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Abstract

In the last decade, regenerative medicine has gained interest in the veterinary clinical practice, since
it offers a promising therapeutic alternative, especially for the treatment of musculoskeletal
disorders (MSDs), characterized by multimodal management and complex healing processes.
Among MSDs, osteoarthritis affects a high percentage of canine, equine, and even human
populations, thus representing a one-health challenge. Furthermore, there is still a lack of effective
long-term treatment for osteoarthritis. In this scenario, Mesenchymal stromal cells (MSCs) have
been shown to modulate inflammation and stimulate the repair of damaged tissue, and they can
have a positive long-term impact on the animal’s quality of life. Despite promising results obtained
in experimental and clinical studies, MSCs therapeutic applications are seriously influenced by the
in-vivo implantation of an active and proliferating cell population. Recently, the new trend has been
represented by MSCs-derived secretome, a cell-free product composed of soluble factors and
extracellular vesicles, with similar biological activity but greater practical advantages when
compared to the cells themselves. The present thesis work focused on a freeze-dried form of
secretome, called Lyo-secretome, prepared from adipose-derived MSCs from canine and equine
species. The first aim was the validation of the technological process for veterinary clinical-use
medicinal production of different canine and equine batches of Lyo-secretome, and its
characterization in terms of quantitative and qualitative analysis. Furthermore, in vitro metabolic
tests were performed on target cells, such as tenocytes, chondrocytes, and synovial fluid derived-
MSCs, demonstrating positive proliferative effects. Additionally, proteomic analysis demonstrated
the presence of proteins involved in regulating the inflammatory response. The next step was a
double-blinded randomized controlled clinical trial, enrolling dogs and horses suffering from
naturally occurring osteoarthritis to assess the in vivo safety and efficacy of Lyo-secretome. The
protocol included a double intra-articular injection of Lyo-secretome resuspended in hyaluronic
acid, at 40 days interval. Clinical and orthopedic examinations, as well as owner questionnaires,
were used to evaluate the patients during the 180-day follow-up. Results indicated that the double
intra-articular injection of allogeneic Lyosecretome is safe and does not induce systemic adverse
response for both species. A mild to moderate joint flare was observed in some patients after the
injection, although they were self-limiting and not correlated to the treatment, since no differences
were found with the control group (hyaluronic acid). Regarding the efficacy in canine patients, the

study revealed mild clinical improvement following the two injections in both treatment and control
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groups, without highlighting one treatment to be significantly superior, even if a positive tendency
in terms of lameness and pain score, as well as an improvement in the Helsinki Chronic Pain Index

score was observed in the Lyo-secretome group.



1. BACKGROUND

1.1 Mesenchymal Stromal Cells

Mesenchymal Stromal Cells (MSCs) are multipotent stem cells with self-renewal capability that can
differentiate into tissues from the mesoderm. Since their isolation from the bone marrow by
Friedestein in the 1970s, MSCs have been isolated from a variety of both neonatal and adult tissues,
being intensively investigated in clinical trials without the ethical issues associated with other types
of stem cells, such as the embryonic ones [1]. MSCs sources include bone marrow, adipose tissue,
umbilical cord, amniotic fluid, synovial tissues, liver, placenta, skin, and dental pulp. However, tissue
from different sources exhibits different characteristics regarding differentiation potential,
proliferative capacity, and total yield; furthermore, not all of them are equally suitable for clinical
purposes [2]. Bone marrow was the first studied source, but low cell yields and the invasive
aspiration procedure associated with elevated post-surgical pain have driven researchers to search
for other sources. Currently, the most widely used source is adipose tissue, characterized by higher
cell concentration and easier collection method, obtained by minimally invasive liposuction for the
subcutaneous fat or during elective surgery for the visceral abdominal one [3]. Recently, perinatal
tissues have also attracted increasing interest because of the relative simplicity of isolation and their
lower immunogenicity, making them good candidates for clinical applications [4].

MSCs were defined as spindle-shaped cells able to adhere to plastic surfaces, according to the
criteria developed by the International Society of Cell Therapy in 2006. At that time, they were
characterized by a panel of markers genes, such as the expression of CD105, CD73, and CD90, but
no expression of CD45, CD34, CD14 or CD11b, CD79a, CD19, or HLA-DR, and by the capacity to
differentiate in osteoblasts, adipocytes, and chondroblasts in-vitro [5]. However, these criteria need
to be revised to define MSCs, as variations exist at multiple levels. The heterogeneity of MSCs is
determined by multiple factors, including but not limited to donors and tissue sources, cell
populations, culture conditions, cell isolation techniques, and cryoprotective and thawing protocols
[1].

In terms of donors, distinct functions can be due to differences in age, sex, breed, health condition,
and other individual characteristics [6]. Based on the donor and their clinical use, MSCs can be
classified into three classes: autologous, allogeneic, and xenogeneic. Since they are harvested from
the patient's body, the most crucial advantage of autologous MSCs is the lack of immunogenic

reaction following clinical application. Furthermore, their use does not imply ethical issues as the
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donor corresponds to the receiving animal [7]. On the downside, the collection procedure can be
invasive, especially in old or immunodeficient animals. In some cases, autologous therapy must be
excluded a priori because of too high anesthesiologic risk. Further, the MSCs' in vitro expansion can
be quite unpredictable as it strictly depends from patient to patient, and the time taken for culture
and processing the therapeutic dose of MSCs can represent a deterrent when a quick clinical
treatment is needed [8]. A clear recent trend is to shift from using autologous to "ready-to-treat"
allogeneic or xenogeneic MSCs, which means that they can be prepared and stored in commercial
quantities. Allogeneic MSCs are derived from a donor animal of the same species as the receiving
animal, while the application of donor MSCs of a different species is called xenogeneic. The
possibility of allogeneic or xenogeneic MSCs therapy was studied in several canine and equine
studies, which described MSCs as "immune privileged" as a consequence of an absent major
histocompatibility complex (MHC) class Il expression on the cell surface, responsible for initiating an
antigen-specificimmune response interacting with CD4+ T cells [7]. However, recent studies suggest
that MHC Il could be up-regulated in vitro when MSCs are exposed to inflammatory environments,
making this topic still a matter of debate [3]. An increasing number of veterinary MSCs-based
products prepared from allogeneic or xenogeneic tissue have recently been available in commerce.
In this case, a crucial aspect is that MSCs must be previously screened and tested for the absence of
species-specific transferable pathogens [9].

The idea behind the therapeutic clinical application of MSCs is that in case of tissue damage,
endogenous MSCs are naturally released into circulation and migrate to the site of injury, promoting
regeneration [10]. The same mechanism, called "homing", is shown by transplanted MSCs that
preferentially home targeted tissues guided by a complex multistep process to exit circulation and
migrate to the injury site via a chemokine gradient involving several cytokines, chemokines and
adhesion molecules [11]. Initially, it was thought that MSCs exerted their therapeutic effects upon
reaching the affected site, actively replicating and differentiating to regenerate the tissue.
Nowadays, it is largely demonstrated that MSCs act instead as a "drug store" by secreting a variety
of biological molecules, called together secretome, with significant pro-regenerative,

immunomodulating, angiogenic and anti-apoptotic effects [12].



1.2 MSCs-derived secretome

The term secretome refers to a complex mixture of different bioactive molecules released in the
culture-conditioned medium (CM) in-vitro or in the extracellular space in-vivo, including soluble
factors such as growth factors, cytokines, chemokines, and extracellular matrix components, and
insoluble factors called extracellular vesicles (EVs) composed by exosomes, microvesicles and
apoptotic bodies [13].

MSCs and their secretome have strong immunomodulatory capabilities, regulating the function of
various immune cells, especially monocytes/macrophages, T-cells, natural killer cells and B-cells [14-
17]. Similar to MSCs, the composition of their derived secretome changes depending on the existing
stimuli in the microenvironment at the damaged tissue site or in vitro under different culture
conditions [18]. MSCs-CM indeed contains several anti-inflammatory cytokines such as TGFB1, 11-13,
IL18BP (IL18 binding protein), CNTF (ciliary neurotrophic factor), NT-3 (neurotrophin 3 factor), or
others like IL-10, IL-12p70, IL-17E, IL-27 and IL-1Ra; however, also pro-inflammatory factors like IL-
6, IL-8, IL-9 or IL-1b have been found. The balance between these two components determines the
final biological effects at the tissue site [19]. Pretreatment of MSCs with different in vitro stress,
such as hypoxia, inflammatory factors, or pharmaceutical drugs or with different culture conditions,
such as 3D culture or engineering methods, or a combination of these methods prior to application
is a novel strategy to modulate the MSCs secretome composition, thus its final therapeutic activity
[20]. MSCs treated with TNF-a and IFN-y, for example, produced exosomes with increased
immunosuppressive properties, with higher levels of IL-10 and PGE2, both involved in regulating the
inflammatory process [21]. Inflammatory and hypoxic conditions also regulate the concentration of
pro- or anti-angiogenic factors in MSCs-CM; hypoxia-inducible factor 1 alpha (HIF-1a), for example,
induces increased production of vascular endothelial cell growth factor (VEGF) and has a crucially
important role for pro-angiogenic effects of VEGF-containing MSCs-Exosome [22]. MSCs-derived
secretome was also able to regulate apoptosis in physiological and pathological conditions. MSCs-
CM-based therapy significantly decreased the expression of pro-apoptotic Bax and cleaved caspase-
3 but increased the expression of anti-apoptotic Bcl-2 in parenchymal cells, preventing their loss
during ongoing inflammation [19].

A large number of immunomodulatory and growth factors are enveloped by a bilayer membrane;
together with genetic materials, enzymes, signalling and signal transduction proteins, they

represent the EVs content. Among EVs, exosomes are the cell-free therapeutic agent most
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investigated in the literature. Due to their small size, they are easily carried to distant sites via
biological fluids and released into the extracellular space, where they exert their biological effects
by modulating multiple cell signalling pathways [23]. MSC-EVs can interact with tissue-specific target
cells, binding to membrane-bound receptors and triggering intracellular signalling, which enables
internalization of their content in the target cells, or, alternatively, EVs may fuse with the plasma
membrane and deliver their content to the cytosol of the target cell directly [24,25].

Both EVs and soluble fraction of MSCs-derived secretome promote tissue regeneration and neo-
angiogenesis and modulate immune response, thus representing promising strategies for the
treatment of immune-mediated and inflammatory disorders [24]. Furthermore, MSCs secretome,
as a cell-free therapy, offers several practical advantages, bypassing many limitations of MSCs-based
therapy, including uncontrolled differentiation, unwanted immune reactions, and tumorigenic risk.
MSCs secretome can be massively produced from a characterized cell type; it is easier to handle and
store, and ready to use for the treatment of acute conditions, avoiding the time-consuming cell
culture expansion. Additionally, MSCs' secretome content can be quantitatively and qualitatively
characterized as any conventional pharmaceutical agent [19,23,26].

In laboratory practice, several methods exist to produce and isolate MSCs' secretome.

Once centrifuged to remove cell debris, the conditioned medium can be collected and contains
soluble and insoluble fractions of the secretome. The CM can be further purified using different
techniques; ultracentrifugation is considered the gold standard to isolate EVs. However, it is time-
consuming and is limited by the risk of EVs disruption or aggregation. Size-based isolation
techniques such as ultrafiltration, tangential flow filtration or size exclusion chromatography have
turned out to be interesting strategies and can be combined with ultracentrifugation to isolate and
purify the EVs [27,28]. It is well known that the isolation method indeed affects the amount, type
and purity of EVs and their biological effect. Despite the advances, there is still a need for scalable
isolation techniques that present a high yield, maintaining the characteristics of the final products
[29].

Based on this scenario, in 2018, Bari and colleagues presented an innovative GMP (Good
Manufacturing Practice) compliant method for the large-scale production of a freeze-dried form of
secretome (Lyo-secretome) derived from human adipose tissue MSCs [30]. In this pilot study,
ultrafiltration and freeze-drying techniques were combined, and a quality control panel, including

physicochemical and molecular characterization, was performed on the final powder. Moreover,



sterility tests, cytotoxicity, and blood compatibility assay were assessed for safety requirements. A
deeper characterization was also performed, checking total protein and lipid content, exosome
yields and proteomic analysis; interestingly, proteins involved in immune and oxidative stress
response were among the most represented. The final aim was to find a scalable and GMP-
compliant production process that would allow standardized products suitable for clinical
applications to be obtained [30,31].

MSCs-derived secretome indeed has been considered a new, cell-free therapeutic approach for
treating several inflammatory and degenerative diseases, such as osteoarthritis (OA). In-vitro
evidence suggested the possible chondroprotective activity of MSCs-secretome, such as the study
of Hotham and colleagues who tested EVs isolated from bone marrow MSCs on artificially-inflamed
equine chondrocytes, demonstrating the up-taken into the targeted cells and anti-inflammatory
effects on gene expression [32], or again Chen et al. showed that MSCs-CM-treated chondrocytes
significantly reduced production of inflammatory cytokines (TNF-a, IL-1B, IL-6), which play
detrimental role in cartilage degeneration during OA development and progression [33]. Even more,
it was demonstrated that CM and exosomes from adipose tissue-derived MSCs enhanced the
production of immunosuppressive IL-10 in IL-1B-activated OA chondrocytes, indicating their anti-
inflammatory and chondroprotective effects [34]. The therapeutic potential of MSCs-secretome was
confirmed in preclinical in vivo studies, where exosomes intra-articular injection was shown to have
both protective and therapeutic effects in the damaged joints of OA murine models [35,36]. Indeed,
it has been observed that MSC-derived CM and isolated EVs were able to ameliorate OA symptoms
by preventing joint deterioration and improving tissue remodelling in mice joint disease models [37].
Despite these promising findings, very limited data is available on the safety and efficacy of cell-free
therapy using MSCs in veterinary patients, and clinical controlled trials are required to establish the

therapeutic efficacy of these therapies in naturally occurring musculoskeletal disorders.



1.3 Clinical trials using MSCs and derived secretome to treat osteoarthritis in companion animals
Musculoskeletal disorders in veterinary medicine: a focus on osteoarthritis

Among the different species, dogs and horses are the most deeply investigated in regenerative
veterinary medicine, and among the different diseases, musculoskeletal disorders (MSDs) are
commonly found in the veterinary practice and represent the most studied in this therapeutic
approach. The first evidence of MSCs-based therapy in vivo involved reimplanting equine
autologous BM-MSCs into a central lesion of the superficial digital flexor tendon (SDFT). This study
highlighted the feasibility of using cultured expanded MSCs for therapeutic purposes and the safety
of their injection [38]. Since then, MSCs have been successfully used for both dogs and horses for
the treatment of MSDs, as well as for cartilage damage. Among MSDs, joint problems such as
osteoarthritis (OA) rank first, representing 60% of lameness in horses and, in most cases, leading to
a sudden end of the sportive career of racehorses [39]. OA also has a high prevalence in the canine
population, affecting 20% of patients in North America [40]. OA is a chronic degenerative joint
disease and represents a “one-health” challenge as it is one of the leading causes of disability in
human patients worldwide.

Furthermore, a close analogy between human and veterinary patients makes dogs and horses useful
OA clinical models [41,42]. The mechanisms of this complex disease involve cartilage, subchondral
bone, synovium, tendons, ligaments, muscles, and even neural tissues. It is characterized by
inflammation, causing cartilage degradation, remodelling of subchondral bone, as well as severe
clinical symptoms such as joint swelling, pain, stiffness, and difficulty moving the affected joint. In
the late stage, OA becomes a systemic disease [43,44]. The two main categories of OA are
mechanical when healthy articular cartilage undergoes excessive loads leading to degeneration, and
structural, when articular cartilage is weak, with minor defects or other abnormalities contributing
to rapid degradation. Secondary OA might result from previous tendon or ligament injury, joint
instability due to intra-articular fracture, or wear and tear of the articular cartilage [43].

Currently, there is no cure for OA. The conventional treatments focus on pain relief and reduction
of symptoms through the use of anti-inflammatory or analgesic drugs such as non-steroidal anti-
inflammatory drugs (NSAIDs), corticosteroids or opioids, associated with physical therapy, diet,
weight management, and dietary supplements, with surgical treatments being applied in severe
cases [9,40]. OA drug delivery approaches, focusing on lubrication-based biomaterials and drug

delivery systems, represent recent advantages in the management of OA [39]. The greatest
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challenge with conventional OA treatments is that they do not stop the disease but only focus on
damage reduction and symptom management. The use of MSCs-based therapies for OA has shown
promising pre-clinical and clinical results in both canine and equine patients, suggesting a possible

therapeutic role of MSCs in the treatment of joint disorders [45].

MSCs-based therapy for canine naturally occurring osteoarthritis

To better understand the therapeutic potential of MSCs-based therapies, using naturally occurring
diseases instead of model-based studies is closer to reality, especially in musculoskeletal disorders,
characterized by a complex healing process [45]. Other positive aspects are the preservation of
experimental animals, the therapeutic opportunity, and long-term follow-up for the affected
companion animals. Furthermore, spontaneous disorders represent a suitable “one-health” model
since the pathophysiology is very similar between canine, equine, and human species.

On the downside, owned patient recruitment represents a big challenge; the study populations are
often too small, and an actual control group is frequently missing because owners want their pets
to be treated. Moreover, OA-affected dogs often have problems in multiple joints and the severity
of OA can differ, which may complicate study outcome interpretation [7].

In general, studies evaluating canine naturally occurring OA presented recurrent inclusion criteria,
defined as the presence of clinical signs of chronic OA, with pain and lameness, non-responsive to
conventional treatments in one or more joints. Radiography was used to confirm OA diagnosis and
starting grade. Furthermore, patients should suspend any kind of therapy, especially glucocorticoids
or NSAIDs, before enrollment and for the entire study period, when compatible with the clinical
state, to avoid any confounding element. Exclusion criteria usually were the presence of severe
systemic diseases evaluated with a complete blood check or clinical signs consistent with other
orthopaedic or neurological diseases [46—78]. In some studies, body weight was used as a selective
parameter, as it should be above or below a given number or strictly stable for the entire duration
of the protocol [47-49,51,54,59,71,72]. No limitations in terms of sex were imposed, while breed or
age in some cases were selected a priori [46,49,51,53,54,60].

Autologous cells have been the first type of MSCs investigated in the treatment of spontaneous
canine osteoarthritis, starting with the pioneer clinical trials of Black and colleagues in 2007 and
2008 [64,65]. The use of autologous adipose-derived MSCs, administered with a single intra-

articular injection followed by clinical, orthopaedic, and owner evaluations will be the baseline
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protocol repeated in many other subsequent papers, with a therapeutic dose ranging from 1 to
5x106 of MSCs [64—67,72,73,76]. Once the safety (and the efficacy) of these injections were
demonstrated, in the following years, higher numbers of cells were administered intra-articularly,
ranging from 4 to 30x106 per joint, showing similar positive outcomes presented in the previous
studies [68—71,74,75]. In the work of Muir and colleagues, bone marrow is used as an alternative
source of autologous MSCs administered with the combination of endovenous (2x106/kg of body
weight) and intra-articular (5x106) applications [76]. In some cases, supportive products such as
Hyaluronic Acid (HA) or Platelet Rich Plasma (PRP) can be combined with MSCs for the management
of osteoarthritis [66,67,70,75,77]. Even if the most recent studies have been focusing on allogeneic
or xenogeneic products as a preferred future therapeutic direction, a 2023 retrospective study by
Armitage and colleagues investigated the use of autologous MSCs in 245 dogs unresponsive to
conventional treatment, demonstrating that autologous MSCs remain a targeted, holistic approach
in the “real world” for the treatment of musculoskeletal pathology [77]. Autologous studies details
are resumed in Table 1.

In allogeneic treatments, adipose tissue is confirmed to be the most used source of MSCs isolation
[52,54-57,59-62], but also dental pulp and fetal tissue-derived MSCs have been investigated
[53,58,63]. MSCs can be administered with a single [52,54-57,60] or multiple [53,58,59,61-63]
intra-articular injection, but the amount of cells is once again very variable between these
publications, ranging from 2x105 to 12x106. No significant side effects were observed in the
majority of the papers, except for very few cases of self-limiting local joint flare, usually restored in
24-48h [55-58,62]. Since MSCs are known to have homing capacities, some studies investigated
other administration routes, such as endovenous infusion or acupuncture [52,57,59]. Also, in
allogeneic studies, in some cases, MSCs can be associated [55,60] or compared [61,62] with HA or

PRP. Allogeneic studies details are resumed in Table 2.
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Table 1. Presentation of studies on naturally occurring OA applying autologous MSCs in dogs.
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Table 2. Presentation of studies on naturally occurring OA applying allogeneic MSCs in dogs.
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In xenogeneic naturally occurring studies, a pilot paper published in 2014 investigated the intra-
articular transplantation of 5x106 porcine adipose-derived MSCs in three patients affected by stifle
OA. Injection of porcine Ad-MSCs was safe and associated with most patients' orthopaedic and
owner evaluation improvements [47]. Recently, the leading xenogeneic donor seems to be the
equine species, given that the four articles cited in the literature tested the use of equine peripheral
blood-derived MSCs [48,50,78] or equine umbilical cord-derived MSCs [49]. Equine MSCs were
administered intra-articularly [47-49] or endovenously [50,78], both demonstrating positive
outcomes and the absence of adverse response. Interestingly, for both administration routes, a wide
array of significantly different doses was used (1 to 7,5x106 IA; 0,3 to 1x106 1V), highlighting how

far the distance is towards standardized protocols. Xenogeneic studies details are resumed in Table

Author # Patients Group/treatment Joint Donor/source Injection route Dose # Injections Evaluations Side effects Outcome Follow-up
orthopedic assessment,
Tsai et al., owner questionnaire, X-
MSCs: 3 stifle porcine fat 1A 5x10° 1 NO positive 12 weeks
[47] ray imaging, and force-
plate gait analysis.
orthopedic/clinical
MSC: 6 Control: 6 examination, gait
positive (owner)
Daems et al., (same dogs, 6 equine PB- analysis, hematological
6 elbow 1A 1x10° 1 NO no difference 12 weeks
[48] weeks before MSCs and synovial fluid
(objective)
MSC) analysis, RX, owner
questionnaire
gait analysis, orthopedic positive (best 12 weeks
Punzon et al., MSCs: 40 elbow, equine UC-
80 1A 7,5x10° 1 assessment and owner NO response after 8 +18
[49] Placebo: 40 hip MSCs
questionnaire weeks) months
Beerts et al., equine PB- body scintigraphy
1 MSCs: 1 stifle v 1x10° 1 NO / 6h
[78] MSCs imaging technique
Brondeel et elbow, equine PB- clinical and orthopaedic
50 MSCs: 50 \% 3x10° 1 NO positive 6 weeks
al., [50] stifle, hip MSCs examinations, CBPI

Table 3. Presentation of studies on naturally occurring OA applying xenogeneic MSCs in dogs.

At the time of writing, only two published research studies focused on the use of MSCs-derived cell-
free products to manage naturally occurring canine osteoarthritis, indicating the need for a deeper
investigation in this field. In 2020, Hunakova and colleagues studied the intra-articular injection of
allogeneic Ad-MSCs derived conditioned medium in Labrador retriever dogs suffering from bilateral
elbow OA, assessing synovial fluid markers and kinematic analysis of ROM for up to 42 days,
demonstrating no side effects and the presence of positive outcome [51]. The second study was
conducted by our group in 2021 to investigate the safety of a double Lyo-secretome intra-articular
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injection, and it will be presented in detail in Part Il of the present thesis [46]. The resume of cell-

free studies is shown in Table 4.

Author # Patients Group/treatment Joint Donor/source  Injection route Dose # Injections  Evaluations  Side effects Outcome Follow-up
Allogeneic Ad-
Hunakovaetal, 6(12  allo Ad-MSCs CM: Synovial fluid
elbow  MSCs conditioned 1A not specified 2 NO positive 42 days
[51] joints) 6 (12 joints) and ROM
medium
Clinical and
Lyosecretome in
Allogeneic Ad- orthopedic
Mocchi et al., HA: 3 joints elbow, 2x10° cell Safety
3 (6 joints) MSCs conditioned 1A 2 parameters, NO 180 days
[46] Mannitol in HA: knee equivalents evaluation
medium owner

3 joints
questionnaire

Table 4. Presentation of studies on naturally occurring OA applying MSCs-derived cell-free therapies in

dogs.

In most naturally-occurring OA studies, the safety of MSCs-based therapy was assessed for both
endovenous and intra-articular injections without reporting adverse effects in the majority of the
papers [46-54,58-61,63-69,71-76,78]. Few mild side effects, such as self-limiting joint
inflammation with lameness worsening, were observed by the minority of the studies [55-—
58,62,70]. Regarding the efficacy, pre- and post-clinical evaluations usually included orthopaedic
examinations assessing lameness, pain, range of motion and other functional parameters evaluated
by the veterinarian using numeric validated scales [46-55,57,58,60-62,64—67,71-75], while
objective gait analysis with force or pressure platforms, accelerometry or clinical metrology
instruments was assessed only in a few papers [47-49,59,61-63,68-70,75]. Furthermore, diagnostic
imaging [47,48,53,60,66,67,71-74,76,78] and synovial fluid analyses [48,59,63,72,73,76,51] can be
added for more information. Additionally, the efficacy evaluation may include validated owner
guestionnaires, such as Canine Brief Pain Inventory (CBPI) or the Helsinki Chronic Pain Index (HCPI)
[46-50,52-56,58,59,61,62,64—66,69,71,73,75]. The owner's point of view is indeed a sensitive
instrument to quantify treatment response because the dog's daily behaviour in its home
environment appears to be superior to the periodic assessment in clinical settings [58]. However,

changes in the home environment and owner bias may influence the outcome measures.
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MSCs-based therapy for equine naturally occurring osteoarthritis

Several experimental studies have been conducted regarding regenerative medicine therapies
applied to musculoskeletal diseases (MSDs) in horses, including the treatment of osteoarthritis with
PRP, autologous serum and MSCs-based products [79—-85]. Overall, the literature supported the high
effectiveness of these products in osteoarticular injuries in equine models, due to their regenerative
and anti-inflammatory properties, making them a promising therapeutic alternative [86].

