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Michaela Melzer, Julia Moellerberndt, et al

Platelet Lysate for Mesenchymal Stromal Cell Culture in the Canine and Equine Species:
Analogous but Not the Same
Reprinted from: Animals 2022, 12, 189, doi:10.3390/ani12020189 . . . . . . . . . . . . . . . . . . . 135

v



Barbara Merlo, Vito Antonio Baldassarro, Alessandra Flagelli, Romina Marcoccia, 
Valentina Giraldi, Maria Letizia Focarete, Daria Giacomini, et al

Peptide Mediated Adhesion to Beta-Lactam Ring of Equine Mesenchymal Stem Cells: A Pilot 
Study
Reprinted from: Animals 2022, 12, 734, doi:10.3390/ani12060734 . . . . . . . . . . . . . . . . . . . 155

Debora La Mantia, Chiara Bernardini, Augusta Zannoni, Roberta Salaroli, Changzhen Wang,

Silvia Bencivenni and Monica Forni

Efficacy of Stem Cell Therapy in Large Animal Models of Ischemic Cardiomyopathies: A
Systematic Review and Meta-Analysis
Reprinted from: Animals 2022, 12, 749, doi:10.3390/ani12060749 . . . . . . . . . . . . . . . . . . . 173
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Editorial

Stem Cells in Domestic Animals: Applications in Health and
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* Correspondence: eleonora.iacono2@unibo.it; Tel.: +39-051-209-7567

In the last decade, researchers described Mesenchymal Stem/stromal cells (MSCs) as
a possible population of cells for cell-based therapies in regenerative medicine, both for
humans and animals.

The aim of this first article (and the aim of the next books in this collection) is to gather
high-quality research and review articles that could broaden knowledge regarding the role
of MSCs in domestic animals’ health and production.

Nowadays, in veterinary medicine, the owners require their animals to be treated
with sophisticated and new treatments with the aim to improve the patient’s life quality
but also, in the case of livestock animals, to improve the quality of products, aiming to
preserve human health [1]. MSCs therapy could be then considered as an opportunity for
researchers, veterinary practitioners, and animal owners for contributing to animal and
human health and well-being.

Moreover, despite the fact that the mouse remains the proof-of-principle and allows to
test a wide variety of therapeutic protocols, its homogeneous genetic background is not the
same as that of humans, and the knockout model of pathology, experimentally induced, is
not always a mirror of spontaneous pathology. In this context, domestic animals can be
considered spontaneous models, both from a pathogenetic and therapeutic point of view,
of hereditary and acquired pathologies. Moreover, especially regarding pets (i.e., dogs,
cats), which share the same living environment as humans and are often subjected to the
same stressful agents. For the reason listed above, domestic animals could be considered
an important suitable model for human spontaneous diseases, as already stated in the
guidelines emitted by the U.S. Food and Drug Administration (FDA) and by the European
Medicines Agency (EMA). Regarding the role of domestic animals as in vivo models for
human diseases, La Mantia et al. [2] in their systematic review reported the use of stem-cell
treatment against acute or chronic ischemic cardiomyopathies in large animal models with
regard to Left Ventricular Ejection Fraction (LVEF). The meta-analysis reported by the
Authors showed that stem-cell therapy may improve heart function in large animal models
and that the swine species is confirmed as a relevant animal model in the cardiovascular
field. In this context, there is also the study of Garcia-Mendivil et al. [3] regarding the
development of in vitro cellular models using ovine MSCs for prion neurodegenerative
disorders affecting both humans and animals, particularly ruminants. Indeed, the response
of ovine bone marrow-derived MSCs and their neuron-like derivatives to prion infection
allowed us to find that BM-MSC-derived neuron-like cells could be a good candidate for
developing in vitro studies.

As reported by Svoradova et al. [4], MSCs can be used as an avian culture model to
better understand osteogenic, adipogenic, and myogenic pathways; moreover, chicken
MSCs could also be used as a model for in vitro meat culture.

On the other hand, canine and equine species can be considered as both patients and
clinical models. As reported by Prislin et al. [5] and Cequier et al. [6] in their reviews, canine
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and equine MSCs have been used for treating different pathologies, not only regarding the
musculoskeletal system; but also involving ophthalmology, reproduction, gastroenterology,
metabolic and neurologic disorders, and respiratory and integumentary systems.

To date, in canine and equine regenerative medicine, adult tissue, such as bone marrow
(BM) and adipose tissue (AT) represent the most used sources of MSCs. Usually, these cells
are cultured in a culture medium added with 10% of FBS (Foetal Bovine Serum). Despite
that it is critically discussed for its ethical and healthy implications, FBS is still the gold
standard for in vitro cultivation of MSCs. However, the trend in cell culture points to the
use of xeno-free culture supplements, for which blood products, like platelet lysate (PL)
from the same species, appear most promising. In PL the platelet-derived growth factors
have already been released and cell membranes removed, thus it can be stored for a long
time in the freezer. Moreover, positive and synergistic effects of PL might not only be
achieved in cell culture but also in the subsequent therapeutic application when combined
with MSCs. Hagen et al. [7], cultured canine and equine ATMSCs with 2.5% ad 10% of
autologous PL. Cells cultured with 10% of FBS were used as control. It was found that
PL did not support stem cell culture in dogs in the same beneficial way observed in the
horse, revealing that using analogous canine and equine biologicals does not entail the
same results. In fact, canine ATMSC cultured in medium supplemented with 2.5% and
10% of autologous PL changed their morphology, showed decreased metabolic activity,
and increased apoptosis and necrosis; however, at passage five canine ATMSCs showed
less genetic aberrations when cultured with 10% of PL than with FBS. It was concluded
that, even if 10% of PL seems not lead to cell damage, considering the strong alteration
observed in cell morphology and expansion, the use of PL cannot be recommended for
canine ATMSC culture in its current form [7].

Due to invasive cell harvesting, donor site morbidity, cell amount, and characteristics
related to donor age [8–12] connected to the use of BM and ATMSCs, in the last years
researchers have directed their attention towards the study of new sources.

In canine regenerative medicine, an alternative to MSCs could be a stromal vascular
fraction (SVF) non-cultured MSCs, separated from adipose tissue (AT). In recent clinical
trials freshly isolated primary Stromal Vascular Fraction (SVF) cells have been used instead
of cultured ATMSCs [13–15]. Hendawy et al. [16] demonstrated that in middle-aged and
old dogs, the peri-ovarian harvesting site yielded higher SVF viability percentage, and
viable cell number/gm fat than that of the other harvesting sites, such as subcutaneous
abdominal fat and falciform ligament. In this study SVF cells from periovarian AT recorded
revealed a higher expression of MSC markers (CD90, CD44, and CD29) compared to the
other sites, with weak CD45 and CD34 expressions. Furthermore, the positive OCT-4
expression of SVF cells isolated from periovarian AT demonstrated their pluripotency,
indicating them as a valid alternative to ATMSCs for cell therapy in canines. Similar data
have been reported by Prislin et al. [5]. As reported by the Authors, canine SVF and
ATMSCs treatments provide many benefits, in degenerative orthopedic pathologies, both
in skin, bowel, and eye diseases [5].

Foetal fluids (amniotic fluid, umbilical cord blood), and foetal adnexa (Wharton’s
jelly, amniotic membrane) have been identified as ideal alternative sources of MSCs in
different animal species, such as horse [17–19], cattle [20,21], goat [22,23], and others. The
benefits of these cells compared to adult MSCs are due to their origin from extraembryonic
tissues; in fact, because they are at the maternal—foetal interface, these cells present low
immunogenicity and immunomodulatory properties, making them a good candidate for
allo- and xenotransplantation [24]. Iacono et al. [25], in their review, observed that, like
reported in human and other animal species, also in dog MSCs derived from foetal fluid
and adnexa may have an attraction compared to other established SCs in different clinical
approaches, although more in vitro studies on their metabolism and clinical applications
are needed to fully understand their properties and to establish the future clinical use in
the treatment of various diseases. In this contest, Humenik et al. [26] described the effective
protocols for the isolation of MSCs from canine bone marrow, adipose tissue, and amnion
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membrane, showing differences in yield of isolation, morphology, phenotype, multilineage
potential, and proliferation activity.

While Humenik et al. compared canine MSCs isolated from AT, BM, and amniotic
membrane, Merlo et al. compared equine ATMSCs and WJ (Wharton’s jelly) MSCs [26].
Due to the difficulties encountered by the practitioners in skin wound healing and the
role of integrin in the reparative process, in this pilot study, the authors analyzed the
effect of an α4β1 integrin agonist on cell adhesion of equine AT and WJ-derived MSCs
and investigated their adhesion ability to GM18 incorporated poly L-lactic acid (PLLA)
scaffolds. The preliminary results reported in this paper represent a first step in the study
of MSCs adhesion to PLLA scaffolds containing GM18, suggesting that WJ-MSCs might be
more suitable than AT-MSCs. However, the results need to be confirmed by increasing the
number of samples before drawing definite conclusions.

Additionally, the olfactory mucosa is a promising candidate for both humans and
animals [27–29]. Mollichella et al. [30] evaluate the feasibility of collecting, purifying, and
amplifying olphactory-ecto (OE) MSCs from the cat nasal cavity. The OEMSCs were isolated
from biopsies and their stemness features as well as their mesodermal differentiation
capabilities were characterized. This report shows for the first time that the isolation of
OE-MSCs from cat olfactory mucosa is possible. These cells showed stemness features
and multilineage differentiation capabilities, indicating they may be a promising tool for
autologous grafts and feline regenerative medicine.

Beyond natural sources that are limited by stem cell availability, immune intolerance
and lineage specification, bioengineered stem cells, such as induced pluripotent stem cells
(IPSCs) have been developed [31]. In canine species, several reports have described the gen-
eration of IPSCs using retroviral or lentiviral transduction using Yamanaka’s factors [32–34].
Regarding viral reprogramming, different studies have shown that it can induce genomic
integration and increase cell tumorigenic potential [35,36], so viral reprogramming is not
suitable for clinical applications. In the study of Kim et al. [37], the 13-year-old canine
fibroblasts were reprogrammed using a non-integrating Venezuelan equine encephalitis
(VEE) RNA virus replicon, which has four reprogramming factors (collectively referred to
as T7-VEE-OKS-iG and comprised of hOct4, hKlf4, hSox2, and hGlis1) and co-transfected
with the T7-VEE-OKS-iG RNA and B18R mRNA. The derived colonies of putative canine
IPSCs showed a resemblance to naïve iPSCs in their morphology (dome-shaped). The
expression of endogenous pluripotency markers such as Oct4, Nanog, and Rex1 transcripts
was confirmed, suggesting that induced cells were in the late intermediate stage of repro-
gramming. The reported research is the first of this type in canine species and, despite the
good results obtained, it is a preliminary study and requires repeating with quantitative
methodologies.

For therapeutic use, MSCs need to be isolated and expanded in vitro to obtain a
sufficient amount for clinical application. Sometimes second or third applications could
be needed, but long-term cultivation before therapeutic use is not recommended, since
the cells may lose their stemness features and bacterial contamination may occur. For
these reasons, it is very useful to cryopreserve these cells in order to gain a ready and
controlled source of abundant autologous stem cells that maintain unaltered characteristics
of the freshly isolated cells by preserving their vitality and maintaining their pluripotent
phenotype. Di Bella et al. [38], evaluated the effects of 7-year-long cryopreservation using
10% DMSO and different FBS concentrations (from 10 to 90%). The Phenotype morphology,
cell viability, differentiation, and proliferative potential, the expression of pluripotency
markers in both fresh and thawed cells were analyzed. This study demonstrated that canine
adipose tissue MSCs cryopreserved with more than 50% FBS and thawed after 7 years
showed similar proliferative ability and morphological and molecular characteristics as
fresh cells.

Usually, fresh or frozen-thawed cells after in vitro expansion in the laboratory are sent
back to attending clinicians. As reported above, preserving MSCs characteristics en route
from the laboratory to the clinic is fundamental for the success of the therapy. Due to the
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importance of this topic for veterinary regenerative medicine, in the last 10 years, different
storage solutions, temperatures, and periods have been tested [39–42]. For equine MSCs
isolated from AT and Wharton’s jelly (WJ), Iacono et al. [43] demonstrated that different
types of MSCs react differently to the storage conditions frequently used for shipping them
from the laboratory to the clinic. These conditions influence the viability and, depending
on the cell type, they can also influence different MSCs characteristics. Particularly, equine
WJMSCs need to be used quickly to maintain their viability. However, data recovered
in vitro need to be compared with results obtained in vivo using cells shipped under tested
conditions and with data obtained using frozen-thawed cells implanted directly.

Finally, among domestic animal species, camelids are an important source of both
food and sport, as racing animals. In this case, they can present osteoarticular damages
and the treatment with MSCs could be useful for accelerating the healing process. In this
contest, Son et al. [44], for the first time, isolated, expanded, and studied cells isolated
from BM and Synovial Fluid (SF) of Camelus dromedaries (camel). Due to the observed
chondrogenic ability of SF-MSCs, they could be considered as a target cell source for future
use in therapeutic cartilage regeneration in this species.

The contributors published in this first book collection, “Stem Cells in Domestic
Animals: Applications in Health and Production,” are excellent examples of recent advances
made in the field of stem/stromal cell research in veterinary medicine. We would like to
thank the Authors for their excellent contributions and acknowledge Sandra Spatariu and
the Animals Editorial Office for their support.

The Collection is open for submission of original manuscripts and reviews authored
by outstanding experts in any aspect of stromal cell biology.

Author Contributions: E.I.: writing—original draft preparation; B.M.: writing—review and editing.
All authors have read and agreed to the published version of the manuscript.
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Simple Summary: A non-integrating and self-replicating Venezuelan equine encephalitis RNA replicon
system can potentially make a great contribution to the generation of clinically applicable canine
induced pluripotent stem cells. Our study shows a new method to utilize the synthetic RNA-based
approach for canine somatic cell reprogramming regarding transfection and reprogramming efficiency.

Abstract: Canine induced pluripotent stem cells (ciPSCs) can provide great potential for regenerative
veterinary medicine. Several reports have described the generation of canine somatic cell-derived
iPSCs; however, none have described the canine somatic cell reprogramming using a non-integrating
and self-replicating RNA transfection method. The purpose of this study was to investigate the
optimal strategy using this approach and characterize the transition stage of ciPSCs. In this study,
fibroblasts obtained from a 13-year-old dog were reprogrammed using a non-integrating Venezuelan
equine encephalitis (VEE) RNA virus replicon, which has four reprogramming factors (collectively
referred to as T7-VEE-OKS-iG and comprised of hOct4, hKlf4, hSox2, and hGlis1) and co-transfected
with the T7-VEE-OKS-iG RNA and B18R mRNA for 4 h. One day after the final transfection, the cells
were selected with puromycin (0.5 μg/mL) until day 10. After about 25 days, putative ciPSC colonies
were identified showing TRA-1-60 expression and alkaline phosphatase activity. To determine
the optimal culture conditions, the basic fibroblast growth factor in the culture medium was
replaced with a modified medium supplemented with murine leukemia inhibitory factor (mLIF)
and two kinase inhibitors (2i), PD0325901(MEK1/2 inhibitor) and CHIR99021 (GSK3β inhibitor).
The derived colonies showed resemblance to naïve iPSCs in their morphology (dome-shaped) and
are dependent on mLIF and 2i condition to maintain an undifferentiated phenotype. The expression
of endogenous pluripotency markers such as Oct4, Nanog, and Rex1 transcripts were confirmed,
suggesting that induced ciPSCs were in the late intermediate stage of reprogramming. In conclusion,
the non-integrating and self-replicating VEE RNA replicon system can potentially make a great
contribution to the generation of clinically applicable ciPSCs, and the findings of this study suggest a
new method to utilize the VEE RNA approach for canine somatic cell reprogramming.

Keywords: canine; reprogramming; iPSCs; VEE RNA; integration-free
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1. Introduction

The derivation of induced pluripotent stem cells (iPSCs) using four reprogramming factors known
as Yamanaka’s factors (Oct4, Sox2, Klf4, and c-Myc) opens a new avenue for patient-specific regenerative
medicine therapies [1–3]. As public understanding of animal welfare and health issues increases,
this technology can be also applied in veterinary medicine. Dogs, the most representative companion
animals, are very useful model for the development of new animal therapeutics such as gene and
stem cell-based therapies [4–6]. Canine iPSCs (ciPSCs) show great potential not only for veterinary
regenerative medicine but also for translational medicine as a disease model [7,8]. While many studies
have used rodent models for human disease, they are poor representations of the human system [9],
but dogs are a more applicable model for a number of reasons. Most practically, the lifespan of dogs is
longer than that of rodents, which allows long-term studies [10]. Dogs also have a similar size and
similar genomic, anatomical, and physiological characteristics to those of humans [11]. It is important
to note that the average age of companion dogs has increased in recent years, and that dogs share
some disease-related genes with humans. In particular, common canine diseases share similarities
with human diseases, such as cancers, autoimmune diseases, and diabetes [12–15].

To date, several reports have described the generation of ciPSCs using retroviral or lentiviral
transduction using Yamanaka’s factors [7,8,16]. Although viral reprogramming is very useful and
conventionally performed, numerous studies have shown that it can induce genomic integration and
increase the tumorigenic potential [17,18]. Due to these potential problems associated with integration,
viral reprogramming is not suitable for clinical applications. For instance, one reprogramming factor
c-Myc can increase the reprogramming efficiency, but it is a proto-oncogene that can induce tumor
formation [19–21]. Consequently, it has long been debated whether c-Myc can be safely used as a
reprogramming factor. Instead, the glis-family zinc finger 1 (Glis1) gene, which encodes a Krüppel-like
protein, was found to have the ability to directly reprogram somatic cells into iPSCs more fully than
the c-Myc gene [22]. Unlike c-Myc, the Glis1 gene poses no increased risk for tumor formation and
efficiently suppresses the proliferation of colonies that have not been fully reprogrammed. Hence,
using the Glis1 gene for reprogramming may be a good alternative instead of the c-Myc gene.

Recently, many kinds of integration-free methods for generating iPSCs without c-Myc
have been developed [18,23]. For example, the Sendai virus, episome (Epi), and synthetic
mRNA-transfection-based methods can avoid potential integration problems. Especially,
there have recently been two reports of canine somatic cell reprogramming into iPSCs using the
replication-defective and persistent Sendai virus (SeVdp) vector [24,25]. However, it is not easy to use
SeVdp vectors for the regulation of reprogramming gene expressions, and they are too expensive to
use frequently. In previous studies, a polycistronic and synthetic self-replicating RNA system was
developed to generate human iPSCs using the RNA replicon from of Venezuelan equine encephalitis
(VEE) virus [26,27]. The VEE replicon is a single-stranded positive sense RNA that contains a 5′ cap
and poly (A) tail, similar to cellular mRNAs. The VEE replicon has no potential for problems associated
with genomic DNA integration, because it does not use a DNA intermediate [28–30]. It is also easier
and more productive to synthesize RNA than to produce Sendai virus particles with higher biosafety in
the laboratory.

Although several reports have described the generation of ciPSCs [7,16,24,25,31,32], little is
known about the characteristics of the early stages in the process of canine cell reprogramming
from somatic cells to pluripotent stem cells. Unlike mouse and human cells, a few reports have
characterized the final pluripotent stage of ciPSCs [10,31]. In mice, a genetic study was conducted to
analyze progression from the transition stage to naïve embryonic stem cells [33], which reaffirmed the
intermediate phase of pluripotency and helped to understand the molecular dynamics of the transition
state. Likewise, several studies have analyzed the generation of authentic human pluripotent stem
cells from pre-pluripotent stem cells [34,35]. Data from these studies have shown that it is necessary
to characterize transition-stage cell lines before applying iPSCs in clinical research. Furthermore,
there remain several major limitations for the use of the generated ciPSCs as a reliable cell source. First,
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canine somatic cell reprogramming protocols were not well established and consistent with each other,
resulting in an insufficient reproducibility [16]. Second, it has often been reported that they are difficult
to maintain in long-term culture [8,36,37]. Particularly, there has been a continuous problem in the
long-term culture of ciPSCs derived from the fibroblasts of a 13-year-old dog because the senescence
easily occurs at passage 7 or more [38]. Third, the number of established ciPSC colonies is too low to
be suitable for applications for the development of directed iPSC differentiation for broader clinical use
(heart, neuron, muscle, etc.) [24,37].

