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5 Summary

Tendinopathy is a common tendon disorder caused by overuse injury, resulting in chronic pain
and impaired biomechanical tendon properties. Current treatments do not effectively restore
tendon function, highlighting the need for better options. Regenerative medicine, which aims
to restore damaged tissues and organs, offers potential solutions using approaches like stem
cell therapy. Mesenchymal stem cells (MSCs) are a promising strategy due to their ability to
differentiate into different cell types and secrete bioactive molecules. Recent studies suggest
that the paracrine effect of MSCs, specifically their secretome (which includes growth factors,

cytokines, and extracellular vesicles), plays a crucial role in tissue regeneration.

This study focuses on evaluating the therapeutic effect of the secretome of equine MSCs and
its sub-fractions, extracellular vesicles (EVs), and soluble proteins, on inflamed tenocytes. The
author emphasizes the need for standardized methods for isolating and characterizing EVs in
order to develop EV-based regenerative therapies. The similarity between tendinopathies in

horses and humans suggests that the findings may have implications for both species.

Various studies have shown the regenerative potential of MSC-conditioned media (CM) and
EVs in tendon repair, promoting cell proliferation, tissue architecture restoration, and the
expression of genes related to collagen and tendon matrix formation. However, the exact
mechanisms of action and the specific bioactive molecules responsible for therapeutic effects
remain unclear. Standardized purification and analytical methods are crucial for understanding

and developing reliable EV-based regenerative therapies.

The study also highlights the importance of optimal donor cells, their preconditioning status,
and the age or passage number of MSCs in the secretome's therapeutic efficacy. Allogeneic
MSCs offer a cell-free, off-the-shelf treatment option with scalable and standardized
manufacturing. Additionally, future studies should focus not only on quantitative parameters
but also on qualitative aspects, such as the identification of specific components and their

regenerative effects.

Overall, this research contributes to understanding the therapeutic potential of MSC
secretomes and their sub-fractions in tendon repair, emphasizing the need for standardized
methods, characterization, and dosage determination to advance EV-based regenerative

therapies.



6 Zusammenfassung

Die Tendinopathie ist eine haufig auftretende Sehnenerkrankung, die durch
Uberlastungsverletzungen verursacht wird und zu chronischen Schmerzen sowie
Beeintrachtigungen der biomechanischen Eigenschaften der Sehne fihrt. Aktuelle
Behandlungen stellen keine effektive Wiederherstellung der Sehnenfunktion sicher, was den
Bedarf nach besseren Optionen hervorhebt. Die regenerative Medizin, die darauf abzielt,
geschadigtes Gewebe und Organe wiederherzustellen, bietet potenzielle Loésungen durch
Ansatze wie die Stammzelltherapie. Mesenchymale Stammzellen (MSCs) sind eine
vielversprechende Strategie aufgrund ihrer Fahigkeit, sich in verschiedene Zelltypen zu
differenzieren und bioaktive Molekile abzusondern. Aktuelle Studien deuten darauf hin, dass
der parakrine Effekt von MSCs, insbesondere ihr Sekretom (zu dem Wachstumsfaktoren,
Zytokine und extrazelluldre Vesikel gehdren), eine entscheidende Rolle bei der
Geweberegeneration spielt. Diese Studie konzentriert sich auf die Bewertung der
therapeutischen Wirkung des Sekretoms von Pferde-MSCs und seiner Subfraktionen,
extrazellulare Vesikel (EVs) und I6sliche Proteine, auf entziindete Tenocyten. Der Autor betont
die Notwendigkeit standardisierter Methoden zur Isolierung und Charakterisierung von EVs,
um EV-basierte regenerative Therapien zu entwickeln. Die Ahnlichkeit zwischen
Tendinopathien bei Pferden und Menschen legt nahe, dass die Ergebnisse fiir beide Arten
Bedeutung haben kénnten. Verschiedene Studien haben das regenerative Potenzial von
MSC-Konditionierungsmedien (CM) und EVs bei der Sehnenreparatur gezeigt, indem sie die
Zellproliferation, die Wiederherstellung der Gewebearchitektur und die Expression von Genen,
die mit der Kollagen- und Sehnenmatrixbildung in Verbindung stehen, férdern. Die genauen
Wirkmechanismen und die spezifischen bioaktiven Molekile, die fir therapeutische Effekte
verantwortlich sind, bleiben jedoch unklar. Standardisierte Reinigungs- und Analysemethoden
sind entscheidend, um EV-basierte regenerative Therapien zu verstehen und zu entwickeln.
Die Studie hebt auch die Bedeutung optimaler Spenderzellen, ihres Vorbedingungsstatus und
des Alters oder der Passagenanzahl von MSCs fiur die therapeutische Wirksamkeit des
Sekretoms hervor. Allogene MSCs bieten eine zellfreie, sofort verfuigbare Behandlungsoption
mit skalierbarer und standardisierter Herstellung. Darlber hinaus sollten zukiinftige Studien
nicht nur auf quantitativen Parametern, sondern auch auf qualitativen Aspekten wie der
Identifizierung spezifischer Komponenten und ihrer regenerativen Wirkungen liegen.
Insgesamt tragt diese Forschung dazu bei, das therapeutische Potenzial von MSC-

Sekretomen und ihren Subfraktionen bei der Sehnenreparatur zu verstehen, und unterstreicht



die Notwendigkeit standardisierter Methoden, Charakterisierung und Dosierungsberechnung,

um EV-basierte regenerative Therapien voranzutreiben.



7 Introduction

Tendinopathy is a tendon disorder often resulting from overuse injury, which leads to impaired
biomechanical tendon properties and chronic pain. It is the most common musculoskeletal
complaint for which human patients seek medical attention and is prevalent in both
occupational and athletic settings, afflicting 25 % of the adult population and accounting for
30-50 % of all sports-related injuries '. The Achilles tendon, the largest and strongest tendon
in the human body, is involved in as many as half of all sports-related injuries 2. Tendon injuries
are also a prevalent problem in horses especially in performance horses. The equine structure
most at risk of suffering a tendon injury is the superficial digital flexor tendon (SDFT) with an
incidence rate of up to 53 % and a re-injury rate of up to 80 % *'°. However, no current
treatment, neither in human nor veterinary medicine, restores the functional properties of
injured tendons resulting in inferior scarring repair, reduced elasticity and consequently high

re-injury rates. Better treatment options are therefore highly needed.

Regenerative medicine is a multidisciplinary field that aims to restore, replace or regenerate
damaged or lost tissues and organs by using different approaches such as stem cell therapy,
tissue engineering, and gene therapy. Mesenchymal stem cell (MSC) therapy is one of the
promising strategies in regenerative medicine because they are easy to obtain and due to their
ability to differentiate into various cell types and secrete numerous bioactive molecules that
modulate the immune response and promote tissue repair and regeneration ''. Promising
advances have been made in the treatment of equine tendon injuries with MSCs as therapeutic

agent which resulted in a reduced reinjury rate and better tendon echogenicity '2-1°

However, the exact mechanism of how MSCs exert their therapeutic effects is still unclear.
Recent studies have suggested that the paracrine effect of MSCs, specifically their secretome,
may play a crucial role in tissue regeneration rather than their differentiation potential. The
secretome of MSCs includes various bioactive molecules such as growth factors, cytokines,
chemokines, and extracellular vesicles, which are involved in several physiological processes
such as cell proliferation, differentiation, and immune modulation which bear regenerative
potential. However, it is still not clear which components of the MSC secretome are responsible
for its regenerative potential, whether it is the whole secretome or just fractions of it. Further
studies are needed to identify the specific bioactive molecules that contribute to the therapeutic
effect of MSCs.



This work evaluates the therapeutic effect of the secretome of equine MSCs and its sub-
fractions, extracellular vesicles (EVs) and the soluble proteins, on inflamed tenocytes to
evaluate their potential as a future therapeutic agents. This required some preliminary work in
order to properly characterize equine EVs. The International Society for Extracellular Vesicles
(ISEV) published a position paper to provide minimal criteria (MISEV criteria) for the isolation
and characterisation of human EVs to better exchange EV data and counteract methodological
inconsistency '6. However, guidelines for equine EV work were still missing but standardised
purification and analytical methods are a crucial prerequisite for the development of EV-based
regenerative therapies. The importance of proper EV characterisation and standardize EV

isolation methods is outlined and discussed in the first Paper of this PhD Thesis.

The second paper examined the effects of different fractions of bone marrow-derived
mesenchymal stem cell (MSC) secretome on inflamed tenocytes and found that the complete
conditioned media (CM) had the most potent treatment effect, while the extracellular vesicle
(EV) and protein fractions showed less influence on gene expression. However,
standardization, dosage, route of administration, clearance of EVs, and other factors present
challenges in comparing CM and its subfractions and need to be addressed for successful

translation into clinical applications of cell-free therapies.



7.1 Tendons & Tendinopathies
7.1.1 Tendon Biology

Tendons are soft connective tissue structures responsible for joint movement by transmitting
forces from the muscle to the bone. The biomechanical properties of tendons depend on the
specialized biophysical and biochemical composition defined by the extracellular matrix (ECM)
architecture, ECM biophysics, cell-matrix interactions and molecular gradients . The ECM
consists of 60-80 % water, longitudinally aligned collagen fibers, proteoglycans,
glycosaminoglycans, glycoproteins, elastin and other small molecules '. The smallest
component of tendons are collagen molecules which are arranged longitudinally.
Intermolecular crosslinks bind groups of five collagen molecules together to form microfibrils
which further pack together, forming fibrils '°2°, These fibrils are further stabilized by
crosslinking and aggregate to form collagen fibers which are aligned longitudinally. This
assures elasticity and the crimp pattern of the fibres provides additional energy storing
capabilities 2. Each fascicle, which is the largest subunit of aggregated collagen fibers, is

surrounded by a connective tissue compartment called the interfascicular matrix (IFM) 22,

Collagen | which is arranged in tensile-resistant fibres is the main tendon collagen. Also,
collagen types IlI, IV, V and VI are present 2526 Proteoglycans (PGs), glucosaminoglycans and
glycoproteins attract water and provide functional stability to the collagen structure 2. In
addition, other small leucine-rich PGs such as fibromodulin, biglycan, and lumican, together
with osteoadherin, tenascin-C, proline arginine rich and leucine-rich repeat protein, optican,
keratocan, epiphycan, syndecan, perlecan, agrin, fibronectin, laminin, versican, and aggrecan

are present in tendon tissue 26282,

The force transmission is dependent on the structural integrity between individual muscle fibers
and the ECM as well as the fibrillar arrangement of the tendon which absorbs and loads energy
30-32 Furthermore, the ECM serves as scaffold for adhesion of cell tyrosine kinase receptors
3334 This interaction leads to activation of intracellular signaling pathways and cytoskeletal
rearrangement 3%’ Integrin molecules link the ECM to the cytoskeleton and establish a
mechanical continuum along which forces can be transmitted from the outside to the inside of
the cell and the other way round 3!, Several studies describe the expression of ECM
components and their receptors in fibroblasts under stretched or relaxed conditions in vitro and
found out that collagen Xll and tenascin-C increase their expression and synthesis when

fibroblasts are stretched and are suppressed in cells that are left in a relaxed state 4'42.



7.1.2 Tendinopathy

Tendinopathy is a tendon disorder often resulting from overuse injury which leads to impaired
biomechanical tendon properties and chronic pain. No current treatment restores the functional
properties of injured tendons resulting in significant impact on quality of life and high
socioeconomic pressure with the annual health expenditure on human tendon injuries

exceeding €145 billion 4344,

The prevalence of tendinopathies may increase due to extrinsic factors like mechanically
demanding work or sports activities and intrinsic factors like age, obesity and diabetes **. The
Achilles tendon in humans is functionally and clinically equivalent to the superficial digital flexor
tendon (SDFT) which is the structure most at risk for suffering an injury in horses with an
incidence of as high as 53 % and re-injury rates of up to 80 % 3-'°. Similar as in humans, horses
show an age-related trend towards matrix degeneration which includes matrix fibrillation,
chondroid metaplasia, chondrone formation, neovascularisation and fibroplasia 4. The
prevalence of tendinopathies is increased by the same extrinsic factors as in humans. Due to
the tendon tissue's poor intrinsic healing ability, matrix micro-damage may accumulate over
time, overwhelming the capacity of cells to repair structural defects before subsequent loading
cycles, lead to clinical injury “>#¢. Another reason for the development of a tendinopathy is a

single serious injury.

Tendinopathies are characterized by alterations in tendon structure, composition, and
cellularity which leads to pain and reduced tendon elasticity resulting from the formation of
fibrovascular scar tissue in an attempt to repair the injured tendon #4. The resulting scar tissue
precludes the tendon from regaining the biomechanical characteristics of normal tendons,
which leads to chronic tendinopathies with an increased predisposition for mechanical failure

and resulting in high re-injury rates 4.

7.2 Tendon healing
The repair process of tendons is highly orchestrated and can be divided into three overlapping
phases characterized by specific cellular and molecular cascades involving extrinsic and

intrinsic healing.

In the initial inflammatory phase inflammatory cells, at first mainly neutrophils, are directed to
the injury site by pro-inflammatory cytokines like interleukin -6 (IL-6) which in turn induce
cytokine and matrix metalloproteinase-1 (MMP1) expression in tenocytes . Later on,

macrophages represent the dominating leucocytes. The initial inflammatory response targets



the removal of necrotic tissue and the release of growth factors that induce neovascularization
and further initiate chemotaxis of fibroblasts and tenocytes which pave the way for tissue repair
4 There is growing evidence that inflammation (the first phase of the injury response), or the
lack of its resolution, has a crucial role in disease progression, especially when shifting to a
chronic state 2434447.%0-5%5  The inflammatory milieu can modify tenocyte physiology by
increasing metabolic activity and inducing an activated, proinflammatory phenotype with
inflammation memory and the capacity for endogenous production of inflammatory cytokines
such as tumor necrosis factor-a (TNF-a) and Interleukin-1B (IL-1B) %°. After a few days and

peaking at three weeks post-injury tendon healing enters the proliferative phase.

Growth factors such as basic fibroblast growth factor (bFGF), bone morphogenetic proteins
(BMPs) -5, -6 and -7, -12, -13, and -14 also known as growth and differentiation factors (GDFs),
transforming growth factor beta (TGF), insulin-like growth factor-1 (IGF-1), platelet-derived
growth factor (PDGF) and vascular endothelial growth factor (VEGF) facilitate tissue repair .
Tenocytes synthesize abundant ECM predominately consisting of randomly arranged collagen

type Ill and proteoglycans.

During the remodeling phase, which begins 6-8 weeks post injury, matrix synthesis decreases
and collagen type lll is replaced by collagen type |. Collagen fibers align along the longitudinal
axis of the tendon to enhance tensile strength and elasticity 6. Unfortunately, the healed
tendon does not regain the mechanical properties of an uninjured one which is mainly due to
reduced integration of collagen fibers with a higher ratio of collagen type Il to collagen type |

and a lack of proper fibre alignment.

7.3 Treatments in regenerative medicine

Traditional treatments for equine and human tendon injuries include physical therapies,
followed by slowly ascending exercise or anti-inflammatory drugs *. In human medicine
severely injured tendons can additionally be treated using tendon grafts and suture anchors
however with various possible complications such as rejection, adhesion or disease
transmission 8%, Nevertheless, none of these treatments can fully restore the functional
capabilities of a healthy tendon and they hence lead to the formation of biomechanically inferior
scar or replacement tissue, causing high reinjury rates, degenerative disease progression and
chronic morbidity. Hopes for the future lie on regenerative medicine approaches which may

have the potential to improve outcomes compared to traditional therapies.



For the treatment of various musculoskeletal indications in equine medicine, multiple
regenerative therapies, such as platelet-rich plasma (PRP), autologous conditioned serum
(ACS), and MSCs are applied. Autologous blood products, such as PRP and ACS, exert their
effect based on the secretome of the contained blood cells. The MSC secretome is the entity
of released organic and anorganic molecules ®'. The secretome mirrors the ability of the
parental cells to condition and program the surrounding microenvironment, influencing a
variety of endogenous responses, in injured tissues. It affects neighboring cells and may have
substantial potential in regenerative medicine. The secretome comprises soluble and vesicular
proteins, lipids, RNA (mRNA and non-coding RNAs), and DNA 62-69,

The immunomodulatory and pro-regenerative effect of both PRP and ACS is based on growth
factors and cytokines released from the platelet alpha granula, leucocytes and stem cells. The
administration aims at reducing inflammation, protecting intact and newly formed tissue,
recruiting cells such as MSCs, macrophages, and other pro-regenerative cells and at
supporting neovascularization by supplying growth factors, cytokines, and nutrients 7°. Still, the
composition of these products is subject of high variation depending on the physiological state
of the patient or the sample processing technique leading to difficulties in comparing study

results 7173,

PRP is derived from anticoagulated blood through centrifugation to increase the platelet
concentration. The spectrum of growth factors and cytokines of PRP includes platelet-derived
growth factor (PDGF), insulin-like growth factor (IGF), transforming growth factor beta (TGF-
B1), vascular endothelial growth factor (VEGF), fibroblast growths factor (FGF), platelet-
derived epidermal growth factor (PDEGF), osteocalcin, osteonectin, fibronectin and

thrombospondin 74,

ACS is a cell-free blood product derived from blood during and after coagulation which also
contains active growth factors and cytokines similar to PRP but the concentration is different
because the platelets are not enriched. Due to being a cell-free product, ACS can easily be

frozen and stored as compared to PRP 7%7®

MSCs show great potential for regenerative medicine which will be explained in detail in the
next chapter. Tendon treatment with MSCs has been employed in equine orthopaedics since
2003 and has yielded promising results reducing reinjury rates in the equine SDFT from 56 %
to 18 % 214157781 Yet, translational progress into human clinical practice so far is

disappointing, partially due to the regulatory and manufacturing challenges inherent to all cell



therapies and safety concerns such as potential tumorigenicity 8. In brief, their therapeutic
effect is based on the secretion of bioactive factors, referred to as the secretome, which
modulate the immune response, reduce inflammation, inhibit cell death, and induce and
stimulate endogenous regeneration. However, little is known about the components and sub-
fractions of the MSC secretome and whether the entire secretome, isolated membrane-bound
extracellular vesicles (EVs) or soluble factors such as proteins are required to achieve a
therapeutic effect. This work focuses on these open questions and tries to answer, how the

secretome of MSCs and its sub-fractions, impact inflamed tenocytes.