From a systematic literature review, only five main studies treated naturally occurring equine OA
with MSCs [87]. Different breeds, sexes, ages, and levels of performance were included in the
studies. Moreover, OA occurred in different joints, ranging from low to high-motion joints [88—91].
The AAEP (American Association of Equine Practitioners) score was used in the majority of the
papers for the lameness evaluation [88,90,91], while own clinical score was used in the remaining
works [89,92]. The other clinical parameters evaluated to assess safety and efficacy were the flexion
test, joint effusion, heat at palpation and pain to pressure [89—92]. In most studies, an owner survey
was used to check the health status and degree of lameness and the general horse improvement in
sportive performance [88,89,91,92]. All the studies cited below used the intra-articular injection as
a route of MSCs administration. Among them, Ferri et al. assessed the postoperatively IA injection
of autologous bone marrow-derived MSCs resuspended in hyaluronic acid in 33 patients with stifle
OA, showing promising results over a 24-month follow-up [88]. Also, allogeneic umbilical cord-
derived MSCs have been investigated in a prospective blinded placebo-controlled study to treat
metacarpal- or metatarsophalangeal joint, with positive outcomes for over 6 months [92]. Blindness
in a clinical trial is associated with a low bias rate. However, the blinded control period can be
maintained only for a short period to ensure the study design, as it is very difficult to obtain longer
permission from horse owners for this type of study [87].

The remaining three articles have been published by Broeckx and colleagues, starting from a pilot
study to a preliminary study, to a final randomized, multicenter, double-blinded, and placebo-
controlled study. They demonstrated positive results associated with the use of allogeneic
peripheral blood-derived MSCs chondrogenically induced compared to the "native" MSCs,
combined with PRP in the first phases of the study, then resuspended in allogeneic equine plasma
as the final investigational veterinary product (IVP) [89—91]. Equine naturally occurring OA studies

are resumed in Table 5.
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Reference # PatientsGroup/treatment Joint Donor/source Injection route Dose # Injections Evaluations Side effects Outcome Follow-up
owner evaluation (if not YES (3 horses
Ferris et al., Autologous BM- partially
33 MSCsin HA: 33 Stifle 1A 15-20x10° 1 possible, veterinarian or transient joint 24 months
[88] MSCs positive
trainer evaluation) flare)
Allo Blood-derived
YES (3 horses
Broeckx et al., MSCs+PRP: 49 MSCs; chondrogenic clinical evaluations, partially
165 different joints 1A VP 1 moderate joint 18 weeks
[89] iMSCs+PRP: 116 induced allo Blood- return to work positive
flare)
derived MSCs
PRP: 5 Allo Blood-derived
Broeckx et al., MSCs: 5 MSCs; chondrogenic clinical and orthopedic
20 fetlock 1A VP 1 NO positive 12 months
[90] MSCs+PRP: 5 induced allo Blood- evaluations
iMSCs+PRP: 5 derived MSCs
Marinas-Pardo Allogeneic Ad- clinical and orthopedic
MSCs: 80 different joints 1A VP 1to3 NO positive 90 days
etal, [82] MSCs evaluations
allo blood-derived clinical and orthopedic
Broeckx et al.,
(1] 75 MSCs:75 fetlock iMSCs+equine 1A VP 1 evaluations, owner NO positive 12 months
91
allogeneic plasma evaluations
Metacarpo/meta clinical, orthopedic, YES (mild joint
Magriet al., Allogenic umbilical
28 MSCs: 28 tarso-phalangeal 1A 10x10° 2 radiographic and owner inflammation positive 6 months

[92]

cord-derived MSCs
joint

evaluations in 4 horses)

Table 5. Presentation of studies on naturally occurring OA applying MSCs in horses.

Regarding the side effects, three studies observed a mild to moderate inflammatory response after
intra-articular injection with MSCs in a few patients [88,89,92]. Overall, the cited studies showed a
positive and constant improvement for at least several months. However, more randomized,
controlled, blinded and long-term studies are needed to make further conclusions. It is crucial to
determine the exact composition and effect of all orthobiologic therapeutics to develop effective
and standardized treatment protocols [87]. The emerging field of cell-free therapies represents a
promising approach to treating joint disorders in horses. In 2022, in an in vitro experimental study,
EVs derived from bone marrow-, adipose tissue-, and synovial fluid-derived MSCs were tested on
inflamed equine chondrocytes to evaluate their immunomodulatory activities, showing abilities to
reduce the expression of metalloproteinases [83]. The same year, an in vivo experimental study
assessed the anti-inflammatory effects of IA injection of allogeneic secretome derived from BM-
MSCs in eight equine models of induced joint inflammation. The findings were compared with MSCs
treatment: no significant differences were observed between the two groups, even though a
positive tendency was observed in the secretome group regarding joint perimeter and synovial fluid
analysis [84]. These results suggested that MSCs derived secretome and EVs could reduce joint
inflammation. However, at the time of writing, no in vivo studies on naturally occurring OA have

been conducted in horses.
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Objectives

The first aim was the validation of the technological process for veterinary clinical-use medicinal
production on equine and canine batches of Lyo-secretome, prepared starting from adipose tissue-
derived MSCs, collected from healthy donors meeting all the requirements for clinical use.
Secretome production was induced by 24h of serum starvation: cells were then detached and
counted to calculate cell equivalents, and the supernatants were concentrated and filtrated before
the final freeze-drying step. Microbiological tests were performed during all the production phases,
as well as sterility tests for injectable pharmaceutical products. The quantitative and qualitative
analysis included the assessment of physiochemical properties, extra-cellular vesicle morphology,
size distribution, surface biomarkers, and protein and lipid content. Furthermore, in vitro metabolic
tests were performed confirming no cytotoxic effects, while positive proliferative effects on target
cells, such as tenocytes, chondrocytes, and synovial fluid derived-MSCs were demonstrated.
Additionally, proteomic analysis demonstrated the presence of proteins involved in regulating the
inflammatory response.

Based on these results, the next step was the in vivo safety and efficacy evaluation of double intra-
articular injection of Lyo-secretome resuspended in hyaluronic acid. A double-blinded randomized
controlled clinical trial was performed enrolling twenty-two canine patients spontaneously suffering
from naturally occurring elbow or knee osteoarthritis. Clinical evaluations and owner questionnaires
have been used to monitor the patients during the follow-up. For the equine species, a preliminary
in vivo safety evaluation was performed on five horses suffering from spontaneous fetlock

osteoarthritis, treated with crescent doses of Lyo-secretome resuspended in hyaluronic acid.
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Part|

Objective - Equine Lyo-secretome production, characterization, and proteomic analysis

Resume — Validation of the technological process for veterinary clinical-use medicinal production
on three different batches of Lyo-secretome, prepared starting from adipose tissue collected from
three healthy donors meeting all the requirements for clinical use. Secretome production was
induced by 24h of serum starvation: cells were then detached and counted to calculate cell
equivalents, and the supernatants were concentrated and filtrated before the final freeze-drying
step. Microbiological tests were performed during all the production phases. The quantitative and
gualitative analysis included the assessment of physiochemical properties, extra-cellular vesicle
morphology, size distribution, surface biomarkers, and protein and lipid content. Furthermore, in
vitro metabolic tests were performed confirming positive effects on target cells, and a proteomic
analysis demonstrated the presence of proteins involved in the regulation of the inflammatory

response.

Published article - Equine Mesenchymal Stem/Stromal Cells Freeze-Dried Secretome
(Lyosecretome) for the Treatment of Musculoskeletal Diseases: Production Process Validation
and Batch Release Test for Clinical Use. Michela Mocchi, Stefano Grolli, Silvia Dotti, Dario Di
Silvestre, Riccardo Villa, Priscilla Berni, Virna Conti, Giulia Passignani, Francesca Brambilla, Maurizio
Del Bue, Laura Catenacci, Milena Sorrenti, Lorena Segale, Elia Bari, Pierluigi Mauri, Maria Luisa Torre,

and Sara Perteghella

Key aspects - An intra-articular injectable pharmaceutical powder has been produced, the
technological process has proven to be consistent, and a panel of quality tests has been defined.
Lyosecretome demonstrated a direct activity on different musculoskeletal cell types such as
tenocytes, chondrocytes, and tissue-resident MSCs; also, the proteomic composition suggested a

possible role of Lyosecretome for regenerative medicine applications.
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Abstract: In the last decades, it has been demonstrated that the regenerative therapeutic efficacy
of mesenchymal stromal cells is primarily due to the secretion of soluble factors and extracellular
vesicles, collectively known as secretome. In this context, our work described the preparation and
characterization of a freeze-dried secretome (Lyosecretome) from adipose tissue-derived mesenchy-
mal stromal cells for the therapy of equine musculoskeletal disorder. An intraarticular injectable
pharmaceutical powder has been formulated, and the technological process has been validated in an
authorized facility for veterinary clinical-use medicinal production. Critical parameters for quality
control and batch release have been identified regarding (i) physicochemical properties; (ii) extra-
cellular vesicle morphology, size distribution, and surface biomarker; (iii) protein and lipid content;
(iv) requirements for injectable pharmaceutical dosage forms such as sterility, bacterial endotoxin,
and Mycoplasma; and (v) in vitro potency tests, as anti-elastase activity and proliferative activity
on musculoskeletal cell lines (tenocytes and chondrocytes) and mesenchymal stromal cells. Finally,
proteins putatively responsible for the biological effects have been identified by Lyosecretome pro-
teomic investigation: ILIORA, MXRAS, RARRES2, and ANXA1 modulate the inflammatory process
RARRES2, NODI1, SERPINEL], and SERPINB? with antibacterial activity. The work provides a proof-
of-concept for the manufacturing of clinical-grade equine freeze-dried secretome, and prototypes
are now available for safety and efficacy clinical trials in the treatment of equine musculoskeletal
diseases

Keywords: mesenchymal stem cells; secretome; regenerative medicine; musculoskeletal disor-
ders; equine
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1. Introduction

Musculoskeletal disorders (MSDs) have an extensive and growing impact represent-
ing a major health problem worldwide. Despite years of research, the understanding of
these diseases and the control on their progression has not yet been achieved; indeed,
different therapeutic approaches are being investigated to prevent the disorders or to
promote recovery and /or regeneration of the musculoskeletal system, including muscles,
bones, and joints [1,2]. MSDs often result from traumatic injuries due, for example, to
vigorous physical activity leading to excessive muscle fatigue, damage of joint structures
(articular cartilage, subchondral bone, synovial membrane), and inflammation or lesion
of the tendon /ligament structure. Structural and genetic factors are also associated with
musculoskeletal diseases onset and progression [3]. MSDs represent a high percentage
of orthopedic clinical pathologies in veterinary practice and, mainly, in equine practice.
Due to the low healing capacity of tissues involved in joint and tendon disorders, there
is a tendency to develop chronic diseases with a significant clinical relevance [4]. Beyond
the traditional treatments (local or systemic nonsteroidal anti-inflammatory drugs, intrale-
sional steroids, correct shoeing, chondroprotectants such as hyaluronic acid), innovative
regenerative therapies, including the use of Mesenchymal Stem /Stromal Cells (MSCs),
have emerged over the past ten years as promising agents to promote local repair. Espe-
cially in the veterinary field, many clinical applications of cell-based therapies have been
described, starting from the early 2000s with the first application of MSCs on the equine
model [5,6]. Despite the considerable amount of data suggesting the safety and efficacy
of MSCs in experimental animal models and preclinical studies, cell-based therapies are
not yet routinely applied in the clinic [7-10]. Over the years, the therapeutic application
of MSCs has known a paradigm shift: Nowadays, their engraftment, proliferation, and
differentiation properties are not considered key features of their therapeutic abilities.
Instead, the main actors of MSCs benefit are now considered several bioactive molecules
(including proteins, cytokines, chemokines, growth factors, but also nucleic acid) released
by cells and involved in cell-to-cell communication and cross-talk [11]. Known as secre-
tome, this complex set of secreted factors and vesicles seems to represent a valid alternative
as a cell-free therapy, offering several advantages in comparison to cell-based therapy,
such as lower immunogenicity, ease of storage and handling, and lower cost ensuring
usefulness and feasibility in the clinic [12,13]. However, addressing a suitable medicinal
product is challenging, and further investigations are needed to shed light on secretome
composition, properties, and in vivo behavior. Indeed, while evaluating secretome safety
and efficacy for clinical use, many aspects, ranging from production processes to molecular
characterization, must be defined.

In this study, an injectable freeze-dried pharmaceutical powder containing equine
secretome has been formulated (Lyosecretome); the technological process has been vali-
dated in an authorized facility for veterinary clinical-grade medicinal production. Critical
parameters for quality control and batch release have been identitied regarding (i) physico-
chemical powder properties; (ii) extracellular vesicle morphology, size distribution, and
surface biomarkers; (iii) protein and lipid content; (iv) requirements for injectable phar-
maceutical dosage forms (sterility, bacterial endotoxin, and Mycoplasma); and (v) in vitro
potency tests, and efficacy on proliferative induction of selected cell lines. Finally, putative
proteins responsible for the biological effects have been identified by a Lyosecretome pro-
teomic investigation based on nano Liquid Chromatography coupled with high-resolution
mass spectrometry.

2. Results
2.1. Lyosecretome Production

Three different equine AD-MSCs lines from the biobank meet all the requirements for
clinical use as all the steps were made according to ISO 9001:2018 clinical grade. Secretome
production was induced by 24 h serum starvation; after this time, the supernatants were
collected, and cells were detached to estimate their total amount and viability (Table 1).
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Table 1. Lyosecretome batch production from three different equine AD-MSCs lines.

6 Cell
Batch n. Total Cell Number x 10 Viability (%)
1 224 99
o 170 98
3 65 99

The supernatants were first centrifuged to eliminate cell debris, followed by an ul-
trafiltration process to concentrate and filter. The concentration step allows to reduce the
volume, reaching a fixed value of cell equivalents per mL (0.5 x 10° cell/mL); instead,
the filtration phase with 5 kDa molecular weight cut-off allows one to retain both EVs
and soluble proteins contained in the supernatants. At the end of the concentration step,
the obtained volume was diafiltered at least five times with ultrapure deionized water
to erase any tracks of undesired compounds. The starting volume for all the produced
batches was about 800 mL, the time process lasted approximately 3 h using a filtration
module with a superficial area of 370 cm?, and the calculated ultrafiltration efficiency was
17.8 £ 2.3 L/m2/h (mean value + standard deviation, # = 3). Once the purified solution
was obtained, mannitol was added as the selected cryoprotectant. Samples were stored
at —80 °C before the freeze-drying process. In this timeframe, to ensure the quality of
the product, microbiological tests were performed during all the production phases to
prove that the sterility conditions were maintained during the formulation along with
the final product. Microbiological tests were conducted by an accredited and certified
facility (LZSLER, Brescia, Italy), which routinely controls cell and cell-derived products for
veterinary clinical use. These tests affirmed: (i) The absence of any mycoplasma and (ii)
bacterial endotoxin level in an acceptable range (Table 2).

Table 2. Lyosecretome microbiological test: Sterility, bacterial endotoxin, and Mycoplasma.

Batch n. Sterility Bacterial Endotoxin Mycoplasma
1 compliant 3.4 Eu/mL no presence
2 compliant 3.3Eu/mL no presence
3 compliant 3.4 Eu/mL no presence

2.2. Lyosecretome Characterization

After the lyophilization process, a technological characterization was performed on
Lyosecretome powder.

To check the suitability of each formulation for a future in vivo administration, further
analyses were performed on the tinal product. For each formulation, cake’s appearance was
evaluated by randomly selecting four vials and performing a visual inspection. Following the
aqueous solvent’s evaporation during lyophilization, a solid and porous cake was formed,
free of defects. The lyophilized secretome dissolved rapidly by a gentle agitation adding
water, generating a clear suspension free of visible particles. The osmolarity was always
within the acceptable range for injectable formulations (250-350 mOsm/Kg) and always
between 320 and 350 mOsm/Kg. The pH value was always in the range of 7.2 to 7.6.

FTIR spectra were performed on Lyosecretome batches. Comparing the three batches
reported in Figure 1, the spectral region goes from 650 to 4000 cm™'; the batches, as
expected, have similar bands at around at 1082 em~!and 1019 em ™! and 930 cm ™ 1; those
picks are predominant, and unfortunately, in this region, there is an overlap with the
characteristic mannitol vibrations bands; thus, it is difficult to distinguish the Lyosecretome
presence (Figure 1). Lyosecretome bands were also detected in the spectral region between
1423 cm~! and 1458 cm ™!, pointing out the presence of CH; groups and 1374 em~! and
1375 cm™! related to CH; groups, thus confirming the presence of lipids and protein.
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Figure 1. Comparison between FTIR spectra of Lyosecretome batch 1 (spectrum a), 2 (spectrum b), and 3 (spectrum c),

respectively.
The three batches were analyzed by DSC, and the thermal profile was reported below
as a comparison (Figure 2). The endothermic peak at 164.3 = 0.8 “C (AH =278 £ 3 ]g’l)
was due to the melting of crystalline mannitol (£ form), followed by sample decomposition.

o | Bay \f

40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 °C

Figure 2. DSC profiles of Lyosecretome batches 1, 2, and 3 (curves a, b, and c).
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The anhydrous nature of the lyophilized samples was confirmed by TGA analysis
(Figure 3), where no mass losses were recorded in the temperature range 50-100 “C, related
to residual water. An almost complete mass loss was recorded for all the samples starting
from about 244 °C due to sample decomposition, confirming the same thermal stability for
the three batches.

#8

40 60

T T T v T T T
100 120 140 160 180 200 20 240 260 280 300 20 340 *C

Figure 3. TCA profiles of Lyosecretome batches 1, 2, and 3 (curves a, b, and ¢).

Morphological investigation through SEM images showed that vesicles integrity and
spherical shape were maintained for all three batches, demonstrating that ultrafiltration
and lyophilization processes did not influence particle structure (data not presented).

Particle size characterization has been performed on Lyosecretome using NTA tech-
nology to (i) count nanoparticles observed in a specific volume, (ii) measure the diameter,
and (iii) obtain the particle concentration. The analysis detected a heterogeneous popula-
tion including nano/micro-structured vesicles; in detail, for all three batches, 10% of the
population diameter (dy) ranged 77-95 nm, 50% of the population diameter (dsp) ranged
115-156 nm, and 90% of the population diameter (dgp) was less than 260 nm. Regarding
particle concentration, it ranged between 1.77 x 10* and 3.47 x 10® particle/mL based on
the considered batches (Table 3 and Figure 4).

Table 3. Particle size distribution and concentration of batch 1 and 2 (mean values + standard deviation, n = 3).

Batch n. Mean (nm) Mode (nm) dyg (nm) dsp (nm) dgg (nm) Concentration (Particle/mL)
1 142.7 £ 4.9 81.0+28 775120 1175 £ 3.2 2312495 246 x 105 + 1.48 x 107
2 1985 + 6.4 1148 + 11.8 948+ 1.6 156.7 + 8.6 2535 + 185 347 x 108 + 2,66 x 107
3 187.1 £ 39 949 4+ 3.0 915+22 1512+ 28 2613+ 74 1.77 % 108 4+ 7.77 % 106
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Figure 4. NTA analyses showing averaged particles concentration and size distribution of batch 1 (a), 2 (b), and 3 (¢),
respectively. The average of each batch was made by processing 6 cycles of 60 s each. The red part indicates the + standard

error of the mean values (n = 3). Particles concentration is expressed as mean value + standard deviation (rn = 3).

The number and size of exosomes were determined by ExoView with biomarker
detection. This method is based on a direct-biomarker association that captures particles
into a chip. ExoView also allows discriminating with fluorescence if a protein is expressed
on the surface or into the exosome. The analysis method could be divided into two macro
steps: Interferometric imaging that gives information regarding the exosome’s number and
size, and fluorescence analysis that gives the intensity of a positive-marker protein. The
data accuracy depends on correct binding between proteins expressed by exosomes and
extracellular vesicles and their specific antibodies marker. As a result, a first consideration
was a correlation between the horse’s protein and human protein: Data confirm that human
capture antibodies had a fixed animal ligand. Moreover, the average colocalization counts
are shown in Figure 5 (triplicate analysis). The correlations between proteins expressed on
exosome’s surfaces and fluorescent antibody markers can be vertically read in the chart.
The last plot column indicates the negative control performed by Murine IgG. In the first
plot, column data show that in a horse’s secretome, there is a high number of exosome’s
surface proteins responsive to the anti-CD-9 fluorescent human antibody, and the second
most-expressed ligand is a protein that could be correlated to anti-CD-81 fluorescent human
antibody. Finally, the lower capture marker is the anti-CD-63 fluorescent human antibody.
There is also double or triple positive binding between the surface protein and human
antibodies, as the seven exosomes are simultaneously expressed on the external membrane
proteins positive to anti-CD-81 and anti-CD-63 fluorescent human antibodies.
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Figure 5. Average colocalization counts evaluating the correlations between proteins expressed on exosome’s surfaces and
fluorescent antibodies markers CD63, CD81, and CD9. According to the average results of the three determinations (without
considering the negative control murine IgG), it is possible to underline that there were 723 exosomes positive only for the
anti-CD-63 human antibody, approximately 1601 exosomes positive only for the anti-CD-81 human antibody, 1871 exosomes
positive only for the anti-CD-9 human antibody, 5 exosomes have a double positive match for anti-CD-81 and anti-CD-63
human antibodies, approximately 5 exosomes have a double positive match for anti-CD-63 and anti-CD-9 human antibodies,
53 exosomes are simultaneously positive for anti-CD-9 and anti-CD-81 human antibodies, and 7 exosomes present a triple
positive match for human antibodies.

Lyosecretome was characterized in terms of total lipid and protein content, and results
are reported in Table 4 expressed as ug of protein or lipid per mg of Lyosecretome.

Table 4. Lyosecretome total protein and lipid content; mean values £ standard deviation, n = 3.
Different letters indicate a significant difference between groups (p < 0.0001).

Batch n. ug Proteins/mg Lyosecretome ug Lipids/mg Lyosecretome
1 10.0 £ 0.07 a 07+ 005a
2 13.0+020b 1.0+ 0.04b
3 10.6 + 0.02¢ 0.6 + 0.07 ¢

Focusing on the yield of each batch, for batch 2, we obtained a higher amount of both
protein and lipid content, and comparing the three batches overall, a significant difference
was found (p < 0.05). Moreover, it is evident that there was a correlation between protein
and lipid content. It is well known that cell lines can highly affect secretome production
and composition due to the variability within the same species. This aspect could explain
the results in terms of different yield, although a certain reproducibility is maintained.

It should be noticed that the methods applied to analyze protein and lipid content
meet the pharmaceutical conditions and were previously validated [14]. For BCA-protein
quantification, the mean coefficient of calibration curve determination was in a range of
0 up to 100 ug/mL of BSA in water; the curve equation has an intercept not statically
significant, and the plot of the residuals had a common distribution of the error. These
latter considerations mean that no systematic error influenced the calibration (data not
shown). Considering the lipid quantification that was performed by a Nile Red assay, the
mean coefficient of the calibration curve determination was within a range of 0-20 pug/mL
of PC in water; the distribution of the plot residuals had a normal trend of the error; thus,
no systematic error influenced the calibration (data not shown).
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2.3. In Vitro Potency Test

The anti-elastase activity was tested on equine Lyosecretome at different concentra-
tions (2, 5, 10, and 20 mg/mL), showing a dose-dependent trend (Figure 6). The activity
assay consists of a kinetics enzymatic reaction considered from time 0 up to 40 min. The
activity exhibited almost 50% at the higher concentration, considering Epigallocatechin
gallate as a positive control due to its positive inhibition of the elastase enzyme.
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Figure 6. Anti-elastase activity was tested for the three batches at different Lyosecretome concen-
trations: 2, 5, 10, and 20 mg/mL, obtaining a dose-dependent trend. Mean values + LSD (n = 3),
ANOVA. Different letters (a, b, ¢, d, e, and f) indicate significant differences between the means
(p < 0.05), whereas the same letter indicates no significant difference (p > 0.05).