To overcome these limitations, we have tried to reprogram canine adult fibroblasts (CAFs) into a
pluripotent state by using an RNA transfection-based method, which is more reproducible and efficient
for reprogramming [39]. Here, we first tried to canine somatic cell reprogramming using a synthetic
and self-replicating RNA-based approach. We transfected in CAFs using an RNA strategy involving a
non-infectious, self-replicating, and integration-free VEE virus that expresses four reprogramming
open reading frames (ORFs) (OKS-iG; hOct4, hKlf4, hSox2, and hGlis1). CAFs were also co-transfected
with B18R mRNA, which acts as an inhibitor of type-1 interferons to reduce the strong immune
responses induced by VEE RNA [40,41]. Furthermore, we investigated the optimal conditions for the
transfection and selection steps, and characterized the transition stage of putative ciPSCs.

2. Materials and Methods

2.1. Ethics Statement

This study was carried out in strict accordance with the recommendations in the Guide for the Care
and Use of Laboratory Animals of the National Veterinary and Quarantine Service. The protocol was
approved by the Committee on the Ethics of Animal Experiments of the Chungbuk National University
(permit number: CBNUA-1415-20-02). All sacrifice was performed under isoflurane anesthesia, and all
efforts were made to minimize suffering.

2.2. Chemicals

All the reagents were purchased from Sigma–Aldrich Chemical Company (St. Louis, MO, USA),
unless stated otherwise.

2.3. Cell Culture

Canine skin tissue was isolated from a 13-year-old female Jindo dog. Primary CAFs were obtained
from the Abu Dhabi Biotech Research Foundation (Seoul, Korea). The CAFs were cultured at 37 ◦C
in Dulbecco’s Modified Eagle’s Medium (DMEM, high glucose) containing 10% fetal bovine serum
(FBS), 1 × MEM non-essential amino acids, 1 × GlutaMAX, 0.1 mM β-mercaptoethanol, and 1 ×
antibiotic–antimycotic (all from Gibco, Carlsbad, CA, USA) in air containing 5% CO2.

2.4. Plasmid Construction and RNA Synthesis

To generate the T7-VEE-mCherry construct, T7-VEE-OKS-iG (#58974; Addgene, Cambridge, MA,
USA) was linearized by NdeI/NotI digestion and modified by removing the OKS-iG sequence [42].
This vector was renamed as T7-VEE. pSicoR-Ef1a-mCh-Puro (#31845; Addgene) was digested with
the same restriction enzymes, and then the mCherry-Puro sequence was introduced to the T7-VEE
vector. The pTNT-B18R vector (#58978; Addgene) was amplified by PCR, and the amplicon was
purified by gel extraction. These linearized DNA templates were used for in vitro transcription.
The synthesis of T7-VEE-mCherry and pTNT-B18R RNA was performed with the RiboMAX Large
Scale RNA Production System-T7 Kit (Promega, Madison, WI, USA). The ScriptCap m7G Capping
System (Epicentre, Madison, WI, USA) was used for 5′ capping, which confers mRNA stability and
efficient translation. After the 5′ mRNA- capping reaction, a poly (A) tail was added using poly (A)
polymerase (Epicentre). These individual RNAs were purified by ammonium acetate and isopropanol
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precipitation, resuspended in the RNase-free water, and stored at −80 ◦C. A PCR was performed to
confirm that both mRNAs were properly synthesized.

2.5. Determination of Optimal Puromycin Concentration

To determine the optimal puromycin concentration for selecting VEE-OKS-iG transfected cells,
a puromycin resistance test was first performed on CAFs. CAFs were plated at a density of 5 × 104

cells/mL in a 6-well dish and cultured in DMEM containing 0.25, 0.5, 0.8, 1, 1.5, and 2 μg/mL of
puromycin (Puromycin dihydrochloride, P8833) for 7 days. The cell death of CAFs was observed by
culturing with various concentration of puromycin for up to 7 days.

2.6. Measurement of Transfection Efficiencies by Flow Cytometry

Initially, CAFs were seeded in a 6-well plate at a density of 1 × 104 cells/mL 24 h before transfection
(Day 0). On day 1, the cells were transfected with T7-VEE-mCherry mRNA using Lipofectamine
MessengerMAX (Thermo Fisher Scientific, Waltham, MA, USA) or the RiboJuice™ transfection reagent
(EMD Millipore, Burlington, MA, USA). Both transfection reagents were used at 4 μL each and the RNA
template was used at 1 μg each. The expression of T7-VEE-mCherry was measured by flow cytometry
on day 2. CAFs were then washed once with DPBS (LB 001-02, Welgene, Gyeongsangbuk-do, Korea)
and incubated with 0.25% trypsin–EDTA (Gibco) for 2 min in a 37 ◦C incubator. After dissociation
and trypsin inactivation, these cells were resuspended with DPBS containing 1% FBS. The transfection
efficiency was measured by a flow cytometry analysis using the SH800S cell sorter (Sony Imaging
Products & Solutions, Tokyo, Japan) and analyzed with the cell sorter software version 1.8.3 (Sony
Imaging Products and Solutions).

2.7. Preparation of Feeder Cells

Mouse embryonic fibroblasts (MEFs) were isolated from embryonic day 13.5 fetuses of the
Institute of Cancer Research (ICR) strain. To inactivate the MEFs, they were treated with 10 μg/mL of
mitomycin C (Roche, Basel, Switzerland) at passage 3 for 2 to 2.5 h before being used as feeder layers.
The inactivated MEFs were plated at a density of 2.5 × 105 cells/mL in 6-well dishes coated with 0.1%
gelatin (EMD Millipore).

2.8. Preparation of Mouse Embryonic Fibroblast Conditioned Medium (MEF-CM)

To prepare the MEF-CM, inactivated MEFs were seeded at a concentration of 4 × 105 cells/mL in
6-well dishes coated with 0.1% gelatin (EMD Millipore). The inactivated MEFs were cultured at 37 ◦C
in DMEM containing 10% FBS, 1 × GlutaMAX, and 1 × antibiotic-antimycotic (all from Gibco) in air
containing 5% CO2. The MEF-CM was collected on the next day and filtrated through a 0.2 μm syringe
filter (Corning Incorporated, Corning, NY, USA).

2.9. Generation and Culture of the Putative ciPSCs

Reprogramming was performed using the Simplicon™ Reprogramming Kit (EMD Millipore).
On day 0, the CAFs were seeded at a density of 5× 104 cells/mL in a 6-well plate coated with 0.1% gelatin
(EMD Millipore). To minimize strong immune responses, CAFs were pre-treated with 200 ng/mL of
human recombinant B18R protein (EMD Millipore) for 20 min before transfection. Transfection was
performed on day 1 (1 × Tfx), on days 1 and 2 (2 × Tfx), or on days 1 to 4 (4 × Tfx). The cells were
transfected with both VEE-OKS-iG RNA (EMD Millipore) and B18R RNA (EMD Millipore) using the
RiboJuice™mRNA Transfection Kit (EMD Millipore). After 4 h, the transfection medium was changed
to stage 1 medium, consisting of Advanced-DMEM (Gibco) with 10% FBS (Gibco), 1 × GlutaMAX
(Gibco), and 200 ng/mL of human recombinant B18R protein (EMD Millipore). The transfected cells
were grown in stage 1 medium and selected with puromycin (0.5 μg/mL) until day 10. At day 10
post-transfection, the transfected cells were passaged onto inactivated MEFs using Accutase (Biowest,
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Riverside, MO, USA) in a 6-well plate (1× 105 cells/mL in each well). Stage 1 medium was used through
day 10 and then it was replaced with stage 2 medium, comprised of MEF CM containing 10 ng/mL of
basic fibroblast growth factor (bFGF; Bio-Bud, Gyunggido, Korea), 1 × human iPS reprogramming
boost supplement II (TGF-β RI kinase inhibitor IV, sodium butyrate, and PS48) from the Simplicon™
Reprogramming Kit (EMD Millipore), and 200 ng/mL of B18R protein (EMD Millipore). The stage 2
medium was changed every other day. B18R protein (EMD Millipore) was added until small iPSC
colonies appeared. Putative ciPSC colonies were mechanically isolated on days 22 to 30 and replated
on inactivated MEFs in stage 3 medium, which consisted of DMEM/F12 medium, 20% KnockOut
Serum Replacement medium (KSR), 1 × GlutaMAX, 1 ×MEM NEAA, 0.1 mM of β-mercaptoethanol,
and 1 × antibiotic–antimycotic (all from Gibco). Putative ciPSC colonies were cultured in stage 3
medium containing 10 ng/mL of bFGF (Bio-Bud) or 1000 units/mL of murine leukemia inhibitory factor
(mLIF; ESGRO, Millipore, Billerica, MA, USA), plus 0.5 μM of MEK1/2 inhibitor (PD0325901; Stemgent,
Cambridge, MA, USA) and 3 μM of GSK3β inhibitor (CHIR99021; Stemgent).

2.10. Primary iPSC Colony Staining with Alkaline Phosphatase (AP) and TRA-1-60

ciPSCs were washed with PBS three times after removing the iPSC culture medium from each
6-well plate, after which they were fixed in PBS containing 4% paraformaldehyde for 5 min at room
temperature. Fixed cells were washed three times in PBS and stained with 5-bromo-4-chloro-3-indolyl
phosphate/nitroblue tetrazolium (BCIP/NBT; Roche, Basel, Switzerland) solution for 30 min at room
temperature in the dark. AP-positive cells were stained a dark purple color and visualized under a light
microscope. For the TRA-1-60 staining, ciPSC colonies were washed with PBS three times, and colonies
were stained using an Alexa Fluor 488-conjugated TRA-1-60 antibody (1:50) (Life Technologies, Carlsbad,
CA, USA). After 1 h, the staining solution was removed and the cells were gently washed three times
with FluoroBrite™ DMEM (Life Technologies). Images were acquired using a fluorescent microscope.

2.11. Gene Expression Analysis of Putative ciPSCs by Reverse Transcription PCR (RT-PCR)

The expression levels of RPL13A (a reference gene), VEE-hOct4, VEE-hKlf4, VEE-hSox2, VEE-hGlis1,
Rex1, Oct4, and Nanog mRNA in ciPSCs were analyzed by RT-PCR. All the cDNA samples of ciPSC-like
colonies were stored at −80 ◦C until PCR analysis. Total RNA was extracted from putative ciPSCs using
the Trizol reagent (Invitrogen, Carlsbad, CA, USA). Complementary DNA (cDNA) was synthesized
using Moloney murine leukemia virus (MMLV) reverse transcriptase (Invitrogen) and random primers
(Invitrogen). All the procedures were performed in accordance with the manufacturer’s instructions.
RT-PCR analysis was conducted using cDNA from putative ciPSCs. cDNA was amplified in a 20 μL
PCR mixture consisting of 10 pmol of forward and reverse primers, 2 units of Taq polymerase, 2 μL
of 10x PCR buffer, 5 pmol of dNTP mixtures (all from iNtRON Biotechnology, SungNam, Korea),
and template DNA. The oligonucleotide primer sequences are presented in Table S1. PCR amplification
was performed for 30 cycles of denaturation at 95 ◦C for 30 s, annealing at 57 ◦C for 30 s, and extension
at 72 ◦C for 90 s. The reaction products were analyzed on a 1.25% agarose gel pre-stained with
RedSafe™ Nucleic Acid Staining Solution (iNtRON Biotechnology).

2.12. Statistical Analysis

The statistical analyses were performed using SPSS 17.0 (SPSS, Inc., Chicago, IL, USA).
The percentage data were compared using a one-way ANOVA followed by Tukey’s multiple range tests.
All the results are expressed as the mean ± standard error of mean (SEM). p < 0.05 were considered to
be statistically significant.
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3. Results

3.1. Determination of Optimal Puromycin Concentration

Since the synthetic VEE RNA used in the experiment has a puromycin resistance gene,
puromycin selection was performed to isolate the transfected cell line. Prior to transfecting synthetic
RNAs, it is important to determine the optimal puromycin concentration for selecting transfected
cells. For this, CAFs were plated at a density of 5 × 104 cells/mL in a 6-well plate, after which they
were cultured with various puromycin concentrations on day 1. After the addition of puromycin,
varying levels of cell death were observed for 7 days. Surviving cells were not observed when
exposed to puromycin concentrations higher than 0.5 μg/mL from day 4 (Figure 1A). The surviving
cell number of the 0.8 μg/mL puromycin-treated group is significantly lower than that of the 0.5 μg/mL
puromycin-treated group (Figure 1B). Therefore, it was determined that the treatment with 0.5 μg/mL
of puromycin for 7 days enabled the most efficient selection of transfected CAFs.

Figure 1. Determination of the optimal puromycin concentration for selecting transfected cells.
(A) Representative images of various puromycin concentration-treated fibroblasts from a 13-year-old
dog. Scale bars = 200 μm. (B) The number of cells counted on 4 days after the puromycin treatment.
The value represents mean ± the standard error of the mean (SEM). Data were analyzed by one-way
analysis of variance (ANOVA). Asterisks indicate statistical significance (** p < 0.01, *** p < 0.005).

3.2. Synthesis of RNA by In Vitro Transcription (IVT) and Measurement of Transfection Efficiencies

To perform the mRNA-based reprogramming, the first step for the reprograming of CAFs is the
production of synthetic RNA molecules encoding the reprogramming factors. The synthetic modified
mRNAs containing each gene were produced as shown in Figure 2A. Synthetic T7-VEE-mCherry
mRNA and B18R mRNA were synthesized by in vitro transcription (IVT). A non-infectious and
self-replicating VEE RNA replicon was modified by removing the OKS-iG sequence. The VEE plasmid
was linearized by NdeI/NotI digestion, and the fluorescent mCherry gene was introduced 3′ of the
replicon ORF. The B18R plasmid was amplified by PCR, and the amplicon was purified by gel extraction.
These linearized plasmids served as templates for RNA synthesis. RNA transcription was performed
for 4 h at 37 ◦C with the RiboMAX Large Scale RNA Production System-T7 Kit. A 5′ capping enzyme
and poly (A) polymerase were used to promote efficient translation. After the purification of the
PCR product and the IVT, the cDNAs correctly synthesized from these RNAs were analyzed using
agarose gel electrophoresis to determine the specific length and purity. The detected bands showed the
expected lengths of the plasmid DNA (control) and PCR products (cDNA) from the RNA templates
(Figure 2B). The sizes of the vectors used in the experiment are as follows: T7-VEE-OKS-iG is 16.86 kb,
T7-VEE-mCherry is 11.477 kb, and B18R is 3.907 kb.
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Figure 2. Construction of synthetic mRNAs and the measurement of transfection efficiencies.
(A) Maps of T7-VEE-OKS-iG, T7-VEE-mCherry, and B18R vectors. Venezuelan equine encephalitis
(VEE) RNA replicases are represented as bright yellow boxes. (B) Confirmation of plasmid DNA
(control), and polymerase chain reaction (PCR) products (complementary DNA; cDNA) from RNA
templates by reverse transcription (RT)-PCR analysis. (C) Representative images of T7-VEE-mCherry
RNA-transfected canine fibroblasts comparing Lipofectamine messengerMAX and Ribojuice tranfection
reagents. Scale bars = 250 μm for (a, b) and 75 μm for (c, d). (D) Percentage of mCherry+ transfected
cells using the Lipofectamine MessengerMAX or RiboJuice transfection reagent. The value represents
mean ± SEM. (E) Representative flow cytometry histogram showing the mCherry fluorescence of the
mCherry+ transfected cell population. Transfected with VEE RNA alone (upper); co-transfected with
the T7-VEE-mCherry RNA replicon and B18R (bottom). All the experiments were replicated at least
three times.

To determine which transfection reagent was more efficient, CAFs were transfected with
T7-VEE-mCherry RNA on day 1, using the Lipofectamine MessengerMAX or the RiboJuice™ transfection
reagent (Figure 2C). The results showed that the RiboJuice™ transfection reagent showed a higher
percentage of mCherry+ cells than that of the Lipofectamine MessengerMAX-treated group (Figure 2D),
which suggests that the use of the RiboJuice™ transfection reagent is a more optimized approach
for the generation of ciPSCs. Additionally, CAFs were transfected with T7-VEE-mCherry RNA alone
or co-transfected with B18R RNA using the RiboJuice™ transfection reagent. Because of the strong
immune response induced by VEE RNA, few mCherry-positive cells were observed after transfection
with T7-VEE-mCherry RNA alone. However, those cells co-transfected with the T7-VEE-mCherry RNA
replicon and B18R RNA have shown more mCherry expression (3.98%) than the cells transfected with
VEE RNA alone (0.9%) (Figure 2E). These results suggested that B18R is required for the more efficient
transfection of VEE RNA replicons.

3.3. Generation of Putative ciPSCs Using Fibroblasts from an Aged Dog

The synthetic mRNA-based reprogramming required the daily transfection of the cells to maintain
a constant level of reprogramming factor expression. In this study, transfection was performed with
the T7-VEE-OKS-iG replicon and B18R RNA on day 1 (1 × Tfx), days 1 and 2 (2 × Tfx), or days 1 to
4 (4 × Tfx) (Figure 3A). One day after the final transfection, the cells were selected with puromycin
(0.5 μg/mL) until day 10. Then, 200 ng/mL of B18R protein was added to minimize the immune response
until iPSC colonies appeared. To find the optimal reprogramming conditions, we have attempted
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to reprogram using a variety of culture media such as MEF-CM, Advanced-DMEM, or DMEM/F12.
Among these conditions, the most effective culture condition was to use MEF-CM until the first colony
appeared (for about 19 days) after VEE-OKS-iG mRNA transfection (data not shown). Twelve putative
ciPSC colonies were derived from the CAFs and isolated on days 22 to 30. These initial colonies
were of two distinct types, which are a spherical type and a radial type (Figure 3B). Two colonies
showed a spherical-type morphology and 10 colonies retained a radial-type morphology (Figure 3C).
Interestingly, when they were subcultured, all the spherical-type colonies (clone #4 and #8) either
differentiated or died, whereas all the radial-type colonies proliferated except for clones #2 and #3
(these two cell lines died during maintenance).

Figure 3. Two distinct types of initial canine induced pluripotent stem cell (ciPSC) colonies. (A) Timeline
of synthetic mRNA-mediated reprogramming using a method of co-transfecting T7-VEE-OKS-iG
and B18R mRNAs. (B) Representative images of the initial ciPSC colonies after introducing four
reprogramming factors by VEE RNA on day 25. (a) and (c) Typical images of a spherical colony. (b) and
(d) Typical images of a radial colony. Scale bars = 200 μm for (a, b); 50 μm for (c, d). (C) Information of
the initial ciPSCs classified based on the colony morphology.

3.4. Characterization of Pluripotency Markers in Primary ciPSC Colonies

To evaluate the quality of the putative primary ciPSC colonies, the expression of the pluripotent
stem cell marker TRA-1-60 was assessed by live-cell imaging. Both the spherical- and radial-type
colonies expressed the TRA-1-60 pluripotency marker, as shown in (Figure 4A). AP activity was also
observed in a spherical colony (Figure 4B).
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Figure 4. Immunocytochemistry of pluripotency markers in primary canine induced pluripotent stem
cell (ciPSC) colonies. (A) Expression of the pluripotency marker TRA-1-60 in ciPSCs, as assessed by
immunocytochemical analysis. (a) and (c) A spherical colony (No. #4 colony). (b) and (d) A radial
colony (No. #2 colony). Scale bars = 50 μm. (B) Image of a spherical domed ciPSC colony (No. #4
colony) after introducing four factors (VEE-hOct4, VEE-hKlf4, VEE-hSox2, and VEE-hGlis1) by mRNA
transfection on day 27 (left); scale bars = 200 μm. Representative image of an AP-positive colony
(middle); scale bars = 200 μm. Magnified image of an AP-positive colony (right); scale bars = 50 μm.

The radial colonies were subcultured and maintained well on the feeder layers. When the radial
colonies were subcultured, almost of them have changed their morphology from a flat shape to a round
shape (Figure 5A), and several colonies spontaneously differentiated in the presence of only 10 ng/mL
of bFGF.

