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ABSTRACT

Achilles tendinitis, a prevalent condition among athletes, is marked by inflammation and degeneration of the Achilles tendon due to factors
such as overuse and mechanical overload. Current treatments are often limited in efficacy, prompting the exploration of novel therapeutic
approaches. Exosomes, small extracellular vesicles released from cells, have emerged as promising agents for tendon healing due to their
ability to transfer bioactive molecules and modulate cellular processes. This review examines the role of exosomes in the treatment of Achilles
tendinitis, highlighting their anti-inflammatory, regenerative, and immunomodulatory properties. Exosomes derived from mesenchymal stem
cells (MSCs) and tendon stem cells (TSCs) can reduce inflammation by modulating cytokine levels and suppressing proinflammatory pathways.
They promote tenocyte proliferation, enhance extracellular matrix (ECM) synthesis, and improve tendon structure and function. Preclinical
studies demonstrate significant benefits of exosome therapy, including reduced inflammation, improved collagen organization, and enhanced
biomechanical properties of the tendon. Early clinical trials indicate that exosome-based therapies are safe and potentially effective, showing
promise in reducing pain and improving tendon function. However, challenges such as standardizing exosome isolation and characterization,
navigating regulatory pathways, and understanding long-term safety and efficacy must be addressed. Future research should focus on
optimizing exosome sources, dosages, delivery methods, and exploring combination therapies to enhance therapeutic outcomes. Exosomes

could revolutionize the management of Achilles tendinitis, offering a novel and effective treatment modality.
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INTRODUCTION

Achilles tendinitis, a common musculoskeletal condition,
is characterized by inflammation and degeneration of the Achilles
tendon, which connects the calf muscles to the heel bone. It is
prevalent among athletes, particularly runners, accounting for
5-18% of all running-related injuries."”? The incidence of Achilles
tendinitis is approximately 7-9% in top-level runners, reflecting
its significant impact on sports medicine.? The etiology of Achilles
tendinitis involves a multifactorial process. Overuse, mechanical
overload, and repetitive stress are primary contributing factors,
leading to microtrauma and inflammation. This condition can
be exacerbated by intrinsic factors such as biomechanical
abnormalities (e.g., overpronation, tight calf muscles) and extrinsic
factors like improper footwear and abrupt changes in training
intensity.*> Pathophysiologically, Achilles tendinitis progresses
through several stages, beginning with peritendinitis, where
inflammation occurs around the tendon. As the condition advances,
tendinosis develops, characterized by degenerative changes and
disorganization of collagen fibers without significant inflammatory
cellinfiltration. Histologically, the tendon exhibits increased ground
substance, neovascularization, and disrupted collagen architecture,
compromising its mechanical properties and predisposing it
to rupture.®’ Clinically, patients with Achilles tendinitis present
with pain and stiffness in the posterior aspect of the ankle, often
exacerbated by activity and relieved by rest. Morning stiffness
and tenderness along the tendon, particularly at its insertion
on the calcaneus, are hallmark signs. Swelling and crepitus may
also be observed in chronic cases.® Diagnosis is primarily clinical,
supported by imaging modalities. Ultrasonography is useful for
assessing tendon thickness, structure, and neovascularization, while
magnetic resonance imaging (MRI) provides detailed visualization
of intratendinous changes and the extent of degeneration.’

2Department of Orthopedics, ACS Medical College and Hospital,
Dr MGR Educational and Research Institute, Chennai, Tamil Nadu, India
34Department of Orthopedics, Government Medical College,
Omandurar Government Estate, Chennai, Tamil Nadu, India
>Department of Orthopaedics, Government Medical College, Karur;
Department of Biotechnology, Karpagam Academy of Higher
Education, Coimbatore, Tamil Nadu, India

Corresponding Author: Madhan Jeyaraman, Department of
Orthopedics, ACS Medical College and Hospital, Dr MGR Educational
and Research Institute, Chennai, Tamil Nadu, India, Phone:
+91 8310600785, e-mail: madhanjeyaraman@gmail.com