The metabolic activity of equine AD-MSCs, SE-MSCs, tenocytes, and chondrocytes
was evaluated after treatment with Lyosecretome. In detail, Lyosecretome was tested
at the concentrations of 400,000, 200,000, and 100,000 cell equivalents/well. For all cell
types, the exposition to Lyosecretome stimulated cell proliferation compared to serum-free
medium (p < 0.0001), and a dose-dependent trend of cell metabolic activity was observed.
The effects of Lyosecretome treatment were statistically different in the four cell types
(p <0.0001). As shown in the figure below (Figure 7), the dose-dependency reached a
plateau at 200,000 cell equivalent/well. The medium with 10% FBS added was considered
a positive control, while the serum-free medium was used as a negative control.

dddd
oD b . c bcbc Ccc
. b a OAD-MSCs
a
g 7 @FS-MSCs
@ Chond rocytes
B Tenocytes
Lyo 0 Lyo 100 Lyo 200 Lyo 400 FBS

Lyosecreteome cell equivalents (x 10%)

Figure 7. Cell metabolic activity on AD-MSCs, SF-MSCs, tenocytes, and chondrocytes tested at different Lyosecretome
concentrations demonstrating a dose-dependency up to 200,000 cell equivalents /well. Mean values + LSD (1 = 4), ANOVA.
Different letters (a, b, ¢, d) indicate significant differences between the means (p < 0.05), whereas the same letter indicates no
significant difference (p > 0.05). FBS indicates the positive control, while Lyo 0 stands for the negative control.
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2.4. Proteomic Investigation

The protein characterization of the secretome (Lyosecretome) isolated from equine
mesenchymal stem cells allowed the identification of 647 distinct proteins (Table S1). This
proteome was defined by seven technical replicate analyses performed with two different
mass spectrometers. Regardless of the instrumentation used, all replicates showed good
repeatability with R? values ranging from 0.92 to 0.99 (Figure 8A). About 25% of the proteins
were identified by an average spectral count > 1 (Figure 8B). In addition, 95 proteins were
identified in all analyzed samples, while 272 were found in at least 2 replicate analyses out
of 7 (Table S1).
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Figure 8. Proteomic analysis secreted from equine mesenchymal stem cells. (A) Spearman’s correlation computed using
Spectral counts of replicate LC-MS/MS analysis. (B) Virtual 2D-Map (pI vs. MW) of the total proteins identified (1 = 647);
color codes indicated the average spectral counts characterizing the identified proteins. (C) Rank list of the most abundant
identified proteins (n = 35, nSpC > 20) clustered for functional categories.

The rank list of the most abundant identified proteins (Figure 8C) highlighted the
presence of well-defined functional categories. Those most represented included ECM,
Tropomyosins, Cytoskeleton, Carbohydrate metabolism, and Proteins folding. However,
although less represented, other interesting proteins involved in Proteolysis regulation,
Redox homeostasis, Histone proteins, and Annexins were found. All these categories
agreed with those (Biological Process, Molecular Function, and Cellular Component) most
enriched by considering the global characterizes protein profile (Figure 51); interestingly, a
relevant enrichment of proteins involved in chaperone-mediated protein folding emerged
from this analysis. A major level of detail concerning functional categories and proteins
most relevant in the Lyosecretome from equine MSCs was reached by reconstructing
and processing, at a functional and topological level, an Equus caballus protein—protein
interaction (PPI) network; it was reconstructed exploiting the high sequence homology
(>87%) between Equus caballus and Homo sapiens protein sequences (Figure 52).

The Equus caballus PPI network reconstructed starting from proteins secreted by
mesenchymal stem cells counted 269 nodes and 2016 edges. They were clustered in 29 func-
tional/topological modules (Figure 9) further classified in 6 macro-areas, including Struc-
tural proteins, Genetic Information Processing, Metabolism, Transport, Proteolysis, and
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Immune response/Response to stress. Following the Biological processes, Molecular Func-
tions, and Protein families that emerged from network analysis, as well as the Lyosecretome
therapeutic properties observed, we focused our attention on proteins involved in inflam-
matory processes and response to a bacterium (Table 52); specifically, six proteins (IL10RA,
LTA4H, MXRAS5, RARRES2, TEK, ANXA1) were annotated by “Anti-inflammatory activ-
ity”, six proteins (C1QTNF3, ENPP3, GAPDH, KRT1, SERPINF1, SYNCRIP) by “Negative
regulation of inflammation”, while 35 were more generically “Involved in inflammatory
response”. In addition, seven proteins (RARRES2, NOD1, SERPINE1, H2BC20, SERPINE9,
PENK, EPX) were annotated to be involved in “Response to bacterium”. Of note, SERPINF1
and ANXA1 were also found among the most abundant proteins, suggesting a putative
active role as a candidate in exerting anti-inflammatory properties (Figure 8C). With the
purpose to shed light on other proteins with a potential regulatory role and functionally
capable of holding together communicating proteins by signaling mechanisms, we selected
a group of proteins that occupy specific network positions and that are defined as hubs
(Figure 10); within this group, we found proteins “Involved in inflammatory reaction”,
such as IKBKE, ADCY1, MMDP2, PARKY?7, THBS1, and IL6, which is also annotated to be
involved in the defense response against the bacterium.
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Figure 9. Equus caballus PPI network reconstructed by homology with Homo sapiens. The network was built by STRING

Cytoscape APP starting from proteins secreted by mesenchymal stem/stromal cells and identified at least two out of seven

replicate analyses.
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Figure 10. PPl network hubs in PPl network reconstructed from proteins secreted by Equus caballus mesenchymal
stem/stromal. (A) Violin plot reporting the average Betweenness in Random networks. (B) PPI network hubs were
selected considering Betweenness, Centroid, and Bridging (proportional to circle size) centralities; proteins were defined as
hubs if all centrality values were above the average values calculated on the whole network.

3. Discussion

This study aimed to propose a procedure for a scalable production of equine Lyosecre-
tome, define its characteristics, and pave the way for its use in in vivo preclinical studies
in animals affected by musculoskeletal disorders. To this aim, secretome production was
induced by serum starvation of expanded AD-MSCs, and then the freeze-dried secre-
tome was characterized in terms of qualitative and quantitative parameters. Experimental
evidence indicates that MSCs can be isolated from almost every tissue of the body [15],
even if it is still unclear whether cells derived from different sources share the same bi-
ological and therapeutical features. However, compared to the Lyosecretome prepared
from MSCs isolated from human adipose tissue, we found similar categories, including
genetic information processing, immune response, and stress response. Adipose tissue
and bone marrow are the preferred sources to isolate and expand MSCs for equine clinical
applications [13]. In our study, AD-MSCs were used for the preparation of Lyosecretome.

Ultrafiltration was chosen for the easy scalability to prepare large batches because
it presents several advantages compared to other techniques commonly used to isolate
MSC-secretome, including the affordable costs and the shorter time requested by the entire
process [16]. Furthermore, this technique grants the choice between filtration modules
with different molecular weight cut-offs (MWCO), allowing the preferred retention based
on the desired yield in small vesicles (as, for example, extracellular vesicles) or the whole
secretome. Other conventional methods commonly used for isolating EVs, such as ultracen-
trifugation, present several limitations regarding the possible damage of EVs membranes,
due to the high g-force required by the centrifugation steps [17]. In the current study,
we selected a relatively low MWCO able to retain the whole secretome to ensure a large-
spectrum therapeutic potential to the preparation, even though several studies support
the hypothesis that the EVs fraction alone might be sufficient to promote healing of the
injured tissues [18]. A biotechnological product such as secretome can be thermolabile, and
thus it cannot be dried applying thermal methods, responsible for possible modification
and/or degradation of bivactive components (e.g., protein). For this reason, to reach a
water-free product, the lyophilization process was considered. Lyophilization guarantees
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the maintenance of sterile conditions when changing from liquid to a powder state; more-
over, the final product is easy to store and requires a short reconstitution time of the dried
product; long-term stability is also provided [19]. Unfortunately, this technique has several
limitations: Costs, limited capacity, long processing time (it lasts approximately 4 days),
and difficulties in the “scale up” from laboratory to industrial production. Thus, its use
is justified when the product’s value is sufficiently high, such as producing biotechno-
logical drugs, vaccines, vitamins, antibiotics, liposomes, and oncological products. The
freeze-drying method creates freezing and drying stresses that can alter the stability of the
biological product; hence, before proceeding, the addiction of a cryoprotectant is needed.
The cryoprotectant guarantees the protection of both protein and vesicles lipidic layer
from the damages of ice crystals formed during the freezing step and inhibits vesicle size
alteration by aggregation. In this regard, mannitol is the most suitable cryoprotectant due
to its important stabilizing effects on freeze-dried pharmaceutical products [19]. Mannitol
properties have been widely discussed and investigated [20,21]. Its role is to ensure long-
term stability, easy reconstitution, and maintenance of biological features and activities.
However, the use of mannitol still remain controversial and many other excipients, such
as trehalose, can be adopted instead [22]. In the current work, mannitol was able to avoid
vesicles /particles aggregation as revealed by NTA analysis; moreover, it prevented vesicle
structure modification in terms of morphology as shown by SEM analysis. This latter
aspect was also ensured by applying ultrafiltration process for the secretome isolation,
rather than ultracentrifugation, which can possibly break-up vesicles membrane due to the
high shear forces.

FTIR spectra revealed similar bands for each of the three batches, where the presence
of lipids and protein content was confirmed. Overall, all samples’ spectra were overlapping,
thus ensuring the reproducibility of the batch production process. DSC has been employed
to demonstrate the purity, polymorphic form, melting point, and thermal behavior of EV
lipid bilayers, which can be affected in terms of stability under adverse conditions [23]. The
lyophilization process was conducted successfully for all batches, as confirmed by TGA
analysis, with a very low water residual and good thermal stability.

Regarding the analysis performed by the ExoView, the method is based on a direct-
biomarker association that captures particles into a chip. The technique allows discrim-
inating whether a protein is expressed on the surface of the exosome or in the exosome
by fluorescence analysis of the captured particles. Since a specific chip for analysis of
equine secretome is not available, the microarray specific to human proteins was used.
Although not validated for equine species, the chip is based on highly conserved proteins,
and a cross-reaction is plausible. We observed differences between the analysis of the three
batches. The number of exosomes presenting a double correlation anti-CD-81/CD-9 human
antibody was higher than the other correlations; moreover, CD-9 binding is probably the
most affine to horse secretome’s surface protein due to a higher protein match.

The anti-elastase activity tested on equine Lyosecretome provides the rationale for
using secretome in regenerative medicine [24]. High protease expression is a feature
commonly found in several musculoskeletal disorders contributing to their onset and
evolution. In this context, protease inhibitors work, contributing to restoring extracellular
matrix homeostasis. Our results showed a dose-dependent trend for each batch. Significant
variability was observed between the different preparation, probably caused by an intrinsic
biological variability between the cell populations used for their preparation.

In vitro metabolic activity assays are the gold standard for studying cell viability and
proliferation. In the present work, MTT assay was performed on four different cell types,
ie., AD-MSCs, SE-MSCs, tenocytes, and chondrocytes, considered potential targets for the
use of Lyosecretome in musculoskeletal disorders. No cytotoxic effect was observed after
Lyosecretome treatment in any of the four different cell lines, independently of the used
concentration. Lyosecretome was able to maintain cell replication when compared to serum-
free medium. A dose-dependent effect was observed for each cell line, and statistically
significant differences were observed as a function of the cell type. Cell metabolic activity
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ranged from 30% to 75% compared to medium supplemented with FBS, with the higher
stimulus observed at a Lyosecretome concentration of 200 mg/mL. Interestingly, at this
concentration, tenocytes, chondrocyte, and SF-MSCs were more responsive than AD-MSCs,
reaching a plateau at 200 mg/mL.

The effect observed following Lyosecretome treatment, in particular elastase inhibi-
tion, could be attributable, at least partially, to its protein content. In fact, in addition to
proteins involved in stress response, including the Heat Shock Proteins, we found pro-
tease/peptidase inhibitors among the protein classes better represented. In particular,
the putative relevant role of some of them, such as SERPINs, was also suggested by their
presence among the most abundant proteins (SERPIN1F) and proteins defined as hubs
(SERPINH1). Moreover, about 10% of the identified proteins were annotated to be involved
in the inflammatory response. In addition to SERPINE1, annotated to also be involved
in “Response to bacterium”, the presence of proteins with anti-inflammatory activity
(IL10RA, LTA4H, MXRAS [25], RARRES2 [26,27], TEK, ANXALI [28]) emerged. Some of
them, including MXRAS (Chemerin), have been previously associated with osteoarthritis,
and anti-inflammatory and anti-fibrotic properties have been proposed for this protein
suggesting its potential role in chronic inflammation [29]. In this scenario, MACFI1 has
also been detected in Lyosecretome; this protein plays a core function in wound healing
cell migration [30,31], primarily due to its ability to coordinate interaction between actin,
microtubule, and cell junctions. Concerning the cytokine profile, several proteins with
cytokine /chemokine activity have been observed in the Lyosecretome, i.e., IL-6, IL-7, CSF-1,
IL10RA, IL12RB2, CXCL6, GDF7, and Wnt5B. IL-6 and IL-7 are two pro-inflammatory
cytokines involved in MSCs immunomodulation [32,33]. The presence of IL-6 agrees with
a recent paper by Bundgaard et al. that also demonstrated the presence of CXCL6 in
equine bone marrow-derived MSCs [34]. Pro-inflammatory and chondrogenic treatments
modulated the expression of both proteins. IL6, acting as a pro-inflammatory mediator,
contributes to host defense during infection and tissue injury, but anti-inflammatory prop-
erties have also been suggested depending on the presence of other cytokines [35]. CSF-1
plays a role in inflammatory processes and promotes bone regeneration and mobilization of
vascular and osteogenic progenitor cells [36]. CSF-1 presence has also been demonstrated
in equine bone-marrow-derived MSCs secretome [34]. GDF7 and WNT5B are two secreted
signaling proteins whose role has been suggested in tenogenic (GDF7) and osteogenic
and chondrogenic (WNT5B) differentiation pathways of MSCs [37,38]. ILIORA mediates
the immunosuppressive signal of interleukin 10, an anti-inflammatory cytokine, already
observed in bone marrow-derived human MSCs secretome [39].

Highly expressed proteins belonging to the class I small leucine-rich proteoglycan
(SLRP) family, including LUM (lumican), DCN (decorin), and BGN (biglycan), were found
among proteins defined as hubs. SLRP family comprises a group of extracellular matrix
components distributed in most tissue whose gene expression is modified in OA [40].
Lumican, one of the most abundant proteins found in the secretome, regulates collagen
fibril organization, and its expression is reduced in OA cartilage [40]. Interestingly, lumican
is a major component of the corneal stroma, and its therapeutic use has been proposed
for ocular lesions [41]. Furthermore, lumican is considered a key effector in normal
wound repair [42]. Decorin plays a role in fibril assembly in tension-bearing tissues. It
may contribute to stabilizing the cartilage matrix in OA [43]. Decorin upregulation has
been proposed as an attempt to reduce aggrecan fragmentation in post-traumatic OA,
and decorin-based therapeutics have been suggested to attenuate OA progression [44].
Concerning biglycan, this extracellular matrix component contributes to the regulation of
chondrogenesis and ECM turnover in OA [45]. Interestingly, the Lyosecretome prepared
from equine adipose tissue-derived MSCs shares with the equine bone-marrow-derived
MBSCs secretome described by Bundgaard et al. [34] anumber of proteins related to cartilage
biology, i.e., LUM, DCN, COMP (cartilage oligomeric matrix protein), SCRGI (stimulator
of chondrogenesis-1), EPYC (Epiphycan), GAS6 (growth arrest specific 6).
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Regarding Lyosecretome as a pharmaceutical product, the following acceptance crite-
ria were defined: (i) Fulfilment of specific requirements by the cellular source: Viability
over 98%, capable for trilineage differentiation and negative for bacterial / viral contami-
nation. (ii) Protein and lipid content were between 10-13 and 0.6-1 ug per mg of powder,
respectively, mean EV size in the range of 100-200 nm, EV concentration in the range of
1-4 % 108 particles when re-suspended in dH;0 at 1 mg/mL, expression of CD-9, CD-63,
and CD-81 markers, negative for bacterial /viral contamination, water content less than 2%,
fulfilment of the criteria required for freeze-dried (cake aspect) and injectable formulations
(osmolarity, pH, absence of visible particles after resuspension in physiological solution).
The assessment on the final product has to be performed by characterization techniques
that can be validated at pharmaceutical grade and have an acceptable cost to be routinely
implemented [14,46,47]. (iii) Functional aspects should be included to demonstrate that
the final product, after having undergone all the isolation, purification, and formulation
processes, maintains biological activity. In detail, anti-elastase activity was higher than
20% at 20 mg/mL in dH>O. Finally, due to the limited experience in preparing equine
Lyosecretome (these are the first scaled-up batches prepared following ISO 9001:2018 for
validation) the source of variability cannot be fully investigated yet. With a more consistent
number of batches prepared, it will be possible to adopt specific measures to minimize the
batch-to-batch variability.

4. Materials and Methods

The Lyosecretome production was made at an accredited facility to produce and
control veterinary drugs for clinical use (Istituto Zooprofilattico Sperimentale Lombardia
and Emilia-Romagna (IZSLER, Brescia, Italy). The production protocol has been approved
by the Italian Ministry of Health (Prot. n. 0000778 del 15/01/2020 7.1.2.0.0.0/17 /2019—
AGD 809). Culture media, trypsin, and antibiotics used for cell cultures were purchased
from Euroclone (Milan, Italy). A commercial platelet lysate kit (PL) was obtained from
Carlo Erba Reagents (Milan, Italy). Fetal Bovine Serum (FBS) was purchased by Gibco-
Thermofisher (Milan, Italy). Chemicals such as mannitol, bovine serum albumin, Nile Red,
acetone, collagenase, and phosphatidylcholine were obtained from Merck Life Science S.r.1.
(Milan, Italy) unless mentioned.

4.1. Lyosecretome Production
4.1.1. Mesenchymal Stem/Stromal Cell Isolation

Allogeneic AD-MSCs from equine species were obtained from the biobank at Istituto
Zooprofilattico Sperimentale Lombardia and Emilia-Romagna (IZSLER) (Brescia, Italy).
The clinical data related to the cells stored in the biobank as gender, age, the weight of the
donor, and cell passage number, were recorded by the IZSLER. In detail, the secretome
was produced by three donors. The donors were 10 years old, male, and the breed is
unknown. The samples were tested for Equine Herpesvirus, Equine Arterivirus, Flavivirus,
and Lentivirus (antibodies screening). All the samples were collected from animals killed
at the slaughterhouse following the related Italian Law. Adipose tissue digestion was
performed at 37 °C, 5% CO, using type Il collagenase 0.075% (w/v) solubilized in Phos-
phate Buffer Saline (PBS) with Ca®* and Mg2+ supplemented with penicillin (50 U/mL),
streptomycin (20 ug/mL), and amphotericin B (2.5 ug/mL). After 1 h, Dulbecco’s moditfied
Eagle’s Medium (DMEM) with 10% (v/v) of equine platelet lysate was added to the cell
suspension in a 1:1 ratio. The digested tissue was filtered with 70 um filters and centrifuged
at 600 x g for 5 min. The recovered stromal vascular fraction was grown in a monolayer
(100,000 cells /cm?) in DMEM, enriched with 10% (v/v) platelet lysate, penicillin, strepto-
mycin, and amphotericin B. On reaching sub-confluence, the MSCs were detached from
the flask with 0.05% (w/v) trypsin-EDTA, counted, seeded in flasks (10,000 cells/cm?) at
37 °C and 5% CO,, and amplified. Upon reaching sub-confluence, the cells were ready
for the induction of secretome production. All cells used were at passage 1 and tested for
trilineage differentiation and microbiological controls.
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4.1.2. Mesenchymal Stem/Stromal Cell-Derived Secretome Production

Secretome production was induced by platelet lysate starvation of MSCs. In detail, the
culture medium was removed and the cells were repeatedly washed (at least three times)
with PBS without Ca?* and Mg?* to eliminate any residual platelet lysate [48]. MSCs were
then cultured in a DMEM medium without platelet lysate for 24 h, replacing the culture
medium after the first 9 h. Both conditioned media (collected at 9 and 24 h, respectively)
were blended; MSCs were detached with trypsin-EDTA and counted in a Burker chamber.

4.1.3. Ultrafiltration

The collected conditioned media was firstly centrifuged at 3500x g for 10 min to
eliminate cell fragments and apoptotic bodies. Subsequently, supernatants were collected,
and the ultrafiltration process was performed applying a tangential flow filtration using
KrosFlo® Research 2i system (Spectrum Laboratories, Milan, Ttaly), using Molecular Weight
Cut Off (MWCO) of a 5 kDa filtration module (Spectrum Laboratories, Milan, Italy). For the
ultrafiltration process, all the instrument components were sterilized to operate in aseptic
conditions under a laminar flow hood. The ultrafiltration process consists of two phases, at
tirst allowing to concentrate the sample, and then to diafilter with sterilized and ultrapure
water; according to manufacturer’s guidelines, during each step, the shear rate of the feed
stream was kept between 2000 s~ and 6000 s—!, while the trans-membrane pressure index
was kept at maximum 5 psi. The concentration step led to a concentration of 0.5 x 10° cell
equivalents per mL. The evaluation of the process scale-up was calculated as average liters
per m? per h:

L/m?/h= permeate flux (mL/min)/cartridge superficial area (rnz) 0.06

4.1.4. Secretome Freeze-Drying

As the elective cryoprotectant, mannitol was chosen for this study, and it was mixed
with the purified secretome at the concentration of 0.5% (w/v). The resulting solution was
at first frozen at —80 °C, and then a conservative freeze-drying process was adopted (Heto
PowerDry PL3000) at 8 x 101 mbar and —50 °C for 72 h. The lyophilized secretome
was kept at —20 °C up to the time of use (maximum 9 months). Before and after the
freeze-drying process, Lyosecretome yield (mg) was established, and cell equivalents per
mg were calculated by dividing the total cell number used for production and the gained
milligrams of Lyosecretome.

4.2. Lyosecretame Characterization
4.2.1. Residual Humidity and Osmolarity

After the samples rebalance at room temperature, residual humidity was determined
by the Coulometric Titrator HI904 (Hanna Instruments). The titration was conducted two
times on each vial (n = 3 vials). After reconstitution of 10 mg of lyophilized product in
2 mL saline (0.9% w/v NaCl in water) at 37 °C, the osmolarity was measured using a micro
osmometer (Precision System Inc., Natick, MA, USA). The pH of the reconstituted product
was measured by pH meter (Mettler-Toledo, Columbus, OH, USA).

4.2 2. Fourier Transform Infrared Spectroscopy (FT-IR)

FT-IR spectra of Lyosecretome were obtained using a Spectrum One Perkin-Elmer
spectrophotometer (Perkin Elmer, Wellesley, MA, USA) equipped with a MIRacle™ ATR
device (Pike Technologies, Madison, WI, USA). The IR spectra in transmittance mode were
collected in the spectral region of 6504000 em~! due to the accumulation of 64 scans with

a resolution of 4 cm 1,

4.2.3. Thermal Characterization

Differential scanning calorimetry (DSC) analysis measured temperature and enthalpy
values with a Mettler STAR® system (Mettler Toledo, Columbus, OH, USA) equipped with
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a DSC81¢ Module and an Intracooler device (Jukabo FT 900) for sub-ambient temperature
analysis. Firstly, the instrument was previously calibrated with Indium as a standard
reference. Qutcome curves were achieved recording on about 3 mg of samples in 40
uL sealed aluminum pans with pierced lids (method: —30-350 °C temperature range;
heating rate 10 K min ; nitrogen air atmosphere flux 50 mL min 1) Experiments were
performed in triplicate.

Thermogravimetric analysis (TGA) was measured with a Mettler STAR® system
equipped with a TGA/DSC1. Firstly, the instrument was calibrated with Indium as
a standard reference. Outcome curves of the mass losses were obtained recording on
34 mg of samples in 70 pL alumina pans (method: 30-350 °C temperature range; heat-
ing rate 10 K min~; nitrogen air atmosphere flux 50 mL min~1). Experiments were
performed in triplicate.

4.2 4. Morphology Investigation by Scanning Electron Microscopy (SEM)

Lyosecretome morphology has been investigated by SEM with a Zeiss EVO MA 10
(Carl Zeiss, Oberkochen, Germany). For the analysis, the samples were coated with a
gold-sputter under argon.

4.2.5. Particle Size Distribution

The particle size distribution of Lyosecretome was evaluated by performing Nanopar-
ticle Tracking Analysis (NTA) using NanoSight NS 300 (Malvern Instruments, Malvern,
UK). In detail, the freeze-dried powder was resuspended in 1 mL of deionized water
(1 mg/mL) and analyzed with a dilution factor of 1:10. All measurements were repeated
for 6 cycles of 60 s each, using NanoSight protocols.

4.2 6. Microvesicles Surface Biomarkers by ExoView Analysis

ExoView (Alfatest, I) is an innovative test to determine the size and number of ex-
osomes in a sample by biomarker detection. The Tetraspanin Human standard Kit with
a thin layer of CD63, CD81, and CD9 was chosen, and solutions for sample dilution
were supplied by the Nano View Bioscience company. The analysis method could be
divided into two macro steps: Interferometric imaging that gives information about the
exosome’s number and exosome'’s size; and fluorescence analysis that offers the intensity
of a positive-marker protein. Samples were prepared in triplicate and diluted according
to the protocol suggested by the supplier for the tetraspanin kit (NanoView Biosciences;
EV-TETRA) and incubated for 16 h on ExoView tetraspanin chips. The chips were coated
with a fluorescent antibodies mixture of anti CD81, CD63, or CD9, placed on an orbital
shaker at 500 rpm for 1 h, and then washed four times. Chips were transferred into a Petri
plate with MilliQ water for the final washing step and, after drying with an adsorbent
paper, placed onto ExoView instrument’s chip holder and analyzed. The results are the
average of three determinations.