Figure 5. Morphological changes of canine induced pluripotent stem cell (ciPSC). (A) Representative
images of radial colonies. (a) Radial colonies of putative ciPSCs were appeared at day 26 after VEE
RNA transfection. (b) At passage 1, a flat and rounded colony appeared. Scale bars = 100 μm. (B)
Morphological changes of ciPSCs culture in the presence of basic fibroblast growth factor (bFGF) or
leukemia inhibitory factor (LIF)/ PD0325901 and CHIR99021 (two inhibitor; 2i). (a, b) The attached
clumps appeared under bFGF-only conditions. (c, d) The culture conditions were changed to LIF/2i.
Scale bars = 200 μm.

To determine the optimal culture conditions, the 10 ng/mL of bFGF culture condition was changed
to 1000 units of mLIF + 0.5 μM MEK1/2 inhibitor (PD0325901) + 3 μM of GSK3β inhibitor (CHIR99021)
(LIF/2i). Both culture conditions were compared to investigate which condition was more appropriate.
Six days later, the flat or round-shaped colonies had changed in appearance to dome-shaped colonies
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and gradually proliferated under the LIF/2i condition (Figure 5B). However, these results should be
further examined to determine whether such ciPSCs are LIF-dependent. These data indicated that
the primary ciPSC lines generated using RNA-based reprograming were maintained well under the
LIF/2i condition.

3.5. Gene Expression Analysis of Putative ciPSCs by RT-PCR

The total eight radial colonies were cultured to passage 3, so we investigated the gene expression
levels by RT-PCR. The putative ciPSCs in the transition or intermediate stage did not grow well
after passage 3, so it was difficult to obtain a sufficient cDNA concentration to perform a gene
expression analysis. Of the total eight cell lines maintained until passage 3, we analyzed the level
of gene expression by PCR using the ciPSC #5 cell line and the ciPSC #7 cell line, with a relatively
sufficient cDNA concentration. To characterize putative ciPSCs, the expression levels of RPL13A
(a reference gene), VEE-hOct4, VEE-hKlf4, VEE-hSox2, VEE-hGlis1, Oct4, Nanog, and Rex1 mRNA
were measured by RT-PCR (Figure 6 and Table S1). Among the exogenous VEE-hOct4, VEE-hKlf4,
VEE-hSox2, and VEE-hGlis1 transcripts, only VEE-hOct4 was expressed in the putative ciPSC #5 cell
line. The expression of the endogenous Klf4, Sox2, and Glis1 genes was not detected (data not shown),
but the endogenous Oct4 and Nanog genes were expressed in both cell lines. The putative ciPSC #7
cell line also showed the expression of Rex1, which is a well-known ground-state (naïve) pluripotent
marker gene [43]. The results of this study suggest that the ciPSC lines generated using RNA-based
reprograming were in the late intermediate stage of reprogramming.

Figure 6. Gene expression analysis of the putative canine induced pluripotent stem cell (ciPSC) lines.
The expression of RPL13A, VEE-hOct4, endogenous Oct4, Nanog, and Rex1 mRNAs was analyzed in the
putative ciPSC colonies on day 17 by RT-PCR. The RPL13A gene served as a reference gene; VEE-hOct4
served as an exogenous gene; Oct4, Nanog, and Rex1 served as pluripotency marker genes.

4. Discussion

The generation of iPSCs using an integration-free VEE RNA replicon system has great potential
for clinical research [26,27,44] due to concerns over the integration of DNA vectors into the genome.
To generate integration-free iPSCs from the fibroblasts of a 13-year-old dog, we used an efficient
VEE RNA-based iPSC generation strategy. Our findings suggest a new method to utilize the VEE
RNA approach for canine somatic cell reprogramming regarding the transfection and reprogramming
efficiency (Figure 7).
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Figure 7. Schematic diagram showing the generation of putative induced pluripotent stem cells (iPSCs)
from canine adult fibroblasts (CAFs) using synthetic RNAs. In this study, the fibroblasts obtained
from an old dog were reprogrammed using a non-integrating VEE RNA virus replicon which has
four reprogramming factors (collectively referred to as T7-VEE-OKS-iG) and co-transfected with the
B18R mRNA. To evaluate the transfection efficiency, CAFs were co-transfected with T7-VEE-mCherry
mRNA and B18R mRNA on day 1, using the RiboJuice™ transfection reagent. One day after the
final transfection, the cells were selected with puromycin (0.5 μg/mL) until day 10. After about 25
days, the putative canine iPSC colonies were identified showing TRA-1-60 expression and alkaline
phosphatase (AP) activity. Finally, the expressions of endogenous pluripotency markers such as the
Oct4 and Nanog transcripts were confirmed, suggesting that the generated canine iPSCs were in the late
intermediate stage of reprogramming.

The VEE RNA replicon used in the experiments contains the puromycin resistance gene. Thus,
the transfected cell lines have been isolated by puromycin selection. The typical puromycin working
concentration range is 0.5 to 10 μg/mL for mammalian cells [45], and the optimal concentration
should be determined empirically before selecting transfected cells. Hong et. al. have reported that
stably transfected canine fetal fibroblasts were selected with 2 μg/mL of puromycin for 2 weeks [46].
Techangamsuwan et al., on the other hand, have transfected canine schwann cells and olfactory
ensheathing cells, and the stable transfectants were selected with 0.4 μg/mL of puromycin [47].
Therefore, the puromycin sensitivity varies according to the target cell type, so an appropriate
concentration should be determined prior to antibiotic selection. In this study, the optimal puromycin
concentration for the selection of CAFs transfected with VEE-OKS-iG synthetic mRNA was found to
be 0.5 μg/mL. In addition, a previous study showed that the activation of innate immune responses
enhanced the efficiency of iPSC generation by repeated mRNA transfection [48]. It has also been
shown that VEE RNA induces especially strong interferon (IFN)-α/β innate immune responses [26].
To reduce the innate immune response to VEE RNA, the B18R protein was used, which binds to
and neutralizes type 1 IFNs [40]. Interestingly, the cells co-transfected with T7-VEE-mCherry RNA
and B18R RNA expressed mCherry at higher levels than the cells transfected with T7-VEE-mCherry
alone. Therefore, the B18R protein mitigated VEE RNA-induced immune responses and increased the
transfection efficiency.

According to previous studies, the pluripotent states were classified into two states, referred to
as the “naïve” and “primed” states [33,49,50]. The naïve PSCs typically retain small, compact,
dome-shaped colonies, whereas the primed PSCs display a large and flattened monolayer morphology.
In this study, 12 colonies were derived from CAFs following only one transfection experiment using the
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VEE RNA system. On the basis of their morphology, these initial colonies were classified into two types,
spherical and radial. Neither are a typical morphology of ciPSC colonies, composed of tightly packed
dome-shaped cells surrounded by a distinct border similar to canine ESCs. Several researchers
have identified those colonies, showing unclear margins and radial colony morphologies as a
partially reprogrammed cell [51–53]. Even though both the spherical and radial colonies stained
positive for the pluripotency marker TRA-1-60 by immunocytochemistry, they might be partially
reprogrammed [10,54,55]. In addition, David et. al. have reported that AP is detected during the early
intermediate stage of reprogramming [56]. Because our results have also shown AP activity in initial
colonies through AP staining, these cell lines can be considered to have passed the early intermediate
stage of reprogramming. Especially, all the spherical colonies (No. #4 and No. #8) differentiated
or died when they were subcultured, whereas all the radial colonies proliferated after subculture
except for clones #2 and #3, suggesting that the radial-type colonies were maintained better than the
spherical-type colonies.

Naïve and primed PSCs differ substantially in their major pluripotency-related signaling pathways:
the LIF-dependent naïve state and the bFGF-dependent primed state, both of which are commonly
reported in mouse and human cells [57]. Even though both signaling pathways seemed to be mutually
exclusive, several reports have shown that most ciPSCs require both bFGF and LIF supplementation
for proliferation in the undifferentiated state [32,36,37,54], whereas only one report has shown that
ciPSCs were dependent on LIF alone [10]. The LIF-dependent ciPSCs seemed to be established in the
naïve state. Whitworth et al. [10] also reported that ciPSCs could be cultured well in a cocktail medium
supplemented with a cocktail of small molecules containing not only bFGF and LIF, but also GSK3β
inhibitor, MEK1/2 inhibitor, TGF-β antagonist, and valproic acid. Therefore, we also compare the
numerous different culture conditions for RNA-based reprogramed ciPSCs established in this study.
Although additional study should be performed to determine whether these ciPSCs are LIF-dependent
or not, the evaluation of different culture media for the ciPSC lines revealed that those based on the
LIF/2i condition are more suitable for both the isolation and expansion of ciPSCs compared to the bFGF
culture condition.

Recently, RNA-based iPSC approaches using four individual reprogramming-factor mRNAs
generated by IVT were noted [41,58,59]. However, due to the rapid degradation of reprogramming
factor mRNAs, this RNA-based reprogramming method required daily transfections during the
reprogramming period or that the mRNA transfection be continued for a few days to increase the
transfection efficiency [60]. Therefore, the transfection efficiency was determined as a function of the
transfection frequency in this study. As the frequency of transfection increased, primary colonies
appeared to be reprogrammed more efficiently because they were observed at a much higher percentage,
whereas the cells transfected only once were speculated to have reached the transition state (data not
shown). Since there is a self-replicative VEE replicon in the vector used in the experiment, only one
transfection was attempted without continuous transfection. Using this system, the reprogramming
factor mRNAs replication and transcription may continue to occur in transfected cells once [61].
Even though mRNA delivery to CAFs has been conducted several times, the initial colonies were
speculated to have been partially reprogrammed and were potentially in the transition state. The main
cause of entry into the transition state by these primary colonies is as follows. Despite the potential of
efficient mRNA transfection for reprogramming, cellular senescence served as a fundamental barrier
against fully reprogramming fibroblasts from aged dogs to iPSCs [62,63]. Moreover, a more efficient
transgene-delivery system was required for successful reprogramming. Previous data has shown that
electroporation was more suitable for producing stable cell lines than lipofection [64].

Recent reports have shown the cellular changes that occur during the reprogramming process
of MEFs [33,65,66]. The reprogramming process can be classified into two phases—namely, an early
“stochastic” and a following “deterministic” phase [65]. If the reprogrammable cells enter an
intermediate state (i.e., a transition state), then the cells go through a stochastic activation of
pluripotency genes [67], the transient activation of developmental regulators [68], and the activation of
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glycolysis [69,70]. One thing to be sure is that an intermediate phase of morphological changes from
somatic cells to iPSCs during reprogramming must occur, during which reprogrammable cells undergo
transcriptional and epigenetic genetic changes [61,71]. The stably expressed reference genes differ
with each cell line, and care should be taken when selecting an appropriate reference gene for RT-PCR.
Although glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is the most commonly used reference
gene, many reports have demonstrated that this gene is not stably expressed in different tissues [72,73].
Instead, it was reported that RPL13A is more stably expressed as a reference gene in whole canine
skin than GAPDH [72]. Using RPL13A as a reference gene, the expression levels of exogenous
(VEE-hOct4, VEE-hKlf4, VEE-hSox2, and VEE-hGlis1) and endogenous (Oct4, Nanog, and Rex1) genes
were determined in the putative ciPSC colonies and CAFs. In this study, endogenous Oct4, Klf4, Sox2,
and Glis1 genes were analyzed in the putative ciPSCs by RT-PCR, but those endogenous genes were
not fully activated in these cell lines except for the Oct4 gene. Generally, many researchers have
reported that the expression of the endogenous expression of Oct4 might be detected from the early
transitional stage of reprogramming [65,71,74,75], whereas the endogenous expression of Sox2 could be
detected only after transition stage, particularly in the stabilization stage of reprogramming [56,71,76].
However, little is known about the transitional state of canine reprogramming process. The expressions
of the Oct4 and TRA-1-60 with AP activity without the endogenous expression of the Sox2 in the
ciPSCs generated by the VEE-RNA system suggest that they are in a late intermediate or transition
state, and not in the stabilization stage of reprogramming. To our knowledge, we are the first group
demonstrating a significant improvement in ciPSCs in a transitional state.

In previous studies, the expression of endogenous factors such as Oct4, Klf4, Sox2, and c-Myc was
analyzed in ciPSCs [7,31], but these primer sequences are not suitable for exogenous and endogenous
gene expression analysis because they overlap with those of humans. Unlike mouse and human cells,
the development of canine-specific markers is insufficient and some gene sequences are very similar
between dogs and humans, making it difficult to perform gene-expression analysis because only a few
certain canine gene sequences are found in the GenBank® (database; http://www.ncbi.nlm.nih.gov).
In addition, only the exogenous VEE-hOct4 gene was expressed in the putative ciPSC #5 cell line,
suggesting that this cell line was more partially reprogrammed than the No. #7 cell line because the
overexpressed exogenous Oct4 genes remain. Although the endogenous Oct4 (strong expression) and
Nanog (weak expression) genes were expressed in both cell lines, Rex1, known to be important for
the naïve pluripotent state [43,77], was clearly observed only in the No. #7 cell line. Although all of
the colonies generated in this study showed a strong expression of Oct4, almost of the colonies (eight
cell lines including #5) showed the weak expression of Rex1, except for No. #7 ciPSCs. The weak
expression level of Rex1 with the strong expression of “Oct4” in these colonies suggests that those
colonies are not in the ground state of pluripotency [49], unlike the #7 ciPSCs, which show the most
“naïve” pluripotency. These results indicate that the almost of the ciPSC colonies generated using
RNA-based reprograming were in the transition stage of reprogramming. The lack of silencing of
exogenous transgenes has been reported as a well-known feature of incomplete reprogramming [78].
This indicates that VEE RNA was not fully transfected into CAFs because the size of VEE replicon
is very large (11 kb), and a strong immune response was induced by the modified mRNA during
reprogramming. Taken together, these findings suggest that the putative ciPS cell lines may be in a late
intermediate stage of reprogramming, and in particular the No. #7 cell line is closer to the ground
state of pluripotency than the No. #5 line. A limitation of our findings is that the ciPSCs generated in
this study subcultured well up to five serial passages while keeping their incomplete pluripotency.
Several researchers have previously described that a self-replicating VEE RNA vector is another
transgene delivery method for viral-free iPSCs [26,44,79]. However, further studies are required to set
up the complete reprogramming and optimize the culture conditions [80] for more long-term culture.
It is also necessary to further study the mechanism from the transition state to the fully pluripotent
state. This is a preliminary study and requires repeating with quantitative methodologies.
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5. Conclusions

This work describes a new method for transfecting dog somatic cells. To our knowledge, we are
the first group to report synthetic RNA-based reprogramming for ciPSCs from the fibroblasts of an old
dog. We performed reprogramming with the somatic cells of a Korean native dog, an old Jindo dog,
and it was possible to determine the optimal concentration of puromycin treatment suitable for the
selection of transfected individual cells and to present the results of an RNA transfection efficiency
measurement. It is speculated that the reason why the established putative ciPSC lines remained only
in the early passage was that they were partially reprogrammed or at an intermediate reprogramming
stage, but further experimentation is needed to prove this. Although further studies are needed to
characterize the conversion of canine somatic cells to ciPSCs using synthetic RNAs, these results may
be useful for developing canine-specific markers to characterize iPSCs in the transition or deterministic
phase. Furthermore, the reprogramming method using non-integrating, self-replicative VEE RNA will
help us to generate clinically applicable ciPSCs.
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Simple Summary: Adipose stromal vascular fraction (SVF) cells are freshly isolated non-cultured
mesenchymal stem cells, which have been recently applied in the treatment of several musculoskeletal
inflammatory conditions in dogs. However, the best adipose tissue (AT) sampling site is still
challenging. This study first addressed the ideal AT harvesting site in canines ranging between
middle and old age, the most susceptible age to chronic musculoskeletal problems. Our results
showed that the peri-ovarian region is the best AT harvesting site, which yields high amounts of SVF
cells with enough adipose-derived stem cells. These data may help the further set-up of cell-based
regenerative therapies at the preclinical and experimental level in canines.

Abstract: Mesenchymal stem cells (MSCs) constitute a great promise for regenerative therapy, but
these cells are difficultly recovered in large amounts. A potent alternative is the stromal vascular
fraction (SVF), non-cultured MSCs, separated from adipose tissue (AT). We aim to evaluate AT
harvesting site effect on the SVF cells’ quantity and quality in dogs. Subcutaneous abdominal
fat, falciform ligament and peri-ovarian fat were sampled. After SVF isolation, the trypan blue
exclusion test and a hemocytometer were used to assess the cell viability and cellular yield. SVF
cells were labeled for four surface antigenic markers, clusters of differentiation CD90, CD44, CD29,
and CD45, and then examined by flow cytometry. Semi-quantitative RT-PCR was used to evaluate
the gene expression of the former markers in addition to OCT-4 and CD34. SVF cells in the peri-
ovarian AT recorded the highest viability% (99.63 ± 0.2%), as well as a significantly higher cellular
yield (36.87 ± 19.6 × 106 viable cells/gm fat, p < 0.001) and a higher expression of adipose-derived
mesenchymal stem cells AD-MSCs surface markers than that of other sites. SVF cells from the
peri-ovarian site revealed a higher expression of MSC markers (CD90, CD44, and CD29) and OCT-4
compared to the other sites, with weak CD45 and CD34 expressions. The positive OCT-4 expression
demonstrated the pluripotency of SVF cells isolated from different sites. To conclude, the harvesting
site is a strong determinant of SVF cells’ quantity and quality, and the peri-ovarian site could be the
best AT sampling site in dogs.

Keywords: canine; stromal vascular fraction; harvest site; adipose-derived MSCs; flow cytometry
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1. Introduction

The use of mesenchymal stem cells (MSCs) in regenerative medicine holds a great
promise for repairing damaged tissues in both acute conditions, such as injuries of liga-
ments, tendons, cartilage or bone, and chronic conditions, such as osteoarthritis [1]. These
cells have been separated from many tissues, including bone marrow, adipose tissue, blood,
cartilage, and muscle [2]. Although studies initially focused on bone marrow-derived
MSCs, the high concentration of MSCs in adipose tissues (100–1000 times that in bone
marrow) triggered adipose-derived MSCs’ use in regenerative stem cell therapy [3–5].
Adipose tissue (AT) is a practical and reasonable source for both freshly isolated stromal
vascular fraction and cultured adipose-derived stem cells (AD-MSCs) [6]. Stromal vascular
fraction (SVF) cells can be directly separated from minced AT tissue by incubation with
collagenase enzyme followed by centrifugation [7,8]. SVF cells are a heterogeneous cell
population from adipose stromal cells, progenitor cells, hematopoietic stem cells, and
endothelial cells. This cell population produces a homogeneous cell population of plastic
adherent AD-MSCs when expanded on culture [9]. Both cell types, primary SVF and
cultured AD-MSCs, represent an important therapeutic target [10].

Recent clinical trials have proposed using freshly isolated primary SVF cells instead
of cultured AD-MSCs [11–13] for many reasons. Cultivation of the SVF cells leads to
changes in the AD-MSCs’ phenotype and reduces the differentiation potential of these
cells. Thus, the primary SVF cells have a larger regenerative capacity than cultured AD-
MSCs [14,15]. Additionally, the popularity of freshly isolated SVF cells over cultured
AD-MSCs in the veterinary practice may be due to the high-expenses, time-consuming
isolation and the in vitro serial expansion of AD-MSCs, which may lead to contamination,
loss of differentiation ability, and the neoplastic transformation of cells [6]. It is beneficial
to isolate autologous SVF cells and re-use them as a therapy in a single surgical procedure.
Therefore, SVF cells may have the chief prospective for future stem cell therapy [12].

Dogs are a good preclinical animal model to study several degenerative and traumatic
diseases in humans [16,17]. Recently, adipose SVF has been used for the treatment of
several inflammatory and immune-mediated conditions in canines, such as osteoarthritis,
tendinopathy, hip dysplasia and multiple sclerosis [10,11,18,19]. Despite the wide use of
canine SVF cells in veterinary clinics, only two studies investigated the cellular component
of freshly isolated canine SVF cells. Astor et al. [20] discussed AT collection from three
different sites (subcutaneous caudal to the scapula, falciform, and inguinal region). How-
ever, Astor et al. [20] did not assess the immune phenotyping of the freshly isolated SVF
cells. Sullivan et al. [21] conducted another study, in which dogs were less than 2 years
of age, and AT samples were collected from two sites only (subcutaneous AT caudal to
the scapula and falciform ligament). However, Astor et al. [20] and Sullivan et al. [21] did
not investigate the peri-ovarian site as a promising source for AT harvest. Despite this
expansion, SVF cells have not been characterized in dogs compared to those reports in
humans or bone marrow cells [21]. Our study aims to investigate the best AT harvesting
site in middle-aged to older dogs regarding the quantity and quality of the SVF cells. Thus,
we isolated AT from abdominal subcutaneous fat, falciform ligament, and peri-ovarian
sites. Then, we compared the isolated SVF cells in cell viability, cellular yield, and AD-MSC
surface markers’ expression using the trypan blue exclusion test, a hemocytometer, and
flow cytometry. Flow cytometry results were validated by semi-quantitative RT-PCR.