Stem cells can be classified into two groups, embryonic and adult. Embryonic stem cells are
obtained from the inner cells mass of blastocytes and are pluripotent &. In contrast, adult stem
cells are obtained from peri-natal or post-natal sources and can be either multipotent or
unipotent &. Adult stem cells include both hematopoietic stem cells (HSC) and MSCs 8. A
position paper by Dominici et al. was published in which the Mesenchymal and Tissue Stem
Cell Committee of the International Society for Cellular Therapy proposed minimal criteria to
define (human) MSCs to assure uniformity °. Besides their capability to differentiate toward
osteoblasts, adipocytes and chondroblasts, they must be plastic-adherent when maintained
under standard culture conditions, and they must be positive for the surface markers CD105,
CD73 and CD90, and lack expression of CD45, CD34, CD14 or CD11b, CD79a or CD19 and
HLA-DR surface molecules &°. MSCs can be isolated from various sources like adipose tissue,
bone marrow, umbilical cord matrix, peripheral blood, umbilical cord blood, synovial membrane

and synovial fluid using different protocols 5147886-97,

In vivo MSCs maintain homeostasis of the organism in normal conditions by replacing
damaged cells in tissues and organs °. Upon induction of an injury, they have
immunomodulatory capacities and display several pro-regenerative characteristics like pro-

angiogenic, anti-inflammatory and anti-apoptotic properties after migrating to the site of injury
99-102

The interest in MSCs is still ongoing, and they have become a popular cell source in
regenerative medicine and immune modulation %1% |n clinical applications, autologous and
allogeneic MSCs are used to repair damaged tissues and enhance the function of damaged
tissues and organs '%. Over 1.000 clinical studies are ongoing using MSCs to treat various
clinical conditions (clinicaltrials.gov; search conducted March 16™, 2022). However, the

administration of cells is not free of safety concerns, which include potential tumorigenicity and



their ability to elicit an immune response #. Additional concerns about using MSCs for clinical
applications include the lack of standardized protocols for their isolation and culture and the
lack of evidence-based guidelines for the optimal delivery route and cell dosage '°7:1%,
Following systemic application, the vast majority of administered MSCs are trapped in the
lungs of the patients and do not reach their desired target '°>''°, Upon local administration,
they show low viability and poor engraftment '"'=13, Furthermore, allogeneic MSCs potentially
express disease candidate genes which can be transmitted from the donor to the patient as

well as other potential pathogens.



7.4 Therapeutic potential of MSCs

The efficacy of MSCs is highly donor dependent. Both ageing and disease are associated with
perturbations at the genomic, epigenomic, and proteomic levels which negatively influence
MSC proliferation, differentiation and paracrine signaling function and thus the therapeutic
potential of cell therapies 2114118 A benefit of allogeneic MSC administration is the possibility
of donor selection and off-the-shelf availability - the donor cells can be isolated and expanded

in advance rather than at the timepoint when an injury occurred 19120,

In addition to donor age and disease, intrinsic properties of MSCs are highly dependent on
their tissue of origin and its surrounding microenvironment, such as inflammation and disease
status 5. In juvenile MSCs, higher proliferation rates, longer lifespans, and lower
immunogenicity were demonstrated compared to cells from adult donors '2'-125, On the other
hand, it was recently discovered that in vitro expansion of adipose stem cells may affect the
cells more than natural aging of their donor %, MSCs derived from diverse tissue sources
exhibit distinct differentiative and therapeutic capabilities, a phenomenon similarly observed in
their paracrine factors. Consequently, this variance contributes to the heterogeneity of MSC
populations, thereby influencing their therapeutic efficacy '2’-'2°. One strategy to overcome this
problem is the utilization of colonies derived from a single cell, however this requires optimized
and standardized cell culture protocols 3. All the influencing factors listed above need to be
considered when studying the therapeutic potential of MSCs and when using them for cell

therapies to ensure comparability and consistency.

In equine regenerative medicine MSCs have been used for almost two decades to treat
musculoskeletal disorders like osteoarthritis and tendinopathies. Treating injuries of the SDFT
with MSCs is not only a common approach but was also the first attempt of using MSC to
regenerate a musculoskeletal tissue. Since then, various studies were performed using MSCs
from different sources. The treatment effect of bone marrow (bmMSCs) and adipose tissue
derived MSCs (ADSCs) on injured tendon tissue was evaluated in several studies with long
and short-term follow up. Overall, the studies showed a considerable improvement of tendon
regeneration following MCS application compared to the non-treated control group 8. Umbilical
cord blood derived MSCs (ucbMSC) were also used to treat injured tendons with similar
positive effects despite their allogeneic origin 83", Interestingly, other studies could not find
significant differences in tendon healing between patients treated with MSCs and the serum
receiving control groups 2. However, in most studies, the re-injury rate in horses with tendon

or ligament injuries treated with MSCs was significantly lower compared to horses receiving
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conventional treatments 78!, MSC treatment seems to prevent the progression of the
tendinopathies and promote a greater organization of collagen fibers, a decreased
inflammatory infiltrate, higher fibroblastic density, more neovascularization, a higher

echogenicity score and less collagen type Il in the tendon tissue 87133136,

The therapeutic potential of MSCs was initially thought to be based on their capability to
differentiate into resident cell types of the injured host tissue and homing at the site of injury
1% However, more recently, it was discovered that the pro-regenerative and
immunomodulatory potential of MSCs is predominantly based on to their paracrine effect.
MSCs secrete bioactive factors that reduce inflammation, modulate the immune response,
inhibit cell death, promote wound healing and angiogenesis, and provide significant pro-

regenerative effects 6264137139,

The concerns related to cell therapies like low viability, poor engraftment after injection and
potential immune rejection might be bypassed by using the secretome of MSCs, which has
none of those adverse effects compared to using MSCs themselves. The secretome can be
produced in large quantities which are storable and administered off-the-shelf. Nevertheless,
it is still unclear whether components of the secretome act synergistically or redundantly and
whether the entire secretome, isolated EVs or soluble factors are required to achieve a
therapeutic effect %141 . The mechanisms of action and the optimal timepoint of administration

of each component could enhance the success of cell-free therapies.

Cell-free therapies have shown promising therapeutic and immunomodulatory potential in
acute myocardial infarction (AMI) and acute kidney injury (AKI) models and were evaluated in
various other conditions described below 314210, Previous studies report, that rat tenocytes
experience an improvement in proliferation rate and a reduction of inflammatory markers
compared to the control group upon treatment with CM from MSCs. Positive therapeutic effects
of human adipose derived MSC secretome was reported on various skin cells which
experienced significant mitogenic effects '*'. MSC-CM, stimulates axonal growth of neurons in
rats and increased Schwann cell proliferation in humans 52193, Immunomodulatory effects, like
reduction of immune response in inflammatory arthritis in mice upon MSC-CM treatmentand
the ability of CM from embryonic stem cells to restore macrophage function in spinal cord
injury, were reported '%4'%°_ Interestingly, some studies found that the stem cell secretome is
capable to reduce reactive oxygen species and oxidative stress 8157  In addition, it was

recently discovered that human MSC-CM has anti-apoptotic abilities in hepatocytes and can
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down-regulate miR143 which plays a detrimental role in cell cycle arrest '*8. Furthermore, CM
of human embryonic MSCs reduces replicative senescence in adult MSCs and cardiomyocytes
159160 MSC-CM promotes tendon-bone healing of the rat rotator cuff via regulation of immune
response 6. It further promoted rat tenocyte proliferation via activation of extracellular signal-
regulated kinase1/2 (ERK1/2) signal molecules compared to the untreated control group '62.
Similarly, MSC-CM promoted tendon-bone healing of the rat rotator cuff by inhibiting M1 and
supporting M2 macrophage polarization '®'. In horses, CM of amniotic membrane-derived
mesenchymal cells inhibited proliferation of PBMCs and are beneficial for tendon disease in
vivo 183, A study of horse amniotic membrane-derived mesenchymal cells and its CM reports
that the CM decreased peripheral blood mononuclear cells (PBMCs) proliferation significantly,
which suggests immunosuppressing effects of the soluble factors. In addition, MSC-CM
demonstrated an immunomodulatory effect by inhibiting proliferation of PBMC in vivo and
induced neovascularization, which was not observed before treatment and declined during
progression of the healing process characterized by a decrease of vessel size and quantity in

horses 163,

All these findings indicate the broad application range of CM for regenerative medicine.
Characterizing the various components of the secretome and their effector molecules will

contribute significantly to the understanding of the mode of actions of this promising treatment.
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7.5 Extracellular Vesicles

In addition to a number of soluble factors, cells secrete various membrane-bound EVs which
are categorized according to their diameter into apoptotic bodies (>1000 nm), microvesicles
(100-1000 nm) and exosomes (30—150 nm) '%4. Exosomes (30-150nm) have a defined mode
of biogenesis and are highly interesting for regenerative applications because they have been
shown to play essential roles in intercellular communication %%, EVs above that size are
less homogenous in origin e.g. particles above 500 nm are either apoptotic bodies,
conglomerates of proteins or other contaminants which are not desired and are characteristic
for poor EV isolates '®. The international society for extracellular vesicles (ISEV) propose
additional parameters for the classification of EVs like biomarkers and cells of origin '©.
Prominent membrane-bound and cytosolic biomarker proteins found in or on exosomes are
members of the tetraspanin family (CD9, CD63 and CD81), an endosomal sorting complex
required for transport (ESCRT) of proteins (Alix, TSG101), integrins, heat shock proteins (Hsp)

and actin 167168

Various studies reported that cells release large amounts of exosomes into the extracellular
environment. Exosomes act as essential mediators of cell communication. Released from
parental cells they have a subsequent influence on the target cell, which is highly dependent
on the characteristics of the parental cell . This influence is mediated through direct
stimulation of target cells, transfer of activated receptors to recipient cells and epigenetic
reprogramming via delivery of functional proteins, lipids, and RNAs '"°. Reports indicate that
different exosome subpopulations with unique characteristics and cargo may be distinguished
based on their size and surface but little is known about the underlying processes responsible
for cargo selection 7172, Cargo sorting is possibly dependent on a combination of internal and

external factors influencing the donor cell 73174,

In addition to the properties explained above, exosomes can be further distinguished by their

distinctive biogenesis pathways 4.

7.5.1 Biogenesis

Exosome biogenesis is a complex process dependent on the cellular environment, cell
differentiation and maturation status '7%'7¢ Upon formation, exosomes are released from
endosomes either via inward-budding of the endosomal membrane to form intraluminal

vesicles (ILVs), generating multivesicular bodies (MVBs) or via outward-budding at the plasma
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membrane. Both principles function either via direct budding of the plasma membrane or
through the Endosomal Sorting Complexes Required for the Transport (ESCRT)-dependent
pathway and the ESCRT-independent pathway 77~

The best characterized mechanism involves the ESCRT machinery to ubiquitinate proteins in
the early endosome 7. Each ESCRT complex consists of multiple proteins with various
functions. ESCRT-0 recruits ESCRT-I, and together with ESCRT-II, they promote inward
budding by recognizing and sequestering ubiquitinated membrane proteins and initiating
intraluminal membrane budding. The ESCRT-IIl complex completes membrane budding by
sequestrating MVB proteins and actual scission of ILVs into the extracellular milieu as

exosomes 181-183

An alternative pathway of exosome formation involves synthesis of ceramide as a mechanism
to induce vesicle curvature and budding '84. The third mechanism which mediates exosome

biogenesis is tetraspanin-mediated organization of specific proteins 8.

7.5.2 Exosome uptake
Recent studies suggest that exosome uptake is not a random process but rather a highly
orchestrated process based on proper receptor and ligand interaction as well as on origin and

status of the exosome and its donor cell, the environment, and the recipient cell's status 8-
191

Exosomes can transmit intercellular signals by direct contact via their surface ligands or
internalization through direct membrane fusion or endocytosis in order to release their cargo
into the target cell '92-'%, Direct contact between the exosome and recipient cell lipid bilayers
can lead to membrane fusion induced by SNARE proteins '95'%. Docking and subsequent
endocytosis of exosomes are dependent on protein-protein interactions: Tetraspanins are
membrane proteins that can form tetraspanin-enriched microdomains (TEMs), which mediate

vesicular fusion 7.

Exosomes are internalized by the target cells via various pathways. The clathrin-mediated
endocytic pathway uses transmembrane receptors and ligands which form clathrin-coated
vesicles that fuse with endosomes, followed by cargo release '%. An alternative pathway is the
lipid raft-mediated endocytosis pathway which shifts the cargo into the early endosome '%°.

Phagocytosis is typically involved in engulfing bacteria or dead cells but can also internalize
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exosomes. It is a stepwise process during which the cell membrane encircles the particles and

forms phagosomes %°,

After cellular uptake, exosomes travel along intracellular filamentous structures to the site of
their destination 2. They follow the endosomal pathway to lysosomes and eventual
degradation 2°2%2. However, cargoes avoid degradation by exploiting the gradual acidification
through the endosomal compartments, and some cargoes can passively diffuse across the
cytoplasm 203206 The Endoplasmic reticulum (ER) is the target site for exosomes carrying
MRNA and miRNAs to unload their cargo leading to immediate translation. This route is
potentially possible as ER scanning can occur after exosome sorting into the endosome
trafficking circuit 2°7. Micro-RNAs (miRNAs) are a class of tissue-specific, non-coding RNAs,
with an average length of 22 nucleotides, that interact with the 3' untranslated region (UTR) of
target messenger-RNAs (mRNAs) to negatively regulate gene expression or, under certain
circumstances, activate gene expression 2°6209 Recent studies suggested that miRNAs are
transported between cells and subcellular to control the rate of translation and transcription 2'°.
MiRNAs are therefore highly promising biomarker candidates which may be utilized to
influence regulatory processes in target cells or tissues 2'"2'2, Another possible method of
delivering exosome cargoes is nuclear envelope associated invagination which are is linked
with the late endosomes allowing delivery of exosome components into the nucleoplasm 213214,
Other possible routes of exosomes to escape lysosomal degradation include using pathways
similar to viruses, redirection of exosome cargoes from endosomal pathway to trans-Golgi
network through retrograde trafficking or membrane fusion between exosomes and the

endosomal membrane 198:215.216,

7.5.3 lIsolation methods

There are different methods to isolate exosomes from cell culture supernatants and body fluids.
The most frequently performed is the differential ultracentrifugation (dUC) approach, which
separates particles by sedimentation using different centrifugation forces and durations 27218,
The conditioned cell culture media or body fluid is typically centrifuged with 300-2000 x g to
remove cell debris and apoptotic cells. The resulting supernatant containing the exosomes is
ultracentrifuged at 100 000 x g for 1.5-2 h, in order to pellet the desired exosomes 219220,

Various laboratories apply slightly different centrifugation protocols, which leads to problems
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concerning the reproducibility of experiments. Furthermore, the isolation process is influenced

by other variables like the rotor type, the acceleration and the K-factor 218221,

Another method to isolate exosomes is size exclusion chromatography which uses porous gel
filtration as a stationary phase and a biofluid as a mobile phase for isolation. Size exclusion
chromatography allows to separate exosomes of different size ranges by eluting bigger

particles first, followed by smaller vesicles and finally, non-membrane-bound proteins 222,

Another popular size-based separation technique used for exosomes isolation/purification are
different filtration strategies. Ultrafiltration (UF) is a fast and convenient technique to isolate
exosomes from highly diluted samples using membranes with defined molecular weight cut-
offs (MWCO) 22, The drawback of this method is a high loss of Exosomes which are trapped
in the membrane and the insufficient depletion of proteins 22422°, Tangential flow filtration (TFF)
enables concentration of exosomes from a fluid by tangentially flows across an UF membrane
(hollow fiber membrane) but not directly through the membrane isolating only the particles
within a defined MWCO 226227 This method is particularly suitable for large-scale EV isolation

from diluted samples because in contrast to SEC, TFF concentrates the isolated exosomes
226

In contrast to the above mentioned size-based separation techniques, charge-based
techniques exploit the interaction between the negatively charged EV membrane components
and an anion exchanger with positively charged functional groups or cations 226, Examples for
this principle are anion-exchange chromatography (AIEC), electrophoresis and di-

electrophoresis (DEP) 22°-2%1,

Affinity-based isolation of exosomes is also among the most popular techniques used in the
field. It utilizes protein or receptor interaction of the Exosomes with antibodies. Immune-affinity
capturing by employing antibodies which are covalently linked to magnetic beads via

biotinylation is the most frequently used form of this approach %2,

7.5.4 Detection and characterization methods

Characterizing the exosome isolate is an important step to ensure the quality of the sample.
There are various methods for visualizing exosomes such as transmission electron microscopy
(TEM), scanning electron microscopy (SEM), cryo-electron microscopy (cryo-EM) or atomic

force microscopy (AFM). However, these standard imaging techniques require elaborate
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sample processing and fixation prior to imaging and only provide rough information about the
size and the presence of the lipid-bilayer 2>-237, Another possibility is to label EVs by using
fluorescent antibodies against EV membrane proteins or by using various lipophilic dyes which
directly stain the lipid bilayer of the EVs 23240 The stained isolates can be analyzed using flow
cytometry providing detailed information about the EV quantity, size distribution and
characteristics regarding various exosome markers. Other fluorescent based methods to
detect exosomes are digital PCR and digital enzyme-linked immunosorbent assay (ELISA) %,
The main difference to non-digital methods is that the samples are diluted to a concentration
that allows to analyze only one molecule at a time which can offer insights into exosome
heterogeneity and cargo variety. Nano tracking analysis (NTA) provides accurate information
about size (10 nm — 2000 nm) and concentration of exosomes by tracking the Brownian motion
of each particle 2*'. Moreover, NTA can detect the protein expression of EVs by measuring the
fused fluorescent antibodies and incorporated fluorophores which holds additional information

about the characteristics of the isolate 2.

Cargo analysis can be performed qualitatively by western blotting or quantitatively by flow
cytometry, mass spectrometry, and miRNA- and RNA-sequencing 24-2** Another strategy is
to insert chemicals with fluorophores into the exosomes which provides the opportunity to track

the cargo upon administration or detect miRNAs 245246,

7.5.5 Clinical applications of exosomes

Exosomes are a promising tool for treating various diseases and clinical conditions. Upon
injection, exosomes show minimal immune clearance and are efficient at entering other cells
to deliver functional cargo 2*’.Plant- and human tissue-derived exosomes have been tested in

clinical trials.

New methods and strategies are emerging to enrich therapeutically valuable exosome
subpopulations based on their surface ligand presentation. Different approaches and
strategies for cell cultivation, purification, and quality control of exosomes are developed in
order to comply with good manufacturing practice (GMP). However, it is mandatory to
discriminate between exosomes with a therapeutic and reciprocal effect. Latter ones can
modify for example tumor behavior by shuttling between MSC and tumor cells leading to higher

proliferation and metastasis.

