis.  Spinal cord injury E'Zi?l% &

miR-542-3p MSC By inhibiting TLR4, it reduces apoptosis and suppresses the inflammatory response. Cerebral infarction Cai etal'™

miR-672-5p ﬁ:i}zgﬁa By inhibiting the AIM2/ASC/caspase-1 pathway, it halts neuronal pyroptosis. Spinal cord injury Zhou et al'®

miR-124-3p BV2 microglia By suppressing FIP200, it prevents excessive autophagy-induced neuronal death by Traumatic brain injury Li et al'®

halting autophagy.

By reducing the elevation of HMGBT1 and its associated TLR4, it induces an anti-

miR-129-5p MSC
related abnormal neurogenesis.

inflammatory response, alleviates neuronal damage, and suppresses epilepsy-

the context of neurodegenerative disorders, highlighting
preclinical findings, delivery challenges, and potential for
clinical translation. (Figure 3)

Alzheimer’s disease: targeting amyloid-beta and tau
pathologies

Alzheimer’s disease is usually seen in sixth decade of
life, people aged 65 and over. Only 5% of people with
Alzheimer’s disease are younger than 65. Alzheimer’s
disease accounts for approximately % of dementia cases.
Alzheimer’s disease is a neurodegenerative disease that
begins insidiously and causes cognitive dysfunction.
Cognitive dysfunctions include memory loss, difficulty
in comprehension, difficulty in concentrating, difficulty
in speaking, difficulty in reasoning and judging an event.
Alzheimer’s disease does not directly cause death, but
other complications resulting from this disease can lead
to the patient’s condition ending in death."®

The lesions that occur in the brains of Alzheimer’s
patients are senile plaques and intracellular neurofibrillary
tangles (NFT). Amyloid-B is an essential and major
protein found in senile plaques. Tau protein is the most
significant protein component of NFT. In other words,
when the brains of Alzheimer’s patients are examined,
amyloid-{ and tau protein accumulation are seen. At the
same time, when the brains of Alzheimer’s patients are
examined radiologically, they are seen with widened sulci
and narrowed gyrus. When the brains of Alzheimer’s
patients are analyzed in terms of size, it is seen that they
are approximately 8-15% smaller than the brains of a
healthy individual of the same age.'”

Alzheimer’s disease is an insidious and progressive
disease that focuses on episodic memory. In the early
stages of the disease, amnestic mild cognitive impairment
criteria can be seen. In the later stages, difficulties in
multitasking, loss of self-confidence, and inability to use
location-orientation perception correctly affect daily life.
As the disease progresses, cognitive difficulties begin to
affect daily life activities, and after this stage, this patient
may be diagnosed with Alzheimer’s dementia. After the

Status epilepticus Liu et al™”
Parkinson ;
i X
ﬁ<\/\5» AT 4
A ‘»-rr’% y
Alzheimer o
Potential of ALS
miRNA in
Neurodegenerative
Diseases

W
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Figure 3. Potantial of miRNA in neurodegenerative diseases

diagnosis of Alzheimer’s dementia is made, the patient
is now dependent on the bed and someone to help them
with their daily tasks. In the more advanced stages of
the disease, behavioral changes, impaired mobility,
hallucinations, and seizures may occur. Death occurs
approximately 8.5 years after diagnosis.'*

Alzheimer’s has recently become a major public health
problem, but its treatment is poor. Recent studies are
attempting to treat both cognitive impairment and
behavioral symptoms. Treatment, primarily focused on
cholinergic therapy, aims to enhance mental functions,
and facilitate daily living activities. Future directions in
the diagnosis and treatment of patients with Alzheimer’s
are application of functional brain imaging techniques for
early diagnosis and evaluation of treatment, development
of new drugclasses that work on different neurotransmitter
systems for the treatment of symptoms such as cognitive
deficit and behavioral disorders'?!(Table 5).

It has been suggested that Alzheimer’s disease is
caused by excessive accumulation of amyloid-P peptide
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(AB). AP is generated from the AP precursor protein
(APP) through a series of events in which many soluble
fragments are released. Overexpression of APP leads to
Alzheimer’s disease, with specific genetic abnormalities
being rare presentations of the disease. Given the
central role of APP and AP in Alzheimer’s pathology,
it is necessary to elucidate the various mechanisms that
regulate the physiological expression of APP to identify
new drug targets to balance A levels. A study by Justin M.
Long and his team in September 2012 demonstrates the
regulatory effect of miR-153 on APP and AP (Amyloid-
beta) production in human neurons associated with
Alzheimer’s disease. Transfections with miR-153 mimics
in primary human fetal brain cultures significantly
decreased APP expression by approximately 20% and
APB(1-40) levels by approximately 30%. In contrast,
using an antisense inhibitor of miR-153 increased APP
levels by approximately 30%, thus confirming that miR-
153 suppresses APP under endogenous conditions. In
addition, miR-153 has been shown to down-regulate
the APLP2 protein, which has structural and functional
similarities to APP, by approximately 35%. In the analyses
of brain tissues of patients with Alzheimer’s disease, it was
determined that miR-153 expression decreased and APP
levels increased in advanced-stage disease samples. All
these findings indicate that miR-153 plays an essential role
in suppressing APP and AP production at physiological
levels.'”

Parkinson’s disease: dopaminergic neuron protection
and repair

Parkinson’s disease is a common neurodegenerative
disease in society, like Alzheimer’s."*" It affects only about
1% of adults aged 60 and over."”! Parkinson’s is a disease
that begins with asymmetric bradykinesia, rigidity, and
usually resting tremor.'*

Table 5. Recent studies on the effects of Alzheimer’s-related miRNAs

Previously, environmental factors were thought to
be the primary risk factor for developing Parkinson’s
disease. However, recent research suggests that
Parkinson’s is caused by a complex interaction of genetic
and environmental factors that affect many basic cellular
processes.'*

Parkinson’s occurs as a result of the loss of dopamine-
producing cells in the substantia nigra, and this loss
leads to significant impairments in neural activity and
sensorimotor responses in the basal ganglia. One of the
important findings in the literature is that decreased
dopamine levels are associated with increased activity
of GABA (y-aminobutyric acid)-mediated inhibitory
neurons in the inner segment of the globus pallidus and
substantia nigra pars reticulata, which are the output
regions of the basal ganglia.'*