2. Materials and Methods

2.1. Ethical Statement

All experiments were compliant with ethical standards and safety guidelines of regen-
erative medicine and cell therapy in dogs and cats designed by the Japanese Society for
Veterinary Regenerative Medicine. We had extracted adipose tissue samples from dogs
only after their owners provided written informed consent.
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2.2. Animals

This study involved ten healthy female dogs that were admitted to the Animal Medi-
cal Center at Tokyo University of Agriculture and Technology, Japan for spaying. As the
most susceptible age to chronic musculoskeletal problems, middle to old age dogs (mean
8.9 ± 1.1 years) were used for AT extraction, with the mean body weight of 9.55 ± 4.86 kg.
These chosen dogs belonged to different breeds: Beagle (n = 2), Chihuahua (n = 2), Minia-
ture Dachshund (n = 1), Pug (n = 1), Golden Retriever (n = 1), Jack Russell Terrier (n = 1),
Pomeranian (n = 1), and Mix (n = 1). All dogs were examined for complete blood count,
urine analysis, and serum biochemistry. Before extracting AT samples, dog anesthesia was
initiated by I/V injection of Propofol (6 mg/kg, Propofol 1%, Nichi-Iko, Toyama, Japan)
and maintained by 2% isoflurane (Isoflu; Dainippon Sumitomo Pharma, Chuo-ku, Osaka,
Japan) intubation [22,23]. Then, the surgical field was aseptically prepared and draped.

2.3. AT Harvesting

AT samples were collected from three different sites: abdominal subcutaneous, falci-
form ligament, and the peri-ovarian region. Subcutaneous AT was extracted from surgical
wound edges, while the falciform ligament fats were immediately harvested after a mid-
line celiotomy incision. The peri-ovarian region AT was collected from the uterine broad
ligament-enclosing fats by monopolar electrocautery according to the standard surgical
technique. All dogs were further monitored for any surgical complications.

2.4. Isolation of SVF Cells

We isolated SVF cells from AT samples under complete aseptic conditions using
procedures described by Zuk et al. [5], with little modifications. Briefly, AT samples were
collected in 50 mL conical tubes (Falcon®, Corning Inc., Tewksbury, MA, USA) and weighed.
Extensive washing was performed with phosphate-buffered saline (PBS). Then, tissues
were placed in sterile dishes and minced into small pieces (1–3 mm) with a sterile scalpel.
A 0.2% collagenase (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA)/Hanks’
Balanced Salt Solution (HBSS; Wako Pure Chemical Industries, Ltd., Chuo-ku, Osaka,
Japan) mixture (mL) was added to the minced AT (cm3) at the ratio of 1:1 and incubated
at 37 ◦C with shaking (120 rpm, 30 min). The enzymatic activity was neutralized by cold
HBSS. Following centrifugation (800× g, 10 min), the cell pellet containing SVF cells was
collected, rewashed with HBSS, and successively filtered using 100 μm and 40 μm nylon
meshes to remove any cellular debris. Freshly isolated SVF cells were used in assessing
the cell viability and quantity and in flow cytometry. However, the remaining cells were
suspended in a freezing medium, containing 10% Dulbecco’s Modified Eagle’s medium
(DMEM/F-12, Gibco; Thermo Fisher Scientific, Inc.), 10% dimethyl sulfoxide (DMSO,
Wako Pure Chemical Industries, Ltd.), and 80% fetal bovine serum (FBS, Gibco; Thermo
Fisher Scientific, Inc.) and cryopreserved at −80 ◦C using a Bicell cryopreservation device
(Nihon-freezer, Tokyo, Japan) until use for RT-PCR.

2.5. Assessment of SVF Cells Viability and Quantity

Cell viability and quantity were determined using a hemocytometer combined with
the routine trypan blue exclusion test. SVF cell suspension (10 μL) was diluted 1:1 with 0.4%
trypan blue solution (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and loaded
into the hemocytometer chamber. We used the average of two full squares to calculate the
percentage of viable cells. SVF cellular yield or concentration was calculated by dividing
the total number of viable cells per gm fat (dry fat digested by collagenase). Data were
represented as the number of viable cells × 106/gm of dry fat ± standard deviation [1].
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2.6. Immunophenotyping of the Potential AD-MSCs in SVF Samples

We used flow cytometry to assess the potential of AD-MSC subpopulations from
the freshly isolated SVF samples from different AT extraction sites. SVF cells were la-
beled with a panel of monoclonal antibodies against mesenchymal (CD90, CD44, and
CD29) and hematopoietic (CD45) stem cell markers according to Krešić et al. [24] and
Yaneselli et al. [25]. Briefly, SVF cells were suspended in PBS and incubated at 4 ◦C for
30 min with Phycoerythrin (PE)-conjugated antibodies against CD90, CD44, and CD29,
and fluorescein isothiocyanate (FITC)-conjugated antibody against CD45, listed in Table 1.
Flow cytometry analyses were performed using the CytoFLEX Flow Cytometer (Beckman
Coulter, Brea, CA, USA) equipped with a blue laser (488 nm). The percentage of each
marker was separately detected in SVF samples. The resulting data were further analyzed
using CytExpert Software v1.2.

Table 1. The list of antibodies used for flow cytometry.

Cell Surface
Marker

Antibody
Clone

Species
Reactivity

Clonality
Antibody
Quantity

Cat. No Source

CD90 PE 5E10 Dog Monoclonal 10 μL/106 cells ARG54208 Arigo
Biolaboratories

CD44 PE IM7 Dog Monoclonal 10 μL/106 cells GTX80086 GeneTex

CD29 PE MEM-101A Dog Monoclonal 10 μL/106 cells 1P219T025 EXBIO
antibodies

CD45 FITC YKIX716.13 Dog Monoclonal 10 μL/106 cells GTX43583 GeneTex

CD: Cluster of Differentiation, PE: Phycoerythrin, FITC: fluorescein isothiocyanate.

2.7. Semi-Quantitative RT-PCR

The phenotypic expression of different MSC markers was assessed by performing
Reverse-Transcriptase-PCR (RT-PCR) as previously described [26]. Table 2 shows the details
of analyzed genes and the sequence of specific primers. All primers were manufactured by
the FASMAC Company, Midorigaoka, Kanagawa, Japan. Total RNA was extracted from
SVF cells (1.5 × 106) isolated from different harvesting sites using RNeasy Isolation Kit
(Qiagen AG, Garstligweg, Hombrechtikon, Switzerland) with DNase I treatment following
the manufacturer’s protocol. The RNA quantity was measured by a NanoDrop ND-
1000 spectrophotometer (NanoDropTechnologies, Wilmington, NC, USA). Agarose gel
electrophoresis was used to assess the RNA integrity. First-strand complementary DNA
cDNAwas synthesized from 1 μg of total RNA with a PrimeScript RT Master Mix (Takara,
Kusatsu, Shiga, Japan) according to the manufacturer’s protocol. EmeraldAmp MAX
PCR Master Mix (Takara, Kusatsu, Shiga, Japan) was used for RT-PCR. The final RT-PCR
mixtures contained 25 μL EmeraldAmp MAX PCR Master Mix, 2 μL template cDNA,
0.2 μM of each specific forward and reverse primer, and ddH2O up to 50 μL. Cycling
protocols were as follows: 35 cycles of denaturation at 94 ◦C for 30 s, annealing at 55 ◦C
for 30 s, and extension at 72 ◦C for 1 min. RT-PCR products were examined on ethidium
bromide-stained agarose gel (1.5%) in TAE (Tris Acetate-EDTA) buffer. Amplicons were
visualized using a UV Transilluminator, and images were captured by a Canon digital
camera. All analyses were repeated with two replicates for each AD harvesting site sample.
For semi-quantitative analysis of MSC markers expression, we used the ImageJ image
processing software to evaluate the optical density of each positive band normalized to
that of the endogenous housekeeping gene (β-actin).
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Table 2. Primers used in RT-PCR.

Target Gene Accession Number Primers Amplicon Size Reference

Oct-4 XM_538830.1 Fw: AAGCCTGCAGAAAGACCTGRv:
GTTCGCTTTCTCTTTCGGGC 286 bp Ivanovska et al. [26]

CD90 NM_001287129.1 Fw: AAGCCAGGATTGGGGATGTGRv:
TGTGGCAGAGAAAGCTCC TG 285 bp Ivanovska et al. [26]

CD44 NM_001197022.1 Fw: CCCATTACCAAAGACCACGARv:
TTCTCGAGGTTCCGTGTCTC 408 bp Ivanovska et al. [26]

CD29 XM_005616949.1 Fw: AGGATGTTGACGACTGCTGGRv:
ACCTTTGCATTCAGTGTTGTGC 356 bp Ivanovska et al. [26]

CD45 XM_005622282.1 Fw: TGTTTCCAGTTCTGTTTCCCCARv:
TCAGGTACAAAGCCTTCCCA 432 bp Ivanovska et al. [26]

CD34 NM_001003341.1 Fw: GAGATCACCCTAACGCCTGGRv:
GGCTCCTTCTCACACAGGAC 383 bp Ivanovska et al. [26]

β-actin XM_544346 Fw: GAGACCTGACCGACTACCTRv:
GCT GCCTCCAGACAACAC 553 bp Qiu et al. [27]

2.8. Statistical Analysis

All data were expressed as mean ± standard deviation values (SD). Statistical analysis
was carried out using GraphPad Prism software version 6 (GraphPad Software, Inc., La
Jolla, CA, USA). Data were analyzed by one-way analysis of variance (ANOVA) followed
by Tukey’s post hoc test to evaluate differences between groups. Statistically significant
differences were considered at a p value less than 0.05.

3. Results

3.1. Effect of Harvesting Site on AT yield

Table 3 shows samples’ weights for each adipose tissue submission. The mean weight
of collected AT samples was 2.7 ± 1.6, 9.47 ± 2.9, and 8.13 ± 4.3 gm for the subcutaneous
abdominal, falciform ligament, and peri-ovarian AT, respectively. Compared to the sub-
cutaneous abdominal and falciform ligament sites, the recovered AT weight was highly
variable at the peri-ovarian site. Moreover, AT harvesting from both falciform ligament and
peri-ovarian sites was much easier than that of subcutaneous abdominal AT harvesting,
which required an extensive dissection. No clinical complications were recorded in dogs
either during or after AT harvesting from all sites.

3.2. Effect of AT Harvesting Site on SVF Cell Viability and Quantity

Cell viability was examined after the extraction of SVF cells from different sites.
Among all, SVF cells isolated from peri-ovarian AT showed the highest viability percent-
age, but without significant difference. The mean SVF cell viability% was 94.94 ± 2.9,
94.58 ± 4.1, and 99.63 ± 0.2% for the subcutaneous abdominal, falciform ligament, and
peri-ovarian AT, respectively (Figure 1a). We did not find any significant difference in the
number of viable cells/gm fat between the falciform ligament and subcutaneous abdomi-
nal sites. However, peri-ovarian AT showed the highest number of viable cells per gram
fat (36.87 ± 19.6 × 106) at a significant level (p < 0.001) compared to the subcutaneous
abdominal site (4.18 ± 8.25 × 106) and the falciform ligament site (5.71 ± 3.09 × 106), as
shown in Figure 1b.
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Table 3. Data of animals used in adipose tissue harvesting.

Breed Body Weight (Kg)
Age

(Years)
Sex

Adipose Tissue
Harvest (gm)

Viability% Viable Cell/Gram × 106

Beagle 9 8 Female
1 S 99.8 0.24

7.3 F 90 4.2
9.5 P 99.8 46.2

Beagle 10 8 Female
1.3 S 92 2.4

14.7 F 90.9 3
2 P 99.7 24

Chihuahua 3.7 9 Female
1 S 96.6 27.5
8 F 98.7 5.4

2.5 P 99.8 28

Chihuahua 6.14 8 Female
5.5 S 95.5 0.43
6.5 F 90.9 8.95
2.6 P 99.6 29

Miniature Dachshund 7.7 10 Female
4.7 S 97.1 2
10 F 97.9 3.3
7 P 99.7 44.6

Pug 6 8 Female
1 S 95.2 2.4

8.3 F 95 3.6
6 P 99.6 31

Golden Retriever 20.6 8 Female
3 S 97.2 1.6

10 F 98.4 8
12 P 99.3 87.5

Jack Russell Terrier 9.72 10 Female
2.6 S 89.7 4.2
8.2 F 98.8 1.6
2 P 99.7 19.6

Pomeranian 8 11 Female
3.4 S 93.4 0.78

14.7 F 97 8.1
14 P 99.8 32.8

Mix 14.7 9 Female
4.2 S 92.9 0.29
7 F 88.2 11

5.8 P 99.2 26

S: subcutaneous abdominal; F: falciform ligament; P: peri-ovarian region.

Figure 1. The effect of harvesting site on stromal vascular fraction (SVF) cell viability and quantity.
(a) Viability percentage of the SVF cells from different harvesting sites. SVF cells isolated from
per-ovarian adipose tissue (AT) showed the highest viability percentage; (b) Number of viable cells
per gram fat from different harvesting sites. SVF cells isolated from the per-ovarian AT showed
the highest number of viable cells per gram fat at *** p< 0.001. Data are expressed as the mean ±
standard deviation (n = 10). Statistical significance was tested using one-way ANOVA followed by
Tukey’s post hoc test for multi-group comparisons. *** p < 0.001.
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3.3. The Potential AD-MSCs in the Freshly Isolated SVF Cells from Different Harvesting Sites

We assessed the harvesting site effect on the phenotype of the potential AD-MSCs
within the SVF cells by calculating the mean percentage of cells positive to MSCs markers
and negative to the hematopoietic marker. The percentage of SVF cells with CD90+ve
expression for the peri-ovarian site (49.56 ± 4.9%) was significantly higher (p < 0.01) than
that of the abdominal and falciform ligament (34.32 ± 2.55%, 17.65 ± 5.52%, respectively)
(Figure 2a). Similarly, the highest percentage of CD44+ve cells was recorded in the peri-
ovarian SVF cells (45.25 ± 3.55%) (Figure 2b). CD29+ve cells showed no significant
differences among the three sites and were 32.34 ± 0.94% for the subcutaneous abdominal
site, 32.68 ± 0.8% for the falciform ligament, and 38.00 ± 62.7% for the peri-ovarian
site (Figure 2c). To confirm cell identity, the CD45 surface marker was used to identify
hematopoietic cell contamination (Figure 2d). The percentages of CD45-ve SVF cells were
significantly higher (p < 0.001) in the cells obtained from the subcutaneous abdominal site
(89.77 ± 1.62%) and the peri-ovarian site (88.58 ± 2.25%) than those recovered from the
falciform ligament site (70.35 ± 6.33%).

Figure 2. The effect of harvesting site on the mean percentage of adipose-derived mesenchymal stem
cells surface marker expression in SVF cells. (a) The mean percentage of CD90 positive cells from
different harvesting sites; (b) The mean percentage of CD44 positive cells from different harvesting
sites; (c) The mean percentage of CD29 positive cells from different harvesting sites; (d) The mean
percentage of CD45 negative cells from different harvesting sites. Data are represented as the mean
percentage ± standard deviation (n = 10). ** p< 0.01: a significant difference; *** p< 0.001: a highly
significant difference.
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Figures 3–5 show representative histograms for using the flow cytometer to detect
the potential AD-MSCs within the SVF cells isolated from the subcutaneous abdominal,
falciform ligament, and peri-ovarian AT, respectively.

Figure 3. Results of flow cytometry assay of canine SVF cells isolated from the subcutaneous
abdominal AT stained with PE-conjugated anti-CD90, anti-CD44, anti-CD29, and FITC-conjugated
anti-CD45. Black areas indicate unstained cells. The percentage represents gated positive areas.

Figure 4. Results of flow cytometry assay of canine SVF cells isolated from the falciform ligament AT
stained with PE-conjugated anti-CD90, anti-CD44, anti-CD29, and FITC-conjugated anti-CD45. Black
areas indicate negative areas. The percentage represents gated positive areas.
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Figure 5. Results of flow cytometry assay of canine SVF cells isolated from the peri-ovarian AT
stained with PE-conjugated anti-CD90, anti-CD44, anti-CD29, and FITC-conjugated anti-CD45. Black
areas indicate unstained cells. The percentage represents gated positive areas.

3.4. Semi-Quantitative RT-PCR Results

We used RT-PCR to evaluate the expression of AD-MSC surface marker genes (CD90,
CD44, and CD29), hematopoietic markers (CD45 and CD34), and the pluripotent transcrip-
tion factor OCT-4 in SVF cells from different harvesting sites. Our results showed that
AD-MSC genes were expressed in SVF cells from all sites, but peri-ovarian SVF cells showed
the highest expression level. SVF samples from all sites showed weak expressions for CD45
and CD34. The OCT-4 gene was mainly expressed in peri-ovarian and subcutaneous
abdominal fats but weakly expressed in falciform ligament fats (Figures 6 and 7).

Figure 6. RT-PCR analysis of OCT-4, CD90, CD44, CD29, CD45, CD34, and β-ACTIN genes in SVF
cells isolated from the peri-ovarian (P), subcutaneous abdominal (S), and falciform ligament (F) fats.
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Figure 7. Semi-quantitative data from the gels using ImageJ software. P: peri-ovarian region; S: subcutaneous abdominal; F:
falciform ligament; * p < 0.05.

4. Discussion

Adipose tissue is an appealing cell source for regenerative and engineering medicine
due to easy harvesting and the abundance of stem cell populations. Autologous adi-
pose SVF injection has gained popularity in the orthopedic field because it is a favorable,
minimally invasive, and non-surgical alternative for the handling of musculoskeletal disor-
ders [28]. Despite the increasing number of pre-clinical and clinical studies on the potential
role of SVF cells to treat osteoarthritis and/or cartilage lesions, clear findings are missing
due to the insufficient standardization of SVF cell isolation and characterization [29]. This
study addressed the best AT sampling sites for SVF cell isolation in canines as an excellent
model for humans. SVF cells were isolated from different AT sampling sites (subcutaneous
abdominal, falciform ligament, and peri-ovarian fats). Then, we compared the isolated
SVF cells regarding the cell viability and cellular yield using trypan blue staining and a
hemocytometer, as well as AD-MSC surface markers’ expression by flow cytometry.

Our study results revealed that the peri-ovarian site is an excellent and suitable source
for AT harvest, with a mean weight of 8.13 ± 4.3 gm, because ovariohysterectomy, as a
routine surgery, is a relatively easy method to obtain high amounts of AT during surgery
without significant risk for the donor’s tissues. This fact should be considered when the
donor is emaciated or has chronic or nutritional diseases. However, subcutaneous abdomi-
nal AT harvests required more dissection and relied on higher body condition scores of the
donor animals [20,30], which may explain the lower mean weight of subcutaneous abdom-
inal AT harvests (2.7 ± 1.6 gm) in our study. Although a high AT weight (9.47 ± 2.9 gm)
was harvested from the falciform ligament site in our study, the falciform AT collection may
cause some complications, such as postoperative pain related to intra-abdominal adhesion,
celiotomy, seroma, abdominal incision dehiscence, or incision site infection [31]. The mean
weight of falciform AT samples in the current study was lower than that reported by Astor
et al. [20] (91.42 ± 48.55 gm). This difference may be attributed to the large sample of
client-owned dogs used in the study of Astor et al. [20]. The larger scale of falciform fat
samples evaluated in the study of Sullivan et al. [21] may represent complete removal of
the falciform ligament from euthanized dogs, while the small scale of the falciform sample
collected from live dogs in the present study was aimed to conserve materials.