The vast majority of ongoing exosome-based clinical trials aims at identifying diagnostic or

prognostic biomarkers exploiting that different pathophysiological conditions release different
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sets of exosome which can be used as biomarkers to diagnose various diseases 244253, In
addition, some trials are also investigating exosomes as therapeutic agents in a wide range of
diseases including cancer, neurodegeneration and infectious diseases 2°+20, Recent studies
report that EV administration reduces the expression of pro-inflammatory cytokines such as
IL-1B and IL-6 while the production of anti-inflammatory cytokines such as IL-10 and TGF-31
and expression of genes related to collagen and tendon matrix formation, such as COL1a1,
and SCX are increased in vivo 2%'-%4  Furthermore, MSC-EVs demonstrated their
immunomodulatory capacity in a variety of tendon injury models in vivo by reducing
macrophage NF-kB activity and the IL-1B and IFN-y response, decreasing M1 and supporting
M2 macrophage polarization and increasing the production of anti-inflammatory cytokines such

as IL-4 and |L-10Q 261-263.265

EVs have a subsequent influence on the target cell, dependent on the encapsulated cargo and
the origin and activation status of the donor cell and have potential benefits upon administration
in horses 99266-271 The regenerative potential of EVs in tendon and ligament repair was shown
in vivo in various species including mice, rats, rabbits and humans 161261-265.272-277 | yjjtro
studies in horses have found anti-inflammatory properties of EVs and an in vivo study which
was performed with EVs isolated from MSCs, showed reduced MMP 13 gene expression,

which a marker of cartilage degradation, in chondrocytes 278-28°,

MSC-EVs administered into tendon defects of rats resulted in enhanced proliferation of tendon
stem/progenitor cells (TSPCs), better restoration of the tendon architecture, an improved
histological score, greater expression of genes related to collagen and tendon matrix
formation, including collagen (Col) type I, mohawk (MKX), scleraxis (SCX), tenomodulin
(TNMD) and tissue inhibitor of metalloproteinase-3 (TIMP-3) and decreased MMP 3

expreSSion 261 ,274,275,277.

In humans EVs have been shown to elicit a therapeutic effect by themselves. They have an
influence on the target cell, dependent on the encapsulated cargo and the origin and activation
status of the donor cell 189-%66-269 They potentially mediate inflammation between cells and
have been linked to the induction of angiogenesis 270’1281 Furthermore, the packed miRNAs
are promising biomarker candidates because they carry out critical regulatory tasks in biofluids.
They are tissue-specific and transported between cells and subcellular to control the rate of

translation and even transcription 210212,
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Recently, proteomic analysis provided evidence of different protein compositions between the
secretome and EVs 2228  Several secreted proteins which exert cytoprotective and
regenerative capacities were identified °0284-2%2. However, clinical trials; in which single
cytokines were administered for the treatment of cardiovascular diseases; led to poor outcome
1 Lipids were linked to various cascades like modulation and induction of cell death or
immune functions 2%2°4, Furthermore, lipid composition, either packed in exosomes or free

floating, contributes to cell signaling and homeostasis 2%.
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Abstract: Extracellular vesicles (EVs) are nanosized lipid bilayer-encapsulated particles secrated
by wirtually all cell bypes. EVe play an essential mole in cellular crosstalk in health and disease.
The cellular origin of EV s determines their composition and potential therapeutic effect. Mesenchymal
stemn/ stromal cell (MSChderived EVs have shown a comparable therapeutic potential to their donor
cells, making them a promising tool for regenerative medicine. The therapeutic application of EYs
circumvents some safety concerns associated with the transplantation of viable, replicating cells
and facilitates the quality-controlled production as a mady-to-go, off-the-shelf biological therapy
Fecently, the International Society for Extracellular Vesicles (ISEV) suggested a set of minimal
biochemical, biophysical and functional standards to define extracellular vesicles and their functions
to improve standardisation in BV research. However, nonstandardised EV isolation methods and the
limited availability of cross-reacting markers for most animal species restrict the application of these
standards in the veterinary field and, therefore, the species comparability and standardisation of
animal experiments. In this study, EVs wem isolaied from equine bone-marrow-derived MSCs using
two different isolation methods, stepwise ultracentrifugation and size exclusion chromatography,
and minimal experimental requirements for equine EVs were established and validated. Equine EVs
weme characterised using a nanotracking analysis, fluoressence-triggered flow cytometry, Western
blot and transelectron microscopy. Based on the ISEV standards, minimal eriteria for defining equine
EVs are suggested as a baseline to allow the comparison of EV preparations obtained by different
laboratories.

Keywords: extracellular vesicles; equine; mesenchymal stem cell; EV isolation; EV characterisation

1. Introduction

Mesenchymal stem/ stromal cells (MSCs) can be isolated from vanous sources such as
adipose tissue, bone marrow, umbilical cord matrix, cord blood, blood or synovial fluid
and have shown promising therapeutic potential for the treatment of musculoskeletal dis-
orders such as tendinopathy and osteoarthritis in both human and equine patients [1-11].
However, the transplantation of viable replicating cells presents safety concerns and
limitations regarding standardisation, quality control and donor-dependent therapeutic
potential [12-15]. MSCs exert their therapeutic effect not by engraftment and differentiation
but predominantly by secreting a wide range of bicactive molecules such as cytokines,
enzymes and growth factors, collectively referred to as secretomwe, which induce and
support endogencus regeneration and modulate the immune response. The secretoma,

Inf. |. Mol Sa. 2033, 13, 5858, hitps: [/ doiong,/ 103390 /ijms 23105858
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consisting of soluble and extracellular vesicle (EV) bound proteins, lipids, and nucleic
acids, has proven to have equivalent therapeutic effects as the parental cells, providing the
opportunity to develop cell-free mgenerative therapies [16-20]. EVs alone can also achieve
this regenerative potential, which offers additional advantages over the use of the whole
secretome, as they profect their encapsulated or associated congents from degradation and
can be stored without potentially toxic cryopreservatives [21-25]

EVs are a heterogeneous population of nanostzed membrane-encapsulated particles
secreted by cells into the extracellular environment. They ame formed by a phospholipid
bilayer originating from their parent cell and encapsulate nucleic acids, lipids and pro-
teins [26] EVa contribute to cell-to-cell signalling in health, ageing and disease and are
a promising tool for therapeutic and diagnostic applications [Z7-33]. Various subsets of
EVs have been categorised according to their diameter as apoptotic bodies (>1000 nm),
microw esicles (10-1000 nm) and exosomes (30-150 nm) [34]. The latter two are commonly
referred to as extracellular vesiclkes, Due to their overlapping size, EVS can be further
distinguished by their biogenesis pathways, their cell of origin and their cargo [35].

The functionality and hence therapeutic efficacy of EVs is determined by their cargo,
which depends on the origin and activation status of the producer cell, and their surface
and transmembrane molecukes that govern target specificity and EV uptake by mecipient
cells [36-50]. The resulting heterogeneity of EVS in both content and functionality necess:-
tates and impedes standardised, well-defined EV manufacturing processes to determine
their therapeutic efficacy and achieve mliable therapeutic EV dosing in predinical and din-
ical settings [35-50]. Unfortunately, the current lack of standardised isolation protocols and
characterisation strategies limits the comparability and reproducibility of results obtained
by different laboratories [42]. The International Society for Extracellular Vesicles (ISEV)
published a position paper to provide minimal criteria (MISEV critenia) for EV isolation
and characterisation to better exchange EV data and counteract methodological incon-
sistency when working with EVs [51]. Standardised purification and analytical methods
will facilitate the discovery of functional heterogeneity and the production of EV-based
mgenerative therapies.

The izolation strategy for EV preparations is dependent on the volume and type of
fluid from which the EVs are separated (cell culture supermatant, biological fluids such
as blood plasma /serum, etc.) and needs careful considerabion sinoe it directly affects the
isolated EV population and EV purity [38-50]. According to a survey from 2019, the most
commonly used method to isolate EVs is differential ultracentrifugation (UC), followed
by size exclugion chromatography (SEC) [52]. UC separates particles by sedimentation
using different centrifugation forces and durations [52]. The EV extraction efficacy of this
method is determined by a combination of acceleration, rotor type, viscosity and duration
of centrifugation [46-49]. In contrast, SEC uses the biofluid ag a mobile phase and the
porous resin particles as a stationary phase to isolate particles of the desired size. Smaller
particles enter the stationary phase’s pores and elute later, while particles bigger than the
isolation range fow around the mesin and elute earlier from the column [35-40,50].

Each method leads to different vields and purities of EVs and is accompanied by certain
advantages and disadvantages such as time efficiency, costs and sample volume [40-42].
Most researchers adopt these two methods with slight differences, which, again, leads to
problems concerning the reproducibility of experiments, especially if publications lack
proper documentation.

The varying degmee of EV population heterogeneity and purity introduced by the
choice of isolation methods also confounds the measurement of EV purity and content,
which am essential determinants for EV dosing. Currently, protein concentration and parti-
cle count are the most commonly used dosing strategies; however, different EV isolation
methods can, due to consolabing contaminating proteins, yield samples with up to an eight-
fold difference in protein content relative to particle numbser from the same source material
Moreover, other parameters used to quantify EVs, such as total lipid abundance, total RNA
or the presenoe of specific molecules, do not perfectly cormelate with the actual EV numbser,
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emphasising the need for in-depth reporting of the isolation and quantification methods
used in each study and for the standardisation of EV production procedures [51,53,54].
The potential benefits of administered EVs in horses have been shown in various
studies [52,55,56]. However, the comparisons of different protocols for equine EV work are
still vastly missing, which is also attributed to the lack of working antibodies. Themefore,
in this study, we characterised EVs izolated from equine bone-marrow-derived MSCs
(bmMSCs) following the ISEV guidelines and compared the two most common isolation
methods, UC and SEC, with regpect to EV yeeld, purity, cost and Hime efficacy, the com-
plexity of the protocol and the need for specialised equipment. Differences in surface
marker stability, size uniformity and number of particles were assessed by a Western blot,

nanotracking analysie (NTA) and flucrescence-triggered flow cytometry (FT-FC).

2. Results
2.1 Cels Isolated from Equine Bone Marrow Show Distinct MSCs Characteristics

The cells isolated from the bone marrow of the three donor horses were plastic adherent
and positive for the M5C markers CDS0, CD44 and CD2Y and negative for CD31 and Pan B
(Figure la). The isotype controls wene negative. Furthermore, the bone-marrow-derived
cells showed adipogenic (Figum 1b), chondrogenic (Figure 1c) and csteogenic (Figure 1d)
trilingage differentiation potential after three weeks in culture (Figure 1). The control sam-
ples, which were cultured in standard DMEM media with 10% FCS, showed no indication
of differentiation.

Figure 1. Characterisation of the equine bone-marmow-derived cells showing trilineage differentiation
capacity and canonical surface marker expression of equine M3Cs. (a) Bone-marrow-derived cells
were stained with the indicated cell surface antigens (dark grey plots) or Immunoglobulin (Ig) isotype
controls (light grey plots) and analysed by flow oy tometry (one mepresentative FT-FC experiment is
shown). Cells stained positive for CD90, CD44 and CD29 and negative for CD31 and Pan B, as well
as Ig(s isotype controls. Displayed on the x-axis is either Phycoerythrin (PE) or Fluorescein isothio-
cyanate (FITC) conjugated to one the previous mentioned antibodies. (b-d) Bone-marrow-derived
cells showing trilineage differentiation into the adipogenic [(b) stained with (il red O, scale bar:
400 um), chondrogenic ((c) stained with Aldan blue, scale bar 400 pm and 100 pm for the control) and
osteogenic ((d) stained with von Kossa stain, scale bar: 400 pm) lineage. The cormesponding controls
{cells grown in ecpansion medium) are shown in the insert in the top left corner of each micrograph
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2.1 EV Isolation Strateqy

EVs were izolated from equine bone-marrow-derved MSCs conditioned media
(8 = 10° cells per replicate) of all three donors and three independent culture flasks us-
ing either SEC or UC. After 48 h (seeding density at O h: 4 = 10° cells per T175 flask),
2?2 mL serum-free medium yielded 20 mL debris-free supernatant following centrifugation,
which could thin be further processed in 10 mL aliquots using SEC and UC to isolate EVs

(Figure 2).

_l—-I 10 ml loaded into SEC colurmns H SEC EVs I
—L-| 10 miloaded into UC tubes [ uc evs |

acorg | 20 mil debris-free
Hmin supernatant

22 ml cell-free
supernatant

Figure 2. [llustration of the experimental setup: M3Cs derived from the bone marmow of 3 equine
donors were cultured in serum-free DMEM for 48 h (n = 3 biological replicates, plus 3 technical
mplicates per donor). Then, 22 ml. of cell-free supernatant was collected from 8 x 106 wells per
replicate and centrifuged in a 50 mL falcon tube with 30002 g for 20 min at 4 “C. In total, 20 mL
of debris-free supernatant was recovemrd. Half of it was used to isolate EVs by the SEC columns,
and the other half was filled into UC tubes.

2.3, Nanotracking Analysis Shows Significantly Higher EV Yield by UC Compared to SEC

The EV yield miagured by NTA was significantly different (p < 0.0021) between the
two isolation methods with UC yielding 27.7 times more EVs from 10 mL SN (224 102 £
1.6 % 10" {mean + s.d.) particles /mL) than SEC (8.08 x 10'" + 4733 10" particles/mlL)
(Figure 3a). The size distribution between the SEC and UC was similar with no statistically
significant differences (Figune 3b,c). Specifically, m the SEC isolate, the frequency of parents
(FOP) of the particles <200 nm was 81.7% + 2.9%, the FOP >200-500 nm was 17.5% + 2.9%
and the FOP =500 nm was 0.7% + 0.5%. In the UC isolates, the FOP of the particles
<200 nm 84.8% =+ 7.9%, FOP >200-500 nm was 14.6% + 7.3% and the FOP >500 nm was
1.4% + 0.5%.
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Figure 3. Particle number and size distribution of equine M5C-EVs based on NTA measurements,
(a) Significantly mom particles per ml wem found in the UC isolates (** p= 0.0021). Black dots
cormespond to the SEC isolated samples and black squares to the UC isolated samples. (b) However,
both methods resulted in a simdlar size distribution pattermn, with most particles present below 200 nm
(c) Statistical analysis of the size distribution of particles identified by NTA analysis showed no
significant differences of particles isolated wsing the UC or SEC.
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2.4, Fluorescence-Triggered Flow Cytometry Shows a Significantly Higher Yield of CMG and
CDE1-FPositive Particles by UC Compared to SEC

Fluomscence-trigmened flow cytometry (FI-FC) confirmed the presence of EVs in
isolates obtained by both UC and SEC (Figure 4a). UC isolated significantly {p < 0.0001)
mone partiches labelked by the lipid membrane dye cell mask green (CMG) (188,752 £71,241
(mean + s.d.) parbcles/ ml) and EV-specific CDE1 positive particles (49,616 £ 22,588)
than SEC (CMG: 35,811 6729, CD81: 8470 + 1751 particles/mL) (Figure 4b,c). The yield
obtained with UC was thus 5.3-fold higher than SEC for CMG positive particles and 5.85-
fold higher for CI81 positive partickes. Particle counts based on CMG and CD81 labelling
correlated strongly (r = 09959, p < 0.0001), with 35.9% of CMG-labelled particles staining
positive for CDEL.
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Figure 4. Flow-cytometry-based characterisation of equine M5C-EVs. (a) Representative image
of fluomescene- triggered Aow oytometry analysis of EV isolates entiched by aither SEC (top row)
or UC (bottom row). Data were collected by measuring the CI381 signal and CMG (CellMask
Gireen) signal separately (n = 3 echnical replicates). On the yaxis is the side scattering (350)
and on the r-axis is FITC (b} Significantly {**** p < 0.0001) mome particles per millilitee stained
positive for CMG in the UC isolates (188,752 + 71,241 particles/mL) compared to the SEC isolates
(35,811 + 6729 particles/ mL} {c). Significantly (**** p < 0.0001) mome particles per millilitee stained
positive for CI81 in the UC isclates (49,616 + 22, 5588) companed to SEC (8470 + 1751) (d). The size
distribution of particles <200 nm (* p = 0.0446) and >500 nm (* p = 0.0105) identified by the FI-FC
analysis was statistically significantly different between the two isolation methods.
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The differences in size distribution between the two isolation methods were subtle
but statistically significant for CMG-positive particles <200 nm (p = 0.0446) and »500 nm
(p = 0.0105) but not for =200-500 nm (p = .1413) with SEC isolates vielding mone particles
in the desired size range (<200 nm} and fewer larger particles (Figure 4d). Specifically,
in the SEC isolates, the FOF of the CMG positive particles <200 nm was 88% 4+ 28%,
the FOP »>200-50 nm was 7.8% &+ 1.9% and the FOP >500 nm was 3.1% £ 1.0%. In the UC
isolates, the FOP of the CMG posttive particles < 200 nm was 83.8% £+ 4.6%, the FOP =200-500 nm
was 9.9% 4+ 3.3% and the FOP 500 nm 5.1% £ 1.6%.

Based on these measurements, 318 mL of SN is required to produce 1 » 10° CMG
positive partickes <200 nm using SEC and 63.8 mL of SN using the UC methods.

FIFFC (CMG-positive) and the NTA measurements of total particle numbers (r= 04987,
p = 0.0493) and gize distribution relative to FOP (r = 0.9835, p < 0.0001) significantly cor
related. However, FI-FC (CD81-positivie) and the NTA measurements of total particle
numbers (r = 0.439, p= 0.085%) did not correlate.

2.5, Western Blot Shows Positive Signals for Too Tetraspanins to Which Cross- Species Reactive
Antibodies Are Available

Whaole-cell lyzates and the EV populations enriched by UC wemne analysed usging a
Western blot to check for the presence of fetraspaning using human anti-CD9 and anti-
CD63 antibodies. Indeed, the equine M5Cs and isolated EVs showed positive signals for
these two tetraspaning, which are markers of membrane proteins commonly found across
all cell and EV types (Figure 5).
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Figure 5. Western blot of equine M5C cell isolates and UC isolated EVs: All isolaies from all donors
were positive for CD9 and CD63 in the whole-cell lysates and their respective EV isolates.