4.2.7. Total Protein Quantification

At the end of the lyophilization process, Lyosecretome protein quantification was
determined by using the BCA-Protein Assay Kit (Thermo Fischer Scientific, Milan, Italy)
following the manufacturer’s specifications. The absorbance-concentration calibration
curve was generated using bovine serum albumin (BSA) standards. Working reagent
solution was added to each sample and standard (ratio 1:1) and then incubated at 37 °C
for 2 h before measuring the absorbance at 562 nm with a microplate reader (Synergy
HT, Milan, Italy). The Lyosecretome protein amount was estimated as a plot function
comparing concentration vs. absorbance obtained for the standard protein solutions, using
a third-order polynomial equation, with R? = 0.99. Results are reported as ug of protein
per mg of Lyosecretome. Each sample was tested in triplicate.
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4.2 8. Total Lipid Quantification

To prepare the Nile Red stock solution, the Nile Red powder was solubilized in acetone
(3.14 M), avoiding light exposure, and kept at 4 “C. The stock solution was diluted 100 x in
PBS (pH = 7.4) before use, and 10 uL of it were incubated with 90 uL of samples. After 5 min,
the relative fluorescence was calculated by Sinergy HT (530/25 excitation and 645/40
emission). The Lyosecretome lipid amount was estimated as a plot function comparing
concentration vs. absorbance obtained for standard phosphatidylcholine solutions, using a
third-degree polynomial equation, with R? =0.99. Results are reported as ug of lipid per
mg of Lyosecretome. Each sample was tested in triplicate.

4.29. Sterility Test and Microbiological Control

Each batch was investigated for sterility, endotoxins, Mycoplasma, and microbiological
contaminations, as described in the current version of European Pharmacopoeia. Briefly,
sterility and microbial examinations were performed as indicated in EuPh 2.6.27 and 2.6.1
chapters, respectively. Furthermore, a bacterial endotoxins evaluation was carried out
by the Limulus Amebocyte Lysate test (EuPh 2.6.14), a chromogenic kinetic method, and
measured as an Endotoxin Unit (EU). The test was performed following the manufacturer’s
instructions. Finally, mycoplasma contamination was investigated by performing specific
tests (NAT test, EuPh 2.6.7.).

4.3. In Vitro Potency Test
4.3.1. Elastase Inhibitory Assay

The in vitro inhibitory effect of equine Lyosecretome on the elastase enzyme was eval-
uated using the method previously described in the literature, with some modifications [49].
Pancreatic porcine elastase (Merck Life Science S.r.l.) was solubilized in phosphate buffer
pH 6.8 (0.5TU mL " !). The substrate N-succinyl-Ala-Ala-Ala-p-nitroanilide (Merck Life
Science S.r.1) was dissolved in TRIS buffer until a final concentration of 0.41 mmol L1
was reached. All the tested concentrations (2, 5, 10, 20 mg mL~1) were incubated with the
enzyme for 20 min, and, consequently, the substrate was added right before reading the
microplates to begin the reaction. The kinetic reaction was monitored by spectrophoto-
metric analysis (Synergy HT) at the absorbance of 410 nm for 35 min (measurements were
made every minute). The reaction mixture in the absence of sample was used as a negative
control, while the epigallocatechin gallate (EGCG) (Merck Life Science S.r.l.) was used as a
positive control. The absorbance value of each sample was subtracted from the absorbance
of the blank mixture (sample without the enzyme and substrate). Analyses were performed
in triplicate. The inhibition rate was reported as a percentage of anti-elastase activity and
calculated as follows:

Activity (%) = [([Actr — Asamp)/AcTr] > 100
where Acry is the negative control absorbance and ASamp is the Lyosecretome sample absorbance.

4.3.2. Proliferative Test

The proliferative effects of Lyosecretome were evaluated on four different equine cell
lines: Chondrocytes, tenocytes, synovial fluid, and adipose tissue-derived MSCs. Tissue
samples were collected at the local abattoir following the related Italian Law from three
healthy 5- to 10-year-old male horses of unknown breed, ensuring the absence of viral
and bacterial pathologies. AD-MSCs were isolated and expanded as described above (see
paragraph 2.1.2).

Synovial Fluid Cells Collection and Expansion

The synovial fluid was collected from the metacarpophalangeal (fetlock) joint. Fol-
lowing trimming and disinfection, 4-5 mL of fluid were collected with a sterile syringe,
transferred in a 50 mL falcon-type tube, and diluted 1:10 with sterile phosphate-buffered
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saline (PBS). After accurate mixing, the tube was centrifuged at 500x g for 20 min. The
cell pellet was resuspended in 2 mL of DMEM supplemented with penicillin (50 U/mL),
streptomycin (25 ng/mL), and amphotericin B (2 ug/mL) and transferred in two 25 cm?
culture flasks. After 48 h, the medium was changed. The attached cells were expanded
until they reached about 80% confluence when they were trypsinized and expanded at a
1:3 ratio. Cells were used for further experiments at passage P3-P4.

Tenocytes Isolation and Expansion

Tissue samples of superficial digital flexor tendon (SDFT) were collected in sterility
and dissected in 2-3 mm® pieces with a scalpel blade, removing tendon sheath. The tissue
was digested overnight in 1 mg/mL collagenase II (5 mL/g of tissue) at 37 “C. After
digestion, the cell suspension was strained (40 um nylon mesh) and then centrifuged at
900 g for 15 min. The cell pellet was resuspended in 2 mL of DMEM supplemented with
1% (v/v) penicillin (100 U/mL), streptomycin (100 ug/mL), and amphotericin B (2 ug/mL).
Cell viability was assessed by Trypan blue staining. Cells were then transferred in 25 cm?
culture flasks (10,000 sz) and expanded in DMEM at 37 °C, 5% CO». Upon reaching
P3-P4, cells were used for further experiments.

Chondrocytes Isolation and Expansion

Cartilage tissue samples were collected from the metacarpophalangeal joint. The
joint was exposed in sterility, and about 1 g of cartilage was collected with a scalpel blade
in small pieces. Tissue samples were digested overnight in 5 mL of collagenase type 1L
(0.1%, v/ in DMEM) at 37 °C [2]. After digestion, the cell suspension was strained (40 pm
nylon mesh) and centrifuged at 180 ¢ for 15 min. The cell pellet was resuspended in
DMEM supplemented with 1% (v/v) penicillin (100 U/mL), streptomycin (100 pg/mL), and
amphotericin B (2 pg/mL) and then seeded with the same medium in 25 cm? culture flasks
(10,000 cells/cm?). Cells were used for in vitro metabolic activity assay at passage P3-P4.

Proliferative Test by MTT

The MTT assay was performed to assess cell metabolic activity in the four different
cell lines reported above (AD-MSCs, SF-MSC, tenocytes, and chondrocytes) as potential
targets for the use of Lyosecretome in osteoarticular diseases. In detail, 10,000 cells/well
were plated in 96-well plates in DMEM supplemented with 10% Fetal Bovine Serum (FBS);
three replicates were prepared for each treatment. After 24 h, the medium was replaced
with serum-free DMEM containing Lyosecretome at the concentrations of 400,000, 200,000,
and 100,000 cells /well. Cells were cultured for a further 48 h, and then the MTT test was
performed as previously reported [50]. Briefly, the cells” optical density (OD) after MTT
treatment was measured at 570 nm and 670 nm (reference wavelength). The cell metabolic
activity percentage was calculated as 100 x (ODsample/ODcontrol). Cells cultured with
DMEM containing 10% FBS were considered a positive control (ODcontrol), while the cells
cultured without serum (serum-free medium) were considered a negative control. The
MTT assay was repeated with four different cell preparations for each cell line.

4.4. Proteomic Investigation
4.4.1. LC-MS/MS Analysis

Two milliliters of sample were concentrated to 100 pL in a vacuum concentrator at
60 °C, and the protein concentration was assessed using the SPN™_Protein Assay kit
(G-Biosciences, St. Louis, MO, USA); 50 ug of proteins were added with 0.2% of Rapigest
and held at 100 °C for 20 min. The sample was digested overnight at 37 °C by adding
sequencing-grade modified trypsin (Promega, Madison, W1, USA) at an enzyme/substrate
ratio of 1:50 (w/w). An additional aliquot of trypsin (enzyme/substrate ratio of 1:100 w/w)
was added in the morning (4 h, 37 °C). The addition of 0.5% trifluoroacetic acid stopped the
enzymatic reaction. Digested proteins were desalted using PepClean C-18 spin columns
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(Pierce Biotechnology, Inc., Rockford, IL, USA), concentrated, and finally suspended in
20 uL of 0.1% (v /v) formic acid.

The sample was analyzed using two LC-MS5/MS platforms for a total of seven technical
replicates. The first LC-MS/MS system (n = 3) was equipped with an Eksigent nanoLC-
Ultra 2D System (Eksigent, part of AB SCIEX, Dublin, CA, USA) coupled with a hybrid ion
trap-Orbitrap mass spectrometer (LTQ Orbitrap XLTM ETD; Thermo Fisher Scientific, Inc.,
Milan, Italy). The loading pump runs in isocratic mode with 0.1% formic acid in water for
10 min at a flow rate of 3 uL/min; the gradient pump runs a 125-min gradient of 5 to 95%
of eluent B (5-40% B in 110 min, 40-95% B in 15 min; eluent A, 0.1% formic acid in water;
eluent B, 0.1% formic acid in acetonitrile) at a flow rate of 300 nL /min through the column
(75 um x 15 cm ChromXP C18-CL 3 pum, 120 A). Eluting peptides were electrosprayed
directly into a hybrid ion trap-Orbitrap mass spectrometer (LTQ Orbitrap XLTM ETD;
Thermo Fisher Scientific, Inc., Milan, Italy), equipped with a nanospray ion source. The
spray capillary voltage was set at 1.7 kV, and the ion transfer capillary temperature was
maintained at 220 "C. Full mass spectra were recorded in the positive ion mode over a
400-1600 m/z range, with a resolving power of 60,000 (full width at half-maximum). This
step was followed by five low-resolution MS/MS events that were sequentially generated
in a data-dependent manner on the top five ions selected from the full MS spectrum, using
dynamic exclusion for the MS/MS analysis. In particular, the M5/MS scans were acquired
by setting normalized collision energy of 35% on the precursor ion and, when a peptide
ion was analyzed twice, applying an exclusion duration of 0.5 min.

The second LC-MS/MS system (n = 4) was equipped with a two-dimensional micro-
high-performance liquid chromatography system (Surveyor HPLC; Thermo Fisher Sci-
entific, Inc., San Jose, CA, USA) coupled online to an LTQ mass spectrometer (Thermo
Fisher Scientific, San Jose, CA, USA). Ten microliters of peptide mixtures were concentrated
and desalted online by C18 traps loaded on a 10-port valve before final separation on
the capillary reversed-phase column (Biobasic-C18, 0.180 i.d. x100 mm, 5 um particle
size, Thermo Fisher Scientific, San Jose, CA, USA). The flow rate was 100 pL/min, which
was split to achieve a final flux of 2 uL./min. Peptides were separated with the following
eluents: (A) 0.1% formic acid in water; (B) 0.1% formic acid in acetonitrile; the gradient
profile was 5-40% B in 110 min, 40-95% B in 15 min; the flow rate on C-18 column was
1 uL/min. The peptides eluted from the C18 column were directly analyzed with an
LTQ mass spectrometer (Thermo Fisher Scientific, San Jose, CA, USA) equipped with a
nano-ESI source. Full MS spectra were acquired in positive mode over a 400—2000 m /z
range, followed by five MS/MS events sequentially generated in a data-dependent manner
on the first five most intense ions selected from the full MS spectrum (collision energy 35%)
and using dynamic exclusion for MS/MS analysis.

4.4.2. Proteomic Data Processing

The experimental MS/MS spectra produced by LTQ and LTQ Orbitrap XLTM ETD
mass spectrometers were matched against the in silico tryptic peptide sequences of the
Equus caballus protein database retrieved from UNIPROT in March 2021 (44484 protein
sequences). Data processing was performed by Discoverer 2.5 software, based on the
SEQUEST HT algorithm [51]. Peptide and protein assignment was made according to
specific guidelines [52]. The following criteria were used for peptide identification: Par-
ent mass tolerance of 50 ppm and 200 ppm was set for LTQ Orbitrap XLTM ETD and
LTQ, respectively; while for both peptides, fragment mass tolerance was set to 0.8 Da,
respectively. Missed cleavage sites per peptide were set to 3. The percolator node was
used with a target-decoy strategy to give a final false discovery rate (FDR) < 0.01 (strict)
based on g-values, considering a maximum ACN of 0.05. Only peptides with a minimum
peptide length of 5 amino acids, confidence at “Medium” level, and rank 1 were considered.
Protein grouping and strict parsimony principles were applied. To evaluate the correlation
among replicate analyses, Spearman’s rank correlation was computed by JMP15.2 SAS
software. To provide a rank list of the most abundant proteins in the analyzed samples,
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the average Spectral count (SpC) of each protein was normalized on MW as previously
reported [53]. Functional Annotation Tool of DAVID database [54] was used to characterize
the most enriched molecular function (MF), biological process (BP), and cellular component
categories; specifically, background = Equus caballus, count > 5 and p < 0.01 were set.

An Equus caballus protein—protein interaction (PPI) network was built by homology
with Homo sapiens, as previously reported [55]. Proteins identified in at least 2 out of 7
replicate analysis were combined with the Homo sapiens PPI network retrieved from the
STRING database [56]. Only experimentally and database-defined PPIs with a score > 0.15
and 0.35, respectively, were considered. The resulting sub-network was visualized and
analyzed by Cytoscape and its plugins [57]. It was processed at the functional level using
STRING Cytoscape APP [56]. Network topological analysis was performed by Centis-
cape2.2 Cytoscape plugin as previously reported [58]; betweenness, centroid, and bridging
centralities were evaluated. A set of nodes with values above the average calculated on
the whole network were defined as hubs [59]. The statistical significance of topological
results was tested by considering randomized network models; they were reconstructed
and analyzed by an in-house R script based on VertexSort (to build random models), igraph
(to compute centralities), and ggplot2 (to plot results) libraries.

4.5. Statistical Analysis

Raw data were processed through STATGRAPHICS XVII (Statpoint Techonologies,
Inc., Warrenton, VA, USA). A general linear analysis of variance model (ANOVA) was
generated to evaluate the data. The function was then followed by an LSD test to estimate
the differences between means. Each batch was processed, considering protein and lipid
content as the response variable and the batch number as the fixed factor. To evaluate
cell proliferation, the cell metabolic activity was set as the response variable and the
Lyosecretome concentration as a fixed factor. Statistical significance was set at p < 0.05.

5. Conclusions

This study provides the proof-of-principle of the feasibility of a clinical-grade injectable
freeze-dried formulation containing the secretome from equine adipose tissue-derived
mesenchymal stem/stromal cells. The technological production process has proven to be
consistent, and a panel of tests for quality control and batch release has been defined. Lyose-
cretome exerts a direct activity on different musculoskeletal cell types such as tenocytes,
chondrocytes, and tissue-resident MSCs; also, proteomic composition suggests a possible
role of Lyosecretome for regenerative medicine applications. In detail, our findings suggest
the therapeutic role in musculoskeletal diseases and wound healing of many proteins
found in the equine secretome, including SLRP family members. Certainly, a more in-depth
evaluation of the role of these proteins could be performed, and it will be the object of
future investigations. Although extensive in vitro characterization is needed, this work
paves the way for the clinical use of Lyosecretome: The proof-of-concept for manufacturing
clinical-grade equine Lyosecretome has been provided, and prototypes are now available
to evaluate its safety and efficacy in the treatment of horse musculoskeletal diseases.

Supplementary Materials: The following are available online at https: / /www.mdpi.com/article/
10.3390/ ph14060553/s1, Figure S1. Functional evaluation of the protein profile characterized from
equine mesenchymal stem/ stromal cells. (A) Biological Processes, (B) Cellular Components, and (C)
Molecular Functions enriched by considering protein secreted by equine mesenchymal stem /stromal
cells. Fold enrichment was calculated by DAVID db (p < 0.01); Figure S2. Equus caballus protein—
protein interaction (PPI) network reconstruction. (A) Homology between Equus caballus and Homo
sapiens protein sequences. (B) Distribution of the global STRING score, (C) experiments STRING
score, and (D) database STRING score found for the protein-protein interactions used to reconstruct
the Equus caballus PPI network. Table S1. List of proteins identified by analyzing the Lyosecretome
obtained by equine adipose-derived mesenchymal stem cells; Table S2. List of proteins involved in
inflammatory processes and response to bacterium.

40



Pharmaceuticals 2021, 14, 553 21 0f23

Author Contributions: Conceptualization, S.C., S.D., M.L.T. and S.P.;; methodology, D.DS.; valida-
tion, S.G., formal analysis, M.L.T,; investigation, M.M., E.B., R.V,, PB., V.C,, G.P, EB., L.C.,, M.S. and
LS.; resources, S.D., S.G. and M.L.T.; writing—original draft preparation, M.M., 5.G. and D.D.S;;
writing—review and editing, S.G., D.D.S,, E.B,, S.P, 5.D. and P.M,; supervision, S.G., M.D.B., S.P.
and M.L.T,; funding acquisition, S.D., S.P, L.S. and M.L.T. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was partially supported by Interreg V-A Italy-Switzerland 2014-2020—ATEx—
Advanced Therapies Experiences. Project ID 637541.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: The data presented in this study are contained within the article.

Acknowledgments: The authors thank Vittorio Del Grosso (Department of Pharmaceutical Sciences,
University of Piemonte Orientale, Largo Donegani 2/3, 28100 Novara, [taly) for ExoView biomarkers
analysis. Special thanks to Stefano Cinotti and Maura Ferrari, who laid down the foundation for this
project years ago.

Conflicts of Interest: M.L.T. and S.P. are co-founders and members of the advisory board of the
company PharmaExceed S.r.1.

References

L

10.

11.

12,

13.

14.

Sevivas, N.; Teixeira, F; Portugal, R.; Aratjo, L; Carrico, L.F; Ferreira, N.V.; Da Silva, M.V.; Espregueira-Mendes, |.; Anjo, S.;
Manadas, B.; et al. Mesenchymal Stem Cell Secretome: A Potential Tool for the Prevention of Muscle Degenerative Changes
Associated with Chronic Rotator Cuff Tears. Am. [. Sports Med. 2016, 45, 179-188. [CrossRef]

Galuzzi, M.; Perteghella, S.; Antonioli, B.; Tosca, M.C.; Bari, E.; Tripodo, G.; Sorrenti, M.; Catenacci, L.; Mastracci, L.; Grillo, E;
et al. Human Engineered Cartilage and Decellularized Matrix as an Alternative to Animal Osteoarthritis Model. Polymers 2018,
10, 738. [CrossRef] [PubMed]

Martel-Pelletier, J; Barr, A.J; Cicuttini, EM.; Conaghan, PG.; Cooper, C.; Goldring, M.B,; Goldring, SR.; Jones, G.; Teichtahl, AJ.;
Pelletier, J.-P. Osteoarthritis. Nat. Rev. Dis. Prim. 2016, 2, 16072. [CrossRef] [PubMed]

Mcllwraith, C.W.; Kawcak, C.; Baxter, G.M.; Goodrich, L.R.; Valberg, S.J. Joint injuries and disease and osteoarthritis. In Principles
of Musculoskeletal Disease; Wiley: Hoboken, NJ, USA, 2020; Chapter 7. [CrossRef]

Markoski, M.M. Advances in the Use of Stem Cells in Veterinary Medicine: From Basic Research to Clinical Practice. Science 2016,
2016, 1-12. [CrossRef] [PubMed]

Smith, RK.W.; Korda, M.; Blunn, G.W.; Goodship, A.E. Isolation and implantation of autologous equine mesenchymal stem
cells from bone marrow into the superficial digital flexor tendon as a potential novel treatment. Equine Vefer . 2010, 35, 99-102.
[CrossRef] [PubMed]

Lange-Consiglio, A.; Rossi, D.; Tassan, S.; Perego, R.; Cremonesi, F; Parolini, O. Conditioned Medium from Horse Amniotic
Membrane-Derived Multipotent Progenitor Cells: Immunomodulatory Activity In Vitro and First Clinical Application in Tendon
and Ligament Injuries In Vivo. Stem Cells Dev. 2013, 22, 3015-3024. [CrossRef]

Brandao, .S, Alvarenga, M.L.; Pfeifer, | PH.; Santos, V.H.; Fonseca-Alves, C.E.; Rodrigues, M.; Laufer-Amorim, R.; Castillo,
J.A.L; Alves, A.L.G.; De Souza, ].B. Allogeneic mesenchymal stem cell transplantation in healthy equine superficial digital flexor
tendon: A study of the local inflammatory response. Res. Veter Sci. 2018, 118, 423-430. [CrossRef]

Ricco, S.; Renzi, S.; Del Bue, M.; Conti, V.; Merli, E.; Ramoni, R,; Lucarelli, E.; Gnudi, G.; Ferrari, M.; Grolli, S. Allogeneic Adipose
Tissue-Derived Mesenchymal Stem Cells in Combination with Platelet Rich Plasma are Safe and Effective in the Therapy of
Superficial Digital Flexor Tendonitis in the Horse. Inf. |. Immunopathol. Pharmacol. 2013, 26, 61-68. [CrossRef]

Abbasi-Malati, Z.; Roushandeh, A.M.; Kuwahara, Y.; Roudkenar, M.H. Mesenchymal Stem Cells on Horizon: A New Arsenal of
Therapeutic Agents. Stem Cell Rev. Rep. 2018, 14, 484-499. [CrossRef]

Konala, V.B.R.; Mamidi, M.K; Bhonde, R.; Das, A K.; Pochampally, R,; Pal, R. The current landscape of the mesenchymal stromal
cell secretome: A new paradigm for cell-free regeneration. Cyfotherapy 2016, 18, 13-24. [CrossRef]

El Andaloussi, S.; Miger, L; Breakefield, X.0.; Wood, M.J.A. Extracellular vesicles: Biology and emerging therapeutic opportunities.
Nat. Rev. Drug Discov. 2013, 12, 347-357. [CrossRef]

Mocchi, M.; Dotti, S.; Del Bue, M.; Villa, R.; Bari, E.; Perteghella, S.; Torre, M.L.; Grolli, S. Veterinary Regenerative Medicine for
Musculoskeletal Disorders: Can Mesenchymal Stem /Stromal Cells and Their Secretome Be the New Frontier? Cells 2020, 9, 1453.
[CrossRef]

Bari, E; Perteghella, S.; DiSilvestre, D.; Sorlini, M.; Catenacci, L.; Sorrenti, M.; Marrubini, G.; Rossi, R; Tripodo, G.; Mauri, P; et al.
Pilot Production of Mesenchymal Stem/Stromal Freeze-Dried Secretome for Cell-Free Regenerative Nanomedicine: A Validated
GMP-Compliant Process. Cells 2018, 7, 190. [CrossRef] [PubMed]

41



Pharmaceuticals 2021, 14, 553 22 0f 23

15.

16.

17

18.

19.

20.

21.

24.

26.
27.

28.

29.

31.

32.

36.

37.

38.

39.