How to cite this article: Jeyaraman N, Jeyaraman M,
Ramasubramanian S, et al. Unlocking the Potentials of Exosomes in
Achilles Tendinitis. J Foot Ankle Surg (Asia-Pacific) 2024;11(4):161-168.
Source of support: Nil

Conflict of interest: None

Exosomes are small extracellular vesicles, typically 40-200 nm
in diameter, released from cells upon fusion of multivesicular
bodies (MVBs) with the plasma membrane. They are enclosed
by a lipid bilayer and contain various biomolecules, including
proteins, lipids, and nucleic acids, reflective of their cell of origin.
Exosomes play crucial roles in intercellular communication by
transferring their cargo to recipient cells, influencing various
physiological and pathological processes. The biogenesis of
exosomes involves the endosomal pathway.! Initially, endosomes
undergo inward budding, forming intraluminal vesicles within
MVBs. Upon fusion of MVBs with the plasma membrane, these
vesicles are released into the extracellular space as exosomes.
Various stimuli, including cellular stress and hypoxia, can modulate
exosome secretion, which is regulated by components such as
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Exosomes in Achilles Tendinitis

the endosomal sorting complexes required for transport (ESCRT)
machinery and tetraspanins.'’ Exosomes are pivotal in mediating
cellular communication. They facilitate the transfer of bioactive
molecules, thereby modulating recipient cell functions. This
intercellular transfer can influence processes such as immune
responses, angiogenesis, and tissue repair.!%'? In the context of
Achilles tendinitis, exosomes derived from tendon stem cells (TSCs)
have shown promise in enhancing tendon healing by balancing
the synthesis and degradation of the extracellular matrix (ECM)
and promoting the tenogenesis of TSCs."* They achieve this by
delivering regulatory molecules that modulate gene expression and
cellular behavior in recipient cells. Moreover, exosomes can alter
the local microenvironment, reducing inflammation and fibrosis,
and enhancing tissue regeneration. These properties underline
their potential therapeutic applications in regenerative medicine,
including the treatment of tendon injuries.

PATHOPHYSIOLOGY OF ACHILLES TENDINITIS

The Achilles tendon is the largest and strongest tendon in the
human body, connecting the gastrocnemius and soleus muscles to
the calcaneus (heel bone)." It plays a crucial role in plantarflexion
of the foot, essential for activities such as walking, running, and
jumping. Structurally, the tendon is composed of dense, parallel
collagen fibers, predominantly type | collagen, which provide tensile
strength and elasticity. It is surrounded by a paratenon, a sheath that
facilitates gliding movements and is poorly vascularized, particularly
inits mid-portion, making it susceptible to degeneration and injury."*
The Achilles tendon is subjected to substantial biomechanical stress,
particularly during high-impact activities."”” Repetitive loading,
especially eccentric contractions, can lead to microtrauma and
cumulative damage. Overuse, combined with inadequate recovery,
contributes to tendinopathy.”® Additionally, intrinsic factors such
as biomechanical abnormalities (e.g., overpronation, limb length
discrepancies) and extrinsic factors like improper footwear and
sudden changes in training intensity exacerbate the risk. The poor
vascularity of the tendon, particularly in the watershed area, impairs
healing and predisposes the tendon to chronic degeneration.'®
The pathophysiology of Achilles tendinitis is a complex interplay
of inflammatory and degenerative mechanisms.” In the initial
stages, the tendon is subjected to repetitive microtrauma, sparking
an inflammatory response. Macrophages and neutrophils rush to
the site, releasing a barrage of pro-inflammatory cytokines like
interleukin-1 beta (IL-1B) and tumor necrosis factor alpha (TNF-a),
along with reactive oxygen species. This onslaught contributes
to pain and tissue damage. As the condition progresses, the
inflammation gives way to a chronic, non-inflammatory state
known as tendinosis. Here, the inflammatory cells are notably
absent, replaced by fibroblasts and myofibroblasts. In tendinosis,
the balance between the synthesis and degradation of the ECM is
disrupted. Tendon fibroblasts or tenocytes become hyperactive,
proliferating rapidly, and producing disorganized weakened
collagen fibers. This chaotic collagen arrangement, coupled with
anincreased production of proteoglycans and glycosaminoglycans,
leads to a compromised tendon structure and function. Moreover,
the upregulation of matrix metalloproteinases (MMPs) accelerates
ECM degradation, while the downregulation of tissue inhibitors
of metalloproteinases (TIMPs) fails to counteract this breakdown,
exacerbating the degenerative process. The intricate dance
between these cellular and molecular players transforms a
once sturdy tendon into a painful and dysfunctional structure.5181°
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Fig. 1: Pathophysiology of Achilles tendinitis resulting in myofibrosis and
degeneration. TNF, tumor necrosis factor; IL, interleukin; ROS, reactive
oxygen species; VEGF, vascular endothelial growth factor; MMP, matrix
metalloproteinases