2.6, Transelectron Microscopy (TEM) Shows Partice Morphology

TEM demonstrated particles siwed 35 nm—350 nm surrounded by a lipid bilayver with
a variable electron density cargo content, thus confirming the pregence of EVs (Figume 6).
In the UC isolates, larger vesicles and agplomerates wene evident, while in the SEC isolates,
vesicles were mone homogenously sized, consistent with the size distribution measured
by FT-FC (Figure 6). In addition, the potential variation of cargo in the EVs was shown by
different electron densities evidenced by different grey scales in the TEM pictures (Figume 6).
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Figure 6. Transelectron Microscopy (TEM) images of the UC EV isclates in the laft panels
and the SEC EV isolates in the right panels taken at decreasing (top to bottom) magnifications:
(a) 12,000 magnification gives an overview of the different sizes of the particles with a 1000 nm
scale bar; (b) 50,000 magnification shows the different alectron densities by different grey scales;
() 85,000 magnification shows cearly the EVs identifiable by their lipid bilayer {arrows). In the UC
isolates, the size distribution of the EVs is heterogeneows, ranging from large particle agglomerates to
small EVs. In contrast, in the SEC isolates, particles are mome uniformly sized without agglomeraies

3, Discussion
To facilitate the use of EVs as therapeutics in veterinary medicine, gold standards for
EV isolation, characterisation and quality control are urgently required.
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EV samples have complex inherent biophysical and biochemical properties such as
size, mass density, shape, charge or antigen exposure [57]. Depending on the EV source
such as blood, plasma or o2l culture supernatant, and intended application, such as a
single EV analysis, functional assays or therapeutic administration, several factors need
to be considened before choosing an appropriate isolation method or a combination of
methods to adapt to the specific needs of EV research [53,54,58]. As the composition of the
enriched EVs will differ depending on the isolation protocol used, standardized assays
evaluating the yield and sire distribution are mandatory before proceeding to ensure
reproducibility and facilitate the interpretation of the therapeutic efficacy and scientific
community-wide data comparison. In this study, we suggested MISEV criteria for the
isclation and charactenisation of equine MSC-derived EVs.

EVs were sucoessfully and meproducibly isolated from equine bone-marrow -dermved
MSECs using both UC and SEC, facilitating a broad comparison of UC and SEC. The MSCs
wiere cultured in serum-free medium for 48 h to exclude possible interferences with serum
during the isolation process, as EVs present in the FCS or other serum types used for cell
culture can significantly affect the perceived yield of EVs and exert downstream effects,
including both therapeutic as well as (enogeneic) inflammatory effects [59].

UC produced more particles of the desired size range (<200 nm) per millilitre of
supernatant than SEC dwe to its higher isolation efficacy. The size cutoffs for FT-FC were
chosen based on a gating with fluomescence-labelled silica beads of defined sizes, which
moet closely approximated the dimensions of the different EV subty pes (small <2208 nm,
intermediate 200-500 nm and large =500 nm) [&0]. The beads served as a size eference
for the distinction of the EV subtypes to separate exosomes (the particles of intenest for
this study) from the other subty pes because exosomes (30-150 nm) have a defined mode
of biogenesis and are highly interesting for regenerative applications, because they have
been shown to play essential roles in interce llular communication [61,62]. EVs above that
size ame less homogenous in origin, e.g., partickes above 500 nm ame either apoptotic bodies,
conglomerates of proteins or other contaminants which are not desired and are charactenis-
tic of poor EV isolates [51]. More particles stained positive for CMG than CID81 because
this dyve mncorporated into the hipid balayer, which was present in all EVs, rather than
detecting a tetraspanin like CDB1, which was enriched on EVs and not obligatorily present
on all EVs [63,64].

The advantages of the UC method include a higher yield and a broad particle size
solation range. However, EVs solated through UC eportedly have dimimished functional
capacity companed to EVs isolated using SEC, potentially due to prolonged exposure to
high centrifugal forces [38,41). Furthermore, UC requines more delicate sample handling,
complex equipment and hence mom experience to obtain a good EV yield than with SEC.
In additiom, variable UC protocols and parameters involved in the process of EV isolation,
such as mtor type, UC-tube quality, centrifugation speed, acoeleration, and deceleration,
which can be individually adjusted to improve the purity and yvield of the isolates, may lead
to difficulties with respect to reproducibility and vanation between laboratorses. Other dis-
advantages of this method include the potential contamination with exosomal aggregates,
which reduces purity and may affect the accuracy of EV quantification and the price of
the equipment [48,65-67]

The main advantages of SEC ame the simpler technique and the higher purity of the obtained
EVs with minor artefacts such as EV aggmegates, which facilitafe clinical applicability [49,50].

To translatke EV-based therapeutics to clinical practios, their quality, safety, and efficacy
must be demonstrated, as eequired for any medicinal product. EV purity is of critical
importance for evaluating safety, dosage, potency and efficacy. Specifically, EV purity
i& crucial to ensure that any observed biological effects ane due to EV cargoes and not
copurified contaminants, and that EV preparations are free of contaminating proteins and
nucleic acids that could have a negative impact upon clinical administration. Copurified
protein agemegates can alzo artificially increase yield measurements and confound EV
quantification. A reliable quantification of EVs is essential to ensurne batch-to-batch neliabil-
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ity and reproducibility between applications, identify effective dose ranges for diffement
therapeutic EV preparations and develop dependable dosing strategies.

The two main EV enumeration procedures currently in use ame particle numbser and
sie distribution, as assessed by NTA and protein concentration. However, it 15 well
established that the protein concentration does not cornelate with particle number read-
out [49,51,53,68]. A recent metareview looking at dosing megimens found that more than
50% of all studies quantified EVs in total amount of protein and 18% utilised NTA, whereas
21% of the studies did not quantify EVs in any way [47]. As the heterogeneity of EVs
and presence of lipoproteins and protein aggregates confound curment EV quantification
methods, future strategies to standardize EV dosing may also focus on qualitative as-
picts such as the quantity of known effector molecules or EV potency units based on
standardised in vitro potency assays [49). Therefore, in thas study, we charackensed equine
EVs based on the MISEV criteria using a Westemn blot, FI-FC, NTA measurements and
TEM to address the limited availability of cross-reacting markers for horges. The isolated
particles stained positive for CD9 and CD63 as demonstrated by a Western blot and for
CDE] weing FI-FC [57,65,70]. FI-FC, NTA and TEM confirmed the EV-appropriate size
range (between 30 and 150 nm) and TEM the presence of the characteristic lipid bilayers
surrounding EVs [71,72].

The absence of validated antibodies is a considerable obstacle in working with equine
cells. Although the horse and the human genome are highly conserved, the binding of
human antibodies to equine tangets is in most cases not effective [59,60]. BLASTED protein
sequences of standand EV markers showed a homology of 849 for CD63, 92% for CT9, 98%
for TSG101 and 997% for CIS1 bebween horses and humans, We tested available antibodes
from different manufacturers in various concentrations, but only CD63 and CD9 gave
signals at the expected molecular weight on Western blots. Until antibodies specific to
equine EV-related proteins become available, we mecommend usging a combination of
methods, including fechniques that do not requine antibodies, such as NTA and TEM. TEM
can discriminate single EVs from gimilar-sized non-EV particles and is therefore widely
used to mondtor the quality and purity of EV-containing samples, e.g., for therapeutic
application or downstream analysis [53,73-76].

In addition to a panel of markers, ther is a need for mome detailed reporting of method-
ologies and results to facilitate data comparison. For example, the different EV characteri-
sation methods, a dynamic light scattering (NTA) or an antibody (FI-FCpbased technique
vield vastly variable particke concentration measurements, as demonstrated by a particles
per millilitre count of .08 x 1010 + 473 « 107 (SEC) and 2.24 x 10" £ 16 » 10" (UC)
partickes measured with NTA versus 35,811 £ 6729 (SEC) and 1838752 £ 71,241 (UC) CMC-
positive particles or 8470 & 1751 (SEC) and 49,616 + 22,588 (UC) CDE1-positive particles
measuned with FI-FC. NTA measumes the size of partickes and their congentration based on
the physical principle of Brownian motion. In contrast to FT-FC, whene lipid dyes or anti-
bodies are used to specfically label EVs, NTA cannot discriminate between contaminations
in the form of partickes that might denive from external sources such as washing buffers. In
addition, the measurements of the concentration and the sime distribution are dosely linked
to the detection limit of the characterization method, which keads to differences between
the measured concentrations [38,41]. Hence, it 15 paramount to mport which platform was
used and how measurements were calibrated and normalised.

While the technical aspects of EV isolation and quantification likely encompass the
majority of the limitations in EV purity and vield estimation, biological factors, such as
EV-producdng cell type, cell culture, confluence and stimulation determine EV cargo and
hence therapeutic efficacy and may also influence EV yield [77 78] As the megenerative
and immunomaedulatory capacity of MSCs decreases with increasing donor age, the use of
allogeneic M5Cs to produce EVs epresents an attractive cell-free off-thi-shelf treatment
option, which allows the selection of optimal donor cells, scalable, standardised manufac-
turing and treatment optimisation for the target disease [79,80]. However, extensive culture
expansion drives M5Cs toward replicative senescence and a consequent decline in quality
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with diminished immunosuppressive and regenerative capacity and proinflammatory fea-
tures [51,52). Indeed long-term in vitro cultume (high passage) was recently shown to have
a greater effect on MSCs (increased f-Galactosidase level) than the natural ageing process
of their donor [52]. Ameing and senescence impact MSC characteristics in several ways and
also affect the release of bivactive factors and EVs [B0,83]. Interestingly, the secretion of
EVs by M5Cs increases with donor age and late passage cultumes, potentially to dispose of
undesirable molkecules or as distress signal [53,584]. Furthermore, EVs neleased by senesoent
cells contam an albered cargo that may contribute to senescenae propagation and chromic in-
flammation [80,53,85]. Themrfome, studies focusing on identifying the optimal EV-producing
cells fe.g., M5Cs) and culture conditions for therapeutic applications and developing stan-
dardised EV manufacturing processes also for the selection, isolation and culture of the
EV-producing cells are urgently needed to ensume a consistent EV quality, facilitate the
identification and production of effective dose ranges and advance the clinical translation
of EV based therapies. In addition, further studies assessing the cargo quality and quantity
of EVs isolated using different methods are needed to compare the therapeutic potential of
the various EV preparations and establish standardised EV manufacturing processes.

In conclusion, our work highlights the problems resulting from the lack of standardised
EV isolation and characterisation methods and establishes MISEV-based criteria for the
definition of equine M5Cs-derived EVs to addmess the imited availability of cross-reacting
markers for horses using multimodal characterisation techniques, including the expression
of CD9, CD63 (Western blot) and CDE1 (FT-FC), an EV-appropriate size range (between
30 and 150 nm, FT-FC, NTA and TEM) and the presence of the characteristic lipid bilayers
surrounding EVs (TEM).

4. Materials and Methods

All experiments wene conducted using three biological meplicates (MS5C derived from
3 horses, i = 3) and technical triplicates.

4.1. Bone Marrow Coflection and MSC Isolation

Bone marrow was harvested from horses (donor 1 11-vear-old Tinker mane; donor 2:
G-year-old Pura Raza Espancla gelding; donor 3: 23 -year-old Austrian Warmblood mare)
euthanised for reasons unrelated to this study. Based on the “Good Scientific Practice, Ethics
in Scence and Research regulation” implemented at the University of Vetennary Mediane
Vienna, the Institutional Ethics Committee of the Unmversity of Veterinary Medicine Vienna
and the Austrian Federal Ministry of Educations Soence and Research, in vitno cell culture
studies do not require approval if the cells wene izolated from Hssue which was obtained
either solely for diagnostic or therapeutic purposes or in the course of other instibutionally
and nationally approved experiments.

Immediately postmortem, bone marrow was harvested from the sternum under
sterike conditions uging a Yamshidi bore marrow aspiration needle (TIN3015, CameFu-
siom, San Diego, CA, USA) and a syringe prefilled with heparin 5000 1E/mL (Gilvasan,
Vienna, Austria).

The aspirated bone marrow was mixed with 1< PBS with Mg/ Ca (PBES +/ +, Gibeo,
Waltham, MA, USA, 14190144) (1:1) and filkered through a 100 pM cell strainer (Greiner
Bio-Omne, Kremsminster, Austria, 5420000, The mononuclear cell fraction was isolated by
density gradient centrifugation using Ficoll Paque Premium (GE Healtheare, Chicago, 1L,
USA, 11743219) as previously published [85,86]. In brief, the collected bone marmow-PBS
+/ + mix was layered onto the Ficoll and centrifuged at room temperatume for 30 min at
300 g (Hettich, Westphalia, Germany, Rotanta 460R) without brake. The buffy coat was
collected. A fter washing, the obtained mononuclear cells were seeded in DMEM with 1 g/1
glucose, L-glutamine, 110 mg/ 1. sodium pyruvate (Gibeo, 31885023) suppleménted with
107 FCS (Sigma Aldrich, St Louss, MO, USA| F/524), 1% Pen/Strep (Sigma, St Louis, MO,
USA, P433-100 mL) and 1% amphotericin B (Biochrom, Cambridge, UK, A 2612-50 mL) and
cultured in an incubator with 209 O3 and 5% CO;. In the following days, nonadhenent cells
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were iemoved by washing and medium change. After three weeks, MSCs wene harvested
and frozen until further use.

4.2, Trilineage Differen tiation

Differentiation experiments wene carried out in technical triplicates and maintained
in culture for three weeks. The media were exchanged every thwee days. The controls
wene cultured in DMEM supplemented with 109 FCS, 1% Pen/Strep and 1% amphotenan
B. For adipogenic and osteogenic differentiabion, 4000 M5Cs were seeded per well of a
12-well plate in DMEM supplemented with 10% FCS, 1% Pen/Strep and 1% amphotericin
B for 48 h. After washing with PBS +/+, adipogenesis (ThermoFisher, Waltham, MA, USA,
AL1007001) or osteogenesis (ThermoFisher, A1007201) differentiation media were added.
For chondrogenic differentiation, 350,000 M5Cs were pelleted per 15 mL Faleon tube and
msuspended in chondrogenesis differentiation media (ThermoFisher, A1007101).

4.3. Staining Protocols
4.3.1. 0l Red Staning

Six parts of il red O (Sigma, 00625-250) were diluted with four parts aqua dest,
mixed overnight at room temperature and filtered. Cells wene fixed with 60% isopropanol
(Riedel de Haen, Seelee, Germany, 24137) for 5 min and afterwards incubated with the
working solution of Oil red O for 10 min. Finally, the differentiated cells were washed with
6% isopropanol and aqua dest, counterstained with haematoscylin (Merck, Kenilworth, M],
USA, 1068562) and washed with aqua dest.

4.3.2. Alcan Blue Staining

Paraffirrembedded samples of chondrocyte pellets were cut using a microtome
(CUT2511A, MicroTee, Brixen, Italy). Paraffin blocks were precooled at —15 °C and cut
to 3 pm sections. The slices weme transferned into cold water using two wet brushes and
further transferred to 40 °C warm water with nonadhesive standard microscope slides
(Carl Roth, Karlsrube, Germany). They fattened out and weme collected with the super frost
adhesive microscope glass slides (Thermo Saentific). The slides weme labelled and wemn: left
to dry at room temperature overnight. Slidies wene hiated for 20 min in the incubator at
60 °C and submerged in Xylol twice for 10 min at room temperatune. Aflerwards, the slides
were incubated for 5-10 min in 100% isopropanol and decreasing ethanol concentrations
(F6%:, 70%, and 50%) for 5-10 min each. Slides were then washed in aqua dest and
stained in haematoxylin for 3 min. Finally, the slides wene washed with aqua dest and
stained with eosin for 30 5. After soaking in ethanol and dehydrating in xylene, slides
weene mounted with Aquatex mounting medium (Merck Millipore, Burlington, MA, USA)
and dried overnight Slides were analysed with the FL Auto Imaging System (Invi n
(Waltham, MA, USA), EVOS (Hong Kong, China), Thermo Scientific).

4.3.3. Von Kossa Stain

Cells wene fived with 5% formol (Sigma) incubated with 5% silver nitrate (Roth, 9370.9)
for 20 min under UV light and washed with aqua dest. Afterwards, they wene fived with
5% sodium thiosulfate, washed with aqua dest. and stained with n2al red (Waldeck, 221833)
for 10 min and washed agaim.

4.4, EV Isolation

MSCs weme thawed and expanded in chemically defined complete medium (DMEM)
supplemented with 10% FCS (Sigma Aldrich, F7524), 1% Pen /Strep and 1% amphotericin
B until 80-90%: confluency, passaged with trypsin (Gibeo, 25300-096) and seeded at a
defined density of 4 » 10° cells per T175 flask (Sarstedt, Nambrecht, Germany, 833912002),
All cells used wene at passage 2, cell morphology was assessed daily, and viability was
mizasured using Trypan blue dye exclusion in conjunction with an automated cell counter
(ThermoFisher Countess 3). After 24 h, cells wem washed twice with 10 mL filtered
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(0,22 um filker (Sarstedt, 831822)) PBS +/ + and then cultured in 22 ml serum-free DMEM
(plus 1% Pen/Strep, 1% amphotericin}. After 48 h and doubling of the cell number,
which was estimated from preliminary studies with a population doubling level (PDL) of
J(PDL=2+3322{log 8 = lﬂﬁ—lug 4 x 10%)), the conditioned medium was colkected and
transferred into 50 ml. Faleon tubes (Sarstedt, 64547254) and precentrifuged at 3000 g
for 20 min at 4 “C to remove undesined cell debris. The obtained supematant (SN} was
carefully collected without disturbing the cell debris pellet and immediately processed.

4.4.1. Sequential Ultracentrifugation

For ultracentrifugation, 10 mL of precentrifuged SN was transfermed into ultracen-
trfuge tubes (Beranek, 5047) and spun in an ultracentrifuge (L-100K, Beckman coulber,
Brea, CA, USA) using a 552 Ti fixed-angle rotor at 100,000 g (35,000 rpm) for 1.5 h at4 °C.
The invisible pellet was necovened by scraping the walls of the tube whene the pellet was
suspected to be and simultaneously aspirating with a 5 ml pipette. Together with 1 mL
SN, the pellet was transferred into 1.5 mL ultracentrifuge tubes (Beckman coulter, 357448).
The second ultracentrifugation was performed in a tabletop ultracentrifuge (Optima Max,
Beckman coulter) using a TLA 45 fixed-angle rotor at 100,000 g (45,000 rpm) for 1.5 h
at 4 “C. Fimally, the SN was aspirated and discarded. The EVs were mesuspended and
either processed for experimental use immediately or stored at —80 *C. The solution for
the resuspension of the pellet was chosen according to the requirements for the follow-up
experiments. (HEPES (Invitrogen, 14291107]) for staining or storage, RIPA buffer (Sigma,
ROZ7E-50 mL) for Western blot, medium or filke red PBS for treatment experiments).

