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Abstract: Degenerative bone disorders such as intervertebral disc degeneration (IVDD), osteoarthritis (OA), and osteoporosis (OP)
pose significant health challenges for aging populations and lack effective treatment options. The field of regenerative medicine holds
promise in addressing these disorders, with a focus on utilizing extracellular vesicles (EVs) derived from stem cells as an innovative
therapeutic approach. EVs have shown great potential in stimulating biological responses, making them an attractive candidate for
rejuvenating degenerative bone disorders. However, a comprehensive review summarizing the current state of this field and providing
a clear assessment of EV-based therapies in degenerative bone disorders is currently deficient. In this review, we aim to fill the existing
gap by outlining the current knowledge on the role of EVs derived from different types of stem cells, such as mesenchymal stem cells,
embryonic stem cells, and induced pluripotent stem cells, in bone regeneration. Furthermore, we discuss the therapeutic potential of
EV-based treatments for [IVDD, OA, and OP. By substantiating the use of stem cell-derived EVs, we highlight their promising potential
as a cell-free strategy to improve degenerative bone disorders.
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Introduction

Degenerative bone disorders, encompassing conditions such as intervertebral disc degeneration (IVDD), osteoarthritis
(OA), and osteoporosis (OP), exert a profound impact on the well-being of individuals. These disorders pose a substantial
healthcare burden, particularly within aging populations.' These insidious conditions are characterized with the relentless
decay of bone and cartilage, causing excruciating pain, debilitating loss of function, and a significant reduction in
mobility.>* Unfortunately, the available treatment options for degenerative bone disorders remain frustratingly limited,
often falling short of delivering long-term relief and restoration. The current medical context underscores the imperative
to promptly attend to these unmet medical requirements, inciting an increasing enthusiasm for the investigation of novel
therapeutic strategies.

In recent years, the landscape of regenerative medicine has been transformed by the emergence of stem cell-derived
extracellular vesicles (EVs) therapies, presenting a promising approach for improving degenerative bone disorders. These
diminutive yet potent membrane-enclosed vesicles, released by stem cells, have emerged as the effective factors responsible
for the regenerative outcomes witnessed in stem cell therapies. With their bioactive cargo, these EVs derived from stem cells
release a complex of regenerative signals, directing a coordinated interaction within the complicated microenvironment of
deteriorating bone. This captivating phenomenon has captured the attention of both researchers and clinicians, as stem cell-
derived EVs show their remarkable potential in reshaping the landscape of regenerative medicine.” These EVs contain
a diverse cargo of bioactive molecules, including proteins, lipids, and RNAs, which can be transferred to recipient cells.
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Through this transfer, stem cell-derived EVs participate in crucial molecular signaling, influencing cellular behavior and
initiating regenerative processes within target tissues.® For instance, Rong et al made a significant discovery when they
conducted a study that shed light on the remarkable capabilities of neural stem cell-derived EVs. Their research revealed that
these tiny vesicles, released by neural stem cells, played a pivotal role in the upregulation of autophagy marker proteins
LC3B and beclin-1. As a result, a cascade of events unfolded, leading to the enhancement of autophagosome formation,
which in turn contributed to the promotion of functional recovery in individuals with spinal cord injuries.’

By harnessing the inherent regenerative attributes of stem cells and utilizing the distinctive cargo encapsulated within
their secreted EVs, researchers and clinicians aspire to surmount the constraints frequently linked to conventional
therapeutic modalities. In contrast to conventional methods primarily centered on symptom management, this pioneering
strategy aims to exploit the innate healing potential of the human body. The utilization of EVs derived from stem cells
heralds a huge transformation in medical intervention, ushering in a new frontier of prospects for addressing a diverse
array of diseases. In this extensive review, we perform an intriguing exploration to investigate the captivating domain of
therapies involving EVs derived from stem cells, with a particular emphasis on their prospective applications in
revitalizing degenerated bone tissues. With the objective of elucidating the present state of understanding within this
domain, we discuss and summarize the intricate mechanisms that govern the regenerative processes, and we accentuate
the therapeutic ramifications for three prominent conditions: [IVDD, OA, and OP.

Isolation and Characterization of EVs, and Their Roles in Intercellular

Communication

In this section, we focus on investigating the methods and techniques for EVs isolation and characterization, their
delivered cargo and their involvement in intercellular communication. We aim to thoroughly unravel the complex
tapestry of EVs. This endeavor entails an in-depth exploration of their definition, distinctive features, molecular
mechanisms, cargo composition, and the extraordinary biological consequences that arise from the horizontal transfer
of their cargo to recipient cells.

Definition and Characteristics of EVs

Within the captivating sphere of cellular communication, an exceptional category of entities comes to the fore—EVs.
These captivating microstructures, delicately ensconced within membranes, harbor the potential to reveal a promising
frontier in therapeutics. Secreted by cells into the extracellular space, these nanoscale vesicles embody a captivating
diversity that defies conventional expectations. The extensive spectrum of EVs is classified into various subtypes,
including the captivating microvesicles, the enigmatic exosomes, and the mysterious apoptotic bodies (Figure 1). Each
of these subtypes boasts its distinctive characteristics and origins, perpetually enthralling the scientific community.®

From the preservation of homeostasis to the orchestration of intricate disease pathways, EVs assume a central role,
mediating the behavior and destiny of cells.” These diminutive messengers encapsulate within them a universe of
potential, containing nucleic acids, lipids, and proteins, each possessing a distinctive composition functionally custo-
mized to their specific cells of origin.'® It is through this exquisite cargo that EVs wield their power, mediating targeted
cellular responses and sculpting the destiny of neighboring cells.