Recent studies have indicated that advanced
neuroimaging techniques are used to determine diagnostic
biomarkers in Parkinson’s disease. In particular, positron
emission tomography, single photon emission computed
tomography, and new-generation magnetic resonance
imaging (MRI) methods are effective in distinguishing the
disease in the early stages and from similar neurological
disorders. The treatment of Parkinson’s disease is based on
pharmacological approaches aimed at eliminating striatal
dopamine deficiency. However, advanced treatment
options such as deep brain stimulation come to the fore
only in patients with permanent motor complications.
Experimental treatment strategies include genetic
and cellular-based applications to restore dopamine
production. In addition, the intracellular accumulation
and transport of a-synuclein, a protein that plays an
important role in the pathogenesis of Parkinson’s disease,
has been evaluated as a therapeutic target in recent years.
However, one of the biggest challenges in this area is that
reliable biomarkers that can define the prodromal phase

miRNA Disease Expression change Result Reference
miR-153 Alzheimer  Decreased Amyloid-B precursor protein and endogenous Amyloid Precursor Protein (APP) expression Long et ali??
are downregulated.
miR-339-5p Alzheimer Decreased m|R—§39—5p inhibits BACE1 expression and AB production in the human glioblastoma Long et ali?*
cell line U373.
miR-34a Alzheimer Increased miRNA-34a plays a role in regulating Sirt1, amyloid precursor protein, and AB levels. Gunnels'*
miR-34a Alzheimer  Increased It has been reported that miR-34a levels are higher in patients compared to the control Chen et ali?s
group.
miR-135a Alzheimer  Decreased miR-135a levels are lower in patients compared to the control group. Chen et al'*
miR-146a Alzheimer  Increased m|‘RNA—146a is involved in the activation of HSV-1, a key component of the arachidonic Hill et alt2s
acid cascade.
miR-146a Alzheimer  Increased Endogenous Lrp2 protein expression levels are significantly inhibited by miRNA-146a in Zhang et al'”?
human SH-SY5Y cells.
miR-125b  Alzheimer Decreased Serum levels of miR-125b are decreased in patients with Alzheimer’s disease. Galimberti et al'2®
miR-26b Alzheimer Decreased Althc-)ugh the ROC curve suggests that miR-26b is unsuitable as a biomarker, it plays a Galimberti et al?2?
role in the pathogenesis of the disease.
miR-223 Alzheimer  Decreased miR-223 is a major regulator of glutamate receptor expression. Galimberti et al'?®
miR-485 Alzheimer  Increased In the brains of Alzheimer’s patients, SV2A expression is decreased. miR-485 regulates Cohen et al'®®

the presynaptic protein SV2A.
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of the disease before clinical symptoms appear have not
yet been developed sufficiently. Identifying these markers
will allow for the application of new treatment approaches
that can slow down or stop the disease process at an earlier
stage'* (Table 6).

On February 2, 2011, Miilones-Moyano and colleagues
reported that miRNAs play essential physiological and
pathological roles in the central nervous system. miRNAs
bind to the open reading frame and 3" UTR regions
of target miRNAs, and as a result of this binding, they
destroy the miRNA or prevent protein synthesis. Due
to these functions, miRNA function disorders have
been associated with many neurodegenerative diseases.
Although other studies have suggested that miRNAs may
play a role in Parkinson’s, screening studies for a general
miRNA expression disorder in the brains of Parkinson’s
patients are lacking. In this study, Elena and colleagues
evaluated miRNA disorders in brain regions affected
to different degrees in idiopathic Parkinson’s patients
at various evolutionary stages. Their aim was to reveal
the disorders in gene expression networks affecting key
pathogenic pathways in sporadic Parkinson’s. In this
study, they showed that miR-34b/c is widely reduced in
the brains of Parkinson’s patients and that this reduction
starts in the early stages of the disease and affects the
mechanisms underlying mitochondrial dysfunction and
oxidative stress. This study used 11 patients in stages 4 and
5 and 6 healthy individuals as controls. A pool of equal
amounts of total RNA taken from the mesencephalon of
11 Parkinson’s patients and 6 controls were compared,
and significant differences were detected. It was shown
that two miRNAs, miR-34b and miR-34c, are significantly
reduced in the brain in advanced stages of Parkinson’s
disease. Significant decreases were detected in the levels of
these miRNAs, especially in the mesencephalon, substantia

nigra, frontal cortex, and partially in the cerebellum.
This decrease was seen not only in the damaged areas of
Parkinson’s but also in the less affected areas. Since miR-
34b and miR-34c are produced in parallel and found in
different amounts in different regions of the brain, this
has been thought to be a function both of region and
pathological effect of the disease. It has been reasoned that
the decrease in these miRNAs could be accountable for
the cellular dysfunctions observed in Parkinson’s.'*

Amyotrophic lateral sclerosis: motor neuron survival
and inflammation control

ALS was first described as a motor neuron disease by
Jean-Martin Charcot in 1869. However, today this
definition is not only a motor neuron disease; it is
accepted as a multisystem neurodegenerative disorder
that shows disease diversity at the clinical, genetic and
neuropathological levels.'*?

Approximately 50% of patients show extra-motor
symptoms in addition to motor problems. In 10-15% of
cases, an additional diagnosis of frontotemporal dementia
(FID) can be made." In 35-40% of patients, mild
behavioral or cognitive changes can be observed. FTD is
characterized by degeneration of the frontal and anterior
temporal lobes and clinically presents with behavioral
changes, executive function impairment, and language
impairment.'*

The incidence of the disease in men is 3.0 per 100000
people per year, while this rate is 2.4 per 100000 people
per year in women. In other words, the probability of
ALS disease being seen in men is higher than in women.
The lifetime risk of ALS based on the general population
is 1:400 for women and 1:350 for men. The onset of
this disease usually occurs between the ages of 58-63.
However, in patients with a family history, this age range

Table 6. Recent studies on the effects of miRNAs associated with Parkinson’s disease

miRNA Disease Expression change Result Reference

m?R—142—3p Parkinson  Decreased Serum levels of Parkinson'§ patients are decrea?sed cgmpared to healthy individuals; it Chen et ali?s

miR-222 has the potential to be a biomarker for early diagnosis.