4.4.2. Size Exclusion Chromatography (SEC)

According to the manufacturer’s protocol, EVs were isolated using qEV10/35 nm
(LZON, qEVI0 35 nm) columns and the Automated Fraction Collector (LZON). All nragents
(LZOM columns and filtered PBS) wene stored at4 °C and warmed to room temperature
before starting the separation. A size éxclusion column was mounted into the Automated
Fraction Collector (AFC) with the reservoir attached on top, programmed to collect the
desied fractions and flushed with 120 mL filtered PBS +/+. All PBS residues wene removed
with a pipette, and 10 mL of precentrifuged SN was loaded into the mservoic The AFC
has an integrated scake that automatically collects the void volums: (20 mL) and the single
fractions (5 mL per fraction). SN was loaded into the frit, and the eservoir was filled with
filtered PBS +/+. Fraction 1 was discarded, and fractions 2 and 3, containing the desired
EVs, weme either directly processed or stored at —20 *C. The column was flushed with
120 mL sodium azide (Sigma, RTCOD0068-1L) and stored for further use at 4 °C.

4.5, Nanotracking Analysis

According to the manufacturer’s protocol, the samples were diluted in filtered PBS
+/+ (1:1000) and loaded into the device. Samples were measuned in scatber mode with a
485 nm lager. Minimum brightness was set to 30, the minimum area to 10, maximum anea
to 1000, maximum brightness to 255, shutter to 400 and temperature to 25 °C. [solates wene
mzasured in technical and biclogical triplicates,

4.6, Flow Cytometry
461 M5Cs

For the flow cytometry, cells were trypsinised at passage 2, and 1 x 107 cells per
sample were washed with PBS +/+ supplemented with 2% F5C (Sigma Aldrich, F7524).
The following monoclonal antibodies and mespective isofy pe controls were used for the flow
cytometry: PE-CD29 (Clome TS2/16, Mouse IgG, 1:50, Biokgend, San Diego, CA, USA),
FITC-CD31 {Clone CO3EIM, IgGla, 1:50, Biorad, Hercules, CA, USA), FITC-CIM4 (Clone
2532, Tg(s, 1.50, Biorad), Purified CDE0 (Clone DH24A, TeM, 1:50, Monoclonal Antibody
Center), FITC-PanB cells (Clome CV536, 1501, 1:50, Biorad). A total of 1 = 10* events were
measured per sample.
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4.6.2. EVs (Fluorescence-Triggered Flow Cytometry (FT-FC))

Size distribution was evaluated by measuring the CDE] signal and the CellMask
Green plasma membrane (CMG) signal separately. EVs were either isolated using UC or
SEC as described above. The CMG staining and the gating strategy wene performed as
described before [60]. The SSC-based size gates were sot according to the 100, 200 and
500 nm FITC-labelled silica beads and were merged to a small (<200 nm), intermediate
(z200-<500 nm) and large EV (500 nm) size range gate.

4.7, Western Blot
4.7.1. Protein Extraction

Cells were cultured im 10% DMEM until they were 70% confluent. A lysis buffer
consisting of RIPA buffer {50 mL) and 2% protease inhibitor cocktail {(Roche, Basel, Switzer-
land, (46093124000} was added to the plates, and the cells wene scraped off the plate using
cell scrapers (Greiner, S41070). After spinning with 17,200 g at 4 °C for 20 min, SN was
transferred to an Eppendorf tube and stored at —20 "C. The EV pellet was resuspended
in 75 ul. of HEPES, vortexed at high speed and stored at —80 °C or directly processed for
Western blotting,. To determine the protein concentration, a BCA protein assay kit (Thermo
Fisher 23227} and the Qubit protein kit (Invitrogen, Q33211) were used according to the
manufacturers protocol.

4.7.2. Western Blotting

A 102 electrophoresis buffer (running buffer) was prepared by mixing 30.3 /L Trs
(Roth, 0188.3), 1426 /L glycine (Roth, 0079.3), 1% SDS5 (Roth, 0601.1) and flling up
the volume to 1 Lowith ddH20. For working conditions, the stock solution was diluted
110 with ddH20. Harlow buffer (transfer buffer) consists of 80 mL 10 electrophoresis
buffer, 200 mL methanol (Koth, 0082.3), filled up to 1 L with ddH20 and stored at 4 *C.
Then, 10 TBS was produced by adding 87.66 g/ NaCl (Roth, 0601.1) to 60.57 g /L. Tris
and filling up to 1 L with ddH20 before adjusting the pH to 7.4 with & M HCI (Merck,
1101641000). TBS/T was prepared by diluting 102 TBS 1:10 in ddH2O and adding 1 mL/L
of Tween 20 (Eoth, 27.2).

A total of 25 pg from the UC isolates of each sample was mixed with Laemmli
2 conaentrate (Sigma 5301-1VL) nonreducing (without beta-mercaptoethanol for CD9 and
CD63) and filled up to a certain amount with ddH20, which depends on the pocket size
of the precast gel (BioRad, 4561093) (15 comb: 10 ul and 10 comb: 20 uL). After dena-
turing for 10 min at Y0 °C, the samples were loaded on the gel with 5 pl. protein marker
(Thermo Fisher, 26619). The power supply was set to constant %0V for 10 min and was
afterwards increased to constant 120 ¥ for 70 min. To transfer the protein on a PVDEF
membrane (BioRad, 1620177), wet blotting using two Whatman papers (BioRad, 1703932)
facing the cathode and the PYDF membrane {which was soakied in methanol before use)
in between the gel and two Whatman papers facing the anode was performed. All the
materials, including the sponges placed at the two ends of the sandwich, were soaked in
Harlow buffer, and the blotting procedure was carmied out in a tank containing an ice block
at constant 350 mA for 1 h. After the blotting process, it was essential to mark the side
of the membrane facing the gel. The membrane was washed 3 in TBS,/T and blocked
for 1 h with 5% nonfatty milk (Maresi) TBS/T buffer. Before incubating the membrang
overnight with the first antibody (CD9 antthuman, (BioVigion, Milpitas, CA, USA, 6918)
or CI632 anbhuman (SBI, EXOAB-CIMIA-1)) on a shaker at 4 *C, and the membrane was
agai.n washed 3 in TBS/T. Finally, the membrane was washed 3 in TBS/T and incubated
for 1 h with HEP-linked heavy and light chain antibodies. A Super Signal West Femto
(Thermo Scientific, 34094) profein detection kit was used for the detection. The membrane
was developed in an imaging system (BioRad, Chemilkoc),
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4.7.3. Membrane Stripping

The buffer for the stripping procedure consisted of 15 g glycine (VWE, Radnor, PA,
USA), 1 g 505 (Sigma), 10 mL Tween 20 (Sigma) and filled up to a total volume of 1 L with
dH20 prior to adjusting the pH to 2.2. The membrane was incubated twice for 5-10 min
with the stripping buffer, washed twice for 10 min in PBS and washed twice for 5 min with
TBS/T. Afterwards, the membrane was ready for the blocking step.

4.8, Transelectron Microscopy

EVs wene izolated from the same flask. After SEC, the solated EVs wene pelleted
using a tabletop ultracentrifuge and embedded in paraffin. The block was cut (70 nm),
contrasted with Uranyl acetate and lead atrate and examined with an electron light micro-
scope (EM 900, Zeiss, Jena, Germany) using a slow-scan CCD 2K- wide-angle dual-speed
camera (TES).

4.9, Statistical Analysis

The statistical analysis was performed wsing Graph Pad Prism v6.01 (GraphPad
Software, San Diego, CA, USA). For the comparison of two normally distributed samples,
the Student’s t-test was conducted. The number of used donors (1), the p-values and the
mspective statistical significance are indicated in each figure. The data are plotted as mean
+ standard deviation
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Abstract: Tendinnpam}: a prevalent overuse injury, lacks effective treatment options, keading to a
significant impact on quality of life and sodoeconomic burden. Mesenchymal stem /stromal cells
(M5Cs) and their secretome, including conditioned medium (CM) and extracellular vesicles (EVs),
have shown promise in tissue regeneration and immunomodulation However, it remains unclear
which components of the secretome contribute to their therapeutic effects. This study aimed to
comypare the efficacy of CM, EVs, and the soluble protein fraction (PF) in treating inflared tenocytes,
M exhibited the highest protein and particle concentrations, followed by PF and EVs. Inflammation
significantly altered gene expression in tenocytes, with CM showing the most distinct separation
from the inflamed control group. Treatment with CM mesulted in the most significant differential
gene expression, with both upregulated and downregulated genes related to inflammation and tssue
regeneration. EV treatment also demonstrated a therapeutic effect, albeit to a lesser extent These
findings suggest that CM holds superior therapeutic efficacy compamd with its EV fraction alone,
emphasizing the importance of the complete secretome in tendon injury featment

Keywords equine mesenchymal stem eells (MSC); MSC secretome; MSC extracellular vesicles (EVs);
MSC prowein fraction; cell-free therapy; enocytes egeneration

1. Imtroduction

Tendinopathy, a disabling overuse injury, i prevalent among athletes and sedentary
subjects, afflicting 25% of the adult population and accounting for 30-50% of all sports
imjuries [1,2]. Mo curment treatment restomes the functional properties of injured tendons,
resulting in a significant impact on quality of life and high sociceconomic pressure, with
the annual health expenditune on human tendon injuries exceeding €145 billion.

The repair msponse of tendons follow ing injury s inefhicent, resulting in a fibrov ascu-
lar scar that never attains the gross, histological, or mechanical characteristics of normal
tendon and thus predisposes to recurring injury and tendinopathy [1-5]. Tendon injury
induces a local inflammatory response, characterzed by an influx of inflammatory cells
that release chemotactic and proinflammatory cytokines and growth factors, promote the
mcruitment and proliferation of macrophages and mesident tendon fibroblasts, and initiate
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the healing process [3-12]. The inflammatory milieu can modify benocyte physiology by
increasing metabolic activity and indudng an activated, proinflammatory phenoty pe with
inflammation memory and the capacity for endogenous production of inflammatory cy-
tokines such as THF-oc and IL-1( [12]. Theme is grow ing evidenoe that inflammation (the
first phase of the injury response), specifically its lack of resolution, has a crucial role in
disease progression, especially when shifting to a chronic state [3-1Z2].

Tendon treatment with mesenchy mal stem /stromal cells (MSCs) has been emploved
in equine orthopaedics since 2003 and has vielded promising wesults, reducing reinjury
rates in the equine superficial digital flexor tendon, the functional equivalent to the human
Achilles tendon, from 56% to 18%: [13-20]. Yet, translational progress into human clinical
practice so far has been disappointing, partially due to the regulatory and manufacturing
challenges inherent to all cell therapies and safety conoems such as potential tumori-
genicity [21]. In addition, inflammatory conditions can compromise M5C's differentiation
capacity and therapeutic potential, as M5Cs neact context-sensitively to their mapective
pathophysiological microenvironments [22]. How ever, M3Cs show poor engraftment and
cell survival following transplantation and exert their therapeutic effect predominantly by
secreting binactive factors (collectively termed “secretome”), including soluble factors and
extracellular vesicles (EVa) with their cargo of proteins, lipids, metabolites, and nuckeic
acids [23-25). The secretome mirrors the ability of the parental c2lls to condition and pro-
gram the surrounding microenvironment, influencing a variety of endogenous nesponses,
in particular in injuned tissues. Indeed, both the whoke secretome (or conditioned medium,
CM) and its EV fraction have shown equivalent therapeutic effects on their producer cells
in a wide variety of diseases, including spinal cord injury, cardiomyopathy, cstecarthritis,
and tendinitis, thus paving the way for the development of cell-free therapies [23,24,26-33].

MSC-CM and EVs have shown immunomaodulatory effects by modulating macrophage
polarization towand a pro-mesolving M2 phenotype, redudng the expression of pro-inflammatory
cvtokines such as TNFe, interleukin (ILF16 and IL-6 and increasing the secretion of anti-
inflammatory factors including IL-10 and 114 [34-36]. In addition, MSC-CM and EVs
contribute directly to tissue regene ration by enhancing tissue-specific extracellular matrix
(ECM) component production and doswnme gulating catabolic matrix metalloproteinases
(MMPs) [35,38].

The regenerative potential of MSC-CM and EVs in tendon and ligament repair was
shown in vitro and in vivo in various species. including mioe, rats, rabbits, sheep, horses,
and humans [34,37-48]. M5C-derved CM (MS5C-CM) promoted rat tenocyte proliferation
wia activation of extracellular Sig\al-mgulated kinasel /2 (ERK1/2) signal molecules com-
pared with the untreated control group [49]. Similarly, MSC-CM promoted tendon-bone
healing of the rat rotator cuff by inhibiting M1 and supporting M2 macrophage polariza-
tion [34]. Furthermome, in horses, M5C-CM demonstrated an immunomodulatory effect
by inhibiting the proliferation of peripheral blood mononuckar alls (PBMCs) in vivo and
induced neov ascularization, which was not observed before treatment and declined during
the progression of the healing process, characterized by a decrease in vessel size and quan-
tity [50]. MSC-EVs demonstrated their immunomodulatory capacity in a vanety of tendon
injury models in vivo by reducing macrophage NF-«B activity and the I1-15 and IFN-y
response, decreasing M1 and supporting M2 macrophage polarization, and increasing
the production of anb-inflammatory cyvtokines such as I1-4 and IL-10 [37,43,4547]. In
addition, MSC-EVs administered into tendon and enthesis defects resulted in enhanced
proliferation of tendon stem/ progenitor cells (TSPCs), betler restoration of the tendon and
enthisis architéctune, an improved histological score, greater expression of genes related to
collagen and tendon matrix formation, including collagen (Col) tyvpe I, mohaw k (MEX),
scheraas (SO tenomodulin (THNMID) and tissue inhibitor of metalloproteinase-3 (TIMP-3),
and decreased matrix metalloproteinases (MMP)-3 expression [37,38 40,44 46].

While the therapeutic potential of M5SC-CM and its EV fraction for mgenerative
medicing in general and the teatment of endon injuries in particular 15 well established,
it i# still unclear whether components of the CM act synergistically or redundantly and



Inmt. J. Mol 5c. 2033, M, 10857

39

3of23

whether the entine CM, isolated EVs, or only selected soluble factors are nequined to achieve
a therapeutic effect [51,52]. Attempts to use single paracrine factors, such as beta fibroblast
grow th factor (BFGE), hepatocyte growth factor (HGF), and vascular endothelial growth
factor (VEGF), to treat cardiov ascular dise ases so far have shown unsatsfactory outcomes,
demonstrating that these factors alome are not sufficient to induce regeneration [52]. A study
comparing the therapeutic efficacy of complete M3C-CM and MSC-EVs alone on skeletal
muscle mgeneration in vitro and in vive demonstrated that the bwo fractions promote
different aspects of mgeneration after muscle injury and act synergistically to promote
muscke regeneration [53]. In detadl, CM but not the EV fraction mhabited cellular senescena:,
but only EVs impacted nuckar translocation of NF-xB and decneased lysosomal activity in
glioma cells. Similar iesults were obtained in a wound closume model, suggesting that the
complete CM has superior regenerative capacity than its purified subfractions [54].
Themfore, this study compares the therapeutic effect of CM, its EV fraction, and its
soluble protein fraction (PE CM without EVs) on inflamed ®enocytes to test the hypothesis
that the conditioned medium has greater therapeutic efficacy than its EV fraction alone. The
study is carried out in equine cells, as horses suffer from naturally ocourring tendinopathy
analogous to humans and are well-established animal models, also recommended by the LS.
Food and Drug Administration (FDDA) and the European Medicnes Agency (EMA) [55-57].

2. Results
2.1. Equine Bone Marrow-Derived MSCs and EVs Show Characteristic Markers

The cells isolated from the bome marrow of the three donor horses were plastic adberent
and expressed typical M5C markers such as CI¥0 (73 1% £ 5.3 positive oells), CD44
(77.2% £ 3.1 positive cells), and CD29 (72% + 3.7 positive cells) (Figure 1a) [58]. They
exhibited the ability to differentiate into adipocytes (Figume 1b), chondrocytes (Figure 1c),
and osteoblasts (Figune 1d), demonstrating their trilineage differentiation potential [55]. We
characterzed the EVs according to the MISEV2018 guidelines using nanotracking analysis,
fluorescence-triggered fow cytometry (lipid membrane dye cell mazk green (CMG) and
CDEL), Western Blot (positive for the two tetraspanins, CD9 and CD63), and transelectron
microscopy as we previously described [58].
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Figure 1. Shows repmessntative images of the characterization of equine bone-marmow-derived celis
with trilineage differentiation capacity and canonical surface marker expression of M5Cs. (a) Cells weme
stained with specific cell surface antigens (dark grey plots) or [g isotype controls (light grey plots) and
analyzed by flow cptometry: Cells stained positive for C1060, C144, and C1D29 and negative for C131
and Pan B, as well as Ig(s isobype controls. Displayed on the x-axis is either PE or FITC conjugated to one
of the previcusly mentioned antibodies, (b-d) Images show bone-marmow -derived cells differentiating
into the adipogenic (b}, chondrogenic (c), and ostogenic (d) lineages, stained with Oil red O, Alcian
blue, and von Kossa stain, respectively. The cormesponding controls (cells grown in an expansion
medinm} are shown in the insert in the top laft comer of each micrograph. Seale bars: 400 pm.
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2.2 CM Fraction Has the Highest Protein- and Particle Concentration

After CM production for 48 b, the measured protein concentration was highest in the
CM fraction, with a mean of 130 £ 6.2 ug/ ml (Table 1). The protein concentration in the
CM fraction was 4.3 times higher than in the EV fraction (30.4 + 0.5 pg/mL) (p= 0.0019)
and 1.8 times higher than in the PF fraction (73.2 £ 0.9 pg/mlL) (p= 0.0066). The PF fraction
contained 2.4 times more protein than the EV fraction (p = 0L0005) (Figure 2a and Table 1)

Table 1. Measured protein- and particle-concentration per fraction: The CM fraction comtained the
highest protein content (pg,/ml) followed by the PE. The lowest protein concentration was found
in the EV fraction. The highest overall particle concentration (particles/ mL) was found in the CM
which is also true for the particle numbers »>195 nm. However, more particles were enriched in the
EV fraction <195 nm. No measurable particles wene present in the PE

M EV PF
Protein (pg/mL) 130 + &£18 304 + 0.5 732089
Particle number (total NTA) (particles/ml) 153 = 10" + 201 » 10 1.03 » 10" + 2.04 » 10% Not detected
Particle number < 195 nm (NTA) 536 % 109 + 767 « 10° 561 % 10M + 1.06 » 10% Not detected
(particles/ mL})
Particle number > 195 nm (NTA) 109 = 101! + 251 = 1010 467 » 1010 + 081 = 10% Mot detected
(particles/ ml}
150 =< g .
(a) 3 (b) :
: :
g = A=D1 -
E E
= § sx10m-
2 :
CM EV PF 2 ’- o
(c) (d)
g 15107 =
[] [
+ + T
g im0 3 imtond |
E E T
E E %
E E S=10" I - T t |
7] = o
= b= T T o
a 200 400 B0 8OO
nm

Figure 2. M5Cs from 3 equine donors were cultured and the cell-free supematant was collected and
centrifuged to obtain CM, EVs and PE. (a) shows that the protein concentration was significantly
higher in the CM fraction than in the EV and PF fractions (** = p= 0.0019 and *** = p = 0.0064,
mespectively). Momeover, the protein concentration was higher in the FF fraction than in the EY
fraction (*** = p= 0.0005). (b) shiows that the particle concentration was significantly higher in the CM
fraction than in the EV fraction (* = p= 0.0179). (c,d) illustrate the size distribution of the EVs and CM,
respectively. The EV fraction contained more particles <195 nm, resulting in a more homogeneous
size distribution compared with the CM fraction.
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Particle concentration was also higher in the CM fraction compared with the EV
fraction, with 1.53 x 10" £ 2.01 x 10'? particles/mL in the CM fraction and 1.03 x 10"
+ 2.4 x 10'° particles/ mL in the EV fraction (Figure 2b). No particles were detected
in the PF fraction. The size distribution of the particles was more homogeneous in
the EV fraction, with 5.61 x 10" £ 1.06 x 10'0 particles/ mL particles < 195 nm and
4.67 » 10" £ 9.81 » 10° particles/mL particles > 195 nm. In the CM fraction, 5.36 x 10'°
+ 7.67 x 107 particles/ mlL were <195 nm while 1.09 x 10! £ 2.51 x 10'? particles/ mL
wiere =195 nm (Figure 2c,d and Table 1).