Orbay, H.; Tobita, M.; Mizuno, H. Mesenchymal Stem Cells [solated from Adipose and Other Tissues: Basic Biological Properties
and Clinical Applications. Stem Cells Int. 2012, 2012, 1-9. [CrossRef] [PubMed]

Gaetani, P; Torre, M.L.; Klinger, M.; Faustini, M.; Crovato, F.; Bucco, M.; Marazzi, M.; Chlapanidas, T.; Levi, D.; Tancioni, E; et al.
Adipose-Derived Stem Cell Therapy for Intervertebral Disc Regeneration: AnIn VitroReconstructed Tissue in Alginate Capsules.
Tissue Eng. Part A 2008, 14, 1415-1423. [CrossRef]

Doyle, LM.; Wang, M.Z. Overview of Extracellular Vesicles, Their Origin, Composition, Purpose, and Methods for Exosome
Isolation and Analysis. Cells 2019, 8, 727. [CrossRef] [PubMed]

Sole, A.; Spriet, M.; Galuppo, L.D.; Padgett, K.A_; Borjesson, D.L.; Wisner, E.R; Brosnan, R.].; Vidal, M.A. Scintigraphic evaluation
of intra-arterial and intravenous regional limb perfusion of allogeneic bone marrow-derived mesenchymal stem cells in the
normal equine distal limb using 99mTe-HMPAO. Equine Veter [. 2012, 44, 594-599. [CrossRef]

Smith, RK.W.,; Werling, N; Dakin, S.; Alam, R.; Goodship, A E.; Dudhia, ]. Beneficial Effects of Autologous Bone Marrow-Derived
Mesenchymal Stem Cells in Naturally Occurring Tendinopathy. PLoS ONE 2013, 8, €75697. [CrossRef]

Franze, S.; Selmin, F; Samaritani, E.; Minghetti, P; Cilurzo, F. Lyophilization of liposomal formulations: Still necessary, still
challenging. Pharmaceutics 2018, 10, 139. [CrossRef] [PubMed]

Kumar, KN.; Mallik, S.; Sarkar, K. Role of freeze-drying in the presence of mannitol on the echogenicity of echogenic liposomes.
J. Acoust. Soc. Am. 2017, 142, 3670-3676. [CrossRef]

Olsson, C.; Jansson, H.; Swenson, ]. The Role of Trehalose for the Stabilization of Proteins. J. Phys. Chem. B 2016, 120, 4723-4731.
[CrossRef] [PubMed]

Demetzos, C. Differential Scanning Calorimetry (DSC): A Tool to Study the Thermal Behavior of Lipid Bilayers and Liposomal
Stability. |. Liposome Res. 2008, 18, 159-173. [CrossRef]

Han, S.; Li, Y.Y.; Chan, B.P. Protease inhibitors enhance extracellular collagen fibril deposition in human mesenchymal stem cells.
Stern Cell Res. Ther. 2015, 6, 197. [CrossRef] [PubMed]

Balakrishnan, L.; Nirujogi, R.S.; Ahmad, S.; Bhattacharjee, M.; Manda, S.S.; Renuse, S.; Kelkar, D.S.; Subbannayya, Y.; Raju, R.;
Coel, R.; et al. Proteomic analysis of human osteoarthritis synovial fluid. Clin. Profeom. 2014, 11, 6. [CrossRef]

Xie, C.; Chen, Q. Adipokines: New Therapeutic Target for Osteoarthritis? Curr. Rheumatol. Rep. 2019, 21, 71. [CrossRef] [PubMed]
Berenbaum, E; Eymard, F; Houard, X. Osteoarthritis, inflammation and obesity. Curr. Opin. Rheumatol. 2013, 25, 114-118.
[CrossRef]

Pirozzi, C.; Francisco, V.; Di Guida, F.; Gémez, R.; Lago, E; Pino, |.; Meli, R; Gualillo, O. Butyrate Modulates Inflammation in
Chondrocytes via GPR43 Receptor. Cell. Physiol. Biochent. 2018, 51, 228-243. [CrossRef]

Poveda, [.; Sanz, A.B.; Fernandez-Fernandez, B.; Carrasco, S.; Ruiz-Ortega, M.; Cannata-Ortiz, P.; Ortiz, A.; Sanchez-Nifio, M.D.
MXRAS is a TGF-p1-regulated human protein with anti-inflammatory and anti-fibrotic properties. J. Cell. Mol. Med. 2016, 21,
154-164. [CrossRef] [PubMed]

Ning, W.; Yu, ¥; Xu, H;; Liu, X;; Wang, D.; Wang, J.; Wang, Y.; Meng, W. The CAMSAP3-ACF7 Complex Couples Noncentrosomal
Microtubules with Actin Filaments to Coordinate Their Dynamics. Dev. Cell 2016, 39, 61-74. [CrossRef]

Zaoui, K.; Benseddik, K; Daou, P.; Salaun, D.; Badache, A. ErbB2 receptor controls microtubule capture by recruiting ACF7 to the
plasma membrane of migrating cells. Proc. Natl. Acad. Sci. USA 2010, 107, 18517-18522. [CrossRef]

Saldafa, L.; Bensiamar, E; Vallés, G.; Mancebo, EJ.; Garcia-Rey, E.; Vilaboa, N. Inmunoregulatory potential of mesenchymal stem
cells following activation by macrophage-derived soluble factors. Stem Cell Res. Ther. 2019, 10, 1-15. [CrossRef] [PubMed]
Mohme, M.; Maire, C.L.; Geumann, U.; Schliffke, S.; Diihrsen, L.; Fita, K.D.; Akytliz, N.; Binder, M.; Westphal, M.; Guenther,
C.; et al. Local Intracerebral Immunomodulation Using Interleukin-Expressing Mesenchymal Stem Cells in Glioblastoma. Clin.
Cancer Res. 2020, 26, 2626-2639. [CrossRef]

Bundgaard, L.; Stensballe, A.; Elbaek, K.J.; Berg, L.C. Mass spectrometric analysis of the in vitro secretome from equine bone
marrow-derived mesenchymal stromal cells to assess the effect of chondrogenic differentiation on response to interleukin-1f3
treatment. Stem Cell Res. Ther. 2020, 11, 1-10. [CrossRef]

Borsini, A.; Di Benedetto, M.G.; Giacobbe, J.; Pariante, C.M. Pro- and Anti-Inflammatory Properties of Interleukin in Vitro:
Relevance for Major Depression and Human Hippocampal Neurogenesis. Int. . Neuropsychopharmacol. 2020, 23, 738-750.
[CrossRef] [PubMed]

Roseren, F; Pithioux, M.; Robert, S.; Balasse, L.; Guillet, B.; Lamy, E.; Roffino, S. Systemic Administration of G-CSF Accelerates
Bone Regeneration and Modulates Mobilization of Progenitor Cells in a Rat Model of Distraction Osteogenesis. Int. J. Mol. Sci.
2021, 22, 3505. [CrossRef] [PubMed]

Otabe, K.; Nakahara, H.; Hasegawa, A.; Matsukawa, T.; Ayabe, F; Onizuka, N.; Inui, M.; Takada, S.; Ito, Y.; Sekiya, L; et al.
Transcription factor Mohawk controls tenogenic differentiation of bone marrow mesenchymal stem cells in vitro and in vivo. J.
Orthop. Res. 2015, 33, 1-8. [CrossRef]

Tornero-Esteban, P.; Peralta-Sastre, A_; Herranz, E.; Rodriguez-Rodriguez, L.; Mucientes, A.; Abasolo, L.; Marco, E; Fernandez-
Gutierrez, B.; Lamas, ].R. Altered Expression of Wnt Signhaling Pathway Components in Osteogenesis of Mesenchymal Stem Cells
in Osteoarthritis Patients. PLoS ONE 2015, 10, e0137170. [CrossRef]

Brune, S.; Grange, C.; Deregibus, M.C.; Calogero, R.; Saviozzi, S.; Collino, F; Morando, L.; Busca, A.; Falda, M.; Bussolati, B.; et al.
Mesenchymal Stem Cell-Derived Microvesicles Protect Against Acute Tubular Injury. J. Am. Soc. Nephrol. 2009, 20, 1053-1067.
[CrossRef]

42



Pharmaceuticals 2021, 14, 553 23 0f23

40.

41.

43.

45.

46.

47.

48.

49.

51.

52.

53.

55.

56.

57.

Ni, G.-X.; Li, Z.; Zhou, Y.-Z. The role of small leucine-rich proteoglycans in osteoarthritis pathogenesis. Osteoarthr. Cartil. 2014, 22,
896-903. [CrossRef]

Yazdanpanah, G.; Jiang, Y.; Rabiee, B.; Omidi, M.; Rosenblatt, ML.1; Shokuhfar, T.; Pan, Y.; Naba, A.; Djalilian, A.R. Fabrication,
Rheological, and Compositional Characterization of Thermoresponsive Hydrogel from Cornea. Tissue Eng. Part C Methods 2021,
27,307-321. [CrossRef]

Karamanou, K.; Perrot, G.; Maquart, F-X_; Brézillon, S. Lumican as a multivalent effector in wound healing. Adv. Drug Deliv. Rev.
2018, 129, 344-351. [CrossRef]

Li, Q.; Han, B.; Wang, C.; Tong, W.; Wei, Y.; Tseng, W.; Han, L.; Liu, X.5.; Enomoto-Iwamoto, M.; Mauck, R.L.; et al. Mediation
of Cartilage Matrix Degeneration and Fibrillation by Decorin in Post-traumatic Osteoarthritis. Arthritis Rheumatol. 2020, 72,
1266-1277. [CrossRef] [PubMed]

Chery, D.R.; Han, B.; Zhou, Y,; Wang, C.; Adams, S.M.; Chandrasekaran, P,; Kwok, B.; Heo, S.-].; Enomoto-Iwamoto, M.; Lu, X.L.;
et al. Decorin regulates cartilage pericellular matrix micromechanobiology. Matrix Biol. 2021, 96, 1-17. [CrossRef] [PubMed]
Embree, M.C.; Kilts, T.M.; Ono, M.; Inkson, C.; Syed-Picard, E; Karsdal, M.A_; Oldberg, A;Bi,Y; Young, M.E. Biglycan and
Fibromedulin Have Essential Roles in Regulating Chondrogenesis and Extracellular Matrix Turnover in Temporomandibular
Joint Osteoarthritis. Am. J. Pathol. 2010, 176, 812-826. [CrossRef] [PubMed]

Bari, E.; Perteghella, S.; Catenacci, L.; Sorlini, M.; Croce, S.; Mantelli, M.; A Avanzini, M.; Sorrenti, M.; Torre, M.L. Freeze-dried
and GMP-compliant pharmaceuticals containing exosomes for acellular mesenchymal stromal cell immunomodulant therapy.
Nanomedicine 2019, 14, 753-765. [CrossRef] [PubMed]

Bari, E.; Ferrarotti, L; Torre, M.L.; Corsico, A.G.; Perteghella, 5. Mesenchymal stem/stromal cell secretome for lung regeneration:
The long way through “pharmaceuticalization” for the best formulation. . Control. Release 2019, 309, 11-24. [CrossRef]
Mentkowski, K.; Snitzer, ].D.; Rusnak, S.; Lang, ]. K. Therapeutic Potential of Engineered Extracellular Vesicles. AAPS |. 2018, 20,
50. [CrossRef]

Orlandi, G.; Farago, S.; Menato, S.; Sorlini, M.; Butti, F.; Mocchi, M.; Donelli, [; Catenacci, L.; Sorrenti, M.L.; Croce, S.; et al.
Eco-sustainable silk sericin from by-product of textile industry can be employed for cosmetic, dermatology and drug delivery. J.
Chem. Technol. Biotechnol. 2020, 95, 2549-2560). [CrossRef]

Orlandi, G.; Bari, E.; Catenacci, L.; Sorrenti, M.; Segale, L.; Farago, S.; Sorlini, M.; Arciola, C.R.; Torre, M.L.; Perteghella, S.
Polyphenols-Loaded Sericin Self-Assembling Nanoparticles: A Slow-Release for Regeneration by Tissue-Resident Mesenchymal
Stem/Stromal Cells. Pharmaceutics 2020, 12, 381. [CrossRef]

Washburn, M.P. The H-Index of ‘An Approach to Correlate Tandem Mass Spectral Data of Peptides with Amino Acid Sequences
in a Protein Database’. J. Am. Soc. Mass Spectrom. 2015, 26, 1799-1803. [CrossRef]

Deutsch, EW.; Overall, CM.; Van Eyk, ] E.; Baker, M.; Paik, Y.-K.; Weintraub, S.T.; Lane, L.; Martens, L.; Vandenbrouck, Y.;
Kusebauch, U,; etal. Human Proteome Project Mass Spectrometry Data Interpretation Guidelines 2.1. |. Proteome Res. 2016, 15,
3961-3970. [CrossRef] [PubMed]

Motta, S.; Vecchietti, D.; Martorana, A.M.; Brunetti, P,; Bertoni, G.; Polissi, A.; Mauri, P.; Di Silvestre, D. The Landscape of
Pseudomonas aeruginosa Membrane-Associated Proteins. Cells 2020, 9, 2421. [CrossRef] [PubMed]

Huang, D.W.; Sherman, B.T,; Lempicki, R.A. Bioinformatics enrichment tools: Paths toward the comprehensive functional
analysis of large gene lists. Nucleic Acids Res. 2009, 37, 1-13. [CrossRef]

Di Silvestre, D.; Vigani, G.; Mauri, P; Hammadi, S.; Morandini, P; Murgia, I. Network Topological Analysis for the Identification
of Novel Hubs in Plant Nutrition. Front. Plant Sci. 2021, 12. [CrossRef] [PubMed]

Doncheva, N.T.; Morris, ].H.; Gorodkin, |.; Jensen, L.]. Cytoscape String App: Network Analysis and Visualization of Proteomics
Data. J. Proteome Res. 2019, 18, 623-632. [CrossRef] [PubMed]

Su, G.; Morris, |.H.; Demchak, B.; Bader, G.D. Biological Network Exploration with Cytoscape 3. Curr. Profoc. Bioinform. 2014, 47,
8.13.1-8.13.24. [CrossRef]

Scardoni, G.; Tosadori, G.; Faizan, M.; Spoto, F,; Fabbri, F; Laudanna, C. Biclogical network analysis with CentiScaPe: Centralities
and experimental dataset integration. F1000Research 2014, 3, 139. [CrossRef]

Sereni, L.; Castiello, M.C.; Di Silvestre, D.; Della Valle, P.; Brombin, C.; Ferrua, F.; Cicalese, M.P; Pozzi, L.; Migliavacca, M.;
Bernardo, M.E.; et al. Lentiviral gene therapy corrects platelet phenotype and function in patients with Wiskott-Aldrich syndrome.
J. Allergy Clin. Immunol. 2019, 144, 825-838. [CrossRef] [PubMed]

43



Partli

Objective - Canine Lyo-secretome production, characterization, and preliminary in vivo safety

evaluation

Resume — The same procedure was used to obtain canine batches of Lyosecretome from adipose
tissue-derived MSCs, characterized through the same panel of quality controls. Next, in vitro
potency tests were performed to assess proliferative effects on different cell lines. Finally, a
preliminary in vivo safety evaluation was performed in three patients spontaneously suffering from
elbow or knee osteoarthritis, treated with two intra-articular injections of Lyo-secretome
resuspended in hyaluronic acid, at a 40-day interval. Clinical and orthopedic visits and an owner

guestionnaire were used for the follow-up.

Published article - Canine Mesenchymal Cell Lyosecretome Production and Safety Evaluation after
Allogenic Intraarticular Injection in Osteoarthritic Dogs. Michela Mocchi, Elia Bari, Silvia Dotti,
Riccardo Villa, Priscilla Berni, Virna Conti, Maurizio Del Bue, Gian Paolo Squassino, Lorena Segale,

Roberto Ramoni, Maria Luisa Torre, Sara Perteghella and Stefano Grolli

Key aspects — The in vitro studies confirmed the positive effects previously shown for equine
species. Furthermore, this study suggests that repeated IA injection of allogeneic Lyo-secretome is
safe and does not induce clinically adverse reactions, paving the way for a complete clinical trial to

assess the Lyo-secretome efficacy in the treatment of dogs with naturally occurring osteoarthritis.
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Simple Summary: Recently, mesenchymal stromal cells have been proposed as a valid approach for
treating osteoarthritis diseases, mainly due to the secretion of soluble factors and extracellular vesicles
known as secretome. In this paper, an injectable freeze-dried pharmaceutical powder containing
canine mesenchymal stromal cells-secretome (Lyosecretome) has been formulated, and in vitro
potency experiments were conducted. Furthermore, the Lyosecretome was applied in dogs affected
by osteoarthritis to assess its safety. Results indicated that intra-articular injection of allogeneic
Lyosecretome is safe and does not induce an adverse response, thus paving the way for future studies
regarding the efficacy.

Abstract: In recent years, mesenchymal stromal cells (MSCs) have shown promise as a therapy in
treating musculoskeletal diseases, and it is currently believed that their therapeutic effect is mainly
related to the release of proteins and extracellular vesicles (EVs), known as secretome. In this work,
three batches of canine MSC-secretome were prepared by standardized processes according to the
current standard [SO9001 and formulated as a freeze-dried powder named Lyosecretome. The final
products were characterized in protein and lipid content, EV size distribution and tested to ensure the
microbiological safety required for intraarticular injection. Lyosecretome induced the proliferation
of adipose tissue-derived canine MSCs, tenocytes, and chondrocytes in a dose-dependent manner
and showed anti-elastase activity, reaching 85% of inhibitory activity at a 20 mg/mL concentration.
Finally, to evaluate the safety of the preparation, three patients affected by bilateral knee or elbow
osteoarthritis were treated with two intra-articular injections (t = 0 and t = 40 days) of the allogeneic
Lyosecretome (20 mg corresponding 2 x 10° cell equivalents) resuspended in hyaluronic acid in one
joint and placebo (mannitol resuspended in hyalurenic acid) in the other joint. To establish the safety
of the treatment, the follow-up included a questionnaire addressed to the owner and orthopaedic
examinations to assess lameness grade, pain score, functional disability score and range of motion up
to day 80 post-treatment. Overall, the collected data suggest that intra-articular injection of allogeneic
Lyosecretome is safe and does not induce a clinically significant local or systemic adverse response.

Animals 2021, 11, 3271. https: / /doi.org,/ 10.3390 /ani1 1113271
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1. Introduction

In the last few years, mesenchymal stem cells (MSCs) have shown promise as a therapy
in the treatment of musculoskeletal diseases (MSDs), including different pathological
conditions such as disorders of muscle, joint, bone, nerves, and tendons [1]. The disease
burden of MSDs in veterinary medicine is considerable and represents a significant threat
to animal welfare worldwide, particularly in canine and equine species [2,3]. MSDs are
related to various factors, such as intensive and repetitive works, sport-related trauma,
ageing, and genetic background [1]. However, the MSCs ability to undergo multi-lineage
differentiation has long been considered a critical feature to justify their clinical application.
Currently, it is proved that the therapeutic effect of MSCs is mainly related to the secretion
of a wide variety of trophic factors, encompassed under the name of secretome [4,5],
playing an important paracrine activity.

MSCs secretome is composed of a combination of soluble factors (mainly cytokines and
growth factors) and insoluble extracellular vesicles, including exosomes and microvesicles.
The numerous different features associated with the secretome suggest that it could be used
as an MSCs substitute [5] to mediate their biological activity, including anti-inflammatory
and tissue regenerative properties [6]. The use of MSC-secretome as an alternative to their
parental cells brings several advantages in regenerative medicine: the use of a cell-free
product would reduce the unwanted immune reaction, and the tumorigenic risk related
to the MSCs proliferation and differentiation capability; it is also easier to handle, store
and ensure a sterile product by filtration [7-9]. We recently proposed a GMP-compliant
human secretome production process that allowed us to obtain a stable and effective
product named Lyosecretome (freeze-dried secretome) from human adipose tissue-derived
MSCs [10-14]; this process included an ultrafiltration step for the concentration and the
purification of MSCs-derived secretome, and the following lyophilization, obtaining a
powder dosage form ensuring an improved long-term stability of the secretome.

In the current work, we applied the same procedure to obtain canine Lyosecretome
from adipose tissue-derived MSCs, as a candidate for in vivo testing on naturally occur-
ring diseases, thanks to the promising regenerative potential of M5Cs secretome. Canine
Lyosecretome was first characterized through quality controls regarding physicochemical
properties, vesicles morphology and size distribution, protein and lipid content; further-
more, the requirements for the preparation of injectable pharmaceutical dosage forms
were evaluated. Next, in vitro potency tests were performed to assess proliferative effects
on different cell lines. Finally, the proof of principle of the safety of the canine allogenic
Lyosecretome was performed by intraarticular administration to osteoarthritic dogs. As
far as we know, this study is the first canine study based on MSCs secretome in naturally
occurring musculoskeletal diseases. The application of Lyosecretome to animals affected
by spontaneous osteoarthritis, avoiding the use of experimentally induced disease models,
could provide interesting information about the safety and feasibility of an allogenic cell-
free regenerative medicine approach in companion animals that share with the owner’s
environment and lifestyle [15], thus providing valuable clues for osteoarthritis therapy in
the human counterpart.

2. Materials and Methods
2.1. Materials

The Lyosecretome production was made at an accredited facility to produce and con-
trol veterinary products for clinical use (Istituto Zooprofilattico Sperimentale Lombardia
and Emilia-Romagna, IZLER, Brescia, Italy). The production protocol has been approved
by the Italian Ministry of Health (Prot. n. 0000778 del 15/01/2020 7.1.2.0.0.0/17/2019-
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AGD 809). Adipose-derived canine MSCs were obtained by [ZLER Biobank. All reagents
for cell culture, e.g.,, DMEM, fetal bovine serum (FBS) and antibiotics, were purchased
from Euroclone, Milan, Italy. Acetone, bovine serum albumin (BSA), mannitol and phos-
phatidylcholine (PC) were bought from Sigma Aldrich, Milan, Italy. Epigallocatechin
gallate (EGCG), N-succinyl-Ala-Ala-Ala-p-nitroanilide and pancreatic porcine elastase
were purchased from Merck Life Science, Milan, Italy. Otherwise specified, all the reagents
used were of analytical grade.

2.2. Preparation and Characterization of Injectable Lijosecretome Formulations

Freeze-dried MSC-secretome (Lyosecretome) was prepared and characterized following
and adapting previous procedures in compliance with the current standard ISO 9001 [10-14].
Adipose-derived MSCs (AD-MSCs) were seeded into flasks at 10,000 cells / em? and expanded
until P3 with DMEM/F12 medium plus 10% v/v FBS, plus 1% v/v penicillin/streptomycin
and 1% v/v amphotericin B at 37 °C and 5% CO,. Secretome was obtained by culturing
MSCs in DMEM/F12 without FBS (FBS starvation) for 48 h. MSCs employed accomplished
the requirements for clinical use in terms of cell viability, cellular identity, genomic stability
(as stated by the International Society for Cellular Therapy [16]), sterility and apyrogenicity
(according to Eu. Ph. 9.0, 2.6.7). Supernatants collected from the cell culture were centrifuged
at 3500 g for 10 min to remove cell debris and apoptotic bodies. Supernatants were recovered
and then ultrafiltered by tangential flow filtration (KrosFlo® Research 2 i system, Spectrum
Laboratories, Milan, Italy) using a filtration module with a superficial area of 235 cm?2
and a molecular Weight Cut Off (MWCO) of 5 kDa (Spectrum Laboratories, Milan, Italy).
The samples were first concentrated at 0.5 x 10° cell equivalents per mL (calculated by
dividing the total cell number and the concentrated mL of supernatant). Then, they were
diafiltered using sterile ultrapure water as a buffer. The processed sample was then added
of mannitol at a final concentration of 0.5% w/v, frozen at —80 °C and freeze-dried (Christ
Epsilon 2-16 D LSCplus) at —50°Cand 8 x 10! mbar for 72 h. The obtained Lyosecretome
was stored at —20 °C until use (6 months); each mg of Lyosecretome corresponds to
0.1 x 10° cell equivalents (=total cell number/obtained milligrams of Lyosecretome).

2.2.1. Lyosecretome Characterization
Proteins and Lipids Amount

Total proteins were dosed by the BCA Protein Assay Kit (Thermo Fisher Scientific,
Milan, Italy) according to the manufacturer’s instructions. Briefly, the working reagent
solution in a 1:1 ratio was added to each sample and incubated at 37 °C for 2 h. The
optical density was measured at 562 nm with a microplate reader (Synergy HT, BioTek,
United Kingdom). Standard protein solutions (BSA) were used to build a calibration
curve (R2 = 0.99). Total lipids were dosed by the Nile Red method, which was previously
validated [10]. The Nile Red powder was solubilized in acetone at a concentration of 3.14 M
and then diluted 100 x in PBS. Nile Red solution was added to samples (1:9 ratio) and
incubated for 5 min at room temperature. The fluorescence was measured by Synergy HT
at 530/25 excitation and 645 /40 emission. Standard lipid solutions (PC) were used to build
a calibration curve (R? = 0.99). All analyses were done in triplicate.

EV Particle Size and Concentration

Nanoparticle Tracking Analysis (NTA, NanoSight NS 300 equipment, Malvern In-
struments, Malvern, UK) was used to measure EVs’ particle size and concentration into
Lyosecretome. The freeze-dried powder was analyzed at room temperature at the concen-
tration of 1 mg/mL in deionized water. By adjusting the instrument setting, raw data were
processed by the NTA software v3.2 (Malvern Instruments, Malvern, UK). All analyses
were done in triplicate.
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Physical-Chemical Characterization

Fourier-Transform Infrared Spectroscopy (FT-IR) spectra of the Lyosecretome were
evaluated between 650 and 4000 cm ™! spectral regions with a resolution of at least 4 cm~1.
A Spectrum One Perkin-Elmer spectrophotometer (Perkin Elmer, Wellesley, MA, USA)
arranged with a MIRacle™ ATR device (Pike Technologies, Madison, WI, USA) was ex-
ploited. All measurements were done in triplicate. Differential Scanning Calorimetry (DSC)
analysis was performed with a Mettler STAR® system (Mettler Toledo, Columbus, OH,
USA) equipped with a DSC821 e Module and an Intracooler device (Jukabo FT 900) (JU-
LABO GmbH, Seelbach, Germany) for sub-ambient temperature analysis. The instrument,
after calibration with Indium as a standard, was used on samples; the curves were recorded
on about 3 mg in 40 uL sealed aluminium pans with pierced lid. The following parameters
were considered: temperature range —30-250 °C; heating rate 10 K min~1; nitrogen air
atmosphere flux 50 mL min~!). Each experiment was performed in triplicate. Thermo
Gravimetric Analysis (TGA) was performed with a Mettler STARe system (Mettler Toledo,
Columbus, OH, USA) arranged with a TGA /DSC1 (Mettler Toledo, Columbus, OH, USA).
The instrument was previously calibrated with Indium as a standard reference; then, the
curves were recorded on about 4 mg of samples in 70 uL. alumina pans. The following pa-
rameters were considered: temperature range 30-300 °C; heating rate 10 K min~1; nitrogen
air atmosphere flux 50 mL min~!. Each experiment was performed in triplicate.

Sterility and Apyrogenicity

Sterility, endotoxins, mycoplasma and other microbiological contaminations were
evaluated on a representative sample using the same tests applied to ensure the sterile
conditions of the starting cells. In detail, for microbial control, the samples were examined
through a microbiology test according to the provisions of the European Pharmacopoeia
(EuPh 2.6.2). Apyrogenicity was ensured by quantitatively detecting bacterial endotoxins
using the Limulus Amebocyte Lysate (LAL) test (EuPh 2.6.14) and measured as Endotoxin
Unit (EU). Possible mycoplasma contamination was detected by carrying out specific tests
(NAT test) following the provisions of European Pharmacopoeia (EuPh 2.6.7).