The transition from inflammation to degeneration marks a shift in
the cellular landscape; with the initial inflammatory assault giving
way to adegenerative milieu where the ECMis continually degraded
and rebuilt in a disordered manner, ultimately undermining the
tendon’s integrity and function as shown in Figure 1.

Cytokines and growth factors are central to the pathophysiology
of Achilles tendinitis, orchestrating both the inflammatory and
healing processes. In the initial phase, proinflammatory cytokines
such as IL-13 and TNF-a dominate, driving the recruitment of
inflammatory cells and the release of enzymes that degrade
tissue. This inflammatory milieu sets the stage for acute tendon
damage.?%?! On the flip side, anti-inflammatory cytokines such
as IL-10 and growth factors like transforming growth factor-beta
(TGF-B) and platelet-derived growth factor (PDGF) come into
play, steering tissue repair and remodeling. These growth factors
are vital for tenocyte proliferation and collagen synthesis, aiding
in tendon healing. They stimulate the production of organized
collagenfibers, crucial for restoring tendon integrity. However, the
balance between these signaling molecules is delicate. An excess
of pro-inflammatory cytokines or a deficiency in anti-inflammatory
cytokines and growth factors can tilt the scales toward chronic
inflammation.?%23 This imbalance impairs the healing process,
creating a vicious cycle of injury and degeneration. The persistent
inflammatory environment hampers effective repair, leading to
prolonged tendon dysfunction and degeneration.

ExosomEs: STRUCTURE AND FUNCTION

Exosomes are small extracellular vesicles, typically ranging from 40
to 200 nm in diameter, enclosed by a lipid bilayer. This lipid bilayer
is rich in cholesterol, sphingomyelin, and ceramide, providing
structural integrity and stability. The lipid composition not only
protects the internal cargo but also facilitates the fusion with target
cell membranes, allowing the transfer of molecular contents.'?
Surface markers on exosomes are critical for their identification and
functional roles. These markers include tetraspanins (CD9, CD63,
CD81), integrins, and major histocompatibility complex (MHC)
molecules.?* Tetraspanins are involved in exosome biogenesis and
facilitate the docking and fusion with recipient cells. Integrins and
MHC molecules contribute to cell targeting and immune modulation,
respectively. These surface markers are often used to isolate and
characterize exosomes in research and clinical applications.?
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Exosomes carry a variety of molecules that reflect their cell
of origin. Their protein content includes enzymes, cytoskeletal
proteins, heat shock proteins, and signaling molecules.?® Exosomes
from mesenchymal stem cells (MSCs) are particularly notable, as
they contain growth factors and cytokines that can modulate the
immune response and aid in tissue regeneration.?”’” Proteomic
analyses reveal that exosomes harbor thousands of proteins,
underscoring their complex roles in cellular communication. Lipids
within exosomes are not just structural components; they also play
activerolesin signaling pathways. These lipids can affect membrane
fluidity and influence how exosomes interact with recipient cells.
Bioactive lipids in exosomes can initiate intracellular signaling
cascades when delivered to target cells. Exosomal ribonucleic acids
(RNAs), including messenger RNAs (mRNAs), microRNAs (miRNAs),
and other noncoding RNAs, are essential for their regulatory
functions. These RNAs can be transferred to recipient cells, where
they affect gene expression and cellular behavior.”? For example,
miRNAs within exosomes can either suppress or enhance the
expression of specific target genes, thereby influencing processes
like inflammation, apoptosis, and cell proliferation.