miR-27a Parkinson  Increased S?rum levels were fognd to Abe increased in Parkinson's patients; it can be evaluated as a Chen et al'?s
biomarker for early diagnosis.

miR-133b  Parkinson  Decreased Thls'm[RI\llA, e>fpresse'3d. in m!dbraln dopammergxc neurons, was found to be deficient in Kim ot al’3*
Parkinson's patients; it is critical for neuron maintenance.

miR-34b . These miRNAs are decreased in the affected brain tissues of Parkinson's patients; it is Mifiones-Moyano

. Parkinson  Decreased . . . . . s . . 136

miR-34c associated with mitochondrial dysfunction, oxidative damage and DJ1/Parkin reduction. et al

miR-181a Parkinson  Increased Overexpression of miR-18Ta inhibited the JNK pathway and reduced neuronal apoptosis Liu et al'¥”
and autophagy.

miR-124a Parkinson  Increased Accordmg to its abundflnce in the brain ;-md more than 40 dysregulated targets, it may A:\}ggelopoulouet
play an important role in the pathogenesis of PD. al

miR—34b Parkinson  Decreased These ‘miRNAs suppress a—synuclein‘expression; their decreased expression triggers Kabaria et al®

miR-34c a-syn increase and aggregate formation.

miR-34b/c  Parkinson  Decreased It reduces viability in SH-SYSY cells, impairs mitochondria, and increases oxidative Mifones-Moyano
stress; It reduces DJ1 and Parkin proteins. et al3®

miR-124 Parkinson  Increased It regulates apoptosis and autophagy by targeting bim in the MPTP model. Wang et al'*

. . When the binding site in the FGF2 is di NCA ion i ; thi

miR-433 Parkinson  Increased Vhen t gblndmg site in the G 0 sene is disrupted, SNCA expression increases; this Wang et al'®
situation is associated with Parkinson's.

miR7 Parkinson  Decreased It decreases in the Parkinson's model; It protects cells from oxidative stress by Junn et al'®2

suppressing SNCA.
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drops to 47-52. The incidence decreases rapidly after the
age of 80.1¢

When the clinical picture of ALS is examined, the
first symptom that appears is muscle weakness, and
this weakness increases with the cooling weather. This
weakness is asymmetric at the beginning of the disease.
While bulbar symptoms are seen in most patients in the
advanced process, respiratory symptoms also develop
eventually. The disease progresses insidiously, and
spasticity may gradually develop in weakened atrophic
limbs. This spasticity affects the patient’s dexterity and
gait. In advanced stages of the disease, patients may
develop flexor spasms due to excessive activation of the
flexor arch in a spastic limb. In addition to the symptoms
encountered, bladder dysfunction, sensory and cognitive
symptoms, and multisystem involvement may sometimes
be observed.'

Although it is not known for certain what causes motor
neuron degeneration in ALS, it is thought that more than
one cellular mechanism playsarole.'** Mutations have been
found in some genes, such as SOD1, TARDBP, FUS, and
C9orf72, in familial ALS cases. These mutations generally
damage motor neurons because they cause harmful
protein accumulation or toxic function accumulation.
The accumulation of free radicals leads to cell damage and
cell death. SOD1 mutations are particularly associated
with this mechanism. Excessive accumulation of the
excitatory neurotransmitter called glutamate causes
excessive calcium entry into neurons. Excessive calcium
accumulated in cells leads to mitochondrial dysfunction.
Proteins that form the cytoskeleton and aggregates within
the cell accumulate abnormally and disrupt cell function.
In ALS, support cells such as microglia are overactivated
and produce harmful inflammatory substances. This can
further damage motor neurons. Levels of growth factors
such as BDNF, IGF-1, and VEGF, which keep nerve
cells alive, decrease in ALS, making it difficult for motor
neurons to survive. In the final stage, motor neurons enter
the apoptosis pathway.'¥

In ALS management, specialists, therapists, and
palliative care nurses will all have to embrace a concerted,
multidisciplinary strategy. There is no cure for the
illness; its symptoms that are often experienced by such
patients are treated and efforts are made to increase the
quality of life of the patient."” The reason why scientists
have labored on this subject is that nobody is aware of a
cure for ALS and there are many individuals in society
suffering from this disease (Table S1).

Maria Liguori and colleagues conducted this study on
August 28, 2018, stating that validated biomarkers for
monitoring disease activity have not yet been identified,
so they conducted this study to identify possible miRNA
dysregulation associated with the sporadic form of the
disease (SALS). 56 sALS patients and 20 healthy controls
were included in the study. Peripheral blood samples of
sALS patients and the control group were analyzed. As a

result of these analyses, 38 miRNAs (let-7a-5p, let-7d-5p,
let-7f-5p, let-7g-5p, let-7i-5p, miR-103a-3p, miR-106b-
3p, miR-128-3p, miR-130a-3p, miR-130b-3p, miR-144-
5p, miR-148a-3p, miR-148b-3p, miR-15a-5p, miR-15b-
5p, miR-151a-5p, miR-151b, miR-16-5p, miR-182-5p,
miR-183-5p, miR-186-5p, miR-22-3p, miR-221-3p, miR-
223-3p, miR-23a-3p, miR-26a-5p, miR-26b-5p, miR-
27b-3p, miR-28-3p, miR-30b-5p, miR-30c-5p, miR-342-
3p, miR-425-5p, miR-451a, miR-532-5p, miR-550a-3p,
miR-584-5p, miR-93-5p) were found to be significantly
downregulated in sALS. They also found in this study that
different miRNA profiles characterize bulbar or spinal
onset and rate of progression. This observation supports
the hypothesis that miRNAs may affect the phenotypic
expression of the disease. Genes known to be associated
with ALS (e.g., PARK7, C9orf72, ALS2, MATR3, SPG11,
ATXN2) were also confirmed to be dysregulated in ALS
patients in this study. Other potential candidate genes,
such as LGALS3 (playing a role in neuroinflammation)
and PRKCD (activated in mitochondrial-mediated
apoptosis), were also identified in these ALS patients.'*