Site-specific properties of the adipose tissue plus paracrine interactions between
adipose harvests and contiguous tissues have been considered in the previous studies with
the perinodal AT around lymph nodes [32], perivascular AT [33], and pericardial AT [34].
The differences in cell isolation from various anatomical locations recorded in both the
current study and the previous literature may be attributed to the different degrees of
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vascularization of AT and the harvest sites. Different canine breeds included in this study
showed homogenous results related to the studied parameters. We did not include the
body condition score of donors in this study due to its non-significant effect on the viable
cells% per gram fat as previously proposed by Astor et al. [20]. Additionally, AD-MSC
yield was not correlated with body mass index in humans [35].

Precise determination of cell viability and concentration in the freshly isolated adipose
SVF is critical to accomplish the clinical research outcomes [1]. SVF cells isolated in this
study from different sites showed a very good viability exceeding 90%. However, the
highest SVF cell viability percentage was recorded from the peri-ovarian AT (99.63 ± 0.2%).
These results disagreed with the study of DePompeo et al. [31], who reported a lower cell
viability percent. The lower percentage of cell viability recorded by DePompeo et al. [31]
may be related to sample storage for 20 h before tissue digestion, resulting in a 10–20%
decrease in the viability.

Here, we examined the impact of AT harvesting sites on the number of viable cells
per gram fat, which is essential for the presence of sufficient cells for treatment procedures.
Among the examined sites, the peri-ovarian harvest showed the highest concentration
of viable cells/gram of digested fat at *** p< 0.001. Moreover, a non-significant differ-
ence in viable cell number/gm fat was noticed between the subcutaneous abdominal and
falciform ligament AT, which was consistent with the results of Guercio et al. [15]. By
contrast, Astor et al. [20] reported that viable cells/gm of the SVF isolated from falciform
AT were lower than that of the subcutaneous fat in spayed/neutered dogs. This disagree-
ment could be explained by using non-spayed female donors in the present study, and
Astor et al. [20] speculated that hormones may influence the viable cells per gram of tissue
at the falciform location.

Adipose SVF has been used to treat multiple inflammatory and immune-mediated
disorders in canines [10,11,18,19]. However, the presence of sufficient AD-MSCs, with
a differentiation capacity, in SVF isolates is crucial for a successful treatment. Thus, the
characterization of SVF cells is an important aspect of quality control for use in regenerative
therapies. Flow cytometry can identify the different cell types within the adipose SVF [36].
Moreover, immunophenotyping is frequently achieved by flow cytometry to identify
individual cells that simultaneously express the key MSC markers and lack the expression
of hematopoietic markers. These cell surface and intracellular markers belong to the cluster
of differentiation (CD) group [37]. To identify AD-MSCs, we labeled SVF samples with
known stem cell markers. Although we could not define SVF cells with multiple MSC
marker criteria due to the lack of suitable facilities, our results showed that the isolated
SVF from different sites expressed AD-MSC surface markers (CD90, CD44, and CD29)
and lacked the CD45 hematopoietic stem cell marker. This expression profile agreed with
previous studies [24,25], showing that most AD-MSCs are CD90+, CD44+, CD29+ and
CD45−. Positive markers consist of members of the integrin family, such as CD90 surface
marker, which present on a high proportion of MSCs (71.4% ± 15.8%). The activation
of CD90 stimulates T cell activation in addition to the regulation of various biological
mechanisms, such as cell–cell and cell–matrix cellular interactions in axon regeneration,
adhesion, apoptosis, migration, fibrosis, and cancer [38]. CD29, the Very Late Activation
antigen, participates in the mechanism of cell adhesion [39]. Another MSC positive marker
is the hyaluronate receptor CD44, which is a non-integrin cell surface marker essential for
the adhesion of different leukocytes to endothelia and T-lymphocyte activation [40].

We studied the effect of the AT harvesting site in canines on the potential yield of
AD-MSCs in the isolated SVF. The mean percentage of CD90+ viable cells in this study
varied between samples from different harvesting sites. Cells isolated from the peri-
ovarian site showed the highest CD90+ expression (49.56 ± 4.9%), with a significant
difference. Similarly, the highest proportion of CD44 + cells was recorded in the peri-
ovarian SVF cells. These data were significantly different from the falciform ligament
site but not from the subcutaneous abdominal site. Although CD29+ve cells showed no
significant differences among the three sites, the peri-ovarian SVF cells had the highest
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CD29+ mean percentage (38.00 ± 7.62%). CD45 negative cells from the subcutaneous
abdominal and peri-ovarian sites were nearly equal and significantly higher than those
from the falciform ligament site, indicating a lower contamination with hematopoietic
cells in the first two sites. Although the falciform CD45− cells’ mean percentage in our
study approached that of Sulvian et al. [21], our CD90+ and CD44+ cells were lower than
those of Sulvian et al. [21]. This difference is possibly due to the variation in SVF cell
isolation protocols and in the donors’ ages. Quaade et al. [12] observed that younger
rats had more MSC cells in SVF than aged ones, suggesting that the animal age affected
cell type relative distribution in the SVF cell population. Here, we did not cultivate
SVF to address the differentiation potential because we mainly focused on studying the
freshly isolated uncultivated SVF as a point-of-care therapy. Culturing SVF cells for
even one passage would alter their cellular composition and differentiation potential [41].
Additionally, our cryopreserved SVF samples were not suitable for assessing the differential
potential according to Duan and Lopez [42], who reported that cryopreservation alters AD-
MSCs ultrastructure and immunophenotype. Further studies are needed to evaluate the
therapeutic effects of SVF cells isolated from different sites on musculoskeletal problems.
However, our flow cytometry data showed that cells isolated from the peri-ovarian site had
an AD-MSC concentration higher than that from the falciform ligament and subcutaneous
abdominal sites.

We used RT-PCR to evaluate the gene expression of the same markers analyzed by
flow cytometry as well as Oct-4 and CD34. The RT-PCR results agreed with results obtained
by flow cytometry. SVF cells from the peri-ovarian site maintained stable expression of
MSC markers (CD90, CD44, and CD29) and pluripotent transcription factor OCT-4 in a
higher level compared to the other sites. The positive expression of Oct-4 demonstrated the
pluripotency of AD-MSC as well as it has already been described in canines [26]. The core
pluripotent transcription factors, such as Oct-4, Sox-2, and Nanog, regulate the self-renewal
ability and differentiation abilities of AD-MSCs [43]. SVF cells from all sites revealed weak
expression of hematopoietic markers (CD45 and CD34). CD34 is a physiological niche-
specific marker of immature/early progenitor cells, which is lost in the in vitro condition.
CD34 marks different progenitor cell types, such as different MSCs and vascular endothelial
progenitor cells [29]. Together, our flow cytometry and RT-PCR results suggest that the
peri-ovarian site AT harvest site may have a higher potential for use in regenerative therapy.

5. Conclusions

The peri-ovarian AT harvesting site is a favorable and suitable source for AT harvest in
middle-aged and old dogs, without substantial risk to the donor tissues. This harvesting site
could be valuable in emaciated donors. The peri-ovarian harvesting site yielded a higher
SVF viability percentage, viable cell number/gm fat and AD-MSC marker expression than
that of the other harvesting sites, indicating a high potential for application in regenerative
therapy. This study may lay the foundation for further studies in the set-up of cell-based
regenerative therapies at the preclinical and experimental level in the canine model.
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Simple Summary: Prion diseases are neurodegenerative disorders affecting humans and animals.
The development of in vitro cellular models from naturally susceptible species like humans or
ruminants can potentially make a great contribution to the study of many aspects of these diseases,
including the ability of prions to infect and replicate in cells and therapeutics. Our study shows for
the first time how ovine mesenchymal stem cells derived from bone marrow and their neural-like
progeny are able to react to scrapie prion infection in vitro and assesses the effects of this infection on
cell viability and proliferation. Finally, we observe that the differentiation of ovine mesenchymal
stem cells into neuron-like cells makes them more permissive to prion infection.

Abstract: Scrapie is a prion disease affecting sheep and goats and it is considered a prototype of
transmissible spongiform encephalopathies (TSEs). Mesenchymal stem cells (MSCs) have been
proposed as candidates for developing in vitro models of prion diseases. Murine MSCs are able to
propagate prions after previous mouse-adaptation of prion strains and, although ovine MSCs express
the cellular prion protein (PrPC), their susceptibility to prion infection has never been investigated.
Here, we analyze the potential of ovine bone marrow-derived MSCs (oBM-MSCs), in growth and
neurogenic conditions, to be infected by natural scrapie and propagate prion particles (PrPSc) in vitro,
as well as the effect of this infection on cell viability and proliferation. Cultures were kept for 48–72 h
in contact with homogenates of central nervous system (CNS) samples from scrapie or control sheep.
In growth conditions, oBM-MSCs initially maintained detectable levels of PrPSc post-inoculation, as
determined by Western blotting and ELISA. However, the PrPSc signal weakened and was lost over
time. oBM-MSCs infected with scrapie displayed lower cell doubling and higher doubling times than
those infected with control inocula. On the other hand, in neurogenic conditions, oBM-MSCs not
only maintained detectable levels of PrPSc post-inoculation, as determined by ELISA, but this PrPSc

signal also increased progressively over time. Finally, inoculation with CNS extracts seems to induce
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the proliferation of oBM-MSCs in both growth and neurogenic conditions. Our results suggest that
oBM-MSCs respond to prion infection by decreasing their proliferation capacity and thus might not
be permissive to prion replication, whereas ovine MSC-derived neuron-like cells seem to maintain
and replicate PrPSc.

Keywords: scrapie; prion; sheep; infection; mesenchymal stem cell; in vitro model

1. Introduction

Transmissible spongiform encephalopathies (TSEs) or prion diseases are fatal neu-
rodegenerative disorders that affect humans and animals [1]. These diseases are caused by
the conformational conversion of the cellular prion protein (PrPC) to an infectious isoform
that is partially resistant to proteases and prone to forming aggregates called PrPSc [2].
The accumulation of this isoform in the central nervous system (CNS) causes spongiform
neuronal degeneration, activation of glial cells and neuronal loss [3]. Scrapie, which af-
fects sheep and goats, was the first reported TSE [4] and it is considered the prototype of
these diseases [5].

Cell culture systems are useful tools to study prion protein propagation in TSEs and
to identify new prion therapeutics [6]. However, only a few cell lines can be infected and
display PrPSc accumulation and/or infectious capacity [7]. In most cases, murine cell
lines are used, requiring a previous mouse-adaptation of the prion strain to eliminate the
problem of the species barrier [8].

Mesenchymal stem cells (MSCs) are fibroblast-like cells characterized by their capacity
for both self-renewal and differentiation in mesodermal tissues (osteoblasts, adipocytes,
chondrocytes and myocytes) [9]. These cells can also transdifferentiate in vitro into neuron-
like cells [10,11] and undifferentiated cells expressing PrPC [12], which seems to play a key
role in the neuronal differentiation process of MSCs [13–15].

Murine compact bone-derived MSCs (CB-MSCs) are able to migrate to brain extracts
from prion-infected mice in vitro and significantly prolong the survival of mice infected
with the Chandler prion strain when injected in vivo [16]. Furthermore, murine bone
marrow-derived mesenchymal stem cells (BM-MSCs) can be infected with a Gerstmann–
Sträussler–Scheinker strain adapted in mice ex vivo [17] and maintain the infectivity along
passages. The susceptibility of these cells to prion infection makes them good candidates
for use in developing in vitro models for prion research [18]. Therefore, the development of
in vitro models from naturally prion-susceptible species like humans or ruminants, which
would avoid the adaptation process, would be very useful for cutting-edge prion research.
Although in recent studies, human cerebral organoids [19] and astrocytes [20], both derived
from human induced pluripotent stem cells (iPSCs), have been described to maintain and
propagate prion infectivity in vitro, in domestic species like sheep, the reprogramming of
somatic cells to iPSCs might require adjustments of standard protocols.

We have previously described the isolation of ovine MSCs from peripheral blood
(oPB-MSCs), which express PrPC at the transcript level [21]. Our group also reported the
presence of PrPC in ovine bone marrow-derived MSCs (oBM-MSCs) at both transcript
and protein levels [18]. However, in contrast to BM-MSCs obtained from individuals with
sporadic Creutzfeldt-Jakob disease (CJD), who are positive to PrPSc [12], the pathogenic
prion protein was not detected in oBM-MSCs isolated from scrapie sheep [18]. In addition
to the lack of PrPSc, these cells displayed diminished proliferation potential compared to
oBM-MSCs derived from healthy sheep. To the best of our knowledge, the susceptibility of
oBM-MSCs to scrapie infection in vitro and their potential to replicate prions have never
been investigated. The aim of the present study was to assess the susceptibility of oBM-
MSCs and their derivative neuron-like cells to scrapie prion infection in vitro, their potential
to replicate prions and the effects of this infection on cell viability and proliferation.
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2. Materials and Methods

2.1. Animals and Sample Collection

Bone marrow samples were obtained from 11 adult female (n = 7) and male
(n = 4) sheep, aged from 1 to 7 years and carrying different genotypes for the PRNP
gene (Table 1). After animal sedation (Xylazine) and local anesthesia (Lidocaine), bone
marrow aspirates were harvested from the humeral head using a 13 G Jamshidi needle and
10-mL syringes previously loaded with 0.5 mL of sodium heparin. All procedures were
carried out under Project Licence PI06/12, approved by the Ethical Committee for Animal
Experiments from the University of Zaragoza. The care and use of animals were performed
in accordance with the Spanish Policy for Animal Protection, RD53/2013, which meets
European Union Directive 2010/63 on the protection of animals used for experimental and
other scientific purposes.

Table 1. Characteristics of the animals selected to obtain bone marrow mesenchymal stem cells. The different assays in
which the ovine bone marrow-derived mesenchymal stem cells (oBM-MSCs) were used, are also shown—Western blotting
assay (WB), proliferation assay (PA), cell viability assay (MTT) and ELISA.

Sheep Genotype Sex Age (Years) Scrapie Status Breed Assay

BMO1 ARQ/ARQ Female 7 Exposed, not detected Rasa Aragonesa WB, PA
BMO2 ARQ/ARQ Female 4 Exposed, not detected Rasa Aragonesa WB, PA
BMO3 ARQ/ARQ Female 4 Exposed, not detected Rasa Aragonesa WB, PA
BMO4 ARQ/ARQ Male 1 Exposed, not detected Rasa Aragonesa MTT, ELISA
BMO5 ARQ/ARQ Male 2 Preclinical Crossbreed MTT, ELISA
BMO6 ARQ/ARQ Female 6 Exposed, not detected Ojinegra MTT, ELISA
BMO7 ARQ/ARQ Male 3 Exposed, not detected Crossbreed MTT, ELISA
BMO8 ARQ/ARQ Female 7 Exposed, not detected Rasa Aragonesa MTT
BMO9 ARR/ARQ Female 5 Exposed, not detected Rasa Aragonesa MTT

BMO10 ARQ/VRQ Female 4 Exposed, not detected Crossbreed MTT
BMO11 ARQ/VRQ Male 2 Preclinical Crossbreed MTT, ELISA

The animals used in this study were maintained in an experimental flock in which
the prevalence of scrapie was high. Although none of the animals displayed clinical signs
compatible with scrapie, an in vivo test for PrPSc determination using third-eyelid biopsies
was performed as previously described [22,23] to identify any scrapie-infected preclinical
sheep. Two males were positive to scrapie but their cultures were maintained in the study
to evaluate if these cultures could react differently to those obtained from negative sheep,
although in previous studies infectivity was not detected in oBM-MSCs derived from
scrapie sheep [18]. Negative animals were those that did not show scrapie compatible
symptoms and were negative to PrPSc based on a third-eyelid biopsy.

2.2. Ovine Mesenchymal Stem Cell Isolation and Culture

MSC isolation from bone marrow aspirates (3–5 mL) was performed following the
previously described protocol [18,21,24]. This protocol is based on the separation of
the mononuclear fraction after density gradient centrifugation in Lymphoprep (Atom)
and further isolation thanks to the ability of MSCs to adhere to plastic. After isolation,
cells were expanded up to passage 3 in basal medium, consisting of low glucose Dul-
becco’s modified Eagle’s medium (DMEM, Sigma-Aldrich, St. Louis, MO, USA) sup-
plemented with 10% fetal bovine serum (FBS), 1% L-glutamine (Sigma-Aldrich) and 1%
streptomycin/penicillin (Sigma-Aldrich).

In addition to plastic-adherence in standard culture conditions, the minimal criteria to
define MSCs are the expression of certain cell surface markers and the ability to differentiate
into adipocytes, osteoblasts and chondroblasts in vitro [25]. The ability to differentiate to
mesodermal lineages and the expression of mesenchymal and hematopoietic markers of
these cultures have been evaluated previously [18]. After characterization, the expression
of PrPC in oBM-MSCs was confirmed by RT-qPCR and dot blotting [18].
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2.3. Neurogenic Differentiation

To study whether neural differentiation increased the susceptibility to prion infection,
oBM-MSC cultures were seeded at 1500 cells/cm2 and differentiated into neuron-like cells
using HyClone neurogenic medium (Thermo Scientific, Waltham, MA, USA) according
to the manufacturer’s instructions. The differentiation process lasted three days. Neural
differentiation was monitored and confirmed by observing the cultures through an inverted
optical microscope. The formation of neuron-like cells was seen within 24 h, peaking at
72 h (Figure 1a,b), as previously described [18].

Figure 1. oBM-MSC differentiation into neuron-like cells 3 days after neurogenic induction
with HyClone neurogenic medium: (a) oBM-MSCs in growth conditions and (b) oBM-MSCs in
neurogenic differentiation.

2.4. Scrapie Inocula and Infection of oBM-MSC and Neuron-Like Cultures

Inocula were prepared using CNS samples from one healthy (negative controls) and
one classical scrapie-infected sheep carrying the ARQ/ARQ genotype and preserved at
the tissue bank of the Center of Encephalopathies and Emerging Transmissible Diseases
(CEETE; University of Zaragoza). The presence/absence of PrPSc in the tissues was con-
firmed following protocols reported in other works [26], using two rapid diagnostic tests
(Prionics-Check Western blotting; ThermoFisher Scientific and Idexx HerdChek; IDEXX,
Westbrook, ME, USA) and confirmation by immunohistochemical examination of CNS
tissue. CNS samples were homogenized and diluted 1:10 (g/mL) in physiological saline
solution (Braun). Afterwards, samples were treated at 70 ◦C for 10 min before adding
streptomycin sulphate (100 μg/mL) and benzylpenicillin (100 μg/mL). In order to check
the safety of the inocula once generated, samples were incubated in blood agar plates, and
the absence of any bacterial growth was confirmed.

To determine the effect of prion infection on the proliferation potential and the ability
of prion replication, oBM-MSCs cultures were seeded at 5000 cells/cm2 for proliferation
conditions and at 1500 cells/cm2 for neurogenic conditions. In both cases, three groups
were established: positive, negative and control cultures. Positive cultures were infected
with inocula from a scrapie-infected sheep, negative cultures with inocula from a healthy
sheep and control cultures were kept in standard conditions. After adhesion for 24 h, basal
media was substituted by inocula diluted 1:10 in DMEM media (10% FBS, 1% L-glutamine
and 1% streptomycin/penicillin) for the oBM-MSC cultures and in HyClone media for the
oBM-MSC cultures in neurogenic differentiation. Cells were maintained in this medium for
48 h to analyze the proliferation potential and cell viability and for 72 h for the MTT/ELISA
assays. Afterwards, the medium was changed twice a week.

2.5. Proliferation Potential and Cell Viability

To determine the effect of prion infection on oBM-MSC proliferation potential, cul-
tures from three different donors (biological replicates) were seeded in 6-well plates at
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5000 cells/cm2, inoculated with scrapie and control inocula and maintained until passage
3 post-infection; every passage was performed at around 80% confluence. Adherent cells
were counted every passage and the cell doubling number (CD) and cell doubling time
(DT), used to determine the time it takes for a population of cells to double in size, were
calculated as previously described [21,24]. The results were evaluated using the paired
Student’s t-test.