The uptake of exosomes by recipient cells is a complex process
involving multiple mechanisms. Exosomes can be internalized
through endocytosis, phagocytosis, micropinocytosis, or direct
fusion with the plasma membrane."? The specific pathway of
uptake is influenced by the cell type and the exosomal surface
molecules. Forinstance, exosomes expressing certain integrins may
preferentially bind to corresponding receptors on the recipient cell
surface, facilitating targeted delivery. Once internalized, exosomes
release their cargo into the cytoplasm of recipient cells, where the
contents can exert their functional effects. The process of cargo
delivery is regulated by the exosomal lipid bilayer and the presence
of fusogenic lipids that promote membrane fusion and release of
internal molecules.'>?’

The functional outcomes of exosome-mediated communication
are diverse and context-dependent. One primary role of exosomes
is to mediate intercellular communication by transferring bioactive
molecules that can alter the physiological state of recipient cells.
In the context of Achilles tendinitis, exosomes derived from TSCs
or MSCs have shown promise in modulating the inflammatory
response and promoting tissue repair. Exosomal signaling can lead
to various functional outcomes, including:

- Modulation of inflammation: Exosomes can carry anti-
inflammatory cytokines and miRNAs that suppress pro-
inflammatory pathways, reducing local inflammation and
promoting a regenerative environment. For example, exosomes
from MSCs have been shown to decrease the expression of pro-
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inflammatory cytokines such as IL-18 and TNF-a, while increasing
the levels of anti-inflammatory mediators like IL-10.28

« Promotion of tissue repair and regeneration: Exosomes can
deliver growth factors and other regenerative molecules
that enhance cellular proliferation, differentiation, and ECM
synthesis. In tendon injuries, exosomes have been observed
to increase the expression of collagen types | and lll, crucial for
tendon repair and strength.?%3°

« Generegulation: The miRNAs and mRNAs within exosomes can
modulate gene expression in recipient cells. This regulatory
effect can influence a wide range of cellular processes, including
apoptosis, cell cycle progression, and differentiation.' For
instance, exosomal miRNAs can target specific mRNAs for
degradation or inhibit their translation, thus finely tuning the
cellular response to injury or stress.

+ Immune modulation: Exosomes can influence immune cell
behavior, either activating or suppressing immune responses.
This property is particularly useful in managing chronic
inflammatory conditions and autoimmunity.3? By delivering
immune-modulatory molecules, exosomes can create an
immunosuppressive microenvironment conducive to healing.

THERAPEUTIC POTENTIAL OF EXOSOMES

Exosomes have emerged as pivotal players in tissue regeneration and
wound healing due to their ability to transfer bioactive molecules
between cells, thereby modulating various biological processes.>
In the context of wound healing, exosomes derived from MSCs to
other cell types have demonstrated significant therapeutic potential.
These small extracellular vesicles facilitate cellular communication
and carry a diverse cargo of proteins, lipids, and RNAs that can
influence the healing process. Exosomes enhance wound healing
by promoting cell proliferation, migration, and angiogenesis. They
also modulate inflammation, balancing the inflammatory response
to create a conducive environment for tissue repair.'>>3 For instance,
exosomes from MSCs have been shown to reduce the levels of pro-
inflammatory cytokines such as IL-13 and TNF-a while increasing
anti-inflammatory cytokines like IL-10. This shift in the cytokine milieu
helps to resolve inflammation and initiates the regenerative phase of
wound healing.3* Additionally, exosomes stimulate ECM remodeling,
a critical aspect of tissue repair. They promote the synthesis of
collagen and other ECM components, improving the structural
integrity and function of the healed tissue. The ability of exosomes
to deliver growth factors and other regenerative molecules directly
to the site of injury further enhances their role in tissue repair.>*

The regenerative potential of exosomes is mediated through
several mechanisms of action as shown in Figure 2:
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Fig. 2: Mechanism of action of exosomes in the management of tendo-Achilles tendinopathy
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« Promotion of angiogenesis: Exosomes enhance the formation of
new blood vessels by delivering pro-angiogenic factors such as
vascular endothelial growth factor (VEGF) and fibroblast growth
factor (FGF). This angiogenic response ensures an adequate
supply of oxygen and nutrients to the healing tissue, facilitating
regeneration.