Multiple sclerosis: immune modulation and myelin
repair
Multiple sclerosis (MS) is a chronic and progressive
neurodegenerative disease with autoimmune mechanisms,
consisting of episodes of central nervous system
inflammatory demyelination and axonal transection.'”’
MS typically occurs in individuals between the ages of
20 and 45, but rarely in childhood or late middle age."®
Multiple sclerosis is more common in men. MS is ever
more a global phenomenon. MS prevalence increases
with latitude, though this trend decreases in Norway and
the United States, the sole two countries where it has been
examined."® The prevalence of MS worldwide ranges
from 5 to 300 per 100000 people and increases at higher
latitudes.”” For example, there are 250000 to 350000 MS
patients in the United States, and 50% of those who are
managed require assistance walking within the next 15
years.'® The latitudinal gradient in MS prevalence can be
intensely exploited by UVB exposure, which stimulates
skin production of vitamin D. Low vitamin D levels,
fixation of vitamin D intake, liberalization of outdoor
activities, and genetic polymorphisms that cause low
vitamin D levels suggest that vitamin D plays a role in the
causal pathway of MS."*®

In treatment, both genetics and growth rates are
considered in MS. The whole thing is thought, believed
to be triggered by an infectious agent; however, in many
phases, something is considered autoimmune in the
cellular pathogenesis of MS. The process itself inhibits
the peripheral tolerance of myelin antigen-specific
CD4+T cells, thus the activation of CD4+T cells that
overcome the BBB initiates the pathophysiological events.
Therein, proinflammatory effector T helper subgroups,
Th17 included, are believed to play a role in the disease

Biomedicine Advances. 2025;2(3) | 115



Ozdemir et al

mechanism of organ-specific autoimmune responses.'!

The first clinical symptom presents a specific central
nervous system region as a clinically isolated syndrome.
This condition may be limited to a single symptom or may
present itself with multiple symptoms immediately. The
most common initial symptoms include optic neuritis,
brainstem involvement and spinal cord syndromes;
However, less common initial conditions, including
cortical complications, are possible. MS attacks usually
develop over hours or days, reaching a plateau in a few
weeks and then showing signs of deterioration. Although
clinical studies in early MS often show significant
remission, each relapse may leave some damage. For
example, acute optic neuritis may return to normal after
visual acuity; however, they do not permanently impair
color perception, contrast reduction, or depth perception.
In this case, the reduction in recovery limits recovery and
progressive surgical loss becomes permanent.'®

Disease-modifying therapies (DMTs) are effective
drugs that provide the best possible life for patients with
MS. DMT should be discontinued if a serious adverse
event related to its treatment occurs or is suspected,
especially if the side effect of the drug is life-threatening,
since MS itself does not significantly increase mortality.
Many MS treatments, especially the newer ones, expose
patients to the risk of infectious, hematological, cardiac
and neoplastic complications that are potentially fatal
and require careful monitoring. Given the nature of
MS, DMT discontinuation is usually temporary, but in
some cases, it may be permanent. This decision is usually
made according to known risk factors (e.g. the patient’s
age, history of the disease, other diseases, etc). If DMT is
discontinued, different drugs with a similar mechanism
of action that could be used instead may worsen an
adverse condition or adversely affect the recovery process.
Therefore, careful consideration should be given before
making a change in treatment'®* (Table S2).

Rhead and colleagues investigated the contribution
of miRNAs to pediatric-onset MS in their studies dated
May 15, 2019. The incidence of MS in children is 5%.
Epigenetic effects, including the contribution of mi-
RNAs, play a significant role in the pathogenesis of adult
MS. The proportion of individuals who develop MS in
childhood is a higher genetic risk factor than in adults,
so it was thought that mi-RNA alterations would play a
greater role in childhood MS (ped-MS) than in onset MS.
This success also aimed to seek evidence by obtaining
miRNA contributions to the pathogenesis of ped-MS. This
success has been applied with two different approaches
using genetic data from a large group of ped-MS patients
collected to investigate miRNAs’ role in ped-MS abroad.
Firstly, in the analysis performed with the MIGWAS
method, it was observed that genetic improvement was
enriched in the networks where the genes targeted by
miRNAs were formed, and this improvement continued,
especially in tissues such as gastrointestinal, brain, and

disability systems. The enrichment observed, especially in
gastrointestinal tissues such as oral disease, is remarkable
due to the known bidirectional relationship between MS
and the discharge microbiome. Secondly, the ped-MS
transmissibility of genes involved in studies provides
the stability of the analysis of genetic genes (miR-
SNPs) with miRNA improvement, length differences,
and protein folding in the endoplasmic reticulum. In
addition, some miRNAs were expressed differently only
in ped-MS cases, indicating the existence of biomarkers
specific to childhood MS. However, the generalizability
of reproducibility may be limited by performing the
predicted miRNA-target operations and limiting the
analyses to white individuals only. Nevertheless, this study
provides important data on the genetic structure of ped-
MS that miRNAs can be effective in and suggests strong
candidate genes, pathways, and miRNAs to store them.'®

Spinal cord injury: axon regeneration and functional
recovery

SCI is a neurological condition that affects 250,000-
500000 people each year, with an estimated 2 to 3 million
people worldwide living with a disability related to SCI,
disrupting the patient’s entire life.'"”® This neurological
condition is a devastating and widespread disorder that
has profound physical, psychosocial, and socioeconomic
impacts on modern society.”! The demographics of
SCIs are increasingly affected as individuals age."”? The
incidence is 2-5 times higher in men and peaks in younger
adults. Patients with SCI are 2-5 times more likely to die
at an early age and have even worse survival rates in low-
and middle-income countries.'”

The most common causes of SCI were automobile
accidents (31.5%) and falls (25.3%), followed by gunshot
wounds (10.4%), motorcycle accidents (6.8%), diving
accidents (4.7%), and medical/surgical complications
(4.3%). Collectively, these account for 83.1% of total SCIs
since 2005. Automobile accidents were the leading cause
of SCI up to age 45, while falls were the leading cause
after age 45. Injury-causing factors changed: before 45
years of age, mostly automobiles caused SCIs, while some
other factors like falls became predominantly responsible
after 45 years of age. The rate of injuries due to a gunshot
wound showed the starkest variation when it came to
race/ethnicity. More accident cases of SCIs took place
on the weekend and in the warmer months. This is in
parallel with peaks in SCIs due to motorcycle and diving
accidents.'”?