2.3. In Vitro Potency and Efficacy Tests
2.3.1. Specimen Collection

Adipose tissue, tendon, and cartilage tissue samples were collected from animals at the
local Veterinary Teaching Hospital. All animal owners were aware of the study and signed
an informed consensus, and the protocols were approved by the Italian Ministry of Health
(Prot. n. 0000778 del 15/01/2020 7.1.2.0.0.0/17 /2019-AGD 809). All the animals were
subjected to a complete clinical examination, blood count (CBC), and serum biochemistry
analysis. Tendons and cartilage were collected two to six hours after the death from the
knee joint of animals who died of natural causes and were subjected to necroscopy. Patients
affected by infectious diseases were excluded.

2.3.2. MSCs Isolation from Adipose Tissue, Tendon and Cartilage

Once collected, each type of tissue was washed in 70% ethanol and stored in phosphate-
buffered saline (PBS) containing penicillin (50 U/mL), streptomycin (20 pg/mL), and
amphotericin B (2.5 ug/mL) for a maximum of 2h before being processed. Then, 1-1.5 g of
tissue were fragmented in 0.3-0.5 cm? pieces in a Petri dish with scalpels and sterile pliers.
The fragments were transferred to a 15 mL conical centrifuge tube containing a solution of
0.1% w/v collagenase type I, prepared in DMEM, supplemented with 100 U/mL penicillin,
100 ug/mL streptomycin, 2.5 ug/mL amphotericin B, at a ratio of 5 mL of medium per
gram of minced tissue. The samples were enzymatically digested in a water bath at 37 °C,
in moderate agitation, for 1 h for adipose tissue and 2 h for tendon and cartilage fragments.
The solution was then filtered with a nylon filter (mesh 100 um) and centrifuged at 190x g
for 15 min. The pellet obtained was followed by resuspension in 2 mL of maintenance
medium (mDMEM), consisting of DMEM supplemented with 10% v/v FBS, penicillin
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100 U/mL, streptomycin 100 png/mL, amphotericin B 2.5 ug/mL, and then seeded in
25 ecm? cultures flasks. The cells were maintained in an incubator at 37 °C in a 5 % CO,
atmosphere, renewing the medium every 72 h. Once 80% confluence was reached, the cells
were detached with 0.05% Trypsin-EDTA in PBS and expanded to P3-P4 when used for the
experiments described below.

2.3.3. Cell Metabolic Activity Evaluation

The cytocompatibility and proliferation ability of Lyosecretome were evaluated on
three different cell lines: canine MSCs, canine tenocytes and canine chondrocytes. Cells
were seeded in 96-well plates at 10,000 cells/well for 24 h and treated with increasing
doses of Lyosecretome (50,000, 100,000 and 200,000 cell equivalents /well) in a serum-free
medium. Cells not treated with Lyosecretome or treated with 10% v/ FBS were considered
negative and positive control. After 48 h, an MTT test was performed. The absorbance
was measured by a microplate reader (Victor Nivo, Perkin Elmer, Waltham, MA, USA)
at 570 nm and 670 nm (reference wavelength), and the metabolic activity percentage was
calculated as:

Cell metabolic activity (%) = 100 x (Abssan.,lﬁ,le /Abspositi\,e control)- (1)

2.3.4. Anti-Elastase Activity

The suppressive effect of Lyosecretome on pancreatic porcine elastase was assessed
in vitro. Briefly, the enzyme was solubilized in phosphate buffer pH 6.8 at 0.5 IU mL1,
Simultaneously, the substrate consisting of N-succinyl-Ala-Ala-Ala-p-nitroanilide was
dissolved at a final concentration of 0.41 mmol L1 in TRIS buffer. Increasing concentrations
of Lyosecretome (2, 5, 10, 20 mg mL ') were incubated at room temperature with the
enzyme for 20 min; then, the substrate was added, and the kinetic reaction was monitored
by spectrophotometric analysis (Synergy HT) at the absorbance of 410 nm for 35 min (one
measurement,/minute). The reaction mixture in the absence of Lyosecretome was used as a
negative control, while EGCG at 7.2 mg /mL was used as a positive control. Analyses were
performed in triplicate, and the percentage anti-elastase activity (%) was calculated as:

Anti-elastase activity (%) = [(Actr — Asamp) / Actr] x 100 (2)

where A¢y is the optical density of the negative control, and Asamp is the optical density
of the Lyosecretome sample.

2.4. In Vivo Safety Evaluation

In vivo safety of Lyosecretome was evaluated on dogs atfected by naturally occurring
osteoarthritis (OA).

2.4.1. Ethical Concerns

The clinical trial has been approved by the Italian Ministry of Health (Prot. n. 0000778
del 15/01/2020 7.1.2.0.0.0/17 /2019-AGD 809). The clinical experimentation has also
been approved by the ethical committee of Istituto Sperimentale della Lombardia ed
Emilia Romagna (IZSLER, n. 1/2019, 21 March 2019).2.4.2. Animal Recruiting and Inclu-
sion/Exclusion Criteria.

The current study enrolled 5 client-owned dogs presenting bilateral elbow or knee
osteoarthritis (Table 1). The animals were treated with two intra-articular injections of
Lyosecretome at 40-days intervals. The owners of all the animals involved in the study
signed a written donor consent after being notified of the relevant project information.
For the enrollment, the patients underwent a complete clinical examination, complete
blood count and serum biochemistry analysis to exclude other pathologies, followed by
an orthopaedic examination to confirm and grade the OA. Details on the different clinical
cases are reported in the Supplementary materials (Section S1, Figures S1-53).
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Table 1. Summary of cases included in this study regarding the breed, age, gender, weight and
affected joint.

Animal Breed Age (Years) Gender Weight Joint
1 Labrador 8 F 35 Knee
2 Labrador 9 F 35 Elbow
3 Golden retriever 5 M 34 Elbow
4 Labrador 3 M 32 Elbow
5 Labrador 9 M 30 Elbow

This study evaluated the following orthopaedic parameters: lameness, pain, functional
disability, range of motion, and OA grade (Tables 2—1). A disease score was obtained by
adding scores for each of these parameters, ranging from grade 1 to 5 (Table 5). Only Grade
5 dogs were enrolled in this study.

Table 2. Overview of the score systems used for the orthopaedic examination.

Parameter Score Definition

—

Stands, walks and trots normally
Stands normally, slightly painful gait when trotting
Stands normally, slightly painful gait when walking
Stands normally, evident painful gait when walking
Stands abnormally, evident painful gait when walking

Lameness

None
Mild signs
Moderate signs
Severe signs
The dog will not allow palpation

Pain

Normal
Slightly stiff
SHff
Very stiff, unwilling to walk
Need assistance to walk

Functional disability

No limitation of movement or crepitus
10 to 20% decrease in range of motion, no crepitus
10 to 20% decrease in range of motion with crepitus
20 to 50% decrease in range of motion
More than 50% decrease in range of motion

Range of motion

Ul W= Ul R U Wk = U W

Table 3. The Kellgren-Lawrence grading of osteoarthritis for the knee joint.

0A Grading Radiographic Features
Absent 0 No abnormalities
Doubtful 1 Minute osteophytes
Minimal 2 Definite osteophytes
Moderate 3 Diminished joint space
Severe 4 Greatly diminished joint space + sclerosis of the subchondral bone
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Table 4. International Elbow Working Group (IEWG) guidelines for elbow osteoarthritis.

OA Grading Radiographic Features

Absent 0 Normal elbow joint, no evidence of incongruency, sclerosis, or arthrosis
: Presence of osteophytes < 2 mm high, sclerosis of the base of the
Mild 1 : L
coronoid process—trabecular pattern still visible
Presence of osteophytes of 2-5 mm high, obvious sclerosis (no
Moderate 2 :
trabecular pattern) of the base of the coronoid processes

Severe 3 Osteophytes of over 5 mm found anywhere in the joint

Table 5. Disease score was obtained by adding the scores of all the parameters evaluated in this study.

Sum of Scores Disease Score

0-2
3-6
7-10
11-14
15-20

Ul W=

2.4.2. Pre-Treatment and Post-Treatment Evaluations

A tull orthopaedic examination was conducted with X-rays under sedation to assess
the baseline severity of OA in each animal. Radiographic signs of OA were evaluated using
the Kellgren—Lawrence scale for the knee joint [17] and the International Elbow Working
Group (IEWG) guidelines for the elbow joint [18]. The OA was categorized as shown
in Tables 3 and 4. The orthopaedic examination of the animals included the assessment
of lameness grade, pain score, functional disability score and range of motion (ROM)
on day 0 (t0) and 40 days after each intra-articular treatment (t40 and t80). In detail, to
assess the lameness score, gait was observed at stand, walk and trot and recorded by
video, and lameness was categorized from grade 1 to 5 (Table 2) [19]. Each joint was
then manipulated for pain and functional disability, and the ROM was assessed with an
orthopaedic goniometer, giving a score from 1 to 5 to each parameter (Table 2) [17,19].

The follow-up included an owner questionnaire (Table 6) containing the validated
Helsinki chronic pain index (HCPI) for up to 80 days (t0, t2, t4 ... t20, t40, and t80). The
questionnaire inquired about the dog’s general condition (body temperature, appetite)
and local reactions in the treated joints (heat, pain, and joint swelling). Owners were
also asked to report any abnormal response of the patient or NSAID treatment needed.
Chronic pain signs were assessed with the HCPI that contained questions regarding the
dog’s mood, lameness, and willingness to move, play, and jump. The HCPI included
11 questions, whose answers were given by a score of 0 to 4, where 0 and 1 indicate normal
behaviour and movement, while 2, 3, and 4 indicate pain with increasing severity [20-22].
The owner questionnaire based on HCPI and additional information was used to assess
animal welfare before the treatment and to collect local or systemic adverse reactions,
providing information about the safety of the treatment.
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Table 6. Questionnaire submitted to the owners. The questionnaire is based on Helsinki chronic pain index (HCPI), with additional information collected to evaluate local and systemic
adverse reactions reported by the animal owners.

Question Asked 0 Points 1 Point 2 Points 3 Points 4 Points
D2. Pain upon right joint palpation Absent Mild Moderate Severe Does not allow palpation
D3. Pain upon left joint palpation Absent Mild Moderate Severe Does notallow palpation
D4. Swelling upon right joint palpation Absent Mild Moderate Severe Does not allow palpation
D5. Swelling upon left joint palpation Absent Mild Moderate Severe Does notallow palpation
Dé.1 Heat in the right joint Nowarier thau Mildl rm Moderately warmer Markedly warme:
.1 Heat in the right joi contralateral limb ly warmer oderately rkedly w. T
D6.2 Heat in the left joint gﬁt;‘::t::l 'hhfnl Mildly warmer Moderately warmer Markedly warmer
D7. Rate your dog’s mood Very alert Alert Neither alert nor indifferent Indifferent Very indifferent
D8. Rate your dog’s willingness to — i
participate in play Very willing Willing Reluctantly Very reluctantly It does not play at all
19, Rate joiir dog s_cnmplalmng Never Hardly ever Sometimes Often Very often
and groaning
D10. Rate your dog's willingness to walk Very willing Willing Reluctantly Very reluctantly It does not walk at all
D11. Rate your dog’s willingness to trot Very willing Willing Reluctantly Very reluctantly It does not trot atall
Lt b y‘;:rg‘:ﬁg; willingness Very willing Willing Reluctantly Very reluctantly It does not gallop at all
D13. Rate your dog’s willingness to o
jump (e, into a car, onto a sofa) Very willing Willing Reluctantly Very reluctantly It does not jump atall
D14. Rate your dog’s ease in lying down With great ease Easily Neither easily nor difficultly With difficulty With great difficulty
DI15. Rate your ﬁng’s by from With great ease Easily Neither easily nor difficultly With difficulty With great difficulty
a lying position -
D16. Rate ym:“tgﬁ;;iies:’f movement With great ease Easily Neither easily nor difficultly With difficulty Very often/always difficulty
D17. Rate your dog’s ease of movement . : . . . .
after major activity ar heavy exercise With great ease Easily Neither easily nor difficultly With difficulty Very often/always difficulty
D18. Dog's appetite Normal Capricious Decreased Markedly decreased It does not eat at all
D19. Dog’s body temperature Normal Fever
D20. Use of No Yes
analgesic/anti-inflammatory drugs
D21. Abnormal post-treatment reactions None Physical tiredness Physical tiredness + joint Increased lameness Ll o

pain/swelling

walk at all
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2.4 3. Intra-Articular Injection of Lyosecretome

After examination, dogs were sedated, and the skin over the joint was prepared for a
sterile invasive procedure. Two product stocks were prepared by suspending Lyosecretome
(20 mg corresponding to 2 x 10° cell equivalents) or mannitol (placebo) in 1 mL hyaluronic
acid (Athenavis 1%, Ibn Savio, Pomezia, [taly), containing 20 mg of sodium hyaluronate,
800-1300 KDa, in 2 mL,). For each animal, the right joint was infiltrated with the same
stock and the left joint with the other stock, both times. Both the veterinarian and the
owner were unaware of which treatment the joint received. In detail, a 20-gauge needle
was introduced into the joint space, synovial fluid was aspirated, and the product was
injected through the same needle and a syringe of 2.5 mL. At the end of the infiltration, the
joints were subjected to slight flexion-extension movements to promote the spread of the
product. After the procedure, the patient was sent home, prescribing rest for the first two
days, resuming regular activity from the third day. The use of any anti-inflammatory medi-
cation was prohibited during the entire course of the 180 days study except in exceptional
circumstances. The orthopaedic evaluation and the owner questionnaire were performed
to evaluate the response to treatment and compare it with the initial clinical condition.

2.5. Statistical Analysis

STATGRAPHICS XVII (Statpoint Techonologies, Inc., Warrenton, VA, USA) program
was used to analyzed raw data producing a general linear analysis of variance model
(ANOVA). The function was then followed by an LSD test to estimate the statistical dif-
ferences between means. In detail, each batch was evaluated as the variable response
protein and lipid content, and the batch number was assumed as the fixed factor. The cell
metabolic activity was set as the response variable and the Lyosecretome concentration as
a fixed factor to evaluate cell proliferation. The anti-elastase activity data were elaborated
considering the batch, concentration, and time as fixed factors, and the activity % as the
response variable. Statistical significance was determined at p < 0.05.

3. Results and Discussion

Injectable Lyosecretome (freeze-dried secretome) formulations have been prepared by
standardized processes under ISO9001 clinical grade. Overall, three batches were produced
starting from three different cell lines, as summarized in Table 7.

Table 7. Lyosecretome batch report.

Batch/Cell Line Total Cell Number (x10%) Cell Viability (%)
1 190 99
2 96 98
3 92 99

After ultrafiltration to concentrate and purify the cell culture supernatant, the prod-
uct was added to the cryoprotectant and freeze-dried. A filtering module with a 5 kDa
molecular weight cut-off was used to retain in the ultrafiltrate both extracellular vesicles
(EVs) and proteins with weight above the cut-off. The use of this membrane size was
justified by preliminary investigations, demonstrating a higher immunomodulatory po-
tency in 5 kDa ultrafiltrate (containing both EVs and soluble factors) instead of the 300 kDa
ultrafiltrate (containing only EVs) [10]. Furthermore, Bari et al. [11] demonstrated that
the concentration of IL-6 was higher in samples prepared by ultrafiltration rather than
ultracentrifugation. Since IL-6 is a key player in the immunomodulatory features of the
MSCs secretome, the large amounts of IL-6 discarded in the ultracentrifugation procedure
suggest ultrafiltration is an effective procedure to prepare EV fraction. Similarly, higher
anti-elastase activity was demonstrated for the whole secretome and attributed to the large
amount of Alpha-1-Antitrypsin, the main inhibitor of neutrophil elastase, in the soluble
fraction of the secretome [14]. Accordingly, Mitchell and colleagues found that EVs and
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soluble molecules act synergistically to promote tissue regeneration [23], supporting low
cut-off ultrafiltration as a valuable process to prepare MSCs secretome.

The pharmaceutical quality of Lyosecretome was defined by setting up a complete
characterization of total protein and lipid content, physical-chemical properties, and parti-
cle size. The amount of proteins and lipids for each batch produced is reported in Table 8.
It is worth noting that no systematic error influenced the calibration for both assays as the
intercept of the curve equation is not statically significant, and the plot of the residuals had
an ordinary distribution of the error (data not shown). Overall, the yield of each batch is
different, meaning that the cell line and, more in general, the variability within the same
species can strongly influence the secretome composition in terms of protein and lipid
quantity (p < 0.05). Maximum protein production was obtained in batch n. 1; by contrast,
lipid amount is higher in batch n. 2. This aspect underlines that there is no correlation
between the two assays, probably depending on cell density at the starvation time that can
influence secretome production.

Table 8. Total protein and lipid content in Lyosecretome batches; mean values + standard deviation,
n = 3. Different letters (a, b and ¢) indicate a significant difference between groups of the same column
(p < 0.0001).

Batch n. ug Proteins/mg Lyosecretome ug Lipids/mg Lyosecretome
1 795+ 062 189+ 052
2 286+ 150 57+01°
3 259+01°¢ 1554203

The physical-chemical characterization confirmed the simultaneous presence of both
proteins and lipids in the Lyosecretome. In detail, FTIR spectra revealed low-intensity
bands at around 1653 cm ! and 1547 cm ! (amide I C=0 stretching vibrations and amide
I N-H bending vibrations of the peptide groups, respectively), absorbance bands at about
1457 em~! and 1377 em ™! (CH, and CHj groups) and 1260 and 880 cm™! (due to the
stretching vibrations typical of phospholipids, triglycerides and cholesterol esters, and
to the vibrations bands of mannitol) [10,11]. By DSC and TGA analysis, it was instead
confirmed that the lyophilization process occurred successfully (data not shown).

Lyosecretome particles’ size distribution and characterization were evaluated using
NTA technology. In detail, the diameter ranges between 190-230 nm, matching the choice
to consider both exosomes (40-120 nm) and microvesicles (250-1000 nm). Furthermore, a
heterogeneous population is shown by means analyzing curve, whereas dj is set between
106-122 nm, d5 is set between 157-180 nm, and dg is set between 316400 nm. Thanks
to this technique, the particle concentration per mL was estimated, ranging between
1.86 x 10% and 2.60 x 10® particle/ mL (Table 9 and Figure 1).

Table 9. Particle size distribution and concentration of batch 1, 2 3 (mean values + standard deviation, n = 3).
Batch n Mean (nm) Mode (nm) d10 (nm) d50 (nm) d90 (nm) Concentration Particle /mL
1 231.6 = 84 143.6 = 11.7 1223 +4.1 1806 &£ 5.5 4035 +20.3 1.86 x 10° + 6.37 x 107
2 1891+ 2.7 109.7 + 3.7 1062 +£2.7 1575+ 28 3l6.6+1.8 2.60 x 10® + 1.35 x 107
3 197.1 £ 6.0 148.0 + 154 116.7 £ 1.3 1716 + 6.5 3197 + 16.6 212 x 10° + 1.06 x 10°

Finally, since the Lyosecretome production was aimed at in vivo application, to guar-
antee the quality of the final product, microbiological tests were conducted before and after
lyophilization, thus, on both secretome solution and lyophilized secretome (Lyosecretome)
powder. Analyses were performed at a certified institute (IZSLER, Brescia, Italy), and the
sterility conditions were ascertained in the same establishment. The results proved the
absence of any mycoplasma and bacterial endotoxin level in each examined sample (data
not shown).
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Figure 1. NTA averaged curves as particles concentration and size distribution of batch 1 (a), 2 (b), and 3 (¢), respectively.
The averaged curve was generated by processing six cycles of 60 s each per batch. Concentration is indicated as mean
value + standard deviation (1 = 3). The red part shows the & standard error of the mean values (n = 3).

Regarding the in vitro efficacy, Lyosecretome proliferation potency was assessed by
MTT assay. Canine tenocytes, chondrocytes and adipose tissue-derived MSCs were chosen
as target cells, the latter because the tissues resident M5Cs can mediate tissue regenera-
tion [24]. Lyosecretome stimulated cell metabolic activity in a dose-dependent trend for all
cell types; in detail, the treatment with higher Lyosecretome concentrations reached almost
85% of cell metabolic activity compared to 10% FBS supplemented cultures. As shown
in Figure 2, the dose-dependent effect was evaluated up to 200,000 cell equivalent/well.
The effect of Lyosecretome treatment was statistically different for the three cell types
(p <0.0001).

The anti-elastase activity of canine Lyosecretome demonstrated a dose-dependent
trend for all the tested concentrations of 2, 5, 10 and 20 mg/mL (Figure 3). The assay
consists of an enzymatic reaction which was evaluated for up to 40 min. At the higher
concentration of 20 mg/mL, the activity reached 85%, considering Epigallocatechin gallate
as a positive control due to its inhibition of elastase activity.

Despite this study has not performed a qualitative analysis of protein, RNA, and lipid
contents of canine Lyosecretome, proteomic analyses of equine [2] and human [10] Lyose-
cretome revealed proteins involved in controlling the inflammatory pathways activated in
osteoarthritic joints and proteins related to cartilage biology. This suggests using Lyosecre-
tome as a substitute for cells in treating musculoskeletal system diseases [25]. Furthermore,
microvesicles are considered safer both from the point of view of immuno-reactivity and
for the lower potential risks compared to the administration of in vitro expanded cells [26].
Still, before testing Lyosecretome efficacy, the in vivo safety must be evaluated. In this re-
gard, this study enrolled five dogs affected by bilateral OA to test Lyosecretome for clinical
use. One dog was excluded from the beginning for recent nonsteroidal anti-inflammatory
drugs (NSAIDs) treatment (Animal 5, Table 1), and another dog was excluded before the
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second administration of the treatment for a recurrent skin infection that could negatively
affect the intra-articular treatment (Animal 4, Table 1).
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Figure 2. The dose-dependent trend of cell metabolic activity on AD-MSCs, chondrocytes and
tenocytes tested at the Lyosecretome concentrations of 50, 100, 200 cell equivalents x 103 /well. 10%
v/v FBS was considered positive control, while culture media without Lyosecretome and FBS were
negative control (0). Multifactor ANOVA, mean values + LSD (n = 3). Different letters (a, b and c)
indicate a significant difference between the means (p < 0.05), while the same letters indicate no

significant differences (p > 0.05).
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Figure 3. The anti-elastase activity was tested for the three batches at the concentrations of 2, 5, 10
and 20 mg/mL of Lyosecretome. A dose-dependent trend was obtained. CTR + was epigallocatechin
gallate at a concentration of 7.2 mg/mL in deionized water. Multifactor ANOVA, mean values + LSD
(n = 3). Different letters (a-h) indicate a significant difference between the means (p < 0.05), while the
same letters indicate no significant differences (p > 0.05).

Lyosecretome and a placebo, consisting of mannitol (used in Lyosecretome formulation
as a stabilizer), were resuspended in hyaluronic acid and injected in each animal’s right and
lett joint, respectively. The choice to treat both affected joints with hyaluronic acid, whose
lubricating properties support its widespread use in treating OA in dogs [27], was made to
ensure effective therapy in the control of clinical symptoms for patients enrolled in the study.
The data collected with the questionnaire (Table 6) and reported in Table 51 have been
analyzed to evaluate the onset of undesired effects following therapy (see Supplementary
materials, Figures 54 and S5). No systemic adverse reactions were observed, even after
the second administration. After each treatment, short-time side effects were observed for
all the patients” as reluctance to trot or gallop. However, these adverse effects resolved
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within two days without the need for additional treatment. Since the administration of
Lyosecretome (in the right joint) and placebo (in the left joint) co-occurred, it was impossible
to attribute the observed symptoms to one of the two treatments. Similar sides effects
were also observed by Lee et al. [28]; the authors reported that following hyaluronic acid
intraarticular injection, a dog showed a mild systemic inflammatory reaction, and two dogs
showed non-weight-bearing lameness.

Only patient 3 was affected by swelling at the level of both the right and left joints
(See Supplementary Figure 52) accompanied by complaining and groaning and not ease
of movement for both lying down and moving after a long rest period. Thus, patient 3
likely showed an adverse reaction that was not directly attributable to the administration of
Lyosecretome, as the same response was evidenced even when administering the placebo.
Furthermore, the reported effects are commonly noticed immediately after intra-articular
injections when animals’ lameness score is enhanced [29,30]. Finally, regarding the clinical
data, the examination by the veterinary practitioners, performed at days 40 and 80 after
the first treatment, were used to assess the possible onset of unexpected symptoms after
therapy administration. No significant results were observed in terms of lameness and
pain worsening.

In conclusion, given the limited number of enrolled patients, the present work does
not provide any direct evidence of the efficacy or safety of the Lyosecretome in the treat-
ment of canine OA. Nevertheless, it is the proof-of-concept for veterinary clinical-grade
MSC-secretome production; moreover, the feasibility of two consecutive allogeneic Lyose-
cretome intraarticular administration in osteoarthritic dogs is proved, without evidence of
adverse reactions. Therefore, this paper represents the premise for patient recruitment in a
safety/efficacy clinical trial, with a proper number of cases.