The exploration of EVs and the intricate mechanisms dictating their generation and functions reveals a captivating
panorama. It spans the nuanced regulation of normal tissue physiology to the complex repercussions of pathological
alterations and the intricate process of organ remodeling.® With each revelation, the potential of EVs as innovative
diagnostic and therapeutic tools becomes increasingly conspicuous, catalyzing advanced investigations aimed at harnes-
sing their extraordinary capabilities.''

Composition of EVs: Proteins, Lipids, and RNAs

Within the captivating filed of EVs, a series of diverse cargo composition unfolds, reflecting the cellular origin of these
remarkable vesicles. Proteins, lipids, and nucleic acids encapsulated within EVs amalgamate to define their functional
attributes and confer upon them the capability to functionally regulate the behavior of recipient cells.'?
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Figure | Schematic illustration of the biogenesis of microvesicles, exosomes, and apoptotic bodies. Created with Medpeer (https://medpeer.cn/).

Proteins assume a prominent role within the payload of EVs, their presence serving as a testament to the intricate
molecular interaction within these vesicles. Enzymes, growth factors, receptors, and signaling molecules coalesce,
engaging actively in cellular processes that propel tissue regeneration.'”> Previous studies have unveiled the intriguing
composition of saliva-derived extracellular vesicles (saliva-Exos), highlighting the presence of the ubiquitin-conjugating
enzyme E20 (UBE20). These saliva-Exos, enriched with UBE20, exhibit a remarkable ability to reduce the expression
of SMAD family member 6 (SMADG6), consequently triggering the activation of bone morphogenetic protein 2 (BMP2).
This intricate cascade sets the stage for the stimulation of angiogenesis, enhancing the growth of new blood vessels and
fostering tissue regeneration.'?

Lipids emerge as another vital component within the repertoire of EV cargo, their presence playing an essential role
in maintaining the structural integrity of these nanoscale vesicles. Moreover, specific lipid molecules carried within EVs
hold the power to modulate cellular responses, orchestrating inflammation, angiogenesis, and immune regulation, thereby
shaping the regenerative milieu.'> The regenerative potential of EVs finds its foundational basis within the delicate
equilibrium of these lipids, indicating a complex process of molecular interactions that intricately mediate the fate of
recipient cells.

Adding an additional layer of intricacy to the functional versatility of EVs, various categories of RNA molecules
establish their residence within these captivating vesicles. Among these RNA molecules are messenger RNA (mRNA),
microRNA (miRNA), and various other non-coding RNA species, all enclosed within EVs, ready for transfer to recipient
cells.'*!'> Once internalized, these transferred RNA molecules hold the key to unlocking regenerative processes. They
can either be translated into proteins, actively participating in cellular functions, or take on the role of gene expression
regulators through mechanisms such as RNA interference. This dynamic RNA transfer facilitates the modulation of
cellular phenotypes, triggering the initiation of regenerative pathways and presenting an array of possibilities in the quest
for tissue regeneration.

Upon their release, the cargo contained within EVs intermingles with cellular machinery, triggering intricate signaling
cascades that govern a multitude of cellular functions. The proteins transferred from EVs interact with cell surface
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receptors, initiating sequences of events that govern cellular behavior. These proteins may even penetrate the realms of
intracellular pathways, possessing the capability to regulate intricate molecular processes and conduct the regenerative

potential concealed within each cell.'

Interplay of Metabolic Effects, Inflammation, Cellular Crosstalk, and Osteogenic
Activity

Osteogenic activity, the process of bone formation, is intricately regulated by a complex interplay of metabolic factors,
inflammation, and cellular crosstalk. Recent research has uncovered the profound influence of metabolic factors on
osteogenic processes.'® Obesity, characterized by chronic low-grade inflammation, has been associated with impaired
bone formation.'” Adipose tissue-derived hormones (adipokines), such as leptin and adiponectin, play a role in regulating
bone metabolism. High levels of leptin, as observed in obesity, can suppress osteoblast function, while adiponectin may
have a protective effect on bone health.'"®?° Of note, individuals with diabetes often exhibit an increased risk of
osteoporosis and fractures. Hyperglycemia, insulin resistance, and advanced glycation end-products (AGEs) have been
implicated in impairing osteoblast function and promoting osteoclast activity, contributing to reduced bone density.>'
Hormonal imbalances, such as those seen in menopause or andropause, can significantly impact bone health.?* Estrogen
deficiency in postmenopausal women leads to increased bone resorption, while in men, decreased testosterone levels are
associated with lower bone mineral density.*

Furthermore, inflammation is a critical component of the bone remodeling process and can have both positive and
negative effects on osteogenesis. Recent studies have elucidated the role of macrophage polarization in bone regeneration.
M1 pro-inflammatory macrophages can promote osteoclast differentiation and bone resorption, while M2 anti-inflammatory
macrophages support osteoblast differentiation and bone formation.”* The balance between these macrophage subsets is
crucial for effective bone healing. Inflammatory cytokines, such as tumor necrosis factor-alpha (TNF-a) and interleukin-6
(IL-6), can inhibit osteogenic differentiation and induce osteoclastogenesis. Conversely, anti-inflammatory cytokines like
interleukin-10 (IL-10) may enhance osteogenesis.>