From a pathophysiological perspective, the initial
mechanical trauma (primary injury) causes an increase in
the permeability of neurons and glial cells. This triggers a
secondaryinjury process thatleads to progressive cell death
over the following days and weeks. Over time, remodeling
occurs at the lesion site; the resulting cystic spaces and
glial scar tissue seriously impede nerve regeneration.'”? At
the same time, SCI negatively impacts the patient’s life in
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many ways. Impaired bowel and bladder function, sexual
dysfunction, motility, and autonomic functions, along
with secondary conditions such as pressure ulcers and
pain, are just a few of the consequences that can directly
affect a person’s health.'”*

Diagnosing SCI requires a comprehensive patient
history, standard neurological physical examination,
and radiographic imaging of the spinal cord. After
diagnosis, various interventions must be implemented
rapidly, including hemodynamic monitoring in the
intensive care unit, early surgical decompression, blood
pressure elevation, and potentially methylprednisolone
administration.'”?

In the early stages of SCI, axonal regeneration in the
damaged areas and the re-formation of axo-glial triple
junctions are the basic conditions for an effective repair
process. The transplantation of stem cells that can form
neuronal and glial cell lines to these areas has positively
contributed to the recovery process after SCI. Numerous
preclinical studies using various stem or progenitor cell
types have shown promising results, especially in the acute
and subacute periods. However, a significant decrease
in these recovery rates is observed when the chronic
stages of injury are reached. Therefore, developing
new treatment approaches that will reduce the effect of
secondary complications and improve the quality of life
of individuals with spinal cord injuries stands out as a
critical need today'”® (Table S3).

This is a description of a 2009 study by Liu et al, in which
350 miRNAs were analyzed after acute SCI in rats. Of
269 miRNAs expressed in the spinal cord, 97 underwent
significant change after SCI. The miRNAs were divided
into five classes: which were increased continuously in
expression, decreased, or increased and then decreased
in expression. Amongst the increases of miRNAs that
suppress anti-inflammatory genes, such as miR-21, the
decreases suppress inflammatory genes such as miR-
181a and miR-137. Some of the miRNAs that increase
after SCI inhibit neurons by targeting antioxidant (e.g.,
SOD1, catalase) and antiapoptotic (e.g., Bcl2) genes. The
microarray results, when compared with those of RT-
PCR, were found to be reliable. These findings revealed
the importance of miRNAs in inflammation, oxidative
stress, and apoptosis after SCI. At the same time, some
miRNAs suppress proinflammatory and proapoptotic
genes after SCI, while others suppress anti-inflammatory,
antioxidant, and antiapoptotic genes, thus inhibiting
healing. This suggests that miRNAs contribute to the
development of secondary damage after SCI. In other
words, this study demonstrates that miRNAs have
potential as a therapeutic target.'s?

Huntington’s disease

HD is an autosomal dominant, progressive
neurodegenerative disease with a distinctive phenotype
including chore and dystonia, incoordination, cognitive

decline, and behavioral difficulties.!® HD is an autosomal

dominantly inherited disease.'®* The prevalence of HD
varies worldwide. In Western and European populations,
it is generally reported to be around 4-10 per 100000
people; however, a more recent study from the United
Kingdom suggests it may be closer to 12.3 per 100000
population. These rates make HD one of the most
common inherited neurological diseases.’® HD usually
affects patients between the ages of 30 and 50. However,
the longer the CAG repeats, the earlier the symptoms
begin. '8

HD is associated with a toxic gain-of-function and/
or loss of normal HTT function of the mutant HTT
(mHTT) protein resulting from mutations in the HTT
gene."” A lengthened CAG triplet results in HD repeat
within exon 1 of the huntingtin protein gene on the
short arm of chromosome 4. It results in a stretched
polyglutamine (PolyQ) repeat at the N-terminus of the
causative protein.'® The disease is caused by extensive
degeneration of GABAergic medium spiny neurons,
especially in the striatum (95%). Simultaneously, other
regions of the brain such as the cortex, globus pallidus,
cerebellum, amygdala, and hippocampus may be affected.
Various mechanisms are involved in its pathogenesis:
intracytoplasmic and intranuclear inclusions formed due
to the accumulation of mHTT may disrupt the ubiquitin-
proteasome system; transcriptional dysregulation and
glutamate excitotoxicity may cause neuronal damage.
In addition to this, mitochondrial dysfunction, impaired
energy  metabolism, neuroinflaimmation, axonal
transport, and dysregulation of synaptic transmission also
contribute to the pathogenesis. The age of onset of the
illness may be determined by genetic modifiers.'"” Motor
disorder seen in HD usually begins with involuntary
choreic movements of the distal limbs and progresses to
the proximal muscles later; hypokinetic features such as
bradykinesia, rigidity, and dystonia become prominent
in the later stages of the disease. Patients gradually
experience gait disorders, dysarthria, dysphagia, muscle
contractures, and balance loss, and in advanced stages,
they become entirely dependent on care. Psychiatric
symptoms often begin before the motor symptoms of the
disease and include findings consistent with frontal lobe
dysfunction, such as impulsivity, irritability, depression,
apathy, and loss of insight. Cognitive impairment begins
early, is particularly evident in executive functions, and
may progress to subcortical dementia over time. Other
possible symptoms include cerebellar ataxia, oculomotor
apraxia, eye movement disorders, and seizures in patients
with juvenile-onset. The clinical course is typically
examined in three stages: prodromal, presymptomatic,
and symptomatic; the disease diagnosis can be confirmed
by genetic testing, and treatment planning is made
according to the severity of symptoms. The average
survival time is 15-18 years, and symptoms may be more
benign in late-onset cases'®” (Table S4).
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By targeted molecular genetic analysis, HD is diagnosed
by detecting CAG trinucleotide repeats in the HTT gene in
individuals with clinical signs and symptoms. Pathogenic
CAG repeat expansions that cause HD cannot be detected
by current clinical array-based multigene panels, exome,
or genome sequencing; therefore, targeted analysis
methods that specifically measure the number of CAG
repeats should be used for diagnosis. Alleles are classified
according to the number of CAG repeats. Those with up
to 26 repeats are considered normal, and those between
27 and 35 are considered to be in the intermediate range,
which may carry a disease risk to future generations,
even if they do not exhibit symptoms. Repeats of 36 and
above are pathogenic for HD; alleles between 36 and
39 have reduced penetrance, and symptoms may not
develop continuously, while repeats of 40 and above have
complete penetrance. HD development is almost certain
within the individual’s lifetime. The accuracy of genetic
diagnosis is 100%, and genetic counseling plays a crucial
role in evaluating individuals at risk'® (Table S5).