There was no significant variation in protein content, particle concentration, or size
distribution among the donors,

2.3, Inflammation Induces a Significant Change in Tenocytes” Gene Expression

The induction of inflammation was induced by serum starvation plus chemical stimu-
lation with 10 ng/ mL TMFx and 10 ng,/mL ILb1 for 24 h. This resulted in the diffe rential
expression of 1496 menes, nepresenting 12.5% of all identified genes (11,925 genes) as com-
pared with the healthy control (Tables 2 and 3, Figure 3). 346 (23%) were upregulated in the
inflamed control compared with the healthy control, and 1150 (78%) wene downmegulated.
The upregulated genes were found to be strongly assocated with inflammation, incduding
Colony Stimulating Factor 3 (C5F3), C-C Motf Chemokine Ligand 11 (CCL11), CCL2,
CCL20, CCLE, C-X-C Mohf Chemokine Ligand 1 (CXCL1), CXCL6&, CXCLS, Interkeukin
36 Gamma (IL36G), IL6, NF-kappa-B inhibitor alpha (NFEBIA), and Prostaglandin D2
Synthase (FTGDS). Pathway analysis yrelded 112 pathways that wene downmegulated upon
nflammation and 98 that wene upregulated (Table 3).

All inflamed groups, treated and untreated alike, clustered distantly from the healthy
control group in principal component analysis (Figume 3).

Table Z Top 10 down-regulated genes of the three treatment groups (conditioned medium (Ch),
extracellular vesivles (EV) and soluble protein fraction (PF)) and the healthy control (CRTL) com-
pared with the inflamed CTRL: Only genes with an adjusted p-value of p < 0.1 and FC > 1.5 ame
considered significant

Top 10 Dewnregulaked Genes in the Treatme ntHealthy CTREL va. Inflamed CTRL iSorted by A scending Adjusted p-Value)

oM BV FF Healthy CTRL

Gene FC P:.:’lt N Cene FC P_‘,EL Gene FC P*jl* Gene FC P_#fll;
ADGRDL  —m7m ST FUZ mwa PR NCECAL wew 0N e ey NS
sAA SES I FTTNI M8 QoNTUE  TRIME e TELY pvam L AR
HIVERS 1nae P GPMET TGS OLONKTI4N Hig mama AL RABN  dswws SO
colmal 1w R pedmelnI oo gmemsn ToPm s Y pENL 2mems RO
ZIC2 1290 ao LRRC22 7oee  O0IBESME  MEFLSS new  MEEF suaem  1mm AP
VEIR FHF 000 Carid7 M4 ameldess  FMEMD Tt S o T
FKOR 16 oo CMYAS wetp RS BAMIGE 16926 a00ds  CCLNL dseeE eyt
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SPNE3 T 000S GSE-3 172811 Qa1 ILI7RA 7499 (003 SOT:  amMer 1M
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Table 3. Top 10 up-mgulated genes of the three treatment groups (conditioned medium (CM),
extracellular vesivles (EV) and soluble protein fraction (PF)) and the healthy control (CRTL) com-
pared with the Inflamed CTRL: Only genes with an adjusted p-value of p < 0.1 and FC > 1.5 am
corsidered significant

Top 10 Upregulated (mnes n the TeatmentHealthy CTRL va Inflamed CTRL (Sorted by Ascending Adjusted p-Valus )

o™ W TF Healthy CTRL
Ad) o Ad) . Ad) Cen Ad)
Crere FC p-Valuz FC p-Value e FC pValue Fe p-Value
¥4
FIRT s tw INPsr  amess NP2 e e FNFs82 msy IR
v 3l Eam2 Alsw  ENSECAGH BAUT »
EMo1  wsn AL PIRT 1was BN PIRT 1sesd M A s et
s zmss X MOl rase D6 oDl sy CODCHA AL
ENSECAGD 175 . L7 metlothionen. 453w . 5255
e st INFSOL Mem06 g o s 0 CELR: W7 e
i A13x  ENSECAGO L& . 18 La817 »
IPGS2 waem A e rasw LT PGS T FSTLI 30 oz
ENSECAGD 75 . Lelal ) LBE 12085
oors | lsrss nmsr omens  oh ELMCH S B PTMA WTE n
] amx  ENSECAGO S 723 x . 271 x
STAC asam 4P x BNSECAGH  yghen ooooas ZNFIR2 8% CALCA .28 e
CONDD 165745 ddoal2 D AT (000D ZNFa maon LHF oHleems  omom AR
2
RADSID 210380 Q0008 ASTS 161841 0BT MTIB lEaFm  aooos ANXAS o L
ASES TesFl  Qons  GRIDL Trad  (L0l8ES ACETT Ao Q0 AFC prw G-
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Figure 3. Principal Component Analysis (PCA) plot displaying the differential gene expression data
from patient cells. Three patients (P1, P2, and P3) are represented by different symbols, while the
teatments and controls are distinguished by different colors. The healthy control (light blue) is
separated from the other samples. Cells treated with CM (red dots), inflamed control (purple dots),
EV-treated cells (green dots), and PF-treated cells (light green dots) cluster close to each other.
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2.4, Conditioned Medium Achieves a Higher Effect on Differential Gene Expression of Inflamed
Tenocytes Than EVs or PF Alone

The tenocy s exhibiked a significant differential gene expression as a mesult of in-
flammation (Figure 4a). CM had the strongest treatment effect on inflamed tenocyes,
mesulting in statistically significant differential expression of 120 genes, of which 42 genes
(35%:) weme down-regulated (Table 2) and 78 genes (65%) were up-regulated compared
with the inflamed control with no treatment (Figure 4b and Tabke 3). Treatment with PF
had the second strongest effect on gene expression, mesulting in the statistically significant
differential expression of 57 genes, of which 17 genes (309} were down-regulated (Table 2)
and 40 genes (709%) were up-wegulated compared with the inflamed control (Figure 4d and
Tablk: 3). Treatment with EV resulted in the statistically significant differential expression of
33 genes, of which 16 genes (48.5%) were down-regulated (Table Z) and 17 genes (51.5%)
were up-megulated compared with the inflamwed control (Figure 4c and Table 3).
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Figure 4 Yolcano plot of differentially expressed {IDE) genes in the patient cells The plot highlights
the top 20 DE genes, which have been appropriately labeled for identification. (a) Control Inflamed
va. Control Healthy (b) CM vs. Control Inflamed, (g) EV vs. Control Inflamed and (d) PF vs. Control
Inflamed ame displayed in absolute numbers. The volcano plots show the log2 fold change on the
x-axis and the loglD adjusted p-value on the y-axis. Significantly upregulated genes are shown in red,
significantly downmegulated genes in blue, and non-significant genes in gey. Only genes with an
adjusted pvalue of p < 0.1 and FC > 1.5 are considered significant

CM treatmint downregulated 42 genes comparned with the untreated inflamed group
(Figures 4b and 5a and Table 2). Of these 24 genes (579%) that wene unique to CM teatment,
12 genes (3179%) were shared with healthy control, three (7%:) with PE, one (2%) with EV, and
one (2%) with PF and healthy control. The genes that wen: downmegulated following treat-
mient with CM included genes linked to inflammation (CCL20, Serum amyloid A (SAA),
55A1, and Tumdr necrosis factor-inducible gene 6 protein (TNFAIPE)) and extracellular
matrix organization (Collagen type XIV alpha 1 chain (COL14A1) and Matrix metallopro-
teinase 13 (MMP13)). In addition, CM treatment upregulated 78 genes compared with the
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untreated inflamed control, of which 18 (23%) were unique to CM treatment, nine (12%)
weme shared with PF treatment and healthy control, soe (82%6) with EV and PF treatment, five
(6%) with PF treatment, two (3%) with EV treatment, and two (3%} with EV, PE and healthy
control. The genes that wene upregulated upon CM treatment included genes associated
with cell cvcle and mitosis (various cyclins, kinesin family members, and ATPase family
members), DNA damage response and mepair (DMNA damage-induced apoptosis suppressor
(DDLA), Fanconi Anemia Complementation Group D2 (FANCD2), High Mobility Group
AT-hook 2 (HMGAZ), Platelet-achivating factor acetylhydrolase 2 (PAFAHZ), Verel avian
reticuloendotheliosis viral oncogene homolog A (RELA]), and metabolism and transport
(Glutamine-fructose-6-phosphate transaminase 2 (GFPT2), Methionine Aminopeptidase 1
(METAP1), and Synaptic Vesicle Glycoprotein 2C (SV20)) (Figure 4b and Table 3).
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comparison. Unly genes with an adjusted p-valoe of p< 0.1 and FC > 1.5 are considered significant.
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EV treatment downmegulated 16 genes compared with the untreabed inflamed group
(Figums 4c and 5a and Table 2). Of these 11 genes (69%) that wene unique to EV treatmint,
two (12.5%) genes weme shared with PE, one (6.25%) with CM, ome (6.25%) with healthy
control, and one (6.25%) with PF and healthy control. Among the genes downregulated
upon EV treatment wene the cytokine CSF3 and glycogen synthase kinase 3 alpha. Further-
more, we observed that EV treatment upregulated 17 genes, of which one (6%) gene was
unique to EV treatment, six (35%:) were shared with CM and PF, three (15%:) genes were
shamed with PE two (12%) wath CM, two (12%) with PF treatment and healthy control, two
(12%) with CM, EV fraction, and healthy control, and one (6%) only with healthy control
The genes that wemn upregulated upon EV treatment werne associated with cytoskeleton
organization (ADP Ribosylation Factor Like GTPase 8B (ARLSE) and Doublecortin (LX),
extracellular matrix organization (Inter-alpha-trypsin inhibitor heavy chain 1 (ITIH1)), and
epigenietic modification (Ankyrin Repeat and S0CS Box Containing 5 (ASB5) and AcylCoA
binding domain containing 7 (ACBD7)) (Figures 4c and 5b and Table 3).

Treatment with PF led to the downmegulation of 17 genes compared with the inflamaed
control (Figures 4d and 5a and Table Z). Of these nime (53%) were unigue 80 PF treatment,
three (158%:) were shared with CM, two (12%) were shared with EV, one (6%) with EV
fraction and healthy control, one (6%) with CM fraction and healthy control, and one (6%:)
was shared with healthy control. Among the genes downregulated upon PF treatment
wiene genes associated with inflammation (CSF3, IL17RA, and SAA), protein degradation
(Tripartite Motif-Containing 6 (TRIMS)), and oxidative stress (NADPH oxidase activator 1
(NOXAT)). Treatment with PF upmegulated 40 genes compared with the inflamed control,
of which eight (20%:) were unique to PF treatmant, five (4%) were shared with healthy
control, three {7.5%) were shared wath EV, two (5%), two (5%) weme shared with CM frac-
tion and healthy control, soc (15%) wee shared with CM, five (12.5%) wene shaed with
M, and nime (22.5%) were shared with CM fraction and healthy control. The genes that
wiene upregulated upon PF treatment were associated with DNA damage response and
mepair (BRCAl-Interacting Protein 1 (BRIP1), Fanconi Anemia Complementation Group D2
(FANCD2) and FADS51 Paralog D (RADS1D)), cell cycle regulation (BUB1 Mitotic Check-
point Serine / Threonine Kinase B (BUB1B), Cyclin D1 (CCND), Non-5MC Condensin 11
Complex Subunit G2 (MCAPGT) and Protein Phosphatase 4 Begulatory Subunit 4 (PFP4E4]),
cytoskeleton organization (DCX, Dpy-19 Like 2 (DPY19L2), Engulfment and Cell Motility 1
(ELMO1) and Une-119 Lipid Binding Chaperone (UNC119)), mémbrane trafficking and
fusion (Syntrophin Beta 1 (SNTB1) and Synaptic Vesicle Glycoprotein 2C (SV20)), and
transcriptional regulation (Glutamate Receptor lonotropic Delta 1 (GRIDT), High Maobility
Group AT-hook 1 (HMGAT) and Zine Finger Protein 582 (ZMNF582)) compared with the
inflamed control (Figures 4d and 5b and Tabke 3).

2.5, Pathways

CM treatment resulted in the downregulation of 21 pathways (Figume 6a and Table 4).
Of these, B pathways (38%) were unigue to the CM treatment, while 12 (57%) were shared
with the healthy control group and 1 (5%) with both the EV treatment and the healthy con-
trol group. Furthermore, 28 pathways were found to be upregulated only by CM treatmint,
with 17 (61%) of these pathway s being umique to CM treatment and the emaming 11 (399
being shared with the healthy control group (Figune 6b and Table 5).

In contrast, EV treatment upregulated no pathway and downregulated 3, of which
2 pathways (67 %) were shared between EV treatment and the healthy control group and 1
(339%) with both the CM teatment and the healthy control group (Figure 6a and Table 4).

PF treatment did not significantly regulate any known pathway.
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Table 4. Down-regulated KEGG pathways in the treatment groups conditioned medium (CM) and
extracellular vesicles (EV) compared with the inflamed CTRL Protein fraction (FF) treatment did
not significantly megulate any known pathway. Only pathways with adjusted p-value < 0.1 am
considered significant

Downregulated Pathways

CM EV
Pathway FC Adj. p-Value Pathway FC Adj. p-Value
Secretion of Il;,'druc]ﬂtfuru: acid in 1158154 [.093ERR04 . L.I_l,'ca_n'c:ll.p.u:l!i_a!m:_]_ . _n6118361 D0E33TITE
parietal @lls glyerophospholipids
. g ) Myrd 88 distinet o o ee—
X re ; — v, 112 ; — W47 16337278
Mephrogenesis 1.06581281 0.01124854 input/ output pathway 0.50347 47 006337278
Autosomal moessive
Fatty acid omegamxidation —1.0049143 007476631 osteopetrosis —0.5445 (06826365
pathwrays
Complement activation —07625858 0.07859295
Interleukinl induced activation of 0LE74RRG 0L0R0043TT
nfkb
Iryptophan metabolism —0.6162714 0.045397 86
Mammalian d.l:!iliill.'dL'T of sexual NEDE1E]T [LOR207702
developrment
Biomarkers for urea cycle —0.5883797 0.05081052
disorders
i'__l,':e.tmnu and n.wﬂucmuw- 580551 004634077
catabolism
Oddative stress response —[.57O7ES 0.0005984
Eicosanoid synthesis — 05773651 0.03997 058
Chverview of nanoparticle effects — 05647847 0.03762172
Beta alanine metabolism —0.52F863 0.2005984
Matrix metalloproteinases —0.4351530 007476631
S1P meceptor signal transduction — 0410363 0.05402778
Autosamal wecessive ~04056264  0.07915106
osteopetrosis pathways
Valine leucine an...:.l isolewcine 0383504 008790938
degradaton
Sarscov? innate immunity
evasion and cellspecific immune —0.3654584 0.04539786
TesponEs
Selenium micronutrient network  —0.3640007 0.05698454
Omecarban I!I'L't..‘lbf‘jH:-TI'!'l and 031911033 008074443
related pathways
Leukooyte transendothelial _nTrElaad .OTalE106

migration
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Figure 6. Venn diagram of pathways: {a) Venn diagram of pathwrays which are downmegulaied upon
teatment and in the healthy control compared with inflamed control. (b} Venn diagram of pathways
which are upregulated upon treatment and in the healthy control compared with inflamed control.
Oy genes with an adjusted p-value of p < 0.1 and FC = 1.5 are considered significant.

Table 5 Up-regulated KEGG pathways in the treatment group conditioned medivm (CM) compared
with the inflamed CTEL Tmeatment with extracellular vesicles (EV ) and protein fraction (PF) did
not significantly egulate any known pathway. Only pathways with adjusted pvalue < 0.1 am
considered significant.

Upregulated Pathw ays

CM
Pathway FC Adj. p-Value
MNucleotide excision repair in xeroderma pigmentosum 0.3494815 0.07130188
Pyrimidine metabolism 0.37 184491 0.08655644
[na repair pathways full network 040690974 0.045397 56
Oocyte meiosis 040797081 Q0397058
MNudeotide excision repair (WP) 042072411 0.03776133
Mucleotide excision repair (KEGG) 042922411 00376133

Progeriaassociated lipodystrophy 14650665 0.045397 86
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Table 5. Conf.
Upregulated Pathw ays
M
Pathway FC Adj. p-Value
Pyrimidine metabolism 047735454 0.03202702
Cell cyele W) 049783857 0.05915343
Cell aycle (KEGG) 04933381 0.05577 275
Castric cancer network 1 049568256 0.095200 06
DMA irdamage and cellular response via ATR 0.50092208 0.04101562
Base e cision repair 0.55896011 0.090055984
Cohesin complex comelia de lange syndrome 0.58300193 0.01124854
Mammary gland dm‘e]n];nnuf-:t pathway puberty stage 01 58799809 (L4537 RS
Base e cision repair 0.59293411 0.09955858
Gastric cancer network 2 067347864 0.04101562
ATR signaling 0.68398751 0.07 72085
Homologous recorbination 070623154 0.045397 86
Fetinoblastoma gene in cancer 071687919 0.03776133
Mucleotide metabolism 076157908 0.04101562
Serine metabolism 076326554 0.01124854
Mismatch repair 081963908 0.032077 02
Regulation of Si.!ii!.']' chm‘n'la.l:id s.r.-p-\.:u'.arlml at the 086498193 003856315
metaphaseanaphase transition
DNA replication 0.904723 0.03094377
DMA mismatch repair 0.92454443 0.032077 02
Acquired partial lipodystrophy barraquersimons 09363074 0033070
synidrome
DMNA meplication 0.96512563 0.032077 02

3. Discussion

Complete CM had the strongest treatment effect on inflamed tenocytes in our study.
While all three treatments yielded significant differences compared with the untreated
inflamed control, the EV fraction and the PFwere not able to influence the pene expression
level to the same extent as the CM fraction.