To assess early prion toxicity, cell viability was also evaluated using MTT in oBM-MSC
from 8 donors at 3, 7 and 10 days post-inoculation (dpi), seeding 4 technical replicates
for each culture. oBM-MSC cultures were seeded in 96-well plates at 5000 cells/cm2 in
growth conditions and at 1500 cells/cm2 in neurogenic differentiation conditions. Briefly,
the MTT assay was performed by adding 25 μL of MTT solution (2 mg/mL) per well.
Then, the plates were incubated at 37 ◦C for 4 h. Afterwards, the content of each well was
removed and was substituted with 150 μL of HCl solution (HCl 40 mM in isopropanol)
per well. Plates were then incubated for 1 h at room temperature protected from light.
The absorbance was measured at 570 nm in an Infinite F200 microplate reader (Tecan
Ibérica Instrumentación, Barcelona, Spain). A calibration curve was prepared with different
amounts of cells. Since oBM-MSCs in growth conditions are seeded in a higher density than
the ones in neurogenic differentiation conditions, two calibration curves were prepared:
a more concentrated one to compare oBM-MSCs in growth conditions (Figure S1a) and
a more diluted one to compare cultures in neurogenic conditions (Figure S1b). In both
cases, the calibration curve enabled us to establish the relationship between absorbance
and the amount of cultured cells. The toxicity of the prion was studied in three conditions
(inoculated with scrapie-positive brain homogenates, negative brain inoculum and non-
inoculated controls) and at three different stages (3, 7 and 10 dpi). As cells were kept in
contact with the inoculum for 72 h, the stage 3 dpi corresponds to the moment just after
inoculum removal. The moment of the infection with the inocula was considered as day 0.
The normality of the results was evaluated with Shapiro–Wilk and D’Agostino–Pearson
tests. Differences in cell viability and proliferation were evaluated with Student’s t-test.
Statistical significance was defined as p < 0.05.

2.6. PrPSc Detection

Cells from the three biological replicates analyzed in the proliferation assay were
used to evaluate if PrPSc was increased or maintained along the passages in MSC cultures
infected with scrapie and maintained under grown conditions. Approximately 106 cells of
passages 1, 2 and 3 post-infection were frozen at −80 ◦C for further PrPSc determination by
Western blotting. Pellets of frozen cells were homogenized in 100 μL of PBS. Afterwards,
samples were analyzed using the BSE Scrapie Discriminatory Kit (Bio-Rad Laboratories,
Hercules, CA, USA) and treated following the manufacturer’s recommendations. Elec-
trophoresis was developed in 12% SDS-PAGE gels. Protein was then transferred to a
0.20-μm nitrocellulose membrane (Bio-Rad). CDP-Star substrate (ThermoFisher Scientific,
Westbrook, ME, USA) was used to determine chemiluminescence in a Versa-Doc Imaging
System (Bio-Rad Laboratories). Chemiluminescence signals were evaluated using ImageJ
1.4.3.67 (Psion Image), as described previously [27].

Neurogenic differentiation of MSCs requires seeding cells at low density and differen-
tiated cells cannot be maintained along passages. To test the ability of these cells to replicate
PrPSc, we quantified the amount of the pathogenic protein soon after prion infection at
three different stages (3 dpi, which corresponds to inoculum removal, 7 and 10 dpi) in
oBM-MSCs in growth and neurogenic differentiation conditions. We used a more sensitive
test, the ELISA kit EEB-Scrapie HerdCheck kit (IDEXX), following the manufacturer’s
recommendations. oBM-MSCs cultures from 5 donors were seeded in 6-well plates and
the retrieval of the cells was performed by means of trypsinization and subsequent cen-
trifugation. To quantify the PrPSc detection range of the ELISA kit, a calibration curve was
performed using different concentrations of scrapie inocula (Figure S2). PrPSc was detected
in all inoculum concentrations, showing that this kit is suitable to detect PrPSc in oBM-MSC
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cultures, as the amount of inocula used in oBM-MSC infection was higher than the most
diluted concentration of the calibration curve. The inoculum used in the calibration curve
was the same used to infect oBM-MSCs in growth and neurogenic conditions. For infection,
a volume of 100 μL of scrapie inoculum per well was employed, which would correspond
to >3 units of absorbance.

3. Results

3.1. Proliferation Potential of Infected oBM-MSC

The effect of scrapie infection on the proliferation capacity was analyzed in oBM-MSCs,
calculating the CD and DT. Significant differences between cultures infected with scrapie
and control inocula were found for both CD and DT at the first passage post-infection. CD
was higher and DT was lower in the cultures treated with control inocula compared to
those inoculated with scrapie brain cells (Table 2).

Table 2. Cell doubling number (CD) and cell doubling time (DT) of oBM-MSCs from 3 donors
through passages 1 to 3 post-inoculation with 1% brain homogenates obtained from healthy and
scrapie sheep and the average value for the three passages (Av).

Passage
Inocula

Healthy Scrapie

1
CD

DT (days)
3.150 ± 0.286 * 2.949 ± 0.219 *
1.714 ± 0.355 ** 1.825 ± 0.343 **

2
CD

DT (days)
3.22 ± 0.651 2.870 ± 0.531
2.054 ± 0.653 2.291 ± 0.681

3
CD

DT (days)
1.93 ± 0.390 1.807 ± 0.027
2.116 ± 0.428 2.214 ± 0.033

Av
CD

DT (days)
2.871 ± 0.711 * 2.634 ± 0.597 *
1.942 ± 0.469 2.097 ± 0.469

Significant differences were calculated using Student’s t-test (* p < 0.05, ** p < 0.01).

3.2. Cell Viability of Infected Cultures

The effect of prion infection on cell viability was studied in three conditions (scrapie
positive inoculum, healthy/negative inoculum and control without inoculum) and at three
different stages (3, 7 and 10 dpi) in oBM-MSCs in growth conditions and in
neurogenic differentiation.

Proliferation was evidenced in oBM-MSC cultures maintained in growth medium
under the three conditions. Inoculated cultures displayed higher number of cells than
controls at the three stages (3, 7 and 10 dpi). Proliferation was significantly lower in scrapie
infected cells than in cultures treated with negative inocula at 3 dpi but, in subsequent
stages (7 and 10 dpi), the positive cultures displayed significantly more cells than the
negative cultures (Figure 2a).

In neurogenic differentiation conditions, the number of cells also increased over time
in the three conditions, whereas inoculated cultures showed a higher growth than controls.
Comparing between the inoculated cultures, the number of cells was significantly higher
in cultures that were in contact with negative inoculum than the ones infected with scrapie,
and this difference was statistically significant at 10 dpi (Figure 2b).

44



Animals 2021, 11, 1137

Figure 2. Cell viability study by MTT in infected oBM-MSC cultures in growth conditions (a) and
neurogenic differentiation (b) 3, 7 and 10 days post-inoculation (dpi). oBM-MSCs were from
8 different donors and 4 technical replicates per culture were seeded. Significant differences were
calculated using the Student t-test (* p < 0.05, ** p < 0.01, *** p < 0.001).

3.3. PrPSc Detection in Infected oBM-MSCs, Analyzed by Western Blotting

After inoculation of oBM-MSCs in growth conditions, surviving cells retained their
ability to proliferate and were expanded until passage 3 post-infection. Western blotting
analysis revealed the presence of PrPSc in the cultures during these three passages although
the intensity of bands decreased with the number of passages (Figures 3 and S3) and was
lost in further subcultures.

Figure 3. Determination of PrPSc by Western blotting in oBM-MSCs (BM1, BM2, BM3) in-
fected with scrapie inocula at passages 1 to 3 (P1, P2, P3). MWSC = molecular weight marker;
C (+) = positive control.

3.4. Prion Detection by ELISA in oBM-MSC and Neuron-Like Cultures Infected with Scrapie

To test the ability of MSC-derived neuron-like cells to replicate prions, the presence of
PrPSc was studied by means of ELISA immediately after infection at three different stages
(3, 7 and 10 dpi) in oBM-MSCs infected with positive inocula in growth and neurogenic
differentiation conditions.

In oBM-MSCs maintained under growth conditions, a decrease in ELISA absorbance
was observed, which could be associated with a loss of the PrPSc signal. Significant
differences were found between 3 dpi and 7 dpi (p < 0.05) and 3 dpi and 10 dpi (p < 0.01)
(Figure 4a).
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Figure 4. PrPSc detection via ELISA in infected oBM-MSC cultures from 5 donors in growth (a,b) and
neurogenic differentiation (c,d) conditions 3, 7 and 10 days post-inoculation (dpi). Significant
differences were calculated using Student’s t-test (* p < 0.05, ** p < 0.01).
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In contrast, the majority (four out of five) of neuron-like differentiated cultures showed
an increase in absorbance over time, which could be associated with a progressive increase
in the PrPSc signal. Even though most of the cultures had an increasing signal pattern, as
one of them (BMO4) displayed decreased absorbance over time, no significant differences
were found between any of the three stages (Figure 4b).

Although we used the same inoculum in all cultures, the initial amount of PrPSc was
different in each culture at 3 dpi, suggesting a heterogeneity in the ability to retain prions.
Higher cellular density under growth conditions would explain the higher absorbance
observed in this condition, compared to neurogenic conditions.

4. Discussion

Prion diseases are fatal neurodegenerative disorders affecting humans and animals.
Over the years, a substantial effort has been made to develop in vitro models for the
study of these pathologies. Most of the cellular models are based on the culturing of
murine cell lines [8] and require a previous adaptation of the strain to mice, due to the
well-known phenomenon of the species barrier. Therefore, in vitro models with a natural
host background would be very useful tools for research into many prion topics, e.g.,
prion replication, toxicity, genetic susceptibility, differences in strain susceptibility, early
mechanisms of infection and new treatment testing.

MSCs can be easily collected from several accessible adult tissues like bone marrow
or peripheral blood [8,28] and they show the ability to transdifferentiate into neuronal
elements in vitro [10,29]. Several works have described the ability of murine stromal cells
to propagate prion infectivity [12,17,30,31] and expanded MSCs obtained from sporadic
Creutzfeldt-Jakob disease CJD patients have been shown to be positive for PrPSc [12]. The
infectivity of MSCs obtained from sick individuals does not seem to be a pan-species
characteristic, as oBM-MSCs from scrapie infected sheep did not show PrPSc [18]. Al-
though MSCs derived from human, cattle and sheep express PrPC [12,18] to the best of
our knowledge, the potential of MSCs derived from these naturally susceptible species
to propagate prion infection in vitro has never been investigated. In the present work,
we infected ovine bone marrow-derived MSCs and their neuron-like derivatives with
scrapie-infected sheep isolates to study the response of these cells to prion infection during
a certain period of time.

MSCs can migrate to prion-affected neurological tissues as a response to secreting
trophic factors that activate endogenous restorative reactions in the injured brain [32–34].
In our study, cell viability was higher in both oBM-MSCs and neural-differentiated cultures
after inoculation compared with non-inoculated control cultures in the three monitored
stages (3, 7 and 10 dpi), which suggests that brain inocula, independently of their origin,
may contain factors that stimulate oBM-MSC proliferation.

Murine stromal cells are able to propagate prions for many passages [17,30]. On
the contrary, oBM-MSCs do not seem to be permissive to PrPSc infection. The loss of
PrPSc signal over time detected by ELISA in oBM-MSC cultures soon after infection with
positive inocula suggests that these cells, if infected, are unable to replicate the prions,
unlike what happens in mice. Similarly, Western blotting revealed the presence of PrPSc in
scrapie-infected oBM-MSC cultures three passages after inoculation, but the presence of the
pathologic protein seemed also to be weakened between passages 2 and 3, suggesting that
PrPSc may be taken up by oBM-MSCs without leading to a successful prion infection. In
some works, murine BM-MSCs infected with prions in vitro showed few or no PrPSc pro-
duction during the first 10 or even 50 passages [12,31] and stable and detectable (by Western
blotting) production of PrPSc afterwards. We could not explore this possibility because,
contrary to murine cells, MSCs obtained from humans or unconventional model organisms
including sheep are able to be maintained in culture for far fewer passages [35,36].

Moreover, after inoculation with scrapie, oBM-MSC cultures displayed a high pro-
liferation rate, with an average doubling time during the three passages that was lower
than the DT described previously for BM-MSC cultures derived from scrapie and healthy
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sheep [18]. Cell division modulates prion accumulation in cultured cells [37] and direct
proximity between donor and recipient cells increases the infection in other cell culture
models [38]. The high proliferation rate observed in oBM-MSCs could help to avoid the
transmission of PrPSc from infected cells to non-infected ones because the cells are not in
contact for a long enough time. Therefore, only the cells infected during the inoculation
process and their daughters would show infection and this would be diluted in successive
passages. Changes in culture conditions focused on slowing down the proliferation rate or
increasing their contact in spheroid cultures could facilitate the propagation.

On the other hand, we cannot discard the possibility that infection with scrapie-
infected brain cells could be toxic for the oBM-MSC cultures. Even though no toxicity was
observed in murine MSCs infected with the CJD agent [12], we have to take into account
that our cells come from a naturally susceptible host. In our study, CD was significantly
higher in cells infected with healthy brain extracts and, accordingly, DT was higher in cells
infected with scrapie inocula. Therefore, those cells exposed to scrapie prions showed lower
proliferation potential, similar to the findings observed in MSCs obtained from scrapie
sheep [18]. This could be a consequence of the loss of infected cells due to prion toxicity. In
the MTT assay, the effect of prion infection on cell viability was evaluated during the first
passage after prion infection. Toxicity seems to be an early effect of prion infection, as 3 days
after inoculation, viability was lower in scrapie cultures than in healthy infected cultures.
In contrast with the first assay, at the end of this passage (10 dpi), the number of cells in
scrapie-infected cultures was higher than that in the cultures inoculated with control brain
cells. This could be a consequence of differences in the inocula, as brain tissues used in the
different experiments were different and could have contained different amounts of PrPSc

and therefore exhibited different degrees of toxicity. Nevertheless, throughout all passages,
CD and DT differences were lower and, similarly, the number of cells in scrapie-infected
cultures increased after early toxicity. In both cases, this increase in proliferation and
viability was accompanied by the loss of PrPSc detection, which might indicate a recovery
of the cell culture conditions after the elimination of PrPSc infected cells, increasing the
proportion of non-infected cells, which display higher proliferation potential.

Regarding the differentiation of oBM-MSC cultures into neuron-like cells, although
certain toxicity was also observed 3 days after prion infection, four out of the five cultures
analyzed seemed to be infected and possibly displayed the ability to replicate the patholog-
ical prion protein. Although we did not obtain statistical support for this observation, the
ELISA assay showed that these cells maintained the PrPSc signal and this signal increased
progressively over time. Similarly, astrocytes derived from human induced pluripotent
stem cells are capable of replicating prions from brain samples of CJD patients, generating
prion infectivity in vitro [20]. Taking this into account and knowing that cells from the
central nervous system are the target of the pathological prion protein, oBM-MSC-derived
neuron-like cells may have a greater ability to capture and replicate PrPSc than oBM-MSCs
in growth conditions. The lack of statistical significance in our results was due to the
existence of variability in prion replication, as one culture (BMO4) failed to replicate prions.
This culture displayed a PRNP genotype identical to other three cultures (ARQ/ARQ),
suggesting that, in addition to the PRNP genotype, other factors influence prion replication.
Despite all the cultures being infected with the same amount of inoculum, BMO4 was the
one that showed the highest absorbance for PrPSc under both growth and differentiation
conditions. Differences in the ability to access prions could explain differences in toxicity
and prion replication.

The observed differences in undifferentiated and differentiated oBM-MSCs suggest
that the latter possess a competence for infection that it is not present at the MSC stage,
even though they share a genetic background for each given animal. This system, using
oBM-MSC-neuron-like derivates, could serve for the investigation (in an isogenic context)
of the molecular trigger that sustains scrapie infection in vitro, specifically in the neural
lineage. In addition, differences between cultures harboring the same PRNP genotype
could help in the identification of other factors related to prion susceptibility.
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5. Conclusions

This work describes for the first time the infection with scrapie agents of bone marrow-
derived MSCs obtained from sheep, which is a natural host of prion diseases. Culturing
ovine MSCs with CNS extracts in growth and neurogenic conditions induced cell pro-
liferation, although some toxicity was observed in scrapie-infected cultures. Inoculated
oBM-MSCs in growth conditions were not permissive to prion infection, whereas most
cultures under neurogenic differentiation conditions seemed to retain and replicate the
pathological prion protein. oBM-MSC-derived neuron-like cells could be a good can-
didate for developing in vitro studies in species for which iPSC reprogramming is not
standardized, like sheep. Further studies focusing on elucidating the molecular mecha-
nisms implicated in retaining prion infectivity and inducing prion toxicity in mesenchymal
stem cells and MSC-derived neuron-like cells are warranted.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ani11041137/s1, Figure S1: Calibration curves used in the MTT assay: (a) calibration curve
used to establish the relationship between absorbance and the amount of MSCs in growth condi-
tions (r2 = 0.96) and (b) calibration curve used to establish the relationship between absorbance
and the amount of MSCs in neurogenic conditions (r2 = 0.98). Figure S2: Calibration logarithmic
curve used to evaluate the sensitivity of PrPSc detection of the EEB-Scrapie HerdCheck kit, where
y = 0.626ln(x) + 0.4023 and r2 = 0.9911. Figure S3: Full Western blotting membranes used for PrPSc

determination in oBM-MSCs (BM1, BM2, BM3) infected with scrapie inocula at passages 1 to 3 (P1,
P2, P3). MWSC = molecular weight marker; C (+) = positive control.
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Simple Summary: The main target of mesenchymal stem cell therapy in horses has long been
the locomotor system, because these athletic animals commonly suffer from tendon and joint le-
sions. Originally, mesenchymal stem cells were thought to act by just differentiating into the cells
of the injured tissue. However, these cells are also able to regulate and stimulate the body’s own
repair mechanisms, opening the door to many applications in inflammatory and immune-mediated
disorders in both animals and humans. In horses, beyond their traditional application in the muscu-
loskeletal system, these cells have been studied for ophthalmologic pathologies such as corneal ulcers
or immune-mediated processes, and for reproductive disorders such as endometritis/endometrosis.
Their potential has been explored for equine pathologies very similar to those affecting people, such
as asthma, metabolic syndrome, aberrant wound healing, or endotoxemia, as well as for equine-
specific pathologies such as laminitis. Current evidence is still preliminary, and further research is
needed to clarify different aspects, although research performed so far shows the promising potential
of mesenchymal stem cells to treat a wide variety of equine pathologies, some of which are analogous
to human disorders. Therefore, advancements in this path will be beneficial for both animals and
people.

Abstract: The differentiation ability of mesenchymal stem cells (MSCs) initially raised interest for
treating musculoskeletal injuries in horses, but MSC paracrine activity has widened their scope for
inflammatory and immune-mediated pathologies in both equine and human medicine. Furthermore,
the similar etiopathogenesis of some diseases in both species has advanced the concept of “One
Medicine, One Health”. This article reviews the current knowledge on the use of MSCs for equine
pathologies beyond the locomotor system, highlighting the value of the horse as translational model.
Ophthalmologic and reproductive disorders are among the most studied for MSC application.
Equine asthma, equine metabolic syndrome, and endotoxemia have been less explored but offer an
interesting scenario for human translation. The use of MSCs in wounds also provides a potential
model for humans because of the healing particularities in both species. High-burden equine-
specific pathologies such as laminitis have been suggested to benefit from MSC-therapy, and MSC
application in challenging disorders such as neurologic conditions has been proposed. The available
data are preliminary, however, and require further development to translate results into the clinic.
Nevertheless, current evidence indicates a significant potential of equine MSCs to enlarge their range
of application, with particular interest in pathologies analogous to human conditions.

Keywords: One Medicine; mesenchymal stem cells; immune-mediated disorders; ophthalmology;
reproduction; equine asthma; equine metabolic syndrome; wounds; laminitis; neurologic disorders
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1. Introduction

The equine industry is a sector of great economic importance, mainly due to the
sporting dedication of the horse. Thus, musculoskeletal conditions have a great relevance
in these animals. The limited healing capacity of ligaments, tendons, and cartilage have
led to the interest in advanced biological therapies [1] aimed at restoring the structure
and functions of tissues or organs using the own mechanisms of the body [2], of which
mesenchymal stem cells (MSCs) are of particular relevance.

Initially, MSC therapeutics were predicated to be based on their ability to differen-
tiate into cells of the appropriate tissue type, and thus to directly stimulate regeneration
of the damaged structures. However, it has been shown that MSCs exert their effects
mainly through the secretion of a wide range of bioactive molecules [1], which signifi-
cantly increases the scope for their therapeutic applications. Actually, the main focus on
musculoskeletal application in equine practice is in contrast with human medicine, where
MSC therapies are primarily focused on immune-mediated, inflammatory, and ischemic
diseases [3].