Supplementary Materials: The following are accessible online at https://www.mdpi.com/article/
10.3390/ani11113271/s1, Table S1. Data collected from the questionnaire. File S1: History and clinical
findings of the three dogs treated in the study. Figure S1. Cranio-caudal radiographic projection
of the knee of Animal 1. Figure S2. Medio-lateral radiographic projections of the elbow of Animal
2. (A) Maximally flexed view of the right limb. (B) Maximally flexed view of the left limb. Figure
S3. Medio-lateral radiographic projections of the elbow of Animal 3. (A) Maximally flexed view of
the right limb. (B) Maximally flexed view of the left limb. Figure S4. Scores for questions 11 (A),
12 (B) and 21 (C) as a function of time. The treatment (Lyosecretome or placebo) was administered
on day 0 and day 40 (circled). Multifactor ANOVA, mean values + LSD (n = 3). * p < 0.05 vs.
t=0; #p < 0.05vs. t =2 Figure S5. Scores for questions 4 (A), 5 (B), 9 (C), 14 (D) and 16 (E) for
each participant. Multifactor ANOVA, mean values &+ LSD (n = 3). Different letters (a-h) indicate
a significant difference between the means (p < 0.05), while the same letters indicate no significant
differences (p > 0.05).
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Part Il

Objective — Preliminary safety and efficacy evaluation of Lyo-secretome intra-articular injections in

canine and equine osteoarthritic patients

Resume - The present study represents the second part of the project, in which further batches of
canine and equine batches of Lyo-secretome were prepared and characterized by following the
GMP-compliant process described in the previous papers. Since no published data are available
regarding MSCs-derived cell-free products in equine naturally occurring osteoarthritis, 5 horses with
spontaneous fetlock OA were treated with double injections of different doses of Lyo-secretome to
assess preliminary safety data. Furthermore, 21 dogs were enrolled to evaluate both safety and
efficacy. Clinical evaluations, orthopedic visits, and owner questionnaires have been used to

monitor the patients during the 180-day follow-up.

Article in preparation - Mesenchymal Stromal Cells Freeze-Dried Secretome (Lyo-secretome) for
the treatment of joint diseases in dogs and horses. Priscilla Berni, Maurizio Del Bue, Virna Conti,
Valentina Andreoli, Roberto Ramoni, Elia Bari, Maria Luisa Torre, Maurizio Rinaldi, Silvia Dotti and

Stefano Grolli

Key aspects - The feasibility of two consecutive allogeneic Lyosecretome intraarticular
administration in osteoarthritic patients is proved, without evidence of systemic adverse reactions.
Although mild to moderate joint flare was observed in both species, the local reactions were self-
limiting and in line with the results presented in other clinical studies on intra-articular injections in
animals suffering from spontaneous OA, with no differences from the control group. Regarding the
efficacy in canine patients, our study revealed mild improvement following the two treatment
injections in both groups, without highlighting one treatment to be superior. A proper number of

cases must be reached before drawing any conclusion in terms of the efficacy of this treatment.
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SIMPLE SUMMARY

Among the species, dogs, and horses are the most deeply investigated in regenerative veterinary
medicine, and among the different diseases, musculoskeletal disorders, such as osteoarthritis, are
commonly found in clinical practice and represent the most studied in this field. Mesenchymal
Stromal Cells (MSCs)-derived products seem to be a promising regenerative approach for treating
chronic and degenerative disorders. In this paper, a freeze-dried form of secretome (Lyo-secretome)
derived from adipose tissue MSCs was produced and characterized following GMP-compliant
procedures, and a preliminary safety and efficacy evaluation was assessed after a double intra-

articular injection of Lyo-secretome in dogs and horses spontaneously suffering from osteoarthritis.
ABSTRACT

MSCs have become an important biological alternative for the treatment of musculoskeletal
disorders in both veterinary and human patients, due to their promising anti-inflammatory and pro-
healing properties. Among MSCs-derived products, cell-free therapies based on MSCs-secretome or

extracellular vesicles have gained popularity in recent years, since they offer similar biological effects
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associated with several practical advantages when compared to the cell population. Cell-free
products are indeed easier to manipulate, characterize, and store for the long-term, and they are
ready to use even for the treatment of acute conditions. In this paper, a freeze-dried pharmaceutical
powder containing MSCs-secretome (Lyo-secretome) has been produced for both canine and equine
species. Lyo-secretome batches were characterized in terms of quantitative and qualitative analysis,
and a panel of sterility and microbiologic tests was performed on the final injectable product. A
double-blind, randomly assigned, controlled clinical trial was performed collecting preliminary safety
and efficacy data of a double intra-articular injection of Lyo-secretome resuspended in Hyaluronic
acid, in dogs and horses with naturally occurring osteoarthritis. Results indicated that the double
intra-articular injection of allogeneic Lyosecretome is safe and does not induce systemic adverse
response for both species. A mild to moderate joint flare was observed in some patients after the
injection, although they were self-limiting and not correlated to the treatment, since no differences
were found with the control group (hyaluronic acid). Regarding the efficacy in canine patients, our
study revealed mild clinical improvement following the two injections in both treatment and control
groups, without highlighting one treatment to be significantly superior, even if a positive tendency
in terms of lameness and pain score, as well as an improvement in the Helsinki Chronic Pain Index
score was observed in the Lyo-secretome group. A proper number of cases must be reached before

drawing any conclusion in terms of the efficacy of this treatment.

Keywords: mesenchymal stromal cells; secretome; dog; horse; osteoarthritis; intra-articular

injection; regenerative medicine
1. INTRODUCTION

Among musculoskeletal disorders, joint problems such as osteoarthritis (OA) rank first representing
one of the major causes of lameness in canine and equine species, thus influencing the animal
welfare and sportive performance in the case of racehorses [1,2]. OA is a chronic degenerative joint
disease and represents a one-health challenge as it is one of the leading causes of disability in human
patients worldwide. Furthermore, there is a close analogy between human and veterinary patients,
making dogs and horses useful OA clinical models [3,4]. Despite the high prevalence in canine,
equine, and even human populations, there is still a lack of successful long-term treatments that
prevent or reverse osteoarthritis, improving the patient's quality of life without side effects [5].

Recently, biological therapeutics such as Mesenchymal Stromal Cells- based therapies, including cell-
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free products such as conditioned medium and extracellular vesicles, have shown promising
regenerative potential both in vitro and in vivo in pre-clinical studies [6-13]. However, to better
understand the therapeutic activity of MSCs-based therapies, using naturally occurring diseases
instead of model-based studies is closer to reality, especially in musculoskeletal disorders,
characterized by a complex healing process. Furthermore, spontaneous disorders represent a
suitable “one-health” model as the pathophysiology is very similar between canine, equine, and
human species [14].

In recent years, various allogeneic cell-based veterinary products have become available in
commerce, but data regarding animal clinical trials are still poorly represented in the literature [15].
As far as we know, only two research publications investigated the use of cell-free therapy using
MSCs for the management of naturally occurring canine osteoarthritis, indicating the need for
multicentric randomized controlled clinical trials in this field [16]. Regarding the equine species, at
the time of writing, no studies on spontaneous OA have been conducted using MSCs-derived
secretome or EVs, although in vitro and in vivo preclinical studies suggested that MSCs-derived cell-
free therapies could reduce joint inflammation [7,10].

In the pilot study published in 2021, we assessed the safety of a double intra-articular injection of
Lyo-secretome in client-owned dogs with bilateral elbow or knee osteoarthritis [17]. The present
study represents the second part of the project, in which further batches of canine and equine
batches of Lyo-secretome were prepared and characterized by following the GMP-compliant process
described in the previous papers [17-19]. Since no published data are available regarding MSCs-
derived cell-free products in equine naturally occurring osteoarthritis, 5 horses with spontaneous
fetlock OA were treated with double injections of different doses of Lyo-secretome to assess
preliminary safety data. Furthermore, 21 dogs were enrolled to evaluate both safety and efficacy.
Clinical evaluations, orthopedic visits, and owner questionnaires have been used to monitor the

patients during the 180-day follow-up.
2. MATERIALS AND METHODS
2.1 Materials

The Lyo-secretome production was prepared at an accredited facility to produce and control
veterinary products for clinical use (Istituto Zooprofilattico Sperimentale Lombardia and Emilia-

Romagna, IZLER, Brescia, Italy). The production protocol has been approved by the Italian Ministry
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of Health (Prot. n. 0000778 del 15/01/2020 7.1.2.0.0.0/17/2019-AGD 809). Adipose-derived canine
and equine MSCs were obtained by IZLER Biobank. All reagents for cell culture, e.g., DMEM, fetal
bovine serum (FBS), and antibiotics, were purchased from Thermofisher Scientific, Milan, Italy.

Mannitol was bought from Merck, Milan, Italy.
2.2 Preparation and characterization of Lyo-secretome batches

Canine and equine Lyo-secretome batches were prepared at an accredited facility to produce and
control veterinary products for clinical use (Istituto Zooprofilattico Sperimentale Lombardia and
Emilia-Romagna, IZLER, Brescia, Italy) following the production protocol approved by the Italian
Ministry of Health (Prot. n. 0000778 del 15/01/2020 7.1.2.0.0.0/17/2019-AGD 809), and as
previously described [17]. Briefly, adipose-derived MSCs (AD-MSCs) were seeded and expanded into
T175 flasks at 10,000 cells/cm2 density until P3 with DMEM added with 10% v/v FBS, plus 1% v/v
penicillin/streptomycin and 1% v/v amphotericin B at 37 °C and 5% CO2. The MSC-secretome release
was induced by culturing MSCs in DMEM without fetal bovine serum (starvation) for 48 h; the
supernatants were then collected, centrifuged at 3500x g for 10 min to remove cell debris, and
ultrafiltered by tangential flow filtration (KrosFlo® Research 2i system, Spectrum Laboratories, Milan,
Italy) using a filtration module with a Molecular Weight Cut Off (MWCO) of 5 kDa; during the process,
the shear rate of the feed stream was maintained between 2000 s-1 and 6000 s-1, while trans-
membrane pressure did not exceed 5 psi to avoid stresses that can rupture EV membrane. Once the
concentration of 0.5x106 cell equivalents per mL was reached, the ultrafiltration process was
stopped, and the obtained sample was added with 0.5% w/v mannitol (as cryoprotectant) and
freeze-dried (Christ Epsilon 2—16 D LSCplus) at -50 °C and 10-1 mbar for 72 h. The obtained Lyo-
secretome batches were stored at -20 °C until use (48 months).

Lyo-secretome was obtained from MSCs that accomplished the requirements for clinical use in terms
of cell viability, cellular identity, and genomic stability, as stated by the International Society for
Cellular Therapy [20]. For each Lyo-secretome batch, total protein and lipids were dosed, the
physical-chemical properties and the EV size and concentrations were determined according to the
procedures reported and validated previously [19]; according to the provisions of the European
Pharmacopoeia, further tests included the evaluation of sterility (EuPh 2.6.1), endotoxins using the

Limulus Amebocyte Lysate (LAL) test (EuPh 2.6.14), and mycoplasma by NAT test (EuPh 2.6.7).
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2.3 In vivo safety and efficacy evaluations
2.3.1. Ethical concerns

The clinical trial has been approved by the Italian Ministry of Health (Prot. n. 0000778 del
15/01/2020 7.1.2.0.0.0/17/2019-AGD 809). The ethical committee of Istituto Sperimentale della
Lombardia ed Emilia Romagna (IZSLER, n. 1/2019, 21 March 2019) also approved the clinical
experimentation. All patients were client-owned and all owners signed an informed consent before

inclusion.
2.3.2. Study protocol

This was a double-blinded randomized controlled clinical trial enrolling animals suffering from
naturally occurring osteoarthritis. All patients underwent complete blood and serum analysis and a
clinical check to exclude concomitant systemic diseases. They also underwent orthopedic
examinations and X-rays to confirm the starting grade of OA. Furthermore, patients should have
suspended any kind of therapy, such as glucocorticoids or NSAIDs, before enrolment and for the
entire period of the study, when compatible with the clinical state. No restrictions were placed in
terms of sex, breed, or age, and only dogs weighing more than 15 kg were enrolled. The patients
received a double intra-articular injection of Lyosecretome (or Mannitol for the control group),
resuspended in Hyaluronic acid, at 40-day intervals. Clinical examinations were planned at different

times. The study protocol is resumed in Figure 1.
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l Day 0 Day7 Day 40 Day 47 Day 80

Enrolment jonnai
imaartiiar  [Elgg - ortopedic e Gogs. genera pysica
injection visit examination for horses

Figure 1. Workflow of the protocol. Intra-articular injection was planned on Day 0 and repeated after 40 days.
An orthopedic visit was performed on Days 0,7,40,47 and 80. Owner questionnaires for dogs and general
physical examinations for horses were planned at different times during the study protocol.

In detail, intra-articular injection was performed on Day 0 and Day 40. A complete orthopedic

examination was assessed before each treatment and then repeated after 7 days. A final clinical
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check was then planned on Day 80. Since for equine patients, a preliminary safety evaluation must
be performed, a general physical examination was planned the next hours and days after each
infiltration (2,4,8,12,24,36,72 hours after each injection, and on Day 20 and Day 60), while canine
patients were monitored through a questionnaire containing the Helsinki Chronic Pain Index
submitted to the owners 2,4,7, and 20 days after each treatment. Once the protocol was completed,
an additional treatment with Lyosecretome resuspended in hyaluronic acid was offered to the

patients treated with Mannitol.
2.3.4. Safety evaluation in equine patients

Five client-owned horses presenting naturally occurring fetlock osteoarthritis confirmed by
radiographs and with clinical lameness persisting for at least 2 months were included in the study.

Details of the clinical cases are resumed in Table 1.

Horse Breed Age (years) Gender Joint Mono/bilateral
1 Italian trotter 26 F Fetlock Mono
2 Italian trotter 21 F Fetlock Mono
3 Italian trotter 16 F Fetlock Mono
4 Italian trotter 18 F Fetlock Mono
5 Italian trotter 16 F Fetlock Mono

Table 1. Summary of equine cases included in this study regarding breed, age, gender, and affected joint at the time of
enrolling.

Pre-clinical and post-clinical evaluations included a static evaluation of pain and effusion of the
affected joint using a numeric scale ranging from 0 to 3 (0O=no pain/effusion, 1=mild pain/effusion,
2=moderate pain/effusion, 3=severe pain/effusion) and a dynamic evaluation of lameness through
the flexion test and an adaptation of the AAEP (American Association of Equine Practitioners)
grading system, on hard and soft ground, on a straight line and circle [21]. Furthermore, after each
intra-articular injection, a local assessment of pain, heat, and effusion was performed, together with
a general physical examination evaluating heart rate, respiratory rate, body temperature, CRT
(capillary refill time), and appetite. The radiographic score, flexion test scale, and lameness grading
system [21,22] are resumed in Supplementary Materials (File S1, Table 1-3). Finally, synovial fluid
samples were collected in K3EDTA on Day 0, Day 40, and Day 80 to check cell count, total protein

content, and cytologic analysis.
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Animals were randomly assigned to different doses of Lyo-secretome, resuspended in a final volume
of 3 mL of Hyaluronic Acid (2%, 100mg/5ml, Farmacia Piazza Bologna, Rome). The veterinarian and
the owner were unaware of the joint's treatment. In detail, horse 1 represented the control patient
and was treated with Mannitol, while horses 2,3,4, and 5 were treated with 0,5x106, 0,8x106,
1,2x106, and 2x106 cell equivalents respectively. Both Mannitol and Lyo-secretome were
resuspended in hyaluronic acid. For each patient, the same dose was repeated on Day 40. Patients’

treatments are resumed in Table 2.

Treatment/Dose
Horse

(cell eq.)
1 Mannitol
2 0,5x10°
3 0,8x10°
4 1,2x10°
5 2x10°8

Table 2. Patients’ treatment with Mannitol or crescent doses of Lyo-secretome cell equivalents, resuspended in
hyaluronic acid.

After examination, patients were sedated, and the skin over the joint was prepared for a sterile

procedure. In detail, the 20G needle was introduced into the joint space, synovial fluid was aspirated
and collected in K3EDTA tubes, and the treatment product was injected through the same needle
and a syringe of 5 mL. Immediately after injection, a standard lower limb bandage was placed on
the limb and maintained for 24 hours. After the procedure, the patient was hospitalized for 24 hours
and then sent home, prescribing rest for the first three days. The local and general physical
examinations were repeated in the next hours (2,4,8,12) and days (1,2,3, 7,20) after each treatment,

while the orthopedic evaluation was performed 7 days after each injection.

2.3.5. Safety and Efficacy evaluation in canine patients

Twenty-one client-owned dogs weighing more than 15 kg and suffering from mono-lateral or
bilateral elbow or knee osteoarthritis were enrolled (7 males and 14 females, mean age 8,31 + 2,86;

mean weight 30,47 + 8,13). Details of clinical cases are shown in Table 3.
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Dog Breed Age (years) Gender Weight (kg) Joint Mono/bilateral

1 German shepherd 7 F 30 Elbow Mono
2 Mixed breed 13 F 16 Knee Mono
3 Labrador 11 M 35 Elbow Bi
4 Mixed breed 9 M 33 Knee Mono
5 Mixed breed 11 F 30 Knee Mono
6 Mixed breed 12 M 15 Knee Bi
7 Labrador 10 M 39 Elbow Mono
8 Mixed breed 5 M 22 Knee Bi
9 Labrador 9 F 38,5 Elbow Mono
10 Pittbull 10 F 32 Knee Mono
11 Italian Bracco 1,5 M 30 Elbow Mono
12 Mixed breed 9 F 28,5 Knee Bi
13 Golden retriever 9 F 34 Elbow Bi
14 Mixed breed 6 F 39,9 Elbow Bi
15 Pointer 10 F 18 Elbow Bi
16 Border collie 6 F 20 Knee Mono
17 Labrador 8 F 35 Knee Bi
18 Labrador 9 F 35 Elbow Bi
19 Golden retriever 5 M 34 Elbow Bi
20 Labrador 10 F 30 Elbow Mono
21 Rottweiler 4 F 45 Elbow Mono

Table 3. Summary of canine cases included in this study regarding breed, age, gender, weight, and affected joint at
enrolment.

Since a preliminary safety evaluation of Lyo-secretome double intra-articular injection has already
been conducted on canine clinical cases in the pilot paper of 2021, the present study aims to focus
on the efficacy of these treatments in dogs, evaluating the same orthopedic parameters proposed
previously [17]. Briefly, OA starting grade was assessed with X-rays, while a pre- and post-clinical
orthopedic visit was performed including lameness, pain during palpation, functional disability, and
range of motion evaluations [23,24]. The clinical and orthopedic scale systems used for this study

are resumed in Supplementary Materials (File S2, Table 1-4). Furthermore, the measurement of the
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range of motion was assessed as shown in Figure 2. In detail, while the orthopedic surgeon
performed manual maximal joint flexion (Figure 2, 1) or extension (Figure 2, 2), specific landmarks
were identified and a photo was taken on the mobile camera by an external assistant, keeping the
camera in a perpendicular plan. The image was opened on the Angulus android app designed to
measure angles (Angulus version 4.0). The angles subtended by the lines connecting the landmarks
were immediately displayed on the screen of the smartphone application. This method was each

time compared to the goniometric standard measure.

Figure 2. Steps of app goniometry—a picture was taken on the mobile camera by an external assistant, while the
surgeon performed manual maximal flexion (1) or extension (2) of the joint. Landmarks were marked, and the angle
between them was calculated automatically by the Angulus android app (1a: 40.9°; 2a: 137.9°).

Animals were randomly assigned to two different groups and treated with Lyo-secretome (20 mg
corresponding to 2x106 cell equivalents, treatment group) or Mannitol (control group), both
resuspended in 1 ml hyaluronic acid (Athenavis 1%, Ibn Savio, Pomezia, Italy), containing 20 mg of
sodium hyaluronate (800-1300 KDa, in 2 mL). Research Randomizer was used to create the
randomization. When bilateral, one joint was infiltrated with the Lyosecretome and the contro-
lateral one with Mannitol. The intra-articular injection was performed as previously described [17].
Dogs were discharged from the clinic the same day, and recommendations were provided to the
owners to restrict exercise for 2 days following injection and resume regular activity from the third
day. During the follow-up, the orthopedic examination was repeated 7 and 40 days after each intra-
articular treatment; furthermore, a questionnaire containing the validated Helsinki Chronic Pain

Index [25-27] was submitted to the owners at different time points (2,4,7,20,40 days after each
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injection), to check information about the dog’s general conditions, the presence or absence of any
adverse response, as well as the assessment of chronic pain sign (see Supplementary Materials, File

S2, Table 5).
2.4 Statistical analysis

All analyses were performed using the statistical program R Core Team (2023) (R: A Language and
Environment for Statistical Computing_. R Foundation for Statistical Computing, Vienna, Austria;
https://www.r-project.org/ ) [28]. The Ime4 package was used to analyze canine clinical outcomes

[29].

3. RESULTS AND DISCUSSION

In two previous works, our group already validated the GMP-compliant production process to obtain
Lyo-secretome from canine and equine species, also demonstrating the absence of cytotoxicity
through in vitro potency tests, such as anti-elastase activity and proliferative activity on targeted cell
types [17,18]. In this study, further canine and equine lyo-secretome batches have been prepared
following the same GMP procedures in a facility accredited for the production of veterinary
medicinal products [17,30,31] and characterized to assess their suitability for clinical application
following intraarticular injection. In this regard, all the batches produced fulfilled the provision of
the European Pharmacopoeia in terms of sterility (EuPh 2.6.1), absence of endotoxin (EuPh 2.6.14),
and mycoplasma contamination (EuPh 2.6.7).

A molecular cut-off of 5 kDa was intentionally selected during the manufacturing step to retain both
soluble proteins and EVs, as superior immune-modulatory and regenerative properties of the whole
secretome were observed concerning only EV fraction [30,32]. Table 4 reports the protein and lipid

content for each batch prepared.

Batch Animal specie pg of proteins/mg lyo- png of lipids/mg lyo-

secretome secretome
1 Canine (204) 24.2 +0.67 31.7+£1.03
2 Canine (220) 14.0 £0.083 2.65 +0.225
3 Equine (176) 9.3+ 0.66 13.1 +3.80
4 Equine (201) 15.3+0.54 10.2+0.26

Table 4. Summary of the canine and equine lyo-secretome batches prepared and their characterization in terms of (g
of proteins or lipids per mg of freeze-dried product. Data are reported as mean values standard deviation, n=3
measurements for each sample.
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A batch-to-batch variability in the protein and lipid content is detectable within the same species
despite the standardization of the culture conditions, even in terms of cell density. For example, the
canine batch 1 contained more proteins and lipids concerning batch 2 from the same species; likely,
equine batch 4 contained more proteins but fewer lipids than batch 3 from the same species. In this
regard, it has to be considered that planar culture conditions are well known to be highly dependent
on individual expertise, leading to batch-to-batch variability and reduced reproducibility [33-35];
furthermore, the ultrafiltration process is set to standardize the concentration of each batch in terms
of cell equivalents (i.e., the number of cells that produced an exact amount of secretome) and not
as protein/lipid content. As a result, the same number of cells may produce different amounts of
secretome and thus proteins and lipids; in this regard, Mocchi and colleagues recently suggested
that for more consistency among the batches produced, the product resulting from the ultrafiltration
step should be standardized to a specific protein (and lipid) concentration [31].

The simultaneous presence of proteins and lipids was also assessed by physical-chemical
characterization, i.e., Fourier Transform Infrared Spectroscopy, which revealed typical intensity
bands of amide | C=0 stretching vibrations and amide Il N-H bending vibrations for proteins and the
stretching vibrations typical of lipids (data not shown). For all batches, the thermogravimetric
analysis revealed a mass loss lower than 2.5% in the temperature range of 50-80 °C (due to
dehydration), suggesting that the freeze-dried process was conducted successfully (curve not
reported). NTA characterization detected a heterogeneous EV population in all batches (Table 5 and
Figure 3), consistent with retaining the whole secretome, even including the entire EV population
and not only the small EVs (exosomes). In detail, the d10 for all batches ranged from 87-101 nm, the

d50 ranged from 127-148 nm, and the d90 was less than 350 nm.

Batch Mean Mode d1o dso doo

Canine (204) 171.8+1.9 109.9+5.2 101.0+1.7 148.2+2.0 265.4+7.4
Canine (220) 150.5+3.2 943+3.4 87.2+1.0 127.5+3.3 234.4+114
Equine (176) 171.7 +4.0 102.5+3.2 87.3+2.1 128.7+3.3 288.1+12.2
Equine (201) 1849+7.2 96.9+3.5 95.3+3.0 144.7 + 6.0 348.9+19.8

Table 5. EV particle size for each lyo-secretome batch prepared. Data are reported as mean values standard deviation
(n=6 measurements for each sample) and expressed in nm.
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Figure 3. EV particle size and concentration for batches 1 (A), 2 (B), 3 (C), and 4 (D). The averaged curve was generated
by processing six cycles of 60 s each per batch. Concentration is indicated as mean value standard deviation (n = 3).
The red part shows the standard error of the mean values (n = 3).