« Cell proliferation and migration: Exosomal cargo, including
miRNAs and growth factors, promotes the proliferation and
migration of various cell types, including fibroblasts, endothelial
cells, and stem cells. This cellular activity is crucial for wound
closure and the formation of new tissue.

«  Modulation of inflammation: Exosomes play a dual role in
inflammation by initially promoting an acute inflammatory
response to clear debris and pathogens and subsequently
transitioning to an anti-inflammatory phase to resolve
inflammation and promote tissue repair. This modulation is
achieved through the delivery of anti-inflammatory cytokines
and miRNAs that suppress pro-inflammatory signaling pathways.

«  Stimulation of ECM production: Exosomes enhance the synthesis
of ECM components, including collagen and elastin, which
provide structural support to the newly formed tissue. They
also regulate the activity of MMPs and their inhibitors (TIMPs)
to ensure balanced ECM remodeling.

« Regulation of apoptosis: Exosomes can deliver antiapoptotic
signals to cells at the injury site, preventing excessive cell death
and preserving tissue integrity. This is particularly important in
maintaining the viability of cells critical for tissue repair.

Preclinical studies using animal models have provided valuable
insights into the therapeutic potential of exosomes for tendon
healing, specifically in Achilles tendinitis. Various models, including
rodent and large animal models, have been employed to mimic
human tendon injuries and evaluate the efficacy of exosome-based
therapies.>** One commonly used model involves the induction of
Achilles tendinitis in rodents through mechanical overloading or the
injection of collagenase to induce inflammation and degeneration.
These models closely resemble the pathological features of human
tendinitis, including tendon thickening, collagen disorganization,
and increased inflammatory cell infiltration. In these studies,
exosomes derived from different sources, such as MSCs and TSCs,
have been administered locally to the injured tendon. The delivery
methods include directinjection into the tendon or the application
of exosome-loaded scaffolds to enhance retention and efficacy.’’

Preclinical research has demonstrated promising outcomes
for exosome-based therapies in tendon healing.3®*' Key findings
from these studies include:

« Reduction of inflammation: Exosome treatment has been
shown to significantly reduce inflammatory cell infiltration in
the injured tendon. This anti-inflammatory effect is mediated
by the delivery of anti-inflammatory cytokines and miRNAs that
suppress pro-inflammatory signaling pathways. For example,
exosomes from MSCs have been reported to decrease the
levels of IL-18 and TNF-a, promoting a shift towards a more
regenerative environment.

- Enhancement of collagen synthesis and organization: Exosomes
promote the synthesis of type | and type Il collagen, essential
components of the tendon ECM. They also improve the
organization of collagen fibers, restoring the structural integrity
and mechanical properties of the tendon. This is evidenced by
increased collagen deposition and improved histological scores
in exosome-treated tendons compared to controls.
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« Improvement in biomechanical properties: The biomechanical
properties of tendons, such as tensile strength and stiffness,
are crucial for their function. Preclinical studies have shown
that exosome treatment enhances these properties, making
the healed tendon more resilient to mechanical stress. This
improvement is likely due to the enhanced collagen synthesis
and organization mediated by exosomes.

«  Modulation of ECM remodeling: Exosomes regulate the activity
of MMPs and TIMPs, ensuring balanced ECM remodeling. This
regulation prevents excessive ECM degradation and promotes
the deposition of new matrix components. In studies, exosome-
treated tendons have shown a favorable balance between
MMP activity and TIMP expression, contributing to effective
tissue repair.

« Cell proliferation and differentiation: Exosomes stimulate
the proliferation and differentiation of tendon-resident cells,
including tenocytes and TSCs. This cellular activity is essential
for replacing damaged cells and regenerating tendon tissue.
Exosomes have been observed to increase the number of
proliferating cells and enhance their differentiation into
functional tenocytes, contributing to tendon repair.