Moreover, the crosstalk between different cell types within the bone microenvironment plays a pivotal role in
regulating osteogenic activity. Recent studies have highlighted the significance of direct communication between
osteoblasts and osteoclasts. Osteoblast-derived factors, such as osteoprotegerin (OPG) and receptor activator of nuclear
factor kappa-B ligand (RANKL), regulate osteoclast formation and activity, influencing bone resorption. The presence of
a well-developed vascular network is essential for bone formation. In addition, recent findings emphasize the role of
endothelial cells and angiogenic factors in supporting osteogenesis by providing a conducive microenvironment for bone-
forming cells.?’

Active Role of EVs in Stem Cell Therapy

EVs derived from stem cells undertake pivotal roles in stem cell therapy. This intricate process serves as the foundation
of stem cell therapy, furnishing the driving force behind its regenerative and healing potential.>® In recent years, intensive
interest has attracted to the extraordinary role of EVs as the central mediators of molecular signaling in the domain of
stem cell therapy, captivating the scientific community.>® These captivating vesicles encapsulate the power to govern and
regulate a variety of cellular processes, thus mediating the fate of neighboring cells through the transformative cargo they
carry.

EVs exhibit the remarkable capacity to exert influence over a range of vital cellular processes, spanning from
differentiation and migration to proliferation and immune regulation. For instance, in a remarkable study by Ge et al, it
was discovered that EVs derived from MSCs hold the remarkable capability to enhance endothelial cell migration and
stimulate angiogenesis, propelling the healing of damaged tissues and fostering the growth of new blood vessels.>* This
excellent ability to influence neighboring cells within damaged or degenerated tissues sets EVs apart as potent catalysts
for tissue regeneration.”’

EVs offer several unique advantages over traditional signaling molecules and lipids when it comes to their role in
stem cell therapy. EVs carry a selective cargo of proteins, nucleic acids, lipids, and metabolites.*” This cargo is protected
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within the vesicle, allowing for precise delivery to target cells. In contrast, traditional signaling molecules, like growth
factors or cytokines, may have off-target effects or be rapidly degraded in the extracellular environment.

Furthermore, EVs protect their cargo from degradation by enzymes and environmental factors, increasing the stability
and longevity of the signaling molecules they transport. This protection ensures that the cargo reaches its intended
destination intact, which can be challenging with unprotected molecules.**-**

Importantly, EVs generally have lower immunogenic potential compared to some traditional signaling molecules.
This is because EVs can carry self-antigens, reducing the risk of provoking an immune response when used in therapeutic
applications.> Traditional recombinant proteins or small molecules may be seen as foreign by the recipient’s immune
system.

Notably, EVs can naturally home to specific tissues or cell types due to the presence of surface ligands or receptors on
their membranes. This targeting ability can enhance the efficiency of paracrine signaling and stem cell therapy.®® In
contrast, traditional signaling molecules often require additional modifications or carriers for specific tissue targeting.

Functionally, EVs carry a wide range of bioactive molecules, allowing them to influence multiple signaling pathways
simultaneously.®® This versatility makes them potent regulators of various cellular processes, including cell proliferation,
differentiation, immune modulation, and tissue repair. Traditional signaling molecules often have a more limited range of
biological activities.

Moreover, EVs may have a more favorable safety profile compared to high doses of traditional signaling molecules.
EVs can exert their effects at lower concentrations, reducing the risk of side effects or adverse reactions associated with
high doses of recombinant proteins or growth factors. In addition, EVs can be isolated and customized from specific cell
sources, such as patient-derived stem cells.>* This opens the door to personalized medicine approaches, tailoring EV-
based therapies to individual patient needs.

Transfer of EVs’ Cargo to Target Cells and Its Biological Effects

EVs, including exosomes and microvesicles, are nanosized vesicles secreted by various cell types. They play a crucial
role in cell-cell communication by transferring bioactive molecules such as proteins, lipids, nucleic acids, and metabo-
lites from donor cells to recipient cells.>*® Like ethereal messengers, EVs carry within them a cargo that holds the
power to transform the destiny of recipient cells. This cargo, once released upon internalization, becomes an agent of
change, directly interacting with cellular machinery and triggering cascades of signaling events that shape cellular
behavior.*” The transferred proteins within EV's take on the role of orchestrators, engaging with cell surface receptors or
delving into intracellular pathways, regulating cellular functions (Figure 2).>” The interaction between EVs and recipient
cells involves intricate mechanisms that include receptor-mediated interactions, endocytosis, and intracellular signaling
pathways.

EVs carry specific surface molecules or ligands that can interact with receptors on the recipient cell surface. These
ligand-receptor interactions are highly selective and enable targeted communication.*®*® For example, tetraspanins,
integrins, and adhesion molecules on EV surfaces can interact with corresponding receptors on recipient cells.*®
Furthermore, EVs can carry ICAMs on their surfaces, which can bind to lymphocyte function-associated antigen 1
(LFA-1) receptors on immune cells, facilitating immune cell adhesion and subsequent immune response modulation.*

Moreover, larger EVs, such as microvesicles, can be engulfed by recipient cells through phagocytosis, a process
where the cell membrane surrounds and engulfs the EV.*® This process is often used by immune cells to capture EVs
released by pathogens or damaged cells. EVs can also be internalized through micropinocytosis, a non-specific form of
endocytosis where cells engulf small particles, including exosomes.*' Some studies suggest that specific interactions
between EV surface proteins and receptors on recipient cells can trigger clathrin-mediated endocytosis. This mechanism
allows for the selective uptake of EVs.*?