Challenges and considerations in clinical translation
Stability and scalability of exosome production
Exosomes are EVs that provide communication between
cells and have the potential for diagnostic and therapeutic
use thanks to the biomolecules they carry.’”> However,
the fact that these exosomes can only be produced safely
in a laboratory environment does not mean they will be
suitable and reliable for clinical use. Therefore, exosome
production stages should be efficient regarding both
stability and scalability. These two factors are the most
important factors that directly affect the success to be
achieved in clinical applications.'”® Most current methods
used to produce exosomes today are suitable for small-
volume production, so the methods used today do not
provide the quantity and quality required for clinical
application.”*

Exosomes are a cell-free therapeutic modality with
potential but cannot be stored for long periods of time.
Therefore, it is necessary to analyze the preservation
technology of exosomes to keep their biological activities,
deliver them, and make them useful for clinical practice.
The methods used for the preservation of exosomes are
freezing, freeze-drying, and spray-drying.'”

Although exosomes have great potential as drug delivery
systems, their transformation into pharmaceutical
products is limited due to stability issues.'*®

However, if exosomes are to be used as drug delivery
vehicles, they must be stable.'® In addition, pre-isolation,
isolation processes, and subsequent formulations must
also be stable. For exosomes, stability can be defined as
the resistance developed against aggregation, structural
degradation, and protein degradation. Therefore, more
than one method should be used to assess exosome
stability. Measuring the levels of surface markers CD63
or CD81 can be used to understand whether protein

degradation has occurred. For drug delivery applications,
the colloidal stability of exosomes is essential, and
it is assessed by zeta potential, size distribution, and
concentration measurements. Nanoparticle tracking
analysis (NTA) is recommended to measure these
parameters. Electron microscopy is the only technique
that can physically see the morphology of exosomes,
but since it depends on the operator, the results may
not always reflect the correct results.”” The main factors
affecting stability are temperature, storage time, buffer
solutions used, freeze-thaw cycles, and cryoprotectants.
Most studies have examined the effect of temperature and
have found that -70 °C to -80 °C are generally optimal,
but it is stated that these temperatures will be problematic
for practical applications. Alternative techniques, such as
lyophilization, have been stated to have the potential to
increase stability, especially for cargo-carrying exosomes.
However, long-term and detailed stability data on drug-
loaded exosomes are still limited'® (Table S6).

In order to switch to clinical use of exosomes with
these applications, obtaining pure, functional, and
stable exosomes is a fundamental requirement, and
the scalability of this production process is essential.
Traditionally, ultracentrifugation (UC) is unsuitable for
industrial production due to low yield, long processing
time, and reproducibility problems.” Although UC is
sufficient for limited amounts of exosomes obtained
from small-volume cell cultures, it is insufficient in cases
where the gram-level product is required for clinical
applications.” Large doses of EV's are required to achieve
a significant clinical effect, which significantly exceed the
yield of natural vesicles secreted by cells, and therefore,
UC remains an inadequate method. Therefore, a robust,
cost-effective, and scalable method is required to produce
clinical-quality EV's. Each of the large-scale EV production
methods has its advantages and disadvantages. The
first of these methods, bioreactor culture, is important
in producing EVs obtained from cells. 2D systems
(multilayer and bottle systems) offer GMP-compliant
manufacturing options but are generally limited by low
efficiency. 3D systems (hollow fiber bioreactors and
microcarriers) offer higher cell density and EV yield,
and hollow fiber bioreactors can further increase the
yield by a factor of 40 by achieving maximum surface
area. However, biological limitations such as cell aging,
spontaneous differentiation, and culture homogeneity
in bioreactor systems should be considered. Another
method applied for EV production is cell stimulation;
this method can cause cells to produce more EVs with
factors such as serum starvation, pH, temperature, and
hypoxia. In addition, chemical (DTT, formaldehyde,
calcium ionophores, etc) and physical (shear stress,
acoustic treatment, etc) stimuli will effectively increase
EV release. In induced EV production, these methods
offer the advantage of obtaining high yields and more
efficient production opportunities when combined with
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bioreactor systems. The biomimetic vesicle production
method allows EV-like structures to be obtained with
physical disintegration methods such as ultrasound
homogenization and nitrogen cavitation. It produces EV's
with homogeneous size, high yield, and homogeneous
composition by requiring low labor and low time cost.
However, the quality control of these methods is of great
importance; controls such as morphology, homogeneity,
biological activity tests, toxicity, and immunogenicity tests
play a critical role in obtaining safe and effective products.
Although UC is generally used for EV isolation, this
method carries the risk of low yield and contamination
with medium proteins. As a result of this, more
effective methods such as microfiltration, size exclusion
chromatography, and immunization are gaining more
popularity today. Overall, the combination of different
EV production methods and considering the advantages
of each has implications for the effectiveness and safety of
EV production on a large scale, and the optimization of
the methods will pave the way for bringing new EV-based
therapies into clinical practice.”™

Standardization of isolation and purification techniques
Stem cell-derived miRNA-loaded exosomes hold potential
as biological carriers in neurological regeneration
therapy.?®® However, to become consistent and applicable
for clinical use is dependent on isolating and purifying
procedures being standardized. There are limitations
in preserving exosome biological activity and purity*”
Therefore, for clinical application, miRNA-loaded
exosomes manufacturing requires standardized isolation
and purification methods with minimum efficiency loss,
purity, and preservation of biological function.?

Various methods of isolation are used to isolate stem
cell-derived exosomes. These include differential UC,
density gradient centrifugation, ultrafiltration, pre-
entrapment (PEG), and flow cytometry. Each has its
advantages and disadvantages®®2" (Table S7).