+ Reduction of scar formation: Scar tissue formation isa common
issue in tendon healing, leading to reduced functionality and
increased risk of re-injury. Exosome treatment has been shown
to reduce scar formation by promoting a more organized and
functional ECM. This is evidenced by the reduced presence of
fibrotic markers and improved collagen alignment in exosome-
treated tendons.

CLINICAL APPLICATIONS AND STUDIES

Clinical trials exploring the potential of exosome-based therapies
fortendon injuries are expanding, reflecting a growing interestin
harnessing these extracellular vesicles for regenerative medicine.
Several ongoing and completed trials have aimed to evaluate the
efficacy and safety of exosomes derived from various cell sources,
such as MSCs and TSCs, in treating tendon injuries including
Achilles tendinitis.*> One notable completed trial investigated
the effects of MSC-derived exosomes in patients with chronic
tendinopathy. This phase I/l study aimed to determine the safety,
tolerability, and preliminary efficacy of exosome injections.
Results from this trial indicated promising improvements in
tendon structure and function, with reduced pain and enhanced
mobility.** Several ongoing trials are focusing on optimizing the
delivery methods and dosing regimens for exosome therapies.
These studies are exploring both direct injections of exosomes
into the tendon and the use of exosome-loaded scaffolds to
enhance tissue regeneration.***> Additionally, trials are being
conducted to compare exosome therapy with conventional
treatments such as physical therapy and corticosteroid injections
to establish relative efficacy.**’ The methodologies employed in
these clinical trials vary, but generally, they involve the isolation
and purification of exosomes from donor cells, followed by their
administration to patients with tendon injuries. The treatment
protocols typically include:

- Isolation and characterization: Exosomes are isolated from
the conditioned media of cultured MSCs or TSCs using
ultracentrifugation, filtration, and precipitation techniques.
Characterization of exosomes involves assessing their size,
concentration, and surface markers using techniques such as
nanoparticle tracking analysis (NTA) and flow cytometry.
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«  Administration: Exosomes are administered via direct injection
into the affected tendon. The dosage and frequency of
administration vary among studies, with some protocols involving
single injections while others use multiple doses over several
weeks. The goal is to determine the optimal dosing regimen that
maximizes therapeutic benefits while minimizing risks.

+ Assessment: Clinical outcomes are assessed using a combination
of imaging techniques (e.g., MRI, ultrasound) to evaluate
tendon structure, along with patient-reported outcomes on
pain, function, and quality of life. Biomechanical testing and
histological analyses are also conducted to assess tendon
healing at the molecular and cellular levels.

The clinical outcomes of exosome-based therapies for tendon
injuries have been encouraging. Patients receiving exosome
treatments have reported significant reductions in pain and
improvements in tendon function. Imaging studies have
demonstrated enhanced tendon healing, with increased collagen
deposition and better-organized tendon fibers compared to
baseline. In a phase I/l clinical trial, patients treated with MSC-
derived exosomes showed marked improvements in pain scores
and functional assessments. These improvements were sustained
over follow-up periods extending up to 12 months, indicating the
potential long-term benefits of exosome therapy. Additionally,
patients reported improved quality of life and reduced dependency
on pain medications, highlighting the therapeutic promise of
exosome-based interventions.

Safety is a critical aspect of evaluating any new therapeutic
approach. Clinical trials of exosome-based therapies have so far
reported a favorable safety profile. Adverse effects are generally
mild and transient, including localized pain and swelling at the
injection site, which resolve without intervention. No serious
adverse events directly attributable to exosome therapy have
been reported in these studies. However, as with any emerging
therapy, ongoing vigilance and long-term follow-up are essential
to fully understand the safety implications. Potential risks include
immunogenic reactions, although the acellular nature of exosomes
and their immunomodulatory properties generally mitigate this
risk. Moreover, the sourcing and production processes of exosomes
must adhere to stringent quality control standards to prevent
contamination and ensure consistency.