Even though musculoskeletal pathologies are among the most frequent in horses, the
alteration of other systems is also of great relevance provided their economic and welfare
impact [4]. The treatment of some of these pathologies presents important limitations
owing to different factors, such as horse anatomy and healing physiology in the case of
wounds [5], or intrinsic characteristics of immune-based pathologies such as asthma, where
only palliative treatments are available [6]. Thus, the range of therapeutic mechanisms
elicited by equine MSCs could extend their application beyond the locomotor system. More-
over, numerous naturally occurring diseases in both animals and humans (developmental,
infectious, autoimmune, or allergic) have similar pathophysiological bases [7].

This review aims at revising the current knowledge on the use of MSCs for equine
pathologies beyond the locomotor system, including ophthalmic and reproductive patholo-
gies, equine metabolic syndrome, equine asthma, wounds, laminitis, neurological disorders,
and systemic inflammatory response syndrome, highlighting the value of the horse as a
translational model for developing novel treatments that could benefit both animals and
humans.

1.1. “One Medicine, One Health”: The Role of the Horse

In comparison with small animals such as rodents, large species such as horses better
resemble the anatomy and physiology of humans, and their greater lifespan allows for
longer-term follow-up. Several organizations such as the European Medicines Agency,
the U.S. Food and Drug Administration, and the International Society for Stem Cell Re-
search are recommending the use of large animal models to evaluate the efficacy, durability,
dose response, and safety of advanced therapeutic medicinal products [8]. Horses are al-
ready recognized as models for several human diseases, including metabolic syndrome [9],
asthma [10], musculoskeletal diseases [11,12], melanoma [13], or autoimmune uveitis [14].
Moreover, other equine conditions may also serve as models, including infectious dis-
eases [15], fertility disorders [16], and even depression and mental conditions [17,18].

All of this led to the development of the “One Health, One Medicine” approach,
which, according to the World Health Organization, promotes a vision of the health of
humans, animals and the environment as a coherent system, and presumes that diseases in
humans and animals require analogous therapeutic approaches [19]. Hence, progress in
animal models is mutually beneficial for animals, researchers, and human and veterinary
patients. Importantly, the rapid advancement of regenerative medicine in the horse makes
this species particularly relevant for translational research [20].

1.2. Properties of Mesenchymal Stem Cells

Mesenchymal stem cells are adult and multipotent stem cells of mesodermal origin,
which have raised interest in the field of regenerative medicine due to their unique biologi-
cal properties [21]. Equine MSC characterization is based on the recommendations of the
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International Society for Cell Therapy (ISCT) set for human MSCs, which include cellu-
lar plastic adherence, expression of the surface markers cluster of differentiation (CD)90,
CD105 and CD73, and the lack of expression of CD45, CD34, CD14 or CD11b, CD79a or
CD19 and human leukocyte antigen (HLA) class II. In addition, these cells must be able
to differentiate at least into osteoblasts, adipocytes and chondrocytes in vitro [22]. Equine
MSCs meet the set criteria of plastic adherence and multipotency, but variably express
different surface markers depending on tissue source [23,24].

In equine medicine, MSCs are often the choice for advanced therapies, due to their
ease of isolation and culture, their multipotency, and their ability to migrate to damaged
tissues [25]. The mechanisms of action through which MSCs exert their effects have not
been fully characterized [21]. Initially, it was thought that MSCs differentiated directly
into cells of the affected tissue or enhanced the activity of resident cells [3], although it has
been reported that MSCs can act indirectly by secreting immunomodulatory and bioactive
factors [22–24,26,27].

These paracrine effects can be divided into immunomodulatory, anti-scarring, chemoat-
tractant and trophic effects, which can be further subdivided into anti-apoptotic, supportive
(stimulation of mitosis, proliferation and differentiation of precursors) and angiogenic.
The number of molecules known to mediate the paracrine action of MSCs increases every
day [28]; thus indicating that there is a substantial potential to harness these properties to
treat several medical conditions in horses.

For example, MSCs secrete different chemokines that recruit and regulate the func-
tion of several cell types, as well as growth factors such as vascular endothelial growth
factor (VEGF), hepatocyte growth factor (HGF) or the leukemia inhibitory factor (LIF) that
promote survival and stimulate the proliferation of resident cells. Some of these growth
factors, such as VEGF, also elicit pro-angiogenic effects of great importance, because the
restoration of blood supply is essential for the recovery of damaged tissues [25].

In addition, MSCs secrete different cytokines and mediators such as interleukin (IL)-6
and 10, prostaglandin E-2 (PGE-2), transforming growth factor (TGF-β), or nitric oxide
(NO), which elicit immunomodulatory actions such as inhibiting the proliferation of T
lymphocytes [29], prevent lysis mediated by cytotoxic T cells [30], suppress the activation
of natural killer (NK) cells [31] and macrophages [32], or modulate B cell proliferation [33].

2. Applications of Equine MSCs in Ophthalmology

The corneal epithelium contains limbal stem cells (LSCs), whose deficiency may greatly
affect corneal transparency and integrity of the ocular surface [34]. Mesenchymal stem cells can
differentiate into corneal epithelial cells both in vitro and in vivo in rabbits [35]. In addition,
MSC paracrine activity can reduce oxidative stress and inhibit the release of pro-inflammatory
cytokines, thereby reducing corneal inflammation and neovascularization [36,37]. The in vivo
ophthalmologic studies presented here are summarized in Table 1.

2.1. Corneal Ulcers and Ulcerative Keratitis

Horses are more prone to corneal damage than other species because of their large-
sized eyes placed laterally and prominently [38], and the active movements of their head
which favors exposure to bacterial or fungal contamination [39]. Some corneal ulcers can
be very severe due to protease activity and can lead to vision loss. The therapeutic strategy
should be aimed at eradicating the infection and limiting cornea destruction, in order to
control pain and minimize scar formation [40]. Current therapies include topical antibiotics,
anti-proteases, and mydriatic or cycloplegic drugs [41], but the typically associated pain
makes repeated local administration difficult.

The wound healing capacity of equine autologous bone marrow-derived MSCs (BM-
MSCs) and their supernatant (MSC-Sp) was evaluated in vitro using a scratch assay in
corneal fibroblasts. The significant decrease in the scratch area after exposure to either
MSCs or MSC-Sp suggested their potential to improve corneal healing. Interestingly, the
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use of MSC-Sp may provide a stem cell-derived but cell-free product that could be more
easily stored and applied [42].

Regarding in vivo studies, in one case of bacterial ulcerative keratitis unresponsive to
conventional therapies, a single dose of autologous peripheral blood-derived stem cells
(PB-SCs) was applied both systemically (intravenously (IV), jugular vein) and in transverse
facial artery. In addition, local application was performed three times a day for seven days.
Three months later, the ulcer was almost unnoticed and the clinical signs of inflammation,
pain and irritation disappeared [43]. Similar results were observed in another case of
bacterial ulcerative keratitis and in three cases of corneal ulcers treated with IV and local
administration of autologous PB-SCs [40].

2.2. Equine Recurrent Uveitis

Equine recurrent uveitis (ERU) is a spontaneous and immune-mediated disorder
characterized by recurrent episodes of intraocular inflammation separated by periods of
remission [44]. The exact pathophysiology of ERU is not clear, although it is thought
that Leptospira interrogans can be implicated by initiating an infection that leads to ocular
immune privilege breakdown [45]. The subsequent immune response involves cytokines
and chemokines that activate helper T cells (Th), and Th17-associated cytokines seem
to play a role [46]. Currently, there is no cure, and treatment is focused on preserving
vision, alleviating pain, and limiting the recurrence of episodes by using mydriatics and
anti-inflammatory drugs. The end stage of the disease in the majority of affected horses is
blindness [44].

Mesenchymal stem cells are effective at reducing immune cell activation in vitro in
many species, making them a potential therapeutic option for ERU [47]. It has been shown
in several mammals, such as cats, dogs and horses, that MSCs can induce a switch from
pro-inflammatory to regulatory T cell subsets when applied in immune diseases [47–49].
The same has been suggested for ERU in an in vitro assay in which lymphocytes from ERU-
affected horses were co-cultured with adipose-derived MSCs (AT-MSCs) [50]. However,
to the best of the authors’ knowledge, there is no literature on controlled equine clinical
studies employing MSCs in ERU except for a brief mention in the study of Saldinger et al.,
which stated satisfactory treatment of three cases (unpublished data).

Interestingly, ERU closely resembles human autoimmune uveitis regarding clinical
and immune pathological features, including the same autoantigens involved and the
remitting-relapsing onset of the disease. Therefore, ERU has been suggested as a reliable
spontaneous model to study the histopathological changes and the inflammatory processes
in uveitis [14,51]; thus, therapeutic advancements in ERU and human uveitis can be
mutually beneficial.

2.3. Equine Immune Mediated Keratitis

Equine immune mediated keratitis (IMMK) is a generic term used to describe a het-
erogeneous group of chronic, non-ulcerative corneal opacities accompanied by intraocular
inflammation. The etiopathogenesis is unknown, but seems to be related with dysregulated
immune responses involving a complex cytokine cascade and amplified pro-inflammatory
response [41]. Long-term topical anti-inflammatory and immunosuppressive therapy is
the main management protocol, although it does not offer a definitive solution and can be
challenging to maintain with low owner compliance or poor response to treatment [52].
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Due to the immunomodulatory action of MSCs, these have been suggested as potential
therapeutic tools. One case of IMMK was reported to have a positive response after
two intravenous injections of autologous PB-SCs and local instillation, without signs
of relapse [40]. In another study involving four horses with IMMK unresponsive to
conventional treatment, subconjunctival injection of autologous BM-MSCs (1–5 injections
every 3–4 weeks) was tested along with usual treatment. Three horses had a positive clinical
response, as demonstrated by decreased corneal opacity, diminished neovascularization,
and improvement in surface irregularity [53].

The limitations of most in vivo ophthalmologic studies include a small sample and
variability in patient selection, along with lack of a control group. Nevertheless, all cases
were poorly responsive to medical management and showed improvement after MSC ther-
apy. The administration protocol, including route, number of applications, and duration
of the treatment, as well as medical management before and during MSC therapy, varied
significantly. Regarding the route of administration, the subconjunctival space is relatively
common for ocular medications and provides high drug concentration to the cornea and
anterior structures for prolonged periods [54]; therefore, it could represent a suitable ap-
proach for local MSC administration that avoids repeated manipulation of the painful eye
for local instillation, which also poses the problem of prolonged storage [43]. Other delivery
systems include local intra-arterial injection in order to reach the internal structures of the
eye, and contact lenses seeded with MSCs have been used in other models [55]. Further
research based on controlled studies and standardized protocols supported by distribution
assays is needed to demonstrate the benefits of such treatments and implement its use in
clinical practice.

3. Applications of Equine MSCs in Reproduction

Due to the MSC regenerative and immunomodulatory properties, these might be used
to treat damaged reproductive tissues, as has been proposed in different animal models,
such as rats [56]. Table 2 summarizes the in vivo reproduction-related studies discussed
below.

3.1. Endometritis

Endometritis is the infection and/or inflammation of the endometrium, and con-
stitutes the main cause of subfertility and is the third most common disease affecting
horses [57]. Repeated inflammation of the endometrium can lead to endometrosis, a
chronic state characterized by fibrosis with glandular alterations [58]. Both persistent
breeding-induced endometritis (PBIE) and endometrosis are of pivotal importance for
reproductive health in mares.

3.1.1. Equine Persistent Breeding-Induced Endometritis

Persistent breeding-induced endometritis is an acute inflammatory response of the
endometrium to semen, linked to an incapability of the uterus to remove bacteria, sper-
matozoa, and inflammatory exudate post-breeding. This disease affects broodmares of all
breeds, leading to reproductive inefficiency and important economic losses [59]. Traditional
therapeutic modalities lack sufficient effectivity, which along with increasing antibiotic-
resistances, has led to the development of alternative therapies such as MSCs [60], because
of their engraftment and immunomodulatory abilities.

Studies in healthy mares have provided a first insight into the effects of MSCs on
reproductive tissues. Autologous MSCs isolated from endometrial biopsies harvested
from healthy mares were infused into both uterine horns during the early diestrus to
avoid ready elimination from the uterine lumen. Endometrial mesenchymal stem cells
(eMSCs) were detected in the uterine lumen up to 24 h after infusion, but they did not
engraft into the endometrium. Moreover, eMSCs effectively attenuated the inflammatory
response produced by the uterine infusion itself [61]. Another study showed that allo-
genic BM-MSCs infused into the uterus 24 h before insemination modulated the uterine
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inflammatory response in healthy mares [62]. Subsequently, PBIE was induced in nine
healthy mares which received intrauterine instillation of allogeneic AT-MSCs or eMSCs.
The MSC administration significantly reduced inflammation regardless of the origin of the
cells, but their engraftment after one month was limited, suggesting that their function in
this context is preferentially exerted by paracrine mechanisms [63].

3.1.2. Endometrosis

Endometrosis is characterized by periglandular and/or stromal endometrial fibrosis,
including glandular alterations within fibrotic foci. The etiology is not fully elucidated,
but it seems to be age-related [64]. The endometrial changes caused by this disease are
irreversible, and therapeutic management is challenging [65].

In an ex vivo model, endometrial biopsies from healthy and pathological mares were
exposed to allogeneic AT-MSCs, which were able to infiltrate both the periglandular space
and single glands of endometrosis-affected tissue [66]. In an in vivo study, autologous
BM-MSCs were injected directly into the uterus using a catheter in mares with subfertility
history and degenerated endometrium to assess safety in pathological conditions, observing
no clinical alterations, histological changes, or endometrial edema [67]. These studies
suggest the feasibility and safety of endometrial injection of MSCs as a new therapeutic
approach for uterine disorders.

Another study reported that allogeneic AT-MSCs infused in the uterine lumen of six
endometrosis-affected mares effectively homed into both the glandular and non-glandular
endometrium when delivered by a simple technique, similar to that used for artificial
insemination [68]. A continuation of this study showed histological improvement of
endometrosis after infusing allogeneic AT-MSCs. The authors suggested that multiple
mechanisms, including homing to fibrotic areas and increased epithelial cell proliferation,
might mediate the anti-scarring effects observed [69]. Furthermore, amniotic membrane-
derived MSCs may improve the endometrial cell replenishment when scarcity or low
proliferation of endometrial cells is associated with pregnancy failure [70].

Compared to BM-MSCs, eMSCs have a higher ability to differentiate into smooth
muscle [71], and display robust immunomodulatory [72] and migratory properties [73].
Moreover, eMSCs can be collected from simple endometrial biopsies, which can be safely
and repeatedly obtained, thus suggesting a novel source of therapeutic cells for inflamma-
tory conditions of the uterus [74].

3.2. Ovarian Diseases

Intra-ovarian injection of allogeneic BM-MSCs to treat ovarian dysfunction in old
mares has been suggested in one study. Although there were no side effects, MSC injection
was not associated with significant changes in follicle number, oocyte recovery and matu-
ration rate, or blastocyst rate [75]. This contrasts with MSC beneficial effects observed in
chemotherapy-damaged ovaries in other species [76,77], but these data should be extended
to be conclusive, because to the best of the authors’ knowledge, there are no further studies
exploring this possibility.

3.3. Testicular Diseases

Testicular disorders are characterized by altered or suppressed activity leading to
important reproductive issues in stallions and consequent economic impacts [78]. Im-
munomodulatory, anti-inflammatory, and anti-apoptotic effects of MSCs, as well as their
ability to migrate to injured tissues, support their potential to treat testicular disorders, as
suggested in an induced testicular torsion model in rats [79]. One in vivo study evaluated
the intratesticular injection of allogeneic BM-MSCs in healthy stallions. The absence of clini-
cal abnormalities and altered semen parameters suggested that this is a safe procedure [80],
although further studies are required to test their therapeutic potential.
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4. Application of Equine MSCs in Metabolic Disorders

Equine Metabolic Syndrome

Equine metabolic syndrome (EMS) is an endocrine disorder characterized by patho-
logical obesity, insulin dysregulation, altered hepatic function, and predisposition to de-
veloping laminitis. Obesity is the main risk factor for EMS, because adipose tissue acts as
an important secretory organ producing different molecules such as pro-inflammatory cy-
tokines with associated adverse local and systemic effects [81]. Management of EMS should
include a well-balanced diet and physical activity. Some drugs such as metformin can
help regulate this disorder, although there are no treatments available that can effectively
resolve the EMS [82].

Therefore, MSCs have been proposed as a therapeutic strategy in different metabolic
syndromes in several species, such as rodents [83–85], dogs [86] and monkeys [87]. Impor-
tantly, great attention has been paid to MSC treatment of human diabetes type 2 [88,89].
Thus, the One Medicine concept applies in both directions; knowledge from human studies
is also highly valuable for veterinary medicine.

Adipose-derived MSCs from EMS-affected horses display senescent phenotype, in-
creased apoptosis, and reduced viability and differentiation capacity, which would make
autologous therapy suboptimal [90–92]. In a recent study of the same group, autologous
AT-MSCs were exposed in vitro to pharmacotherapy with 5-azacytidine (AZA) and resver-
atrol (RES) before their clinical application in order to reverse the aged phenotype of these
cells. These rejuvenated autologous AT-MSCs showed in vivo potential to improve liver
metabolism in one EMS-diagnosed horse, as demonstrated by a decrease in specific liver
enzymes. Nonetheless, MSC therapy was combined with conventional EMS management,
which could have also contributed to this improvement [93].

5. Application of Equine MSCs in the Respiratory System

Equine Asthma

Equine asthma syndrome encompasses a spectrum of inflammatory airway diseases
characterized by chronic respiratory signs ranging in severity that can significantly affect
athletic performance [6]. Although its exact etiopathogenesis remains incompletely de-
fined, immune-mediated responses are involved and lead to excessive mucus production,
neutrophilic accumulation, bronchial hyperreactivity, and bronchospasm [94]. Treatment
is limited to environmental management, anti-inflammatory drugs, and bronchodilator
therapy. Nevertheless, the use of inhaled corticosteroids may be contraindicated in some
cases, and may also be cost-prohibitive and inconvenient for some owners [6].

Studies in murine models of induced asthma have shown that MSCs may be beneficial
for managing this process [32,95,96]. To date, there are no published reports on the use
of MSCs in vivo to treat equine asthma. However, the use of cell derivatives has been
tested. An in vitro assay showed the ability of conditioned medium and microvesicles
from equine amniotic mesenchymal cells to modulate lipopolysaccharide (LPS)-stimulated
equine alveolar macrophages, suggesting that these products can play a role in treating
inflammatory diseases of the lung [97]. In vivo, the intra-tracheal instillation of autologous
bone marrow-derived mononuclear cells in eight asthma-affected horses showed that the
procedure is safe and improved clinical signs, suggesting amelioration of the asthmatic
inflammatory response [98].

Moreover, equine and human asthma syndromes share several features, with the
difference that the process is dominated by neutrophils in horses and by eosinophils in
humans [6]. The similarities in the airway remodeling processes make equine asthma an
ideal model to study the cellular and molecular pathways associated with the asthmatic
airway response and its reversibility [10].

6. Application of Equine MSCs in Disorders of the Integumentary System

The main findings of in vivo studies using MSCs for integumentary-related disorders
are highlighted in Table 3.
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6.1. Wounds

Due to their “flight” instinct in response to frights, horses are particularly susceptible
to trauma [99]. Actually, wound injuries are the most common medical condition affecting
horses [100,101]. Traumatic wounds commonly occur in the distal limb, where healing is
often delayed due to high skin tension, minimal vascularization, and a low-grade inflamma-
tory response. This aberrant inflammation leads to a fibroproliferative response, resulting
in a dysplastic healing with exuberant granulation tissue [102]. These particularities make
successful wound management difficult, to which MSCs could contribute owing to their
varied paracrine activities.