The morphology of the obtained EVs is also affected
by the methods used in sample preparation and
characterization after isolation. Defining EV subtypes
precisely is important for determining characterization
and isolation methods. One of the difficulties in using
exosomes in the clinic is the lack of characterization
standards. The aim of the characterization stage after
exosome isolation is to have a certain level of purity and
yield. This starts with the quantification of proteins,
lipids, and nucleic acids. Additional procedures are
required if the sample does not meet the desired purity
and yield. Then, appropriate methods should be selected
for bulk and single vesicle characterization to complete
the characterization process. In other words, high-purity
samples and usually more than one orthogonal method
are required to characterize exosomes accurately. Some
traditional methods have been used to achieve this. The
first of these methods is NTA. NTA is a technique used

to measure the sizes and concentrations of particles in
exosome samples. However, NTA does not provide high
accuracy in inhomogeneous samples and has difficulty
correctly analyzing tiny particles. Another technique is
dynamic light scattering (DLS). DLS uses the principle of
light scattering to measure the size of exosomes. However,
DLS cannot accurately reflect the size distribution and
sample heterogeneity can affect DLS measurements.
Another method is flow cytometry. Flow cytometry is
a technique used to measure exosome size and surface
properties. However, since exosomes are generally limited
to 30-150 nm, this device cannot accurately distinguish
small particles of this size. The last frequently used method
is electron microscopy. Electron microscopy is used to
observe exosome morphology, structure, and topology.
This method usually requires fixation and drying of the
sample, which can affect the morphological structure of
exosomes. In other words, when all these methods are
considered classic, they still require repetitions to obtain
accurate results. At the same time, some methods applied
in these techniques change the content of the sample, thus
affecting the results’ reliability.*'?

Exosome isolation and purification still pose significant
problems for the studies that were carried out. One
of the biggest reasons for this problem is the complex
and unstable structure of the exosome. There is still no
consensus in the literature on which purification method
is the best, and disagreements on this issue continue.
At the same time, co-isolation of other vesicles and
non-vesicular molecules occurs, which prevents data
comparison between research laboratories. However, the
main goal when performing isolation and purification is
for an ideal isolation method to be fast, reproducible, easy
to perform, flexible, and not require special equipment.?®

Targeted delivery and crossing the BBB
Delivering drugs to the brain is tricky due to the BBB
between the blood and the brain. The BBB, which
consists of tight junctions between cells, is a functional
and vital barrier because it prevents harmful substances
from passing into the brain. However, in order to deliver
drugs, it is necessary to pass the BBB, and to do this, it is
necessary to deliver the drug with carriers that can pass
the BBB because cell transplantation, which has been tried
as an alternative to this transportation difficulty, has not
been able to achieve high efficiency in treatment.?'* '
Among these carriers, exosome stands out as an
important potential carrier.’’® Because exosomes can
largely cross the BBB, have high bioavailability, have
natural targeting ability, can use intracellular transport
routes, and have high stability in the body. Since they
are accepted naturally by the body due to their origin in
the cell, their immunogenicity is also relatively low.?'"2"
Exosomes can cross the BBB and the blood-cerebrospinal
fluid barrier, the blood-retinal barrier, and many other
biological barriers that many drugs have difficulty
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passing. There are various accepted models on how
exosomes achieve this, such as the ability of exosomes to
pass through/between tight junctions, but no definitive
information is yet available.?”® Drug delivery with
exosomes will reach perfection if the challenges related
to using exosomes, such as producing sufficient amounts
of pure exosomes, drug loading efficiency, controlled
targeting and distribution, and industrial production
scale, are resolved.””

Immunogenicity and safety concerns

Interest in exosomes is increasing day by day. An article
prepared in 2022 stated that there were 116 clinical
studies on exosomes at that time.”® Today, this number
has reached 273.%' The potential of exosomes to be
used as intercellular molecule carriers is undeniable.
Due to their natural cellular structure, exosomes resist
phagocytosis or destruction by macrophages. In addition,
it is a significant advantage that they do not trigger the
immune system. However, the fact that the behavior of
exosomes in the body is not yet fully understood shows
that questions about these molecules are still being
answered.”? However, it is known that exosomes have
high biocompatibility and therefore have a low risk of side
effects. Difficulties in using exosomes mainly arise from
technological and logistical problems.**

There are studies comparing exosomes with alternative
carriers. For example, when lipid nanoparticles were
compared with exosomes for mRNA transport, it was
found that exosomes did not show any toxic effects at
any dose, both in vitro and in vivo. Cellular toxicity was
observed in lipid nanoparticles. In addition, mRNAs
carried through exosomes created a strong and permanent
immune response, both cellular and humoral.** One
of the obstacles to the practical use of exosomes is that
standardization regarding clinical application has not
yet been achieved. There is currently no clarity on
which disease, when, and what dose of exosomes will be
applied. This situation hinders the safe use of exosomes.?”®
However, solutions to these problems will be found as
studies on exosomes deepen.

Future perspectives and emerging trends

miRNAs and exosomes play essential roles in neural
repair mechanisms and are increasingly recognized
for their therapeutic potential in neuroregenerative
medicine. Emerging research trends underscore the
advancement of personalized exosome therapies, wherein
patient-derived vesicles are bioengineered to enable
targeted neuromodulation within the nervous system.
Simultaneously, CRISPR-based bioengineering strategies
are being employed to enhance the specificity and efficacy
of miRNA delivery across neural tissues. Moreover,
combination approaches that integrate exosomes with
biomaterials or small-molecule compounds are being
explored to achieve synergistic neuroregenerative effects.

In parallel, significant progress in in vivo imaging and
tracking technologies is facilitating real-time visualization
of exosome biodistribution and dynamic function, thus
enabling more precise monitoring and optimization of
therapeutic efficacy (Figure 4).

Personalized exosome therapy in neurology

Personalized medicine means selecting the most appropriate
treatment methods for individuals based on their genetic and
pharmacogenomic characteristics. As medical technologies
develop, molecular diagnosis and treatment methods will
be more compatible with clinical use, and personalized
medicine, which is more efficient than the trial-and-error
method, will find more space for itself.?

Biomarkers and integrated diagnosis and treatment
methods are essential in diagnosing and treating
neurological diseases. Especially considering the
brain has a limited capacity to repair itself, interest in
regenerative treatments has increased.””” In this context,
personalized medicine studies on neurological diseases
are supported by a wide variety of genetic studies such as
neurogenomics, neuroproteomics, neurometabolomics,
and non-genetic studies such as cell/gene therapy and
nanobiotechnology.”*

Exosomes, the ideal blend of the qualities desirable
for personalized medicine, such as high sensitivity and
effective delivery to the target location, are versatile tools
that perform vital roles in physiological and pathological
processes. Exosomes, according to existing evidence, will
hold alarge niche in disease diagnosis and treatment in the
age of personalized medicine.”” This is a critical process in
managing progressive neurodegenerative diseases such as
Alzheimer’s, where early diagnosis is required.”® Studies
on exosomes, such as this one, need to be carried out to
an internationally acceptable standard and come up with
detection of exosomes.*!