The transference of EVs’ cargo facilitates an interaction between discrete cell populations within injured or
degenerated tissues, nurturing a regenerative milieu in which cells cooperate to promote repair and regeneration.*’ The
effects triggered by the transferred cargo are profound, encompassing the promotion of cell proliferation, the modulation
of immune responses, the stimulation of angiogenesis, and the enhancement of extracellular matrix synthesis. Each of
these effects constitutes a vital component on the process of tissue repair and regeneration.**
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Figure 2 lllustration of transfer of EVs cargo to target cells and their biological effects. Reproduced from Xie X, Xiong Y, Panayi AC, et al. Exosomes as a Novel Approach to
Reverse Osteoporosis: A Review of the Literature. Front Bioeng Biotechnol. 2020;8:594247; Copyright 2020, Frontiers. Creative Commons.>’

Sources of Stem Cell-Derived EVs for Bone Regeneration
Mesenchymal Stem Cells (MSCs)-Derived EVs

MSCs hold tremendous potential as a remarkable source of EVs that could revolutionize the field of bone regeneration.*
Operating as stromal cells, MSCs exhibit the remarkable capability to undergo differentiation into bone, cartilage, and
adipose tissue. These versatile cells are found in various tissues, such as bone marrow, adipose tissue, the umbilical cord,
and placental tissue, providing readily accessible sources for isolation and subsequent culture expansion. (Figure 3).*¢
The EVs generated by MSCs comprise a complex composition of biomolecules that closely parallel the distinctive
differentiation capabilities of their progenitor cells.*’

Bone marrow is a rich source of MSCs, hematopoietic stem cells (HSCs), and other cell types. EVs can be isolated
from the supernatant of cultured bone marrow-derived cells.** Bone marrow-derived EVs often carry a diverse cargo of
proteins, miRNAs, and other bioactive molecules. They are known for their potential to modulate immune responses,
promote tissue repair, and support hematopoiesis.** These EVs have shown promise in regenerative medicine, especially
in the context of bone regeneration, wound healing, and immunomodulation. They may also have therapeutic potential in
conditions like graft-versus-host disease (GVHD) and autoimmune disorders.'?

Furthermore, EV's can be isolated from adipose-derived stem/stromal cells (ADSCs) or mature adipocytes.’® Adipose-
derived EVs are known to carry growth factors, cytokines, and adipokines, which can influence processes such as
angiogenesis, inflammation, and metabolism.*® These EVs have been explored for their potential in promoting tissue
regeneration, particularly in bone repair, plastic and reconstructive surgery, and musculoskeletal disorders.”’
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Figure 3 An overview of EVs derived from the frequently utilized sources, including bone marrow, adipose tissue, umbilical cord, and placental tissue. Created with
Medpeer (https://medpeer.cn/).

Moreover, the umbilical cord, specifically Wharton’s Jelly, is a valuable source of MSCs and their derived EVs.>?
These cells can be isolated from the umbilical cord tissue. Umbilical cord-derived EVs are known for their relatively high
proliferative capacity and immunomodulatory properties. They carry a range of bioactive molecules that can modulate
inflammation and support tissue repair.”® These EVs have been studied for their potential in various therapeutic
applications, including the treatment of skeletal degenerative diseases, wound healing, and immune-related disorders.>*

In addition, the placenta is a temporary organ that develops during pregnancy to provide essential nutrients, oxygen,
and waste removal for the developing fetus. It is composed of various cell types, including trophoblasts, MSCs, and
endothelial cells, all of which can contribute to the release of MSCs-derived EVs.> Placental EVs carry a diverse cargo,
including proteins, lipids, nucleic acids (such as miRNAs, mRNAs, and DNA), and growth factors. This cargo is
essential for regulating fetal development, maternal-fetal immune interactions, and tissue repair processes. Placental EVs
often exhibit strong immunomodulatory properties.>® They can suppress maternal immune responses to prevent rejection
of the fetus while also promoting tolerance. Of note, placental EVs are rich in growth factors and angiogenic factors,
making them potential candidates for promoting tissue repair and regeneration in various medical fields, including bone
repair and tissue engineering.’’

Compared to the transplantation of MSCs themselves, the utilization of EVs presents a compelling alternative that
mitigates certain risks associated with cell-based therapies. Concerns such as unwanted differentiation, immune rejection,
and teratoma formation can be effectively decreased by utilizing MSC-derived EVs.'” These naturally secreted products
have emerged as a promising therapeutic modality, enabling their isolation under scalable culture systems and subsequent
storage as an “off-The-shelf” product. Moreover, their delivery can be achieved through minimally invasive procedures,

further enhancing their clinical applicability.