In ling with our findings, the synergistic effects of the secetome’s EV and soluble
protein components and the coresponding therapeutic superiority of complete CM com-
pamed with its subfractions, were shown in a vanety of other cells and assays [53,54,559-61).
A comparison of the effects of CM and EV on adipose-denved MSCs (aMSCs) on mus-
cle repeneration revealked that both CM and EV protect against cellular senescenoe but
demonstrate higher proliferation and differentiation with CM, while only EVs reduced
inflammation [53]. In an in vitro OA model comparing the therapeutic efficacy of human
ASCs derved CM and EVs, both CM and EV reduced hy pertrophic collagen 10, but only
CM significantly decreased MMP activity and prostaglandin 2 (PGE2) expression [61].
Similarly, a study evaluating the effects of whole CM and its EV and PF fractions on
inflamird nucleus pulposus and annulus fibrosus cells in vitro demonstrated a superior
immunomaodulatory and MMFP inhibitory effect of whole CM companed with its subfrac-
tions [60]. A comparison of the effects of the peripheral blood mononuckar cell-derived
secretome and its subfractions also found that the complete secmetome induced better neo-
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angiogenesis than its apportioned constituents, namely the EV, lipid, and protein fractions
indwvidually [54].

In contrast, divergent findings were made by investigating the CM of human adipose-
derivied M5Cs, where EVs alone, similar to the whole CM, wene capable of promoting cell
proliferation and migration in skeletal muscle cells. Furthermone, small extracellular EVs
outperformed conditioned media of adipose tissue in migration and regeneration pobential,
although this study standardized EVs and CM on equivalent profein concentrations and
did not consider unpacked proteins [61]. Another ex planation for EVs cutperforming Ch
on migration in this particular study is that the ability to recruit host cells for migration
occurs more efficiently through EVs than through other paracrine factors that are present
in the CM [62,63]

CUhn the other hand, in a comparizon of the therapeutic efficacy of ammiotic M5Cs de-
rived whole CM, 1ts PE and EV fractions on immune cell proliferation and differentiation,
whole CM and its PF fraction decreased penpheral blood mononuckear cell proliferation, me-
duced inflammatory polarization of T-eells, enhanced megulatory T-cell and M2 macrophage
polartzation, and mduced activation of B-aells, while EVs showed no immunomoedulatory
effect [59].

The divergent results of the various studies comparing of the therapeutic effects of
complete CM and its EV fraction may be explained by the differences in the CM/EV donor
cells, the media and substrates used for cell cultume, cell confluence, preconditioning, the
isolation and concentration procedures, the dosage and the treated oells [58,64-68]

FProperties of CM/EV isolates are highly dependent on the donor cell type since
different cell sources secrete various type of signals beneficial for alternating types of
downstream applications [69,70]. In addition, 1olation methods, especally for EVs, have an
impact on the type and the properties of the enriched EVs [71,72]. Cell culture parameters
such as seeding density or passaging frequency can further influence the regenerative
potential [73,74].

In addition to the stem cell source, differences in secretome composition are significant
when comparing fetal or adult donors [75,76]. Purthermone, pre-conditioning of the donor
cells either with various compounds or by modification of the culture conditions leads
to altered secretome profiles [77-80]. Another big obstacle when comparing CM and its
subfraction is the standandization strategy for studies, the optimal dosage of the treatment,
and the number of doses. CM is ty pically standardized based on the protein concentration,
whereas the most common way to determine the therapeutic dose of an EV treatment 1s
by quantifying the number of particles using NTA in an isolate. By using this method, the
study focuses on all EVs, megardless of cargo. Futume éxperiments are needed to assess the
dose-dependent effects of all three fracions individually, with the aim of identifying the
minimum effective dosage and confirming the superior therapeutic efficacy of complete
CM compared with its fractions. An alternative approach is to focus on one type of cargo
by quantifying a specific component such as nucleic acids, proteins, or lipids in the EVs
or using Raman spectroscopy to ascertain the reproducibility of the CM/EV product
composition for guality control [51).

Factors that are potentially beneficial for mgeneration are distributed both within EVs
and in the soluble fraction of the CM [82-84]. Furthermore, the presence of ribosomal
proteins and the cormesponding factors for translation in EVe would have a direct impact
on the recipient cells by expressing proteins de novoe [85]. Recently, proteomic analysis
demonstrated diverging protein composition between the CM and the EVs, indicating
that the vesiclke-bound and soluble proteins differ, which confirms the necessity to analyze
different parts of the secretome independently to get better insights into the course of events
that take place upon administration of the CM and its subfractions before possible clindcal
use and also to have a chear understanding of protein expressions in healthy organisms
and how they ame altered by certain diseases with cell-free therapies in numerous clinical
applications [43-45]. A better understanding of these processes would provide more
information for potential tailored therapeutic options for the secretome.
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This study, together with others, provides promiging results in vitro. However, prior
to translation into the clinic, several questions still have to be addressed, such as the
routr of administration of the agent, which is characterized by the absorption profile,
the distribution throughout the body, the metabolism rate, and the elimination of the
ckarance [86] In particular, clearance of EVs is a big problem since it has boen shown that
EVs, megardless of the route of administration, ane quickly clkeared from blood circulation
and discharged from the body [87,85]. All these properties likely affect the therapeutic
potential of the treatment Upcoming studies ame urgently needed that aim to resolve the
issues mentioned above and pave the way for reproducible and optimized studies with
cell-free treatment approaches.

This study is not without shortcomings. While we did standardize the EV or protein
concentration within each treatment, it was not possible to standardize the EV or protein
concentration between treatments as enriching one would affect the composition of the
other and would ulimately cause loss of matenal This issue is demonstrated by the fact
that the protein concentration from the EV fraction and the PF combined does not equal
the protein concentration of the CM (Figume 2a). In addition to that, the EV coneentration in
the EV fraction is lower than in the CM (Figure 3b). These observations can be explained
by the filkering properties of the size exclusion chromatography (SEC) columns, which may
krad to the loss of some EVs and proteins during the filkenng process [89].

In conclusion, the differential gene expression data revealed that none of the three
treatments was able to mestore the healthy status of the patient cells following inflammation
iFigure 3). However, treatment with the complete CM resulted in the highest number
of differentially expressed genes relative to the inflamed control, suggesting a superior
therapeutic effect compared with EV or PF treatment alone and a possible synergistic effect
of the different secretome fractions.

4. Materials and Methods
4.1. Bowe Marrow Coll ection and MSC Isolation

Bone marrow was harvested from three horses (donor 1 11-vear-old Tinker mane;
donor 2; 6-year-old Pura Raza Espanola gelding; donor 3 23-year-old Austrian Warmblood
mare) euthanized for reasons unmelated to this study and without chronic diseases. Based
on the “Good Scientific Practice, Ethics in Science and Research megulation” impleminged
at the Unmversity of Veterinary Medicine Vienna, the Institutional Ethics Committee of the
University of Veterinary Medicine Vienna, and the Austrian Federal Ministry of Educations,
Science, and Research, in vitro cell culture studies do not require approval if the cells wene
isolated from tissue that was obtained either solely for diagnostic or therapeutic purposes
or in the course of other institutionally and nationally approved experiments.

Immediately post-mortem, bome marrow was harvested from the sternum under
sterile conditions, as we previously described [58,90).

The aspirated bone marrow was mixed with 1 PBSwith Mg /Ca (Life Technologies,
UK, shipped from NL, PBS+/ +, Gibeo, 1404009) (1:1) and filkered through a 100 uM cell
strainer (Greiner Bio-One GmbH, Germany, shipped from Germany, 542000). The mononu-
clear cell fraction was isolated by density gradient centrifugation using Ficoll Paque Pre-
mium (Cytiva, Sweden, shipped from France, 11743219) as previously published [58,2%0-592].
In brief, the collected bone marrow—FPBS +/ + mix was layened onto the Ficoll and cen-
trifuged at room temperatume for 30 min at 300= g (Hettich, Germany, shipped from
Germany, Rotanta 460K) without brake. The buffy coat was collected and washed once
with PBS +/+ by centrifuging with 300 ¢ for 5 min. The obtained mononuclear cells
were seeded in DMEM (Gibeo, 31885023) supplemented with 100 FCS (Sigma Aldrich US,
shipped from Germany, F7524), 1% Pen/Strep (Sigma, P433-100 mL), and 1% Amphotericin
B (Biochrom Germany, shopped from Germany, A 2612-50 mL) and cultured in an incubator
with 20% O and 5% CO2 The medium was changed every 2-3 days. Isolated MSCs were
characterized acconding to the criteria defined by the International Society for Cellular
Therapies: plastic adherenoe, expression of surface markers C90, CI44, and CD29, lack of
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expression of CD31, Pan B and IgG, and adipogenic, chondrogenic, and osteogenic trilin-
eage differentiation potential. Afber meaching 80-90% confluency, MS5Cs were harvested
and frozen until further use.

4.2, Isolation of the Conditioned Medium (Fractions), Characterization, and Cuantification

MSCs were thawed and expanded in chemically defined complete medium (DMEM)
supplemented with 10 FCS (Capricon Scientific, Germany, shipped from Germany, FBS-
12A), 1% Pen/Strep, and 1% amphotericin B until 30-9%0% confluency, passaged with
trypein (Gibeo, 25300096), and seeded at a defined density of 4 = 10° qells per T175 flask
(Sarstedt, Nimbrecht, Germany, 833912002). All cells used were at passage 2, cell mor
phology was assessed daily, and viability was measured using Trypan blue dye exclusion
in comjunction with an avtomated cell counter (ThermoFisher Countess 3). To ensure
that megenerative effects originate exclusively from the MSCs secretome and not from
culture supplements and to avoeid the confounding factor of the inherent batch-to-batch
variability of serum [93-95]. MSCs were washed twioe with 10 mL filtered (0,22 pm filter
(Sarstedt, Mimbrecht, Germany, shipped from Germany, 831822)) PBS +/ + after 24 h and
then cultumed under serum-free conditions without antibiotics (DMEM with 1 g/L Glu-
cose, L-Glutamine, 110 mg/L Sedium Pyruvate w /o Pen/Strep, FCS, and Amphotericin
Bib. After 48 h, a total volume of 60 mL of the conditomned medium (CM) was collected,
transferred into 50 ml. Falcon tubes (Sarstedt, 64547254, and pre-centrifuged at 3000« g
for 20 min at 4 °C to remove undesired cell debris. After the centrifugation, the CM was
used without further concentration steps at its original concentration. The CM was divided
into thirds; one third was used as full M, and the other two-thirds were immediately
Inaded onto gEVI0/35 nm (LZOMN, gEVI0 35 nm) columns, which have an optimal meoovery
range of 35 nm to 350 nm according to the manufacturer’s protocol. The eluted EVs from
fractions 2 and 3 were pooled and served as the extracellular vesicle (EV) fraction. Fractions
number 10 and 11 contain a high rate of proteins and were used as the protein fraction (PF).
Fractions 1, 49, 12, and higher were discarded. CM, EVs, and PFwere stored at 4 “C and
usied within 3 h.

Manotracking Analysis (NTA) was performed to measure the size distribution and
quantity of the isolated partickes in scatter mode with a 4858 nm laser The minimum bright-
ness was set to 30, the minimum area to 10, the maximum area to 1000, the maximuom
brightness to 255, the shutter to 400 and the temperature to 25 “C. Isolates wene measured
in fechnical triplicates. Fluoresoenoe-triggered flow ortometey (FI-FC)) was used to charac
teriae the EVs and evaluate their size distribution as described previously [58,96]. Western
blot against C1¥% and CD63 and transelectron microscopy were carried out as we previously
described [55].

Protein concentration was measured with the Crubit Protemn Assay Kit (ThermoFisher,
Q33211) using the Qubit 4 Fluorometer (Thermo Fisher Scientific, Singapore, shipped from
Cermany ) according to the manufacturer’s protocol. In brief, a working solution was
prepaned by diluting the Obit reagent 1:200 in Qubit buffer (190 ulL) for each sample (10 ul).
The samples and the protein standands were mixed with the working solution 1:20 and
incubated for 15 min light protected at room tempéerature. Finally, the samples were read in
the device.

For all three treatments, the concentration of protein and EVs was standardized to
the lowest measurements for each frachon The EV frachons weme standardized to contain
1 % 10° EVs/mL and an optimal size range between 35 nm and 350 nm based on the used
igolation columns. The PF was standardized to contain 72 pg /ml protein without any
detectable EVs. We chose to normalwe the CM fraction based on the lowest measured
protein concentration (118 wg/ mL containing 1.365 x 10'! particles/mL £ 1.43 x 10')
rather than on the EV concentration because the difference between the protein content of
the CM and the PF was langer than the differences in the EV concentration between the Ch
and the EV fraction (Figure 2a).
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4.3. Temocyte Isolation

Tendon samples wen obtained from the mid-metacarpal region of the superficial
digital flexor tendon of the same three horses as already described by our group [55,97]. In
brief, the paratenon was mmoved under sterile conditions, and the tendons were sectioned
into small pieces (<05 « 0.5 % 0.5 em). Isolation of cells was performed by migration from
explants in DMEM supplemented with 10% FCS, 1% Pen/Stoep, and 1% Amphotericin B
in an incubator with 20%: Oy and 5% CO5 (explants wene emoved after 7-10 days). Cells
wiene expanded until 80-90% confluency befome passage.

4.4 Inflammation and Treatment Strategy

Allin vitro experiments were performed with thoee biological replicates (three donors)
and three technical replicates 400,000 tenocytes wene seeded per well on 12-well plates and
cultured in DMEM supplemented with 10% FCS, 1% Pen/Step, and 1% Amphotericin B
in an incubator with 20% O3 and 5% CO; for 48 h. After 48 h, tenocytes were rigorously
washed twice with fillered PBS +/+ and divided into 5 groups: a healthy control group,
an inflamed untreated control group, and three inflamed treated groups with CM, EV, or
PF treatment (bime ). As serum starvation nduces an inflammatory esponse, the healthy
control group was cultumed in DMEM with 1 g /L Glucose, L-Glutamine, 110 mg,/ L Sodium
Pyruvate w/o Pen/Step, FCS and Amphotericin B with 2096 EV-depleted FCS (FC5 was
depleted using Amicon Ultra 15, (Merck Millipore Lid, Irland, shipped from Germany,
UFC10024) 2000 g for 55 min at 4 “C) to provide the minimum amount of nutrients
while simultanecusly reducing the compromiging effect of too high serum levels on the
phenotypic drift in tenocytes, which is hallmarked by the reduction of tendon marker
genes such as Soc, Mkx, and collagen subtypes, and thus ensuring the health of the control
group [98-102]. Tenocytes of the inflamed groups wene cultured in serum-and antibiotic-
free medium (DMEM with 1 g/ L Glucose, L-Glutamine, 110 mg/ L Sodium Pyruvate), and
inflammation was induced by serum starvation plus chemical stimulation with 10 ng_.l‘mL
THNFx (ImmunoTools, Germany, shipped from Germany, 11343013) and 10 ng/mL ILb1
(ImmunoTools, Germany, shipped from Germany, 103010501) for 24 h. After 24 h (ime
24 h), half (500 ul) of the inflamed serum— and anbbiotic-free medium (1 mL) was removied,
and 1 mL of treatment (autologous CM, EVs, or PF) was added. The inflamed controls
mceived 1 ml of fresh inflamed sermum and antibiotic-free media, and the healthy controls
receivied 1 mL of fresh medium with 20% EVedepleted FCS. After 24 h (time 45 h), the
tenocytes of all treatment and control groups were harvested for mBNA sequencing,

4.5, Flow Cytometry

Cells weme trypsinized at passage 2. Subsequently, 1 x 10° cells per sample wene
washed with PBS supplemented with 2% FCS. The flow cytometry analysis utilized the
following monoclonal antibodies and their respective igotype controls: PE-CD29 {Clone
T52/16, Mouse IgG, 1:50, Biolegend, San Diego, CA, USA), FITC-CD3] (Clone CO3EIDY,
Ig2a, 1:50, Biorad, Hercubes, CA, USA), FITC-CD44 (Clone 25.32, IgG, 1:50, Biorad),
Purified COR0 (Clone DH24A, TgM, 1:50, Monoclonal Antibody Center), FITC-PanB alls
(Clone CV536, 161, 1:50, Biorad). A total of 1 10% events wemne measured per sample.

4.6, Trilineage Differen tiation

Experimental differentiation proceduns were conducted in triplicates (passage 2),
and the cultures were maintained for a duration of three weeks, The cultural media were
refreshed every three days. The control samples were cultured in DMEM supplemented
with 10% FCS, 1% Pen/ Strep, and 1% amphotericin B. Adipogenic and osteogenic differ-
entiations were performed by seeding 4000 MSCs per well of a 12-well plate in DMEM
supplemented with 100 FC5, 1% Pen/Step, and 1% amphotericin B for 45 h. Subsequently,
the cells were washed with PBS and treated with either adipogenesis ({ThermoFisher,
Waltham, MA, USA, AL007001)) or osteogenesis (ThermoFisher, A1007201) differentiation
media. For chondrogenic differentiation, 350,000 MSCs wem collectrd in 15 mL Falcon
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tubes and pelleted, followed by mesuspension in chondrogenesis (ThermoFisher, A1007101)

differentiation media.