The emerging field of cell-free therapies represents a promising approach to treating joint disorders
in dogs and horses. Regarding the equine species, based on the results presented in some in vitro
and in vivo pre-clinical studies, MSCs-derived secretome, and EVs seem to reduce joint inflammation
[7,10], although no in vivo studies on spontaneous OA have been conducted in horses. The present
study enrolled five horses spontaneously suffering from fetlock osteoarthritis and treated with a
double intra-articular injection of Lyo-secretome to collect preliminary safety data. Lyo-secretome
was prepared at different final concentrations and tested in a dose ranging from 0,5 to 2x10° cell
equivalents and resuspended in hyaluronic acid, to ensure both an effective therapy and a
lubrification activity for the affected joints. No systemic adverse responses were observed in any
patients, even after the second intra-articular injection of the allogeneic product. During the general
clinical examinations, all the parameters recorded were indeed within the physiological range at all
the different time points. Regarding the local joint examination, all the patients presented mild to
moderate swelling in the treated joint, including the control horse. In detail, Horse 2 presented a
slight inflammation with joint swelling and periarticular heat restored in 12 hours, while Horse 1 and
4 developed the same transient response for 24 hours post-injection. Horses 3 and 5 presented a
moderate local response for up to 48 hours, but in Horse 5 the swelling was extra-articular and

proximal to the fetlock and has been correlated with the application of the bandage, as the joint
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distension was the same compared to time 0. A similar trend was observed for the second injection,
with no significant differences for all the patients. All the reactions were both times self-limiting and
resolved with no anti-inflammatory medication. The presence of a mild adverse response even in
Horse 1, treated with Mannitol resuspended in HA, suggested that these local reactions were not
directly related to the administration of Lyo-secretome, as they appear even when administering the
placebo. Details of the local and general physical examinations are reported in Supplementary
Materials, File S3. The reported effects are in line with the published literature, as frequently, no
differences can be found between the treated group and the control group undergoing the same
injection protocol suggesting a possible non-specific inflammation related to the arthrocentesis
procedure itself or the severity state of OA joints [22]. Furthermore, a self-limiting joint flare is
commonly noticed in horses treated with intra-articular administration of different injectable
products [22,36-38]. Interestingly, in our study, the local response seemed not correlated with a
dose-dependent effect, since a similar trend was observed independently of the treatment. The
synovial fluid analysis did not show any significant changes in terms of cell count, total protein, and
cytology pre- and post-treatment in all the treated horses. Finally, regarding the clinical data, the
orthopedic examination performed by the veterinarian 7 and 40 days after each injection was used
to assess the possible onset of unexpected symptoms after the treatment. No evidence of lameness
or pain worsening was noticed. On the contrary, an improvement was observed in terms of lameness
and pain for these parameters in all the treated animals, but the limited number of enrolled patients
does not provide any direct evidence of the efficacy of this treatment, and the clinical results will be

discussed when reaching a proper number of cases.

Regarding the canine species, twenty-one dogs (31 joints) with monolateral or bilateral elbow or
knee OA were randomly assigned to the treatment group or the control group. A total of 14 joints
were treated with HA, while 17 were treated with Lyo-secretome. Each patient received a set of two
injections of the same product at a 40-day interval. No systemic adverse responses were observed
in any patient. Regarding the local effects, based on the owner’s survey, eight patients out of 21
(38,1%) presented a self-limiting joint flare the next day after the injection, with apparently no
differences between treatments since a total of 4 joints have been treated with HA and 6 joints with
Lyo-secretome. In detail, two patients with bilateral OA (Dog 3 and Dog 18) presented moderate
inflammation in both joints, despite the different treatment received; a mild reaction occurred after

the second injection only in Dog 3. In Dogs 5 (treated with HA), and in Dogs 6 and 7 (treated with
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Lyo-secretome), a mild local response was observed after both treatment points with no worsening.
Dog 10 presented a very mild joint flare after the first injection of Lyo-secretome, while no adverse
reactions were noticed after the second treatment. Finally, Dogs 4 and 8 presented a similar
moderate inflammation after the second injection of respectively HA and Lyo-secretome, once again
suggesting the absence of a treatment-dependent effect. Notably, 7 of 8 of these patients presented
a severe OA starting grade ranging from 4 to 5, except for Dog 10 who presented grade 3 OA,
suggesting that the post-treatment response could be correlated to the severity of the OA state of
the joint. All the local reactions were restored in 24 (Dogs 3,4,6,7,8,10) or 48 hours (Dogs 5 and 18);
analgesic administration was accepted only the first day after the injection for Dogs 5, 6, 7, and 18
as requested by the owner, while the other local responses spontaneously restored with no side
effects. The reported effects are usually mild and self-limiting and commonly found in other
published clinical studies involving both MSCs-based products and conventional treatments such as
HA [23,39-43]. Overall, no statistically significant differences were found between the two groups in
terms of owner evaluation of pain or swelling of the treated joint (Supplementary materials, File
$4). Clinical evaluations assessing lameness, pain during palpation, range of motion, and functional
disability were used as clinical outcome measures during the 180-day study period. All the patients
completed the follow-up appointments. Hyaluronic Acid was selected as a control group as it is
readily available to veterinary clinicians and reported to have beneficial effects on naturally
occurring OA [41,44]. Furthermore, comparison with conventional treatment is more clinically
relevant than choosing no treatment as a control group. We expected to see a clinical improvement
in the HA group, but not better than those observed for the Lyo-secretome group. Our preliminary
data are in line with this hypothesis since both groups showed evidence of an improvement
following the treatment; however, despite the presence of a positive tendency for lameness and
pain evaluation in the Lyo-secretome group, the small sample size does not allow a statistically
significant difference between the two treatments. No differences were found also for the range of
motion and the functional disability.

Regarding the owner surveys, bilateral OA patients were excluded as they received both treatments
and the questionnaire didn’t allow to separate the effects of the two different products. For
monolateral OA patients, both HA and Lyo-secretome applications showed an improvement

assessed by the 11 questions of the HCPI (Figure 4), cited in the literature as clearly able to

74



discriminate between healthy and painful dogs and to detect pain severity decrease after pain

treatment [45,46].

20- trt
HA
— Lo

Helsinki

time

Figure 4. Helsinki Chronic Pain Index (HCPI) scores before treatment (time 0) and over time in dogs treated with intra-
articular hyaluronic acid (HA, red line) or Lyo-secretome (LIO, blue line).

Interestingly, a tendency for a better improvement was found for the question “dog’s willingness to
walk” after Lyo-secretome treatment, even if not statistically significant (p= 0.0714). Since healthy
dogs have an HCPI between 0 and 6, or even values up to 11 assuming that an individual score of 1
is considered normal [45], once again the outcome improvement of the Lyo-secretome group

appeared to be more consistent, even if not significant.
4. CONCLUSIONS

The present study confirmed the proof-of-concept for veterinary clinical-grade MSC-secretome
production for both canine and equine species; moreover, the feasibility of two consecutive
allogeneic Lyosecretome intraarticular administration in osteoarthritic patients is proved, without
evidence of systemic adverse reactions. Although mild to moderate joint flare was observed in both
species, the local reactions were self-limiting and in line with the results presented in other clinical
studies on in-tra-articular injections in animals suffering from spontaneous OA, with no differences
from the HA group. To our knowledge, this is the first study evaluating a cell-free product derived
from MSCs on horses with naturally occurring OA. Regarding the efficacy in canine patients, our
study revealed mild improvement following the two treatment injections in both groups, without
highlighting one treatment to be superior. This could be due to different reasons. First of all, the

number of enrolled patients is a clear limit of the study and does not provide any direct evidence of
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the efficacy or safety of the Lyosecretome in both species. Besides the sample size, cell-free
therapies are still poorly represented in veterinary clinical trials, and no standardized protocols are
available, especially in terms of doses and administration frequency. A huge variability existed also
in terms of the study population, since both elbow and knee joints, as well as single or multiple OA
joints, were included in the study. Further research into the safety and efficacy of this treatment

must be pursued to draw firm conclusions.
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5. SUPPLEMENTARY MATERIALS

File S1

EQUINE CLINICAL SCORE SYSTEMS

Parameter Score Definition
0 Absent
Pain 1 Mild
2 Moderate
3 Severe
0 Absent
Joint effusion 1 Mild
2 Moderate
3 Severe
0 No lameness increase
1 Slight lameness increase
Flexion test 2 Moderate lameness increase
3 Marked lameness increase
4 Severe lameness increase

Table 1. Overview of the score systems used for the orthopaedic examination.

Parameter Score Definition
- 0 No significant changes
A hondral h ; : : .
e Enjcﬁzzeésplp el 1 Diffuse sclerosis, subchondral bone thickening
5 2 Focal or marginal subchondral bone lysis, cyst-like subchondral lesions
3 Diffuse or multifocal subchondral bone lysis
0 No significant changes
1 Mild space collapse
B. Articul hi 5
rHeuiar space changes 2 Moderate space collapse
3 Severe space collapse
4 Ankylosis
No significant ch
C. Periarticular new bone e : ONpEIGToNARes
R R BE AE 1 Mild remodeling of articular margins
Py 2 Moderate remodeling with spur-like formations
enthesophytes) ;
“ 3 Severe to exuberant new bone formation
Total OA score= A+B+C
Table 2. The OA grading system for fetlock joint in horses.
Lameness score Description
0 Lameness not perceptible under any circumstances
1 Lameness is difficult to observe and is not consistently apparent, regardless of circumstances
(e.g. under saddle, circling, inclines, hard surface, etc.)
Lameness is difficult to observe at a walk or when trotting in a straight line but consistently
apparent under certain circumstances (e.g. weight-carrying, circling, inclines, hard surface, etc.)
3 Lameness is consistently observable at a trot under all circumstances
4 Lameness is obvious at a walk
5 Lameness produces minimal weight bearing in motion and/or at rest or a complete inability to
move
Table 3. The lameness scale system by AAEP guidelines.
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File S2

CANINE CLINICAL SCORE SYSTEMS
Table 1. Overview of the score systems used for the canine orthopedic examination.

Parameter Score Definition

| Stands, walks and trots normally
Stands normally, slightly painful gait when trotting
Stands normally, slightly painful gait when walking
Stands normally, evident painful gait when walking
Stands abnormally, evident painful gait when walking

Lameness

None
Mild signs
Moderate signs
Severe signs
The dog will not allow palpation

Pain

Functional disability

Normal
Slightly stiff
Stiff
Very stiff, unwilling to walk
Need assistance to walk

Range of motion

No limitation of movement or crepitus
10 to 20% decrease in range of motion, no crepitus
10 to 20% decrease in range of motion with crepitus
20 to 50% decrease in range of motion
More than 50% decrease in range of motion

Ul o= WM = U= WA =0 = W R =T = W

Table 2. The Kellgren-Lawrence grading of osteoarthritis for the knee joint.

OA Grading Radiographic features
Absent 0 No abnormalities
Doubttul 1 Minute osteophytes
Minimal 2 Definite osteophytes
Moderate 3 Diminished joint space
Severe 4 Greatly diminished joint space + sclerosis of the subchondral bone
Table 3. International Elbow Working Group (IEWG) guidelines for elbow osteoarthritis.
OA Gragdm Radiographic features
Absent 0 Normal elbow joint, no evidence of incongruency, sclerosis, or arthrosis
Mild 1 Presence of osteophytes < 2 mm high, sclerosis of the base of the coronoid process—trabecular
pattern still visible
Moderat Presence of osteophytes of 2-5 mm high, obvious sclerosis (no trabecular pattern) of the base of the
e coronoid processes
Severe 3 Osteophytes of over 5 mm found anywhere in the joint

Table 4. Disease score obtained by adding the scores of the parameters evaluated in this study.

Sum of scores Disease score

0-2 1
3-6 2
7-10 3
11-14 4
15-20 5
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Question asked 0 points 1 point 2 points 3 points 4 points
s not all
D2. Pain upon right joint palpation Absent Mild Moderate Severe Do o ~a s
palpation
D3. Pain upon left joint palpation Absent Mild Moderate Severe Dees m)t'allow
palpation
D4. Swelling upt:')n right joint Absent Mild Modecate Sivare Does not.allow
palpation palpation
Rl HEO ittt Absent Mild Moderate Severe Does not_allow
palpation palpation
D6.1 Heat in the right joint Mlojares ﬂfan Mikly Moderately warmer Markedly
contralateral limb warmer warmer
D6.2 Heat in the left joint B0 wariner ﬂ'\an Midly Moderately warmer Markedly
contralateral limb warmer warmer
” Neither alert nor g & o
D7. Rate your dog's mood Very alert Alert indifferent Indifferent Very indifferent
e ymfr_dog s»wnllmgness 9 Very willing Willing Reluctantly Yery Does not play at all
participate in play reluctantly
D9. Rate your dog’s complaining and :
x Never Hardly ever Sometimes Often Very often
groaning
D10 Ratcyour dgismillingnessito Very willing Willing Reluctantly very Does not walk at all
walk reluctantly
D11 Rate yourdogis willingness 1 Very willing Willing Reluctantly Yery Does not trot atall
trot reluctantly
D12 Rateyoar dogis willingrsssilo Very willing Willing Reluctantly very Does not gallop at all
gallop reluctantly
1?13. e yqur i b Very willing Willing Reluctantly very Does not jump at all
jump (e.g., into a car, onto a sofa) B reluctantly
D14. Rate your dog's ease in lying . 5 Neither easily nor .. .. .. s e
Ao With great ease Easily difficultly With difficulty With great difficulty
D15. Rate your dog’s ease in rising . 5 . Neither easily nor . o ;. v
from a lying position With great ease Easily difficultly With difficulty With great difficulty
D16. Rate your dog's ease of Witk jgreat suse sl Nelth-er.easﬂy nor With difficulty Very (.)ft.enp’always
movement after long rest difficultly difficulty
D17. Rate your dog's ease of . g
movement after major activity or With great ease Easily NEIth?r,eaSIIY 1oL With difficulty ey, (.)ft.en/always
o difficultly E difficulty
heavy exercise
DI8. Dog’s appetit Normal Capricious Decreased Markedly 1y s not eatatall
. Log s appetlite orma apricious Crea. decreased oes noteatat a
D19. Dog’s body temperature Normal Fever
D20. f analgesi ti-
{.} Use of analgesic/anti: No Yos
inflammatory drugs
D21. Abnormal post-treatment Physical thsnca} tAlredness * Increased  Does not stand and
3 None E joint
reactions tiredness § 5 lameness walk at all
pain/swelling

Table 5. Owner questionnaire containing the Helsinki Chronic Pain Index and some questions regarding
presence or absence of local/systemic ad verse responses.
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File S3

EQUINE GENERAL AND LOCAL EXAMINATIONS

Since no statistically significant differences were observed between the first and the
second injection, the reported parameters refer to the first treatment.

Case 1: ltalian Trotter, 26 years, female, treated with Mannitol resuspended in Hyaluronic

Acid.
Time Body Heart | Respiratory CFT Joint | Joint Pain
temperature rate rate (capillary | Appetite | swelling | heat during
(°C) (Beats | (Breaths filling palpation
per per min) time)
min)

0 36,9 40 16 <2 normal no no no
2h 37,1 42 12 <2 normal no no no
4h 36.8 40 12 “2 normal no no no
6h 36,9 36 12 4p | mormel | gy |mAd | ing
8h 371 40 16 <2 normal mild mild no
12h 375 36 18 <? normal mild mild no
24h 36.9 32 12 <2 normal mild mild no
48h 36,9 32 16 <2 normal no no no
72h 37,5 40 16 <2 normal no no no

7 normal no no no

37,1 40 12 <2
days

Case 2: Italian Trotter, 21 years, female, treated with 0,5x10°¢ cell equivalents of Lyo-
secretome resuspended in Hyaluronic Acid.

Time Body Heart | Respiratory CFT Joint Joint Pain
temperature | rate rate (capillary | Appetite | swelling | heat during
(°C) (Beats | (Breaths filling palpation
per per min) time)
min)

0 37,6 32 12 <2 | normal | MO no no
2h 36,9 36 12 <2 normal no no no
4h 37,1 32 12 <2 normal no no no
6h 37,3 32 12 <2 | normal | mid | Mild np
8h 37,1 32 18 <2 | normal [ miig | mild no
12h 37,1 28 16 <2 | normal [ miig | mild no
24h 36.9 28 12 <? normal no no no
48h 36,9 32 16 =9 normal no no no
72h 37,5 32 16 <2 normal no no no

I normal no no no

37,2 32 12 <2
days
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Case 3: ltalian Trotter, 16 years, female, treated with 0,8x108 cell equivalents of Lyo-

secretome resuspended in Hyaluronic Acid.

Time Body Heart | Respiratory CFT Joint Joint Pain
temperature | rate rate (capillary | Appetite | swelling heat during
(°C) (Beats | (Breaths filling palpation
per per min) time)
min)

0 37,5 48 12 <2 | normal | No No No
2h 373 36 12 . normal Mild Mild No
4h 37,1 32 12 <2 normal Mild Mild No
6h 37,3 32 18 <D normal | Moderate | Mild No
8h 37,1 30 12 <D normal | Moderate | Mild No
12h 37.8 32 12 <D normal | Moderate | Mild No
24h 375 32 16 <D normal | Moderate | No No
48h 373 40 12 <2 normal | Moderate No No
72h 378 36 18 <2 normal No No No

7 normal No No No

days 37,5 36 16 <2

Case 4: ltalian Trotter, 18 years, female, treated with 1,2x108 cell equivalents of Lyo-
secretome resuspended in Hyaluronic Acid.

Time Body Heart | Respiratory CFT Joint Joint Pain
temperature | rate rate (capillary | Appetite | swelling heat during
(°C) (Beats | (Breaths filling palpation
per per min) time)
min)

0 36,8 40 12 <2 normal no no no
2h 37.2 42 12 <2 normal no no no
4h 36.9 40 16 <2 normal no no no
6h 36,9 32 12 <2 | normal | mig mild no
8h 37,2 32 16 <D normal | mild mild no
12h 37,2 36 12 <D normal mild mild no
24h 36.9 40 12 =D normal mild mild no
48h 36.9 32 12 <2 normal no no no
72h 37.5 40 16 <2 normal no no no

7 normal no no no

37,2 40 12 <2
days
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Case 5: Italian Trotter, 16 years, female, treated with 2x10¢ cell equivalents of Lyo-
secretome resuspended in Hyaluronic Acid. The maderate swelling reported by the
veterinarian after the first intra-articular injection was diagnosed as extra-articular due to
the presence of the bandage. Only a mild joint flare was observed, restored in 24 hours.

Time Body Heart | Respiratory CFT Joint Joint Pain
temperature | rate rate (capillary | Appetite | swelling | heat during
(°C) (Beats | (Breaths filling palpation
per per min) time)
min)

0 37,7 36 12 <2 | normal | n4 no no
2h 378 40 16 <2 normal no no no
4h 37,5 38 16 <2 normal no no no
6h 37,5 36 12 & normal mild mild no
8h 375 36 16 <? normal mild mild no
12h 377 38 18 <? normal | mild mild no
24h 376 38 16 2D normal mild mild no
48h 378 36 12 <2 normal no no no
72h 37 4 38 16 <2 normal no no no

7 normal no no no

37,5 38 16 <2
days
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File S4

OWNER EVALUATION OF PAIN AND SWELLING

Question D2-D3: Pain upon joint palpation

Estimate p.z
(Intercept) 4.197172e-01 0.005093362
time 7.505116e-05 0.960194632
trtLI0 4,2556089e-03 0.983222498

time:trtLIO -3.863358e-03 0.057101042
[1] "At time ©"
Welch Two Sample t-test

data: question by trt
t = 1.5426, df = 306.35, p-value = 0.1239

alternative hypothesis: true difference in means between group HA and group LIO
is not equal to ©
95 percent confidence interval:

-9.03231372 0.26684389

sample estimates:

mean in group HA mean in group LIO

0.4220779 0.3048128

trt
= HA

question

- LIO

: §
[ 2 - Yy,
Ty i {5

sl i sag ! ¥

0 20 40 60 80
time

Figure 1. Owners’ answer to the question “Pain upon joint palpation” (D2-D3) in mono-lateral patients at
different time points (0,2,4,7,20,40 days after each injection). No differences were found between the
treatment (LYO) and the control group (HA).
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Question D4-D5: Swelling upon joint palpation

Estimate p.z
(Intercept) ©.142972465 0.06086804
time -9.001861635 0.12377854
trtLIOo 0.227882142 0.02693469
time:trtLIO -0.001598041 @.32788895
“geom_smooth()" using formula = 'y ~ x'

[1] "At time @"
Welch Two Sample t-test

data: question by trt
t = -3.8855, df = 383.96, p-value = 9.0001254
alternative hypothesis: true difference in means between group HA and group LIO
is not equal to @
95 percent confidence interval:
-0.26757058 -0.08766242
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Figure 2. Owners’ answer to the question “Swelling upon joint palpation” (D3-D4) in mono-lateral patients at
different time points (0,2,4,7,20,40 days after each injection). No differences were found between the
treatment (LYO) and the control group (HA).
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General results and conclusions

The management of osteoarthritis represents a big challenge for veterinary practitioners. OAindeed
requires a proper diagnosis and a multimodal approach to treat both the primary site inflammation
and the secondary effects on soft tissues. Despite OA causes significant morbidity in dogs, horses,
and even humans worldwide, there is still a lack of successful therapy for the long-term treatment
and prevention of OA. Owners are also seeking alternative treatment options to surgery or
conservative management and therefore regenerative medicine is becoming a more popular
treatment approach. Between the different therapeutic strategies, biological options such as
platelet concentrates or Mesenchymal Stromal Cells-derived products have become more common
in recent years, due to the advancement of research regarding their promising regenerative
potential both in vitro and in vivo in pre-clinical studies [32,33,35,36,83,84,86]. Furthermore, these
therapies could have a disease-modifying effect associated with a positive impact on patients’
guality of life. Currently, the veterinary interest in using cell therapies is progressing, stimulating the
development and research on different cell-based products with a focus on musculoskeletal
disorders (MSDs). EMA (European Medicines Agency) indeed already approved the marketing
authorization of some equine and canine allogeneic and xenogeneic MSCs-based products for the
treatment of MSDs, as a response to an increasing demand in the veterinary medical practice [9]. It
is currently known that the therapeutic effects of MSCs are mainly due to the release of their
secretome, composed of extracellular vesicles and soluble factors such as cytokines, chemokines,
and growth factors. Among regenerative products, the use of cell-free therapies as MSCs-secreted
factors and vehicles instead of cells themselves is gaining popularity in the scientific world as they
represent a new option to enhance the standardization, affordability, safety, and efficacy of this
approach [51]. Being MSCs active and viable cells, they are very sensitive to different external
conditions such as temperature, time, pH, and suspension vehicle; conversely, their derived cell-
free products offer many practical advantages since they are easy to store for the long-term and
ready-to-use like a conventional drug.

In this scenario, Bari and colleagues presented a GMP-compliant human secretome production
process to obtain a freeze-dried form of secretome, called Lyo-secretome, from human adipose
tissue-derived MSCs [10-14 m]. The process included an ultrafiltration step to concentrate and
purificate MSCs-derived secretome, and the following lyophilization step to obtain a final powder

with long-term stability [30,31].
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The present thesis work described the preparation and characterization of the Lyo-secretome from
adipose tissue-derived mesenchymal stromal cells in canine and equine species. The final batches
were then characterized in terms of protein and lipid content, EV size distribution and tested to
ensure microbiological safety. For equine batches, a proteomic analysis determined the presence of
proteins involved in the regulation of the inflammatory process. The proof-of-concept for veterinary
clinical-grade MSC-secretome production for both canine and equine species was confirmed. The
second step was the assessment of in vitro biological effects of Lyo-secretome through potency
tests, such as anti-elastase activity and proliferative activity, on targeted cell types such as primary
culture of tendons and cartilage, and synovial fluid derived-MSCs. The results confirmed the absence
of cytotoxicity and the presence of proliferative effects for both canine and equine cell populations.
The next step was the production of canine and equine Lyo-secretome batches, validated to satisfy
all the safety and sterility requirements needed for injectable pharmaceutical products as the final
aim was to test the in vivo safety and efficacy of this product for the treatment of joint diseases.

In general, to better understand the therapeutic activity of MSCs-based therapies, using naturally
occurring diseases instead of model-based studies is closer to reality, especially in musculoskeletal
disorders, characterized by a complex healing process. Furthermore, spontaneous disorders
represent a suitable “one-health” model as the pathophysiology is very similar between canine,
equine, and human species [46].

To this aim, a double-blinded randomized controlled clinical trial was performed collecting
preliminary safety and efficacy data of a double intra-articular injection of Lyo-secretome
resuspended in Hyaluronic acid, in dogs and horses with naturally occurring osteoarthritis. In detail,
five horses with spontaneous fetlock OA were treated with double injections of different doses of
Lyo-secretome to assess preliminary safety data. Regarding the canine species, 21 dogs were
enrolled to evaluate both safety and efficacy. Clinical evaluations, orthopedic visits, and owner
guestionnaires have been used to monitor the patients during the 180-day follow-up.

The feasibility of two consecutive allogeneic Lyosecretome intraarticular administration in
osteoarthritic patients has been proved, without evidence of systemic adverse reactions. Although
mild to moderate joint flare was observed in both species, the local reactions were self-limiting and
in line with the results presented in other clinical studies on intra-articular injections in animals
suffering from spontaneous OA, with no differences from the HA group. To our knowledge, this is

the first study evaluating a cell-free product derived from MSCs on horses with naturally occurring
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OA, and only one published paper investigated the use of MSCs-derived conditioned medium for
the management of naturally occurring canine osteoarthritis, indicating the need for multicentric
randomized controlled clinical trials in this field [51]. Regarding the efficacy in canine patients, our
study revealed mild improvement following the two treatment injections in both groups, without
highlighting one treatment to be superior.

Overall further studies are needed to define well-characterized protocols for the use of MSCs-
derived cell-free therapies, starting from the production methods to the characterization and final
composition, defining the type and stage of disease to be treated, as well as the dosage, route of
administration, and so on. The present thesis represents one of the first efforts to bring new
regenerative treatments into the outpatient clinical setting in naturally occurring veterinary
diseases, thus providing valuable information for the human counterpart, in a One Health-One

Medicine approach.
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