Embryonic Stem Cells (ESCs)-Derived EVs
ESCs possess extraordinary attributes that set them apart, including their remarkable pluripotent nature, which enables
them to differentiate into any cell type found in the human body.>® This inherent versatility makes ESCs a promising

alternative to explore for various medical applications, particularly in bone regeneration.”
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EVs originating from ESCs are not mere carriers; they are laden with a diverse array of bioactive molecules that hold
immense potential for stimulating bone regeneration.®® These EVs contain an array of growth factors, morphogens, and
developmental regulators, possessing the capacity to shape the destiny and actions of recipient cells. Through this
capability, they can actively stimulate osteogenic differentiation and contribute to the regeneration of deteriorated bone
tissue.

An exemplary study conducted by Gong et al demonstrated the tangible benefits of harnessing ESC-EVs for
therapeutic purposes.®’ In their research, the application of ESC-EVs proved to be a rescue mission for senescent
MSCs, effectively preventing age-related bone loss in aging mice. The transcriptome analysis conducted as part of the
study yielded fascinating results, unveiling that treatment with ESC-EVs led to a significant upregulation in the
expression of genes associated with anti-aging, stem cell proliferation, and osteogenic differentiation within MSCs.
This remarkable finding suggests that ESC-EVs hold enormous potential for reversing the senescence of MSCs and
addressing age-related osteogenic dysfunction.

Induced Pluripotent Stem Cells (iPSCs)-Derived EVs

iPSCs have undergone a process of reprogramming to assume a state resembling that of embryonic stem cells.®? This
reprogramming is accomplished through the introduction of specific transcription factors associated with pluripotency.
Similar to ESCs, iPSCs possess the extraordinary ability to self-renew indefinitely and differentiate into any cell type
found in the body.®® This exceptional potential has paved the way for iPSC-derived EVs (iPSC-EVs) to emerge as
a promising cell-free platform for regenerative therapy.

The EVs secreted by iPSCs demonstrate regenerative effects similar to those derived from ESCs. Moreover, they
exhibit shared surface markers and molecular signatures.®* These vesicles encapsulate a wide array of essential
components, including proteins, lipids, mRNAs, miRNAs, and growth factors associated with crucial cellular processes
such as proliferation, anti-apoptosis, migration, differentiation, and ECM production. Notably, signaling molecules
contained within iPSC-EVs, such as Wnt proteins, transforming growth factor-f, and ECM proteins, have demonstrated
positive regulatory effects on bone formation and regeneration.®® These inherent properties make iPSC-EVs a powerful
tool for enhancing regenerative processes within the bone.

In a prior study, the potential of iPSC-EVs to rejuvenate senescent nucleus pulposus cells (NPCs) and attenuate the
progression of IVDD was demonstrated.®® Mechanistically, the therapeutic effects of iPSC-EVs were attributed, in part,
to the delivery of exosomal miR-105-5p to the senescent NPCs, thereby activating the Sirt6 signaling pathway. These
remarkable findings underscore the potential of iPSCs as a reliable and scalable source for obtaining EVs, while also
highlighting the immense therapeutic promise of iPSC-EVs in the context of degenerative bone disorders.

Therapeutic Potential of Stem Cell-Derived EVs in Degenerative Bone

Disorders
IVDD

IVDD is a multifaceted condition characterized by the progressive deterioration of the discs that connect adjacent
vertebrae in the spine. The development of IVDD involves a complex interplay of intrinsic and extrinsic factors. Among
these factors, aging plays a significant role, as it brings about natural changes that negatively affect disc health over time.
These changes include reduced nutrient transport into the discs, cellular senescence, and increased calcification of the
matrix. Excessive or abnormal mechanical loading further accelerates the damage to intervertebral discs by triggering
inflammatory responses and the activation of enzymes that degrade the ECM.®” Inflammatory cytokines, such as TNF-q
and IL-1, play a pivotal role in propagating disc cell apoptosis and the breakdown of the ECM. The delicate balance
between matrix synthesis and degradation becomes disrupted. Catabolic enzymes, including matrix metalloproteinases
(MMPs), are upregulated, leading to excessive degradation of ECM components such as collagen and proteoglycans.®®
Additionally, the capacity of disc cells to synthesize new matrix diminishes as their numbers and functionality decline

over time.®”®
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Current treatment options for IVDD are largely limited to providing symptomatic relief, rather than modifying the
underlying disease process. To effectively reverse or decelerate disc degeneration, a multimodal approach is required, one
that focuses on restoring matrix homeostasis, supporting disc cell nutrition and viability, and mitigating inflammation and
abnormal mechanical stressors.”’ In light of these challenges, stem cell-derived EVs have emerged as a promising
therapeutic approach for intervertebral disc degeneration.”' Stem cell-derived EVs offer a cell-free alternative to stem
cell transplantation, harnessing the rejuvenated potential of stem cells while avoiding potential drawbacks associated with
direct cell injection.”*"