MEecHANISMS oF ExosoME ACTION IN
AcHiILLES TENDINITIS

Exosomes play a significant role in reducing inflammation, which
is particularly important in conditions like Achilles tendinitis,
characterized by chronic inflammation. They achieve these
anti-inflammatory effects by modulating various inflammatory
pathways. Exosomes derived from MSCs to TSCs carry a range of
anti-inflammatory molecules, including miRNAs, proteins, and
lipids, which can alter the behavior of recipient cells and influence
inflammatory responses.*® One of the main ways exosomes reduce
inflammation is by inhibiting the nuclear factor-kappa B (NF-kB)
pathway, a key regulator of inflammatory responses.*> Exosomal
miRNAs such as miR-21, miR-146a, and miR-181c can target and
suppress components of the NF-kB signaling cascade, leading
to a decrease in the production of pro-inflammatory cytokines
and chemokines. Additionally, exosomes can influence the Janus
kinase/signal transducer and activator of transcription (JAK/STAT)
pathway, which regulates immune responses and inflammation.*
By delivering specific miRNAs that inhibit the JAK/STAT pathway,
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exosomes help reduce the inflammatory response and create a
more regenerative environment.

One of the critical roles of exosomes in tendon healing is the
stimulation of tenocyte proliferation and differentiation. Tenocytes
are the primary cell type in tendons, responsible for the synthesis
and maintenance of the ECM. In the context of Achilles tendinitis,
where tenocyte function is often compromised, exosomes can
deliver bioactive molecules that enhance tenocyte activity and
promote tissue repair. Exosomes derived from MSCs to TSCs
contain growth factors such as insulin-like growth factor-1 (IGF-1),
FGF, and PDGF, which are known to stimulate cell proliferation and
differentiation. These growth factors, delivered via exosomes, can
activate signaling pathways such as the phosphoinositide 3-kinase/
protein kinase B (PI3K/Akt) pathway and the mitogen-activated
protein kinase (MAPK) pathway, leading to increased tenocyte
proliferation and enhanced collagen synthesis.* Preclinical studies
have demonstrated that treatment with exosomes results in a
higher number of proliferating tenocytes at the injury site, along
with an increased expression of tenocyte-specific markers such
as tenomodulin and scleraxis. These effects contribute to the
regeneration of tendon tissue and the restoration of its mechanical
properties.*°

The synthesis and organization of the ECM are critical for the
structural integrity and function of tendons. Exosomes play a
significantrole in enhancing ECM synthesis by delivering regulatory
molecules that promote collagen production and ECM remodeling.
Key components of the ECM, such as type | and type lll collagen, are
crucial for tendon strength and flexibility. Exosomes carry mRNAs
and proteins that encode for ECM components and enzymes
involved in ECM remodeling. For instance, exosomes can deliver
mRNAs for type | and type lll collagen, thereby directly contributing
to the synthesis of these critical structural proteins.>' Additionally,
exosomes modulate the activity of MMPs and their inhibitors
(TIMPs), ensuring a balanced turnover of ECM components. In
preclinical models of Achilles tendinitis, exosome treatment
has been shown to significantly increase the deposition of type
I and type Ill collagen, resulting in improved tendon structure
and function. Histological analyses reveal a more organized and
aligned collagen fiber arrangement in exosome-treated tendons
compared to untreated controls, highlighting the role of exosomes
in promoting effective ECM synthesis and remodeling.3

Exosomes exhibit powerful immunomodulatory properties,
crucial for fostering a conducive environment for tendon healing.
They impact the activity of various immune cells, including
macrophages, T cells, and dendritic cells, which are pivotal in the
inflammatory response and tissue repair. A key mechanism by
which exosomes modulate the immune response is through the
induction of an anti-inflammatory macrophage phenotype (M2
macrophages).”>*> Exosomes derived from MSCs and TSCs contain
miRNAs and proteins that encourage macrophages to polarize
toward the M2 phenotype. M2 macrophages are characterized by
their anti-inflammatory and tissue-regenerative properties. This
phenotypic shift reduces the production of pro-inflammatory
cytokines and increases the secretion of growth factors that aid in
tissue repair.>> Beyond macrophages, exosomes also influence T cell
activity. They promote the expansion of regulatory T cells (Tregs)
and suppress the activation of effector T cells.>* This modulation
helps maintain immune homeostasis and prevents excessive
inflammation, which can hinder the healing process. By affecting
theseimmune cells, exosomes help create an optimal environment
for tendon repair and regeneration.
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CHALLENGES AND FUTURE DIRECTIONS