One of the conditions that make treatment difficult in
neurological diseases such as Alzheimer’s, Parkinson’s,
ALS, MS, stroke, brain tumors, and psychiatric diseases
is that traditional drugs cannot cross the BBB. Exosomes,
one of the systems being studied to solve this problem, can
successfully deliver the contents they carry to their targets
thanks to their biocompatibility, not triggering an immune
response, and their ability to pass the BBB naturally.*
In this way, many drugs with low bioavailability due to
difficulty passing the BBB can show their effects more
successfully and more safely.”® Exosomes give quite
satisfactory results when used alone and as developed
systems such as luteolin/mannose-pEXO.%*

CRISPR and bioengineering approaches for optimized
miRNA delivery

Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR)-Cas is a natural defense system bacteria
develop against viruses. Scientists have transformed this
system into a tool that can make pinpoint changes to edit
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Future Perspectives and Emerging Trends:

miRNAs and Exosomes in Neuroregeneration
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Figure 4. A schematic overview of the potential future applications and emerging research trends of miRNAs and exosomes in neuroregeneration

genetic material, and it has become a technology that
can be used in almost every field. CRISPR technologies
have a wide range of applications and great potential in
neuroscience, one of their areas of use.”® Considering
that diagnosing diseases correctly and on time is closely
related to success in treatment, it is seen that CRISPR
technologies have potential in diagnosis and treatment.?*

Like every promising system, CRISPR technologies
also have aspects that need to be improved. Increased
specificity is one of them. As the specificity of CRISPR
technologies increases, unwanted extracellular effects
decrease, and therapeutic agents are delivered only to the
cells they need to go to when they need to go. This effect
can be achieved with CRISPR MiRAGE. CRISPR MiRAGE
recognizes miRNA-Argonaute complexes in the target cell
via single-guide RNA (sgRNA) and decides whether the
CRISPR system should be active or not. CRISPR MiRAGE
has been tested on the Duchenne Muscular Dystrophy
(DMD) model and has yielded successful results. Thus,
safer, more effective, and more specific treatments have
been paved with CRISPR MiRAGE.?”

miRNAs and the CRISPR system have mutual positive
effects on each other. Tools such as the CRISPR/dCas9
system, which can bind to specific gene regions without
cutting DNA and increase gene expression, open new
horizons in translational medicine by directing target
miRNAs to the gene region with the help of guide RNA
and regulating gene expression.”*

Combination therapies: exosomes with biomaterials and
small molecules

In severe and life-threatening conditions such as spinal
cord injuries, the application of a single treatment method
is often insufficient. Studies show that combination
treatments, in which more than one method is used in
combination, are more effective than a single method in
many disorders, including SCIL.*> > In disorders such
as MS, where one of the main obstacles to treatment is
the BBB, exosomes can be loaded with various materials
more safely in terms of toxicity compared to similarly
purposed nanoparticles and can reach the target without
being recognized by the immune system.?*"** However,

this therapeutic potential of exosomes has been reflected
in clinical applications to a limited extent due to the
difficulties in directly delivering them to the target
tissue and controlling their release. To overcome these
difficulties, the combined use of exosomes with various
medical tools such as biomaterials, carrier systems, and
controlled-release implants is one of the effective solution
options.**

Advances in in vivo imaging and tracking of exosome
dynamics
The natural properties of EVs, of which exosomes are a
member, are quite suitable for them to be drug carriers.
However, for EVs to be drug carriers, it is necessary to
know how they are distributed in the body, which organs
they go to, and how long they remain. To obtain this
information, following EVs in vivo animal models is very
important. Because the vast majority of the information
obtained so far has come from the in vitro environment.
Since each imaging technique has its advantages and
disadvantages, the technique to be used should be selected
according to the type of data needed and the target.?***

For example, bioluminescence (BLI) imaging, an
optical imaging technology, is the most widely used in
vivo molecular tracking method, especially for animal
studies. BLI is just a matter of providing a unique genetic
marker (e.g., luciferase enzyme) to viable cells initially,
with later expression of this enzyme in the cells, and
then detection of luminescence with its substrate (e.g.,
luciferin).*** Within the zebrafish embryo system, the
CD63-pHluorin green fluorescent protein used for
imaging has been supplemented with proteome analysis
to trace EVs in high spatial and temporal resolution,
and thus determine the functional role of exosomes in
interorgan communication.?” Similarly, the Cre-LoxP
genetic labeling system has been successful in tracing
EVs secreted from tumor cells in vivo.?* It has also been
reported that more advanced monitoring can be done
with the use of fluorescent and bioluminescent reporters
together.**

In addition to optical methods, exosome tracking can
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be done with methods such as MRI.>** While exosomes
become visible with MRI, it is an important advantage that
their structural and physiological integrity is preserved.”!

Conclusion

In recent years, researchers have become increasingly
interested in the ability of stem cell-derived exosomes
to carry miRNAs that influence brain repair. Unlike
synthetic drug carriers, exosomes can cross biological
barriers naturally and interact with recipient cells
without triggering a strong immune response. This
unique feature has paved the way for exploring them as
vehicles for the delivery of therapeutic RNA molecules
for neurodegenerative
independent studies have shown that exosomes loaded
with certain miRNAs have the capacity to decrease
inflammation, promote neuronal growth, and even
promote survival of damaged neurons. For example, in
animal models of Alzheimer’s and Parkinson’s diseases,
such exosomal treatments have led to dramatic memory
and mobility improvements. For all these advances, there
are still key questions to be resolved. Among them is the
determination of reproducible methods of producing
high-quality exosomes at larger quantities. Another is
to improve how we target them to specific areas of the
brain. Yet, with growing advances in both biotechnology
and molecular neuroscience, these hurdles may soon be
overcome. If so, miRNA-based exosome therapies could
play an important role in future treatment strategies.
Currently intractable neurological conditions.

disease treatment. Several
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