The regenerative effects of stem cell-derived EVs are mediated through various mechanisms.’*’* Firstly, the cargo
carried by EVs, consisting of growth factors, cytokines, and ECM components, can stimulate the synthesis of new ECM
molecules, promoting tissue remodeling and restoring disc homeostasis. These bioactive molecules contribute to the
enhancement of disc cell viability and function.”® Secondly, stem cell-derived EVs exert a modulatory effect on
inflammatory responses within the degenerated disc. They can attenuate excessive inflammation, reduce the secretion
of pro-inflammatory cytokines, and establish an anti-inflammatory microenvironment. By suppressing inflammatory
processes, EVs create a favorable environment for tissue regeneration while limiting further disc degeneration.”” Thirdly,
EVs play a crucial role in promoting cell survival and inhibiting apoptosis in the degenerated disc. Through the transfer
of specific molecules, such as anti-apoptotic factors and microRNAs, EVs protect disc cells from apoptotic signals,
enhancing their survival.”® Furthermore, stem cell-derived EVs have the potential to induce the differentiation of
endogenous progenitor cells toward a discogenic lineage. Through paracrine signaling and the delivery of specific
factors, EVs can direct the differentiation of resident disc cells or recruited progenitor cells into disc-like cells, thereby
promoting tissue revitalization and functional recovery.”®

The remarkable potential of stem cell-derived EVs is their ability to harness these diverse mechanisms of action to
address the complex challenges associated with intervertebral disc degeneration. By delivering a rich cargo of bioactive
molecules, including growth factors, cytokines, and ECM components, EVs stimulate the synthesis of new matrix, promote
tissue remodeling, and restore the delicate balance within the disc microenvironment.* This multifaceted approach
addresses the underlying matrix imbalance and supports the viability and functionality of disc cells. The Wang et al
group conducted a study demonstrating an innovative approach to deliver MSCs-EVs for the treatment of disc degenera-
tion. They developed a functional hydrogel composed of quaternized chitosan and oxidized starch, which served as
a delivery system for the MSCs-EVs. The results of the study showed that the MSCs-EVs released from this hydrogel
had a regenerative effect on senescent NPs, promoting ECM remodeling, and partially restoring the structures of the NPs
and annulus fibrosus (Figure 4).*' These findings represent a significant advance in disc degeneration therapy by targeting
NPs cell senescence. The use of the functional hydrogel as a delivery system enables controlled release and localization of
the MSCs-EVs, ensuring their targeted action within the degenerated disc.

Furthermore, the anti-inflammatory properties of stem cell-derived EVs offer an effective means to modulate the
inflammatory processes that contribute to disc degeneration. By reducing the secretion of pro-inflammatory cytokines and
creating an anti-inflammatory milieu, EVs help alleviate the destructive inflammatory responses, creating an environment
conducive to tissue regeneration and healing.®? In addition to their role in modulating inflammation and matrix home-
ostasis, stem cell-derived EVs exhibit a remarkable ability to promote cell survival and inhibit apoptosis within the
degenerated disc.® Through the transfer of specific molecules, such as anti-apoptotic factors and miRNAs, EVs confer
protective effects on disc cells, shielding them from apoptotic signals and enhancing their survival. This preservation of
disc cellularity is vital for maintaining the overall health and function of the intervertebral disc.®*

Furthermore, EVs derived from stem cells hold the potential to harness the regenerative capabilities of endogenous
progenitor cells. Through the delivery of paracrine signals and specific factors, these EVs can modulate the differentia-
tion of resident disc cells or recruited progenitor cells toward a discogenic lineage. This directed differentiation promotes
the regeneration of disc-like cells, facilitating tissue repair and functional recovery.®

Osteoarthritis (OA)

OA is a debilitating degenerative joint disease characterized by the gradual destruction of articular cartilage and
surrounding tissues, leading to structural changes and a loss of mobility. The development of OA is influenced by
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Figure 4 Schematic illustration of the stem cells-derived EVs for IVDD therapy. The therapeutic approaches aimed at addressing cellular senescence in nucleus pulposus
cells could potentially decelerate the development of disc degeneration. Reprinted from Int J Biol Macromol, 232, Guan M, Liu C, Zheng Q, et al. Exosome-laden injectable

self-healing hydrogel based on quaternized chitosan and oxidized starch attenuates disc degeneration by suppressing nucleus pulposus senescence.123479, Copyright 2023,

Creative Commons.®'

a combination of mechanical factors, genetic influences, aging processes, and chronic inflammation, all of which interact
to disrupt normal cartilage homeostasis.*®

Chronic inflammation plays a crucial role in the pathogenesis and progression of OA. In osteoarthritic joints, pro-
inflammatory cytokines such as interleukin-1 beta (IL-1p) and tumor necrosis factor alpha (TNF-a) are overexpressed.®’
These cytokines stimulate chondrocytes and synoviocytes to release matrix metalloproteinases (MMPs), aggrecanases,
and other catabolic factors. The collective action of these enzymes and factors damages the cartilage matrix, leading to
fibrillation, osteophyte formation, and overall cartilage matrix degradation.®® Conversely, the production of anti-
inflammatory and anabolic regulators, such as IL-4, IL-10, and insulin-like growth factor-1 (IGF-1), is suppressed,
impeding matrix repair and tissue regeneration.®’

The imbalance between cartilage matrix synthesis and breakdown is a key driver of joint degeneration in OA. MMPs
and aggrecanases play a critical role in the degradation of collagen fibers and proteoglycans, including aggrecan, within
the cartilage matrix. Proteases such as MMP-1, MMP-3, MMP-7, MMP-9, and MMP-13, are major contributors to
accelerated matrix degradation.”® Over time, the excessive breakdown of the matrix coupled with insufficient anabolic
activity depletes cartilage of its crucial macromolecules, resulting in fissures, fibrillation, and ultimately, full-thickness
cartilage loss, which characterizes end-stage OA.”'