One of the main technical challenges in using exosomes
therapeutically is standardizing their isolation and characterization.
Current isolation methods include ultracentrifugation, size-
exclusion chromatography, precipitation, and immunoaffinity
capture. Each method has its benefits and drawbacks, but there
is no universally accepted standard protocol. Ultracentrifugation,
considered the gold standard, is time-consuming and requires
specialized equipment, making itimpractical for large-scale clinical
use. Characterizing exosomes is also challenging, as it requires
precise identification of their size, concentration, and surface
markers. Common techniques include NTA, flow cytometry, and
electron microscopy. However, variability in these methods can
lead to inconsistent results. Establishing standardized protocols for
isolation and characterization is essential to ensure reproducibility
and efficacy in clinical settings.>

Regulatory approval for exosome-based therapies is
another significant challenge.>®*” The complexity of exosome
composition, which includes proteins, lipids, and nucleic acids,
poses difficulties for regulatory agencies like the Food and
Drug Administration (FDA) and European Medicines Agency
(EMA) in assessing their safety and efficacy. Currently, there
are no specific guidelines for exosome therapies, and they are
often categorized under the broader umbrella of cell-based
therapies or biologics. To navigate these regulatory hurdles,
robust clinical data demonstrating the safety, efficacy, and
mechanism of action of exosome-based therapies are required.
This includes comprehensive preclinical studies followed
by well-designed clinical trials. Additionally, ensuring good
manufacturing practice (GMP) compliance in the production
of exosomes is essential to meet regulatory standards.>®
Collaborative efforts between researchers, clinicians, and
regulatory bodies are needed to establish clear guidelines and
streamline the approval process.

Future research should prioritize identifying the most
effective sources of exosomes and optimizing their formulations
for therapeutic use. While MSCs are a popular choice due to their
regenerative properties, other sources such as TSCs, fibroblasts,
and engineered cells may offer specific advantages depending on
the target tissue and condition. Additionally, optimizing exosome
formulations—including concentration, dosage, and delivery
methods—is crucial to maximize their therapeutic potential.>
Research into the stability and storage of exosomes will also be
important to develop practical and scalable treatments. Combining
exosome therapy with other treatments could enhance therapeutic
outcomes. Forinstance, exosomes could be used alongside physical
therapy, pharmacological agents, or other regenerative approaches
such as platelet-rich plasma (PRP) to synergistically promote
tendon healing. Exploring these combination therapies through
rigorous preclinical and clinical studies will help identify the most
effective treatment protocols. While initial studies have shown
promising results, the long-term efficacy and safety of exosome-
based therapies need thorough evaluation. Long-term follow-up
studies are necessary to assess the durability of therapeutic effects
and monitor for any delayed adverse reactions. Understanding
the pharmacokinetics and biodistribution of exosomes in vivo
will provide insights into their long-term behavior and potential
risks.> Investigating the immunogenicity of exosomes is essential,
especially given their potential to modulate immune responses.
Ensuring that exosome therapies do not induce unintended
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immune reactions or chronic inflammation is critical for their safe
application in clinical settings.

CONCLUSION

The field of exosome therapeutics is still in its infancy, particularly
in the context of tendon injuries. Significant challenges remain,
including the need for standardized isolation and characterization
protocols, the development of clear regulatory pathways, and a
more comprehensive understanding of the long-term effects of
exosome treatment. As we look to the future, several key areas
warrant further investigation. Optimizing exosome sources,
dosages, and delivery methods will be crucial for maximizing
therapeutic efficacy. The exploration of combination therapies,
integrating exosomes with existing treatment modalities, may yield
synergistic benefits. Additionally, long-term follow-up studies are
essential to establish the durability of therapeutic effects and to
monitor for any potential adverse reactions.
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