4.6.1. Oil Red Staining

A solution was prepared by diluting six parts of 06l red O (Sigma, O0625-25G) in four
parts of distilled water. The mixture was allowed to mix overnight at room temperature
and subsequently fillered. The cells were fixed using 60% isopropanol (Riedel de Haen,
Seelse, Germany, 24137) for 5 min, followed by incubation with the prepared Oil red O
solution for 10 min. Finally, the differentiated cells wemne washed with 60% isopropanol and
distilled water, counterstained with haematooovlin (Merck, Kenilworth, NJ, USA, 108562),
and washed again with distilled water

4.6.2. Alcian Blue Staining

Paraffinrembedded samples of chondrocyte pellets wene sectioned at a thickness of
3 pm using a microtome (CUT2511A, MicroTec, Briven, Italy). The paraffin blocks were pre-
cooked at —15°C and cut into sections, which were then transferred to cold water using wet
brushes and subsequently transferred to warm water at 40 “C with nonadhesive standard
microscope slides. The sections were flattened out and collected on super frost adhesive
microscope glass slides. The slides wene labeled and allowed to dry overnight at room
temperature. Following this, the slides were heated at 60 °C for 20 min in an incubator,
submerged in xylene twice for 10 min at room temperature, and incubated in 100%: ise-
propancl and deceeasing concentrations of ethanol (96%, 70%, and 50%) for 5-10 min each.
Subsequently, the slides wene washed with distilled water and stained with haematoxylin
for 3 min. Finally, the shides were washed with distilled water, stained with eosin for 30 s,
dehydrated in ethanol, and mounted using Aquatex mounting medium (Merck Millipore,
Burlington, MA, USA). The slides were then dried overnight and analyzed using the FL
Auto Imaging System (Invitrogen (Waltham, MA, USA), EVOS (Life Technologies, Bothell,
WA, USA, shipped from Germany]).

4.6.3. Von Kossa Stain

The cells wene fixed with 5% formaldehyde (Sigma), followed by incubation with 5%
silver nitrate (Carl Roth, Austria, shipped from Austria, 9370.9) under UV light for 20 min.
Afterward, the cells were washed with distilled water, fived with 5% sodium thicsulfate,
and washed again with distilled water. Subsequently, the cells were stained with nuclear
fast red (Waldeck GmblH, Germany, shipped from Germany, 221833) for 10 min and washed
OTCE more,

4.7. mRNA-Sequencing of the “Patient Cells™ (Tenocytes)

D to cost considerations, we combined the technical replicates for RNASeq and
ran one sgample for each biological replicate (donor) per treatment/ control group, The
overall quality of the next-generation sequencing data was evaluated automatically and
manually with fastQC v0.11.8 and paultQC «1.7 [103,104]. Reads from all passing sam-
ples were adapter-trimmed and quality-filtered using bbduk from the bbmap package
v38.69 and fltered for a minimum kength of 17 nt and phred quality of 30, Alignment
steps were performed with STAR v 2.7 using samtools v1.9 for indexing, wheneas reads
were mapped against the genomic reference GRCm38.p6 provided by Ensembl (Cam-
bridge, UK) [105-107]. Assignment of features to the mapped reads was completed with
htseg-count vi).13 [108]. Differential expression analysis with edgeR v3.30 used the quasi-
likelihood negative binomial generalized log-linear model functions provided by the
package [109]. The independent filtering method of DESeq2 was adapted for use with
edgeR to remove low-abundant geres and thus optimize the false discovery rate (FDR)
correction [110]. KT-gPCR validation was not used in this study due to the well-established
robust nature of EMNAseq methods [111,112).
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4.8, Data Analysis

We selected a less stringent pvalue cutoff of 0.1 in our analysis to avoid missing
potentially melevant genes with subtle but biologically significant expresgion changes. By
employing a more inclusive approach, we enhanced the sensitivity of our analysis, exploned
novel insights, acoounted for biclogical complexity, addmessed sample size limitations, and
facilitated integration with other datasets. We ensured statistical rigor while capturing
valuabke findings beyond a stricter cutoff. RNASeq data were read into the R statistical envi-
ronment and processed using the DESeq? package [110]. Statistical analysis of preproaassed
MGS data was completed with R v3.6 and the packages pheatmap v 1.0.12, peaMethods
v1.78, and genefilter v1.68. Differential expression analysis with edgeR v3.28 used the
quasi-likelihood negative binomial generalized log-linear model functions provided by
the package [109]. The independent filbering methoed of DESeq2 was adapted for use with
edgeR to remove low-abundance mENA2 and thus optimize the false discovery rate (FDR)
cormection [110]. To determine differentially expressed genes, a linear mixed model with
subject 11D as a random effect was chosen. Significant differential expression (DE) was
assurmed for adjusted p-values < 0.1 and a fold change (FC) = 1.5. Results were put into a
biclogical contexst using gere set variation analysis with the molecular signatune database,
Wiki and KEGG pathways as input [112-116]. Significant differences between GEVA scomes
wiere determined using LIMMA and the linear mived model as described above [117]

Principle compoment analysis (PCA) was used to assess the dustering of samples based
on treatment groups. The statistical analysis, a mpeated measumes ANCOVA, was performed
using Graph Pad Prism v.6.01 (GraphPad Software, San Diego, CA, USA). The number of
used donors (1), the pvalues and the respective statistical significance am indicated in each
figure. The data are plothed as mian with + standard error of mean in scatter plots and
+standard deviation in bar graphs.

Venn diagrams and voleano plots were generated using online tools {InteractiveVenn
and VolcaMNoseR) [118,119].
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9 Discussion and Conclusion

MSC-derived secretomes have been shown to have therapeutic potential in a variety of
disease models, such as sepsis, and to support the repair of the liver, lungs, skin and the heart

while also possessing neuroprotective and neurotrophic abilities 296301,

Various species including mice, rats, rabbits, horses, and humans have demonstrated the
regenerative potential of MSC-CM and EVs in tendon and ligament repair, as evidenced in
vitro and in vivo 161261-265.272-277.302 | rat models, MSC-CM promoted tenocyte proliferation by
activating ERK1/2 signal molecules, compared to untreated control groups '2. In addition, in
rat rotator cuff models, MSC-CM inhibited M1 and supported M2 macrophage polarization,
promoting tendon-bone healing ''. Furthermore, in horses, MSC-CM inhibited PBMC
proliferation in vivo and induced neovascularization, which declined during the healing process

as vessel size and quantity decreased '3,

MSC-EVs demonstrated their immunomodulatory capacity in various in vivo tendon injury
models, reducing macrophage NF-kB activity, as well as the IL-13 and IFN-y response, while
increasing the production of anti-inflammatory cytokines such as IL-4 and IL-10 267-263265
Additionally, the administration of MSC-EVs into tendon defects enhanced the proliferation of
TSPCs, improved the restoration of tendon architecture, histological score, and expression of
genes related to collagen and tendon matrix formation. These genes included collagen (Col)
type |, mohawk (MKX), scleraxis (SCX), tenomodulin (TNMD), and tissue inhibitor of

metalloproteinase-3 (TIMP-3), while also decreasing MMP-3 expression 261.274.275.277,302

The absence of replicating cells puts secretome-based therapies into a potentially preferred
position over cell therapies with respect to patient safety concerns and facilitates product
standardization and storage. Cell secretomes and their sub-fractions can be evaluated for
dosage, potency, and efficacy analogous to conventional pharmaceuticals agents which may
facilitate their use in clinical practice. However, the exciting and new field of secretome
therapies, or therapies using subfractions of secretomes like e.g. EVs, is only at the very

beginning of the road towards clinical applicability.

In the presented work, we highlighted and addressed problems arising from the lack of
standardized EV isolation, purification, characterization and quantification protocols. However,

EVs isolated through UC reportedly have diminished functional capacity compared to EVs
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isolated using SEC, potentially due to prolonged exposure to high centrifugal forces 333%4, UC
and SEC was compared based on the minimal criteria (MISEV criteria) for EV isolation and
characterization postulated by the ISEV using western blot, fluorescence-triggered flow
cytometry (FT-FC), NTA measurements and TEM to address the limited availability of cross-
reacting markers for horses. Both methods led to successful EV isolation from equine MCS
supernatants. The obtained particles expressed markers characteristic for EVs and showed a
comparable size distribution pattern. However, UC yielded more particles per ml of MSC
supernatant than SEC. Although a considerable difference in EV yields was found, it is not
clear if the difference is truly method based or if it resulted from sample handling. Besides the
obvious method difference, the impact of temperature differences on short-term storage of
conditioned media is significant. SEC columns are stored at 4 °C and equilibrated at room
temperature prior to use. The applied supernatant should have room temperature as well to
achieve optimal isolation of EVs (according to the manufacturer). UC is performed in a 4 °C
cooled centrifuge. Studies have shown that storing conditioned media at low temperatures,
such as 4 °C, can preserve the stability and activity of the biomolecules for up to 48 hours.
However, higher temperatures, such as room temperature or above, can lead to the rapid
degradation of these biomolecules, resulting in decreased efficacy of the conditioned media.
Additionally, temperature fluctuations during storage can also have a negative impact on the

stability and activity of the biomolecules.

Another important finding was a discrepancy in particle counts using different measurement
approaches. NTA detected significantly more particles than FT-FC which can be explained by
the principle of the measurement. NTA measures the size of particles and their concentration
based on the physical principle of Brownian motion. In contrast to FT-FC, where lipid dyes or
antibodies are used to specifically label EVs, NTA cannot discriminate between EVs and
contaminants in the form of particles that might derive from external sources such as washing
buffers. However, NTA devices are also available with lasers, which allow detection of labeled
EVs like FT-FC. In addition, the measurements of the concentration and the size distribution
are closely linked to the detection limit of the characterization method which leads to

differences between the measured concentrations 395306,

The differences in EV isolation, characterization and dosage make it difficult to compare
published work on EVs in general and specifically their therapeutic efficacy which hampers
progress in the field. The therapeutic potential of EVs depends on their cargo, which differs

based on the origin and activation status of the producer cell, and their surface- and



63

transmembrane molecules that govern target specificity and EV-uptake by recipient cells
164,303,304,307-316 ' The resulting heterogeneity of EVs in both content and functionality, at the
same time necessitates and impedes standardized, well-defined EV manufacturing processes.
However, a defined therapeutic efficacy and reliable dosing are prerequisites for the
application in routine clinical settings. In addition, EV purity is crucial to ensure that any
observed effects are truly based on the applied EV and not co-purified contaminants like salts
or soluble proteins and nucleic acids. Co-purified protein aggregates may lead to false positive
counts and confound EV quantification. This may explain why protein concentrations do not
correlate with particle numbers 312314313317 A recent meta-review looking at dosing regimens,
found that more than 50 % of all studies quantified EVs in total amount of protein and 18 %
utilized NTA, whereas 21 % of the studies did not quantify EVs at all 3'*. Standardized
purification and analytical methods will facilitate to determine the true potential of EVs, to

discover of functional heterogeneity and to develop reliable EV-based regenerative therapies.

In addition, it is crucial to increase the understanding of the physicochemical properties and

functions of EVs based on donor cell conditions and isolation methods.

Identification of optimal secretome donor cells and their preconditioning status are the fine-
tuning steps on the way to future treatments. Furthermore, age or passage number of the
donor cells are of fundamental importance. Extensive culture expansion drives MSCs toward
replicative senescence and a consequent decline in quality with diminished
immunosuppressive and regenerative capacity and pro-inflammatory features 3'83'°. Indeed
long-term in vitro culture (high passage) was recently shown to have a greater effect on MSCs
(increased B-Galactosidase level) than the natural ageing process of their donor. Interestingly,
the secretion of EVs by MSCs increases with donor age and late passage cultures maybe in
order to dispose undesirable molecules or as distress signal 3'8320, Furthermore, EVs released
by senescent cells contain an altered cargo that may contribute to senescence propagation
and chronic inflammation 3'832032' The use of allogeneic MSCs to produce EVs offers an
attractive cell-free, off-the shelf treatment option which allows for the selection of optimal donor

cells as well as scalable and standardized manufacturing to target a specific disease.

Most of the standardization and characterization approached discussed above are based on
quantitative parameters. Others focus one type of cargo by quantifying a specific component
such as nucleic acids, proteins or lipids in the EVs 6. Future studies should also focus on

qualitative aspects such as the quantity of known effector molecules or EV potency units based
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on standardized in vitro potency assay *'° A recent report claims to facilitate the reproducibility
of EV isolations as well as CM by using Raman spectroscopy to identify both the soluble factors

and the EV components that may provide a regenerative effect 322,

The second paper investigated the effects of the secretome and its subfractions, the EV
fraction and the protein fraction (PF), of bmMSCs on chemically inflamed tenocytes. Our study
found that complete CM had the most potent treatment effect on inflamed tenocytes. Although
all three treatments showed significant differences compared to the untreated inflamed control,
the EV fraction and the PF) did not exert the same level of influence on gene expression as
the CM fraction.

Similar findings have been reported in previous studies, demonstrating the synergistic effects
of the secretome's EVs and soluble proteins, highlighting the therapeutic superiority of
complete CM over its subfractions in various cell types and assays 2*-32’. For example, when
comparing the effects of CM and EVs from adipose-derived MSCs (aMSCs) on muscle
regeneration, both CM and EVs protected against cellular senescence, but CM showed higher
proliferation and differentiation, while only EVs reduced inflammation 32°. Similarly, in an in vitro
model of osteoarthritis, CM and EVs derived from human ADSCs reduced hypertrophic
collagen 10, but only CM significantly decreased MMP activity and prostaglandin 2 (PGE2)
expression 326, Moreover, in a study evaluating the effects of CM, EVs, and PF fractions on
inflamed nucleus pulposus and annulus fibrosus cells, whole CM demonstrated superior
immunomodulatory and MMP inhibitory effects compared to its subfractions 3?*. Comparing the
effects of PBMCs-derived secretome and its subfractions also revealed that the complete

secretome induced better neo-angiogenesis than its individual components 327,

However, divergent results have been observed in studies investigating CM and EVs from
human aMSCs. In some cases, EVs alone, like whole CM, promoted cell proliferation and
migration in skeletal muscle cells. Additionally, small extracellular EVs outperformed
conditioned media of adipose tissue in terms of migration and regeneration potential, although
these studies standardized EVs and CM based on equivalent protein concentrations and did
not consider unpacked proteins 326, Another explanation for EVs outperforming CM in migration
is the more efficient recruitment of host cells through EVs compared to other paracrine factors

present in CM 328329,

On the other hand, when comparing the therapeutic efficacy of amniotic MSCs-derived CM,

PF, and EV fractions on immune cell proliferation and differentiation, whole CM and its PF
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fraction decreased PBMC proliferation, reduced inflammatory polarization of T-cells, enhanced
regulatory T-cell and M2 macrophage polarization, and reduced B-cell activation, while EVs

showed no immunomodulatory effect 323,

The divergent results observed in these studies comparing complete CM and its EV fraction
can be attributed to differences in the donor cells, culture media, substrates, cell confluence,
preconditioning, isolation and concentration procedures, dosage, and the treated cells. The
properties of CM and EV isolates highly depend on the donor cell type, as different cell sources
secrete various signals suitable for different downstream applications 28233 |solation methods,
especially for EVs, also influence the type and properties of the enriched EVs 31332
Furthermore, cell culture parameters such as seeding density and passaging frequency can
further affect the regenerative potential 33333  Additionally, differences in secretome
composition can be significant when comparing fetal and adult donors, and pre-conditioning of

donor cells can alter secretome profiles 335336,

Standardization strategies, optimal dosage, and the number of doses also pose challenges
when comparing CM and its subfractions. CM is typically standardized based on protein
concentration, while EV treatments are often quantified based on the number of particles using
NTA. Cargo-specific quantification of nucleic acids, proteins, or lipids in EVs or using Raman

spectroscopy can provide a more focused approach for quality control 322,

Both EVs and the soluble fraction of CM contain factors potentially beneficial for regeneration,
and the presence of ribosomal proteins and translation factors in EVs directly impacts recipient
cells by enabling de novo protein expression 3¥. Proteomic analysis has revealed diverging
protein compositions between CM and EVs, emphasizing the need to analyze different parts
of the secretome independently to gain better insights into the therapeutic mechanisms.

Understanding these processes would inform tailored therapeutic options for the secretome
262,265,274

Although promising in vitro results have been obtained from this study and others, several
questions remain unanswered before translation into clinical applications. Factors such as the
route of administration, absorption profile, distribution throughout the body, metabolism rate,
and clearance of EVs need to be addressed, as clearance of EVs poses a significant challenge
338340 Future studies should aim to resolve these issues and establish reproducible and

optimized protocols for cell-free treatment approaches.
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It is important to note some limitations of our study. While we standardized the EV or protein
concentration within each treatment, it was not possible to standardize the concentrations
between treatments due to the potential loss of material during enrichment, causing differences
in protein concentration and EV yield. The filtration process during SEC may lead to the loss
of EVs and proteins ''. Additionally, the differentially expressed gene data revealed that none
of the three treatments fully restored the healthy status of the inflamed cells. However,
treatment with complete CM resulted in the highest number of differentially expressed genes
compared to the inflamed control, suggesting a superior therapeutic effect and a possible

synergistic effect of the different secretome fractions.

It is imperative to highlight our decision to employ SEC rather than UC for the isolation of EVs.
This preference is rooted in the reported reduction in functional capacity observed in EVs
isolated through UC compared to those isolated using SEC. This disparity is attributed to the
potential deleterious effects of prolonged exposure to high centrifugal forces in UC.
Additionally, the utilization of UC demands more intricate sample handling, involves complex
equipment, and necessitates a higher level of expertise to achieve optimal EV yield when
compared to SEC. Notably, diverse UC protocols and parameters, including rotor type, UC-
tube quality, centrifugation speed, acceleration, and deceleration, present customization
opportunities that, while enhancing purity and yield, concurrently introduce challenges related
to reproducibility and inter-laboratory variation. Furthermore, drawbacks associated with UC
encompass the likelihood of contamination with exosomal aggregates, thereby diminishing
purity and potentially compromising the accuracy of EV quantification. Additionally, the cost of
equipment is a pertinent consideration in the evaluation of UC. In contrast, SEC offers distinct
advantages, notably its simplified technique and the attainment of higher EV purity with minimal
artifacts such as EV aggregates. These attributes enhance the clinical applicability of SEC in

EV isolation.

There are still a lot of challenges with cell-free therapies in numerous clinical applications. In
addition to the technological aspects of EV isolation and quantification which our recent paper
focuses on, also biological factors, such as CM-producing cell type, cell culture, confluence
and stimulation, influence CM and EV quality and quantity 3*'. The resulting EV heterogeneity
and differences in EV cargo impedes reproducibility and comparability of studies 3#2. Another
big obstacle when comparing CM and its subfraction is the standardization strategy for studies,

the optimal dosage of the treatment and the number of doses **3. The most common way to
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determine the therapeutic dose of an EV treatment is by quantifying the number of particles

using NTA in an isolate °.

Another topic that needs to be investigated is the route of administration. Potential therapeutic
effects of secretomes, EVs or soluble proteins influenced by their absorption characteristics,
the distribution in the body, the metabolic status of the patient and the clearance 3. In
particular, clearance of EVs is a big problem - e.g it was shown that EVs are quickly cleared

from the circulating blood and discharged from the body 338339,

Finally, studies focusing on an optimal administration frequency are essential to implement the

successful translation of secretome- based treatments into the clinical setting.
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