In recent years, EVs have emerged as a promising therapeutic approach for the treatment of OA.>%* These EVs, derived from
various stem cell sources, offer a cell-free alternative with regenerative properties similar to stem cell transplantation. Stem cell-
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derived EVs exert their beneficial effects in OA through multiple mechanisms.”* Firstly, EVs carry a cargo of bioactive
molecules, including growth factors, cytokines, and anti-inflammatory factors, which can modulate the local microenvironment
within the diseased joint. These molecules have the potential to counteract inflammation, promote tissue repair, and enhance the
synthesis of crucial ECM components, such as type II collagen and proteoglycans, within the damaged cartilage.”® Secondly, EVs
can regulate chondrocyte metabolism and function. Through the transfer of specific miRNAs via EVs, gene expression in
recipient cells, including chondrocytes, can be modulated. This miRNA-mediated regulation suppresses the activity of catabolic
enzymes and inflammatory mediators, while promoting anabolic processes in chondrocytes.*’” This regulation helps attenuate
cartilage degradation, enhance matrix synthesis, and support the survival of chondrocytes, ultimately contributing to the
preservation of cartilage health.”® For instance, Sun et al reported a EVs-based therapy for cartilage regeneration for OA
treatment. In this study, the researchers demonstrated that EVs derived from TGFp3-preconditioned BMSCs presented enriched
specific miRNAs that could be transferred to native BMSCs to promote chondrogenesis. Mechanistically, the overexpression of
miR-455, released from the EVs derived from TGFB3-preconditioned MSCs, was able to enhance OA alleviation and cartilage
regeneration by activation of the SOX11/FOXO signaling pathway (Figure 5).”

Furthermore, stem cell-derived EVs possess remarkable immunomodulatory properties that can regulate immune
responses within the osteoarthritic joint.”® These EVs have the ability to suppress the activation of immune cells, such as
macrophages, and inhibit the release of pro-inflammatory cytokines. By doing so, they reduce the overall inflammatory
burden, creating a more favorable environment for tissue regeneration and repair.”®

Osteoporosis (OP)

OP, a debilitating skeletal disorder, manifests as a decline in bone mineral density and the deterioration of bone
microarchitecture. Consequently, bones become fragile and prone to fractures. The pathogenesis of OP involves
a multifaceted interplay among several factors, including the aging process, hormonal fluctuations, lifestyle decisions,
and genetic predisposition. These elements disrupt the intricate equilibrium between bone formation and resorption.”

At the center of OP is a fundamental imbalance in the two pivotal processes that regulate bone turnover: bone formation by
osteoblasts and bone resorption by osteoclasts.'®® When osteoclastic activity surpasses osteoblastic bone formation over an
extended period, there is a net loss of bone tissue, mineral content, and matrix proteins such as collagen.'®" Consequently, the
microarchitectural structure of bones deteriorates, compromising their strength and load-bearing capacity.

Stem cell-derived EVs have emerged as a promising cell-free alternative with regenerative properties that could potentially
stimulate bone formation and improve bone quality in OP.'%% Firstly, EVs carry a diverse cargo of bioactive molecules,
including growth factors, cytokines, and extracellular matrix proteins, which have the potential to enhance osteoblast activity
and bone formation. These molecules can promote the proliferation and differentiation of osteoblasts, as well as the synthesis
of bone matrix components, ultimately leading to increased bone mineralization and improved bone strength.'%?

Moreover, stem cell-derived EVs possess the remarkable ability to modulate osteoclast activity and bone
resorption.'® EVs can transport specific miRNAs that target genes involved in osteoclast differentiation and function,
effectively inhibiting their activity. By regulating the delicate balance between osteoblast-mediated bone formation and
osteoclast-mediated bone resorption, stem cell-derived EVs have the potential to restore bone homeostasis and mitigate
bone loss in OP.'% In a prior study conducted by Yang et al, a remarkable discovery was made regarding the potential of
bioactive glass nanoparticles (BGN) in inducing the expression of EVs secreted by MSCs. These EVs were found to
possess a unique ability to suppress osteoclast differentiation and reverse the pathogenesis of osteoporosis, shedding light
on a promising therapeutic approach.'’ Of note, within these functional EVs, a key factor was identified: a long non-
coding RNA called NRON. By binding to these crucial factors, NRON effectively disrupted their movement into the
nucleus, ultimately leading to the inhibition of osteoclast differentiation (Figure 6).

The regenerative properties of stem cell-derived EVs offer a promising strategy for innovative and effective
treatments for individuals affected by OP. By stimulating osteoblast-mediated bone formation and modulating osteoclast
activity, these EVs hold the potential to restore bone homeostasis, enhance bone strength, and reduce fracture risk.
Continued research and development in this field may pave the way for advanced therapies that improve skeletal health
and enhance the quality of life for those living with OP.
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(C) Injection of EVs-conjugated composite for cartilage regeneration in rat OA model. (D) Chondrogenesis was defined with immunostaining of different biomarkers. (E)
Intra-articular delivery of the labeled EVs were examined with in vivo fluorescence imaging. Reproduced from Sun Y, Zhao J, Wu Q, et al. Chondrogenic primed extracellular
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Advantages of EV-Based Therapies Over Stem Cell Transplantation
One of the remarkable advantages of utilizing EV-based therapies is their cell-free nature, providing a solution to the
inherent limitations associated with cell availability. Traditional stem cell transplantation often relies on obtaining an

adequate number of viable and functional cells, which can be a considerable challenge, particularly when utilizing the
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Figure 6 (A) Schematic illustration of fabrication and function of BGN/EVs in OA therapy. (B) Representative H&E and Masson staining image of femurs, with a scale bar
indicating a length of 500 um. Reprinted from Biomaterials, vol 283, Yang Z, Liu X, Zhao F, et al. Bioactive glass nanoparticles inhibit osteoclast differentiation and
osteoporotic bone loss by activating I\cRNA NRON expression in the extracellular vesicles derived from bone marrow mesenchymal stem cells. 121438, Copyright 2022,
with permission from Elsevier.'%

patient’s own cells.'”” The process of isolating, expanding, and characterizing stem cells can be laborious, time-
consuming, and resource-intensive, posing significant obstacles to widespread implementation.

In contrast, EVs provide a more accessible and readily available alternative. These minuscule vesicles can be easily
extracted from stem cells and produced in significant quantities, thereby ushering in a revolution in regenerative
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medicine.'”® By harnessing the regenerative and regenerative potential encapsulated within EVs, the limitations posed by
cell availability can be effectively overcome. The immediate availability of EVs, without the need for extensive cell
expansion or laborious characterization processes, represents a paradigm shift in regenerative therapies.'®® This advan-
tage is promising in expediting treatment timelines, providing relief to patients who are in urgent need of therapeutic
intervention.

Another significant advantage of EV-based therapies is their inherent ability to circumvent the potential concern of
tumorigenicity often associated with stem cell transplantation.''® While stem cells possess the remarkable capacity for
self-renewal and differentiation, which is crucial for their regenerative potential, this property raises the risk of
uncontrolled cell proliferation and the formation of tumors. By utilizing EVs as therapeutic agents instead of stem
cells, the risk of tumorigenicity is significantly minimized. EVs, as carriers of bioactive molecules such as growth factors
and regulatory RNAs, play a pivotal role in mediating the regenerative effects.''’ These bioactive molecules are
responsible for eliciting therapeutic responses within the recipient tissue or organ. Importantly, they achieve this without
the direct presence of live cells, thereby reducing the potential for abnormal cell growth and tumor formation.

Challenges and Opportunities
Although the potential of EVs as therapeutics for bone degenerative disorders is promising, there are several key
challenges that should be addressed to fully harness their potential and translate them into clinical practice.

First and foremost, a deeper understanding of the underlying mechanisms by which EVs exert their effects and
optimizing strategies for their targeted delivery to skeletal tissues are critical areas for ongoing research. Unraveling the
intricate molecular pathways and cargo components responsible for the osteogenic and bone-modulatory effects of EVs
will provide valuable insights into their bioactivity and guide the development of strategies to enhance their therapeutic
potency.

Further investigations are needed to better define the uptake mechanisms of EVs by target cells and the subsequent
signaling events they trigger. Comparative studies exploring the effects of EVs derived from different cell sources may
uncover key factors influencing their functional outcomes. Efforts to improve the efficiency of EV transport and uptake at
sites of bone disease will be crucial for maximizing their therapeutic effectiveness.

Exploring approaches to modify EV surface properties for targeted delivery and investigating biomaterial systems and
nanoplatforms to protect EVs during circulation and enable controlled release at specific target sites may further improve
their therapeutic outcomes. These research endeavors are essential for advancing the clinical potential of EVs in the field
of regenerative medicine for bone disorders.

Moreover, regulatory and manufacturing considerations present challenges that demand collaborative efforts across
multiple disciplines to facilitate the development of EV-based interventions. Standardizing methods for isolating,
quantifying, and characterizing EVs is of utmost importance to ensure the production of clinical-grade products with
well-defined specifications and quality controls. Regulatory approval necessitates comprehensive evidence of safety,
purity, potency, and reproducibility based on good manufacturing practices. Rigorous clinical trials are essential to
determine optimal dosing, treatment windows, and the long-term effects of EV therapies. Collaborations among research
institutions, industry partners, and regulatory agencies will foster progress in this field, ensuring compliance with
regulatory requirements while driving innovation. Such cooperative efforts will be instrumental in advancing the clinical
application of EVs in regenerative medicine for bone disorders and beyond.

In addition, continued investigations in understanding EVs biology, optimizing scalable production methodologies,
developing advanced delivery systems, and conducting robust clinical trials is crucial for realizing the full potential of
EVs in regenerating bone tissue.

Despite the challenges that must be overcome, EVs represent a promising therapeutic approach for degenerative
skeletal disorders. Their inherent regenerative capacity and ability to stimulate endogenous regenerative processes make
them a compelling avenue for treatment. Interdisciplinary efforts currently underway to address manufacturing, delivery,
safety, and regulatory issues will play a crucial role in advancing the clinical application of EV technologies for the
treatment of degenerative bone disorders.
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This review not only seeks to consolidate the existing knowledge regarding stem cell-derived EV therapies for
degenerative bone disorders but also aims to highlight critical knowledge gaps that warrant further investigation. By
addressing these gaps and surmounting the challenges on the horizon, we anticipate facilitating the translation of these
remarkable therapeutic approaches into clinical practice.
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