In vitro, equine MSCs promote dermal wound repair through the mobilization of
dermal fibroblasts and by increasing the expression of genes involved in wound heal-
ing [103]. In an equine distal limb wound model using six horses, allogeneic umbilical
cord blood-derived MSCs (UCB-MSCs) were applied after culture in normoxic or hypoxic
conditions, either directly injected into wound margins or topically applied embedded in
an autologous fibrin gel. Early healing was enhanced, with histology suggesting a pro-
healing rather than a pro-inflammatory scenario and smaller sizes in MSC-treated wounds,
with no additional advantage of hypoxic preconditioning [104]. Systemic administration
of allogeneic UCB-MSCs resulted in engraftment into induced wounds on the forelimb
and thorax at early stages, without clinically adverse reactions [105]. Autologous PB-SCs
injected both locally and systemically in four naturally occurring chronic dermal wounds
in the metatarsus, unresponsive to conventional treatments, showed positive outcomes
with granulation tissue formed within four weeks, and no adverse effects were noted [106].
These results suggest MSCs as a promising tool to improve and accelerate the healing of
chronic wounds.

Equine distal limb wounds display similarities to human wounds, with keloid forma-
tion in the latter being similar to exuberant granulation tissue formation in horses. Humans
and equines are the only two species that spontaneously develop these fibroproliferative
disorders, making the horse a suitable model for studying the pathogenesis and treatment
of keloids and hypertrophic scars [99]. In both species, chronic wound management is a
growing problem leading to a significant economic impact; thus, there are demands for
advanced therapeutic options able to decrease healing time and minimize complications.

6.2. Decubitus Ulcers

Decubitus ulcers result from pressure, shear, and/or friction when the patient is lifted
or put in decubitus, leading to tissue ischemia, cell death and necrosis [107]. Thus, the
pathogenesis of this injury differs from that in traumatic wounds. Neonatal foals are prone
to decubitus ulcers due to their thin skin and possible concomitant disorders, which force
them into prolonged decubitus [108]. Mesenchymal stem cells play a key role in skin
homeostasis and repair by promoting cell differentiation, immunomodulation, and the
secretion of growth factors to drive re-epithelialization and neovascularization [109].

In a septic neonatal foal, local implantation of amniotic fluid-derived MSCs (AF-
MSCs) along with platelet-rich plasma (PRP) gel effectively improved decubital ulcers
earlier than in those ulcers treated with Aloe vera gel only [110]. In another study, several
deep sore wounds, presented concomitantly in five septic foals, were treated by either
allogeneic AF-MSCs embedded in a carboxymethylcellulose scaffold or by a commercial
preparation of formosulfathiazole, the former leading to faster healing [111]. Additionally,
the effectiveness of local application of allogeneic Wharton’s jelly MSCs (WJ-MSCS) was
reported in a six-month-old filly with a large non-healing skin wound in the hock [112].
Therefore, MSCs may be considered for healing skin ulcers in foals, with no side effects
noticed, although data are limited to a few reports including low numbers of animals.

6.3. Laminitis

Laminitis is included as part of the integumentary system provided the distal third
phalanx is enveloped by a specialized epithelial tissue, the corium, attaching the bone to the
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hoof. However, it should be noted that this is a complex and multifactorial disease [113].
This disorder affecting the hooves of ungulates is of particular importance in equids,
carrying a poor prognosis, with a strong economic impact and constituting a serious issue
for animal welfare that may eventually require euthanasia [114]. A great variety of initiating
causes can lead to the onset of the disease and can be influenced by different body systems,
including inflammation, metabolic disorders, and endothelial or vascular dysfunction [113].
Whatever the triggering factors are, the release of pro-inflammatory mediators and the
activation of metalloproteinases leads to the degradation of the basement membrane that
may result in a complete mechanical collapse of the foot [115].

The largely incomplete knowledge of the pathogenic mechanisms involved in laminitis
makes both prevention and treatment difficult [116]. Laminitis has been associated with
the loss of p63+ epidermal stem cells in the hoof lamellae, suggesting limited proliferative
potential of the laminitic hoof epithelium [117]. Therapy with MSCs is a promising tool to
improve cell proliferation and tissue quality, as well as contribute to vascular stabilization
and control the pro-inflammatory environment.

In clinical studies on chronic refractory laminitis, allogeneic UCB-MSCs were delivered
directly to the affected foot via regional perfusion (digital vein). The outcome suggested a
positive MSC effect on the prognosis of animals treated early, as reflected by the evolution
with decreased radiologic distance between the bone and hoof wall [114,118]. Allogeneic
BM-MSCs provided better results when digitally perfused compared to epidermally in-
jected [119]. Another study on chronic laminitis administered allogeneic and autologous
AT-MSCs suspended in autologous PRP by distal digital venous injection. Improvement of
both hoof quality and animal mobility was reported, improving the life quality of treated
horses [120].

These results encourage further exploring the use of MSCs to treat chronic laminitis,
but it is important to highlight that MSC administration does not eliminate the need for
routine management and appropriate hoof support.
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7. Application of Equine MSCs in Neurological Disorders

Neurological disorders affecting the brain and spinal cord can represent a therapeutic
challenge, and many horses can have sequelae even after recommended treatment [121].
The neuroprotective effects of MSCs have been described in other species and involve anti-
inflammatory, immunomodulatory, pro-angiogenic and trophic mechanisms [122,123], which
could ameliorate the symptoms of several neurodegenerative disorders [124]. Furthermore,
MSCs can trans-differentiate in vitro into neuronal lineages [125]. In vivo related studies in
horses are summarized in Table 4.

7.1. Peripheral Nerve Injury

Horses suffer injury to peripheral nerves from trauma, metabolic and genetic disorders,
toxins or degenerative and infectious diseases [126]. The degree of restoration of nerve
function depends on the severity and chronicity of the damage, with the worst prognosis
in cases where the nerve is transected [127]. There are few surgical techniques for repairing
nerves, and clinical results are often poor [128]. Consequences frequently include poor
performance, disability, or even death [129,130].

In an in vivo model of acute peripheral nerve injury using three horses, allogeneic BM-
MSCs were implanted into the fascia surrounding the ramus communicans of one forelimb
after a portion was transected. No evidence of nerve regeneration was observed, neither
were histological differences between MSC-treated and control injuries found 45 days
later [127]. Nevertheless, improvement of nerve regeneration after MSC treatment has been
observed in other large animals such as sheep [131].

7.2. Wobblers Syndrome

Wobblers syndrome, also known as cervical vertebral stenotic myelopathy (CVSM)
or incoordination syndrome, is characterized by ataxia and weakness, caused by the
narrowing of the cervical vertebral canal and/or compression of the spinal cord. Medical
treatment commonly includes steroidal and nonsteroidal anti-inflammatory drugs, along
with diet and exercise restrictions. Surgery can be considered in some cases, but this option
is expensive and involves significant risks [132].

An intrathecal injection could extensively deliver cells through the cerebrospinal
fluid to reach the equine central nervous system. To evaluate the feasibility and safety of
intrathecal transplantation of cells, autologous BM-MSCs were administered to healthy
horses and no clinical alterations were developed [133]. A posterior study aimed at
determining the safety of a relatively high dose of intrathecal allogeneic AT-MSCs in both
healthy and CVSM-affected horses. Neurological status was not altered regardless of
atlanto-occipital or lumbosacral administration. Atlanto-occipital injection is apparently
distributed more efficiently through the subarachnoid space, suggesting that this approach
might be more suitable for cranial spinal cord lesions. As for diseased horses, MSCs could
not be found at 15 days after injection at the site of injury, so either cells did not reach the
lesion site or did not persist at that time [134].

7.3. Laryngeal Hemiplegia or Left Recurrent Laryngeal Neuropathy

Recurrent laryngeal neuropathy is characterized by varying degrees of arytenoid
paralysis, constituting a highly prevalent pathology of the upper airway in horses [135].
Affected horses emit abnormal respiratory sounds and may present exercise intolerance in
severe cases. Although the overall success rate of laryngoplasty with or without ventriculo-
cordectomy is elevated, post-operative complications such as a gradual loss of abduction
are very common [136].
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To explore the feasibility of using MSCs to promote nerve function restoration, a nerve-
stimulator-guided injection of muscle-derived autologous MSCs near the left recurrent
laryngeal nerve was performed in five healthy horses. Laryngeal function was not affected,
thus suggesting that this delivery technique is safe [137]. These findings would facilitate
future studies assessing MSC effectiveness to treat this pathology, which has not yet been
tested, to the best of the authors’ knowledge.

8. Application of Equine MSCs in Endotoxemia

Systemic inflammatory response syndrome (SIRS) is characterized by an exaggerated
inflammatory response to an aggression, which causes a series of unspecific clinical signs
that can seriously compromise the patient’s life. This process is of great importance in
horses due to the particularities of their inflammatory response and the high incidence
of pathologies such as acute abdominal syndrome, pneumonia, and metritis, which can
provoke an endotoxemia or sepsis and subsequent SIRS development. These processes can
lead to complications such as disseminated intravascular coagulation, vascular endothelial
damage, laminitis, and multiple organ dysfunction syndrome [138]. Therefore, SIRS is
associated with a significantly higher risk of death in horses presenting acute colic [139] or
other disorders. There are no specific treatments for endotoxemia and SIRS other than con-
trolling the primary cause and providing supportive therapy, mostly based on fluids and
antiendotoxics [138]. The complexity and poor prognoses of these processes and the lack
of effective treatments have led to the interest in using MSCs because of their immunomod-
ulatory capacity. Actually, there are a number of studies in rodent models of endotoxemia
showing promising results of the administration of MSCs, including decreased levels of
circulating proinflammatory cytokines and increased survival rates [140].

In horses, and to the best of the authors’ knowledge, there is only one study reporting
the effects of administering MSCs in an experimental model of endotoxemia [141]. In this
study, lipopolysaccharide was IV injected into six horses, and three of them immediately
received 100 × 106 allogeneic BM-MSCs IV. Serial clinicopathological assessment and de-
termination of pro-inflammatory cytokine production did not show significant differences
between treated and control animals, but adverse reactions after MSC infusion were not
observed either, thus suggesting that the procedure is safe; however, further studies with
higher numbers of animals and studying variables such as the dosage and moment of
administration are needed to elucidate the potential benefit of this therapy. Importantly,
endotoxemia, sepsis, and SIRS also affect a high percentage of human patients in intensive
care units, and the horse has been proposed as a model for understanding human innate
immunity and shedding light onto pathology processes and therapeutics [142].

9. Conclusions and Future Perspectives

The unique properties of MSCs hold a great potential for the treatment of different
equine diseases other than musculoskeletal injuries, for which current pharmacologic or
surgical approaches often do not provide satisfactory results.

Several studies have explored the use of MSCs for different equine diseases beyond
the locomotor system. Their application for ophthalmologic and reproductive disorders
has been particularly investigated, and the treatment of wounds, asthma, and SIRS holds
a special interest to develop One Medicine approaches. However, the variability among
clinical case conditions, source of the MSCs used, cell isolation and culture techniques, and
therapeutic protocols (MSC dose, route, number, and frequency of administrations), as well
as the low sample size and lack of control groups in some of the studies, limit extracting
definitive conclusions. Nevertheless, case reports are highly valuable as a proof of concept,
indicating that there is potential for in further investigations. In addition, in vitro studies
provide interesting preliminary insight into MSC mechanisms for each pathology, and
in vivo studies in healthy animals enable safety and feasibility assessments.

More in-depth research is needed to test the safety and efficacy of these novel treat-
ments, and future clinical trials would include a larger number of similar cases and stan-
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dardized measurements of the outcomes, in order to establish specific therapeutic protocols.
Furthermore, more in vitro and experimental work is needed to understand the pathways
through which MSCs elicit their effects, in order to achieve their highest therapeutic poten-
tial. Therefore, researchers and clinicians should work together to develop evidence-based
treatments and exploit the MSC potential by extending their use to different pathologies in
both equine and human patients.
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Simple Summary: The use of canine adipose tissue-derived mesenchymal stem cells represents a
promising tool in the emerging field of autologous cell therapy in veterinary medicine. Cells need to
be isolated and expanded in vitro in order to obtain the sufficient amount for clinical application,
but long-term cultivation before therapeutic use is not recommended, since the cells may lose their
stemness features. Alternatively, the cells can be cryopreserved and used as needed and in a short
time after thawing. This study evaluated the effect of a 7 year-long cryopreservation using 10%
dimethyl sulfoxide with different fetal bovine serum concentrations (from 10 to 90%) on different cell
passages. The aim was to establish the most appropriate cell passage and serum percentage for the
long-term cryopreservation of cells ensuring the maintenance of the stemness features. Cells were
expanded in vitro from P0 to P1–P2 passages and subsequently frozen. This study demonstrated
that a high percentage of serum (80%) is necessary to obtain optimal cryopreservation with 10%
DMSO. Cells thawed at passages from P2 to P4, even after seven years, could be considered in the
studies on therapeutic application and in the in vitro study, because they maintain stem potential
after cryopreservation.

Abstract: Mesenchymal stem cells (MSCs) are used in therapy in animal models and veterinary
medicine, due to their capacity of inducing tissue regeneration and immunomodulation. Their clinical
application requires a ready off-the-shelf amount of viable therapeutics doses. For this purpose, it
is useful to cryopreserve MSCs to gain a ready and controlled source of abundant autologous stem
cells. We evaluated the effect of 7 years cryopreservation using 10% dimethyl sulfoxide (DMSO) with
different fetal bovine serum (FBS) concentrations (from 10 to 90%) on different passages of MSCs
isolated from canine adipose tissue (cAD-MSCs). The study aimed to evaluate the most adequate cell
passage and FBS percentage for the long-term cryopreservation of cells by maintaining the stemness
features. Phenotype morphology, cell viability, osteogenic and adipogenic differentiation potentials,
proliferative potential and expression of pluripotency markers were analyzed in thawed cells and
compared with fresh ones. We demonstrated that cells cryopreserved with at least 80% FBS maintain
unaltered the stemness characteristics of the freshly isolated cells. In particular, cells of P0–P1
passages have to be expanded in vitro and subsequently cryopreserved and cells of P2–P4 passages
should be considered in the studies on therapeutic application and in vitro study of cAD-MSCs.

Keywords: canine adipose-derived mesenchymal stem cells (cAD-MSCs); cryopreservation; dimethyl
sulfoxide (DMSO); fetal bovine serum (FBS)
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1. Introduction

Mesenchymal stem cells (MSCs) have attracted increasing attention due to their poten-
tial use in regenerative medicine and tissue engineering. These cells display a significant
therapeutic plasticity as reflected by their advantageous characteristics: the ability to
enhance tissue renovation, the immunomodulatory and anti-inflammatory effects [1]. Al-
though MSCs can be easily isolated from several tissues, clinical use has favored adipose
tissue because of its relative ease of stem cell recovery and the minimal donor-site mor-
bidity [2]. In dogs, adipose tissue can be collected either by a simple adapted liposuction
procedure, or through biopsies or in routine veterinary surgery procedures [3]. The visceral
fat is particularly easy to collect because this species is subjected to a large number of
ovariohysterectomies [4]. Interest in MSCs, both for regenerative and reparative therapies
in dogs, is emerging as the current treatment options for several conditions that often do not
result either in the desired clinical outcome or in the patients’ return to normal function [2].
Moreover, canine MSCs have been evaluated in some experimental and preclinical studies
on efficacy and safety testing of novel treatments for humans, since the dog is considered
to be a superior model for humans than rodents [2].

The clinical application of MSCs requires on demand access to a ready off-the-shelf
amount of viable therapeutics doses. Cell dosage varies widely among applications and
it is not established for any single treatment. MSCs require extensive culture expansion
due to low cell number, and genetic alterations and contamination risks increase with
culture time. For this purpose, it is very useful to cryopreserve these cells in order to gain a
ready and controlled source of abundant autologous stem cells that maintain unaltered
characteristics of the freshly isolated cells by preserving their vitality and maintaining their
pluripotent phenotype. Cell aliquots can be biobanked for later administration immediately
upon revitalization or after short-term expansion. Cryopreservation also increases MSC
availability as frozen cells can be delivered over long distances [5].

Most cryopreservation protocols for stem cells use dimethyl sulfoxide (DMSO) at a
concentration of 10% (v/v), often combined with fetal bovine serum (FBS) in concentrations
ranging from 10% to 90% (v/v) [4,6–8]. FBS is commonly added to freezing solutions for its
benefits to stabilize the cell membrane and adjust cell osmotic pressure [9]. On the other
hand, it always accompanied with risk of infections due to its xenobiotic origin [10].

In this study, the effect of a 7 year-long cryopreservation using 10% DMSO with
different FBS concentrations (from 10 to 90%) was evaluated on different cell passages of
MSCs isolated from adipose tissue of Canis familiaris (cAD-MSCs). Phenotype morphology,
cell viability, osteogenic and adipogenic differentiation potential, proliferative potential
and expression of pluripotency markers were analyzed and compared in both fresh and
thawed cells.

The aim was to establish the most appropriate cell passage and FBS percentage for the
long-term cryopreservation of cAD-MSCs ensuring the maintenance of the stemness features.

2. Materials and Methods

2.1. Cell Culture

Samples were collected from visceral adipose tissue of 10 female dogs. Each sample
was weighted, cleaned of large blood vessels and chopped, washed with Hank’s balanced
salt solution (HBSS, Sigma–Aldrich®, Milan, Italy) and digested for 3–4 h at 37 ◦C with 0.2%
collagenase type IA (GIBCO BRL/Life Technologies, Milan, Italy) prepared in sterile phos-
phate buffered saline (PBS) supplemented with 1% antibiotics (penicillin, streptomycin and
amphotericin). The collagenase activity was neutralized by adding 10% FBS (EuroClone®,
Milan, Italy). After centrifugation (300× g for 10 min) and washing of the pellet, cells were
cultured in T25 flasks (Falcon, BD Bioscence, Basel, Switzerland), in non-inductive medium
consisting of Dulbecco’s modified Eagle’s medium (D-MEM) low glucose (Sigma–Aldrich®,
Milan, Italy) with 10% FBS and 1% penicillin, streptomycin and amphotericin. Cells were
incubated at 37 ◦C in a humidified atmosphere containing 5% CO2. After the overnight
incubation, non-adherent cells were removed and fresh medium was added to the flasks.
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The medium was renewed every 3 days. Adherent cells, grown to semiconfluency, were
harvested, quantified and subcultured. A small volume of sterile and warm HBSS was
added to the flasks for harvesting viable cAD-MSCs. HBSS was replaced with 500 μL of
Trypsin/EDTA solution (0.5%) (Sigma–Aldrich®, Milan, Italy). Cells were resuspended in
a culture medium, transferred from the flask to a sterile tube of 15 mL, and centrifuged
at 300× g for 5 min. The supernatant was aspirated and the cells resuspended in a small
volume of culture medium. Cells were counted using the hemocytometer (Cellometer
Auto T4 EuroClone®, Milan, Italy). The primary cells cultured for 5–6 days were defined
as passage ‘P0′. At 80% confluence, the MSCs were split and expanded (P1); cell expansion
was continued until passage 6 (P6).

2.2. Cryopreservation and Thawing

At each passage from P1, cells were collected and resuspended at density of 1 × 106

cells/cryovials in 1 mL of cryopreservation media composed of 10% DMSO (Sigma–Aldrich®,
Milan, Italy) and increasing percentages (from 10% to 90%) of FBS. Cells were frozen by Mr.
Frosty container (Thermo Fisher Scientific, Monza, Italy) decreasing −1 ◦C/min until −80 ◦C
for 1 week and then they were transferred to liquid nitrogen tank for long time storage.
After a 7 year-long cryopreservation, cells were thawed. cAD-MSCs were placed into a
37 ◦C water-bath for 1–2 min and washed in 90% D-MEM and 10% FBS to eliminate DMSO.
Cells were counted and plated in T25 flasks with culture medium.

2.3. Cell Viability Analysis

Cryopreserved cAD-MSCs were thawed, the freezing solutions were removed and
cell viability was assessed with a Trypan blue dye exclusion assay. A 1:2 dilution of the
suspension was prepared using a 0.4% Trypan Blue solution (Sigma–Aldrich®, Milan,
Italy). The number of the non-viable (stained) and viable (trypan blue excluded) cells were
counted. Viability was expressed as the percentage of the number of the viable unstained
cells obtained after thawing divided by the number of the viable cells before freezing.

The cell viability and proliferation rate for fresh and frozen-thawed cAD-MSCs were
also evaluated by measuring 3-(4,5dimethylthiazol-2yl)-5-(3carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium inner salt (MTS), using a commercially available kit (Cell
Titer 96 Aqueous One solution Cell proliferation Assay, Promega, Milan, Italy). Thawed
cells were plated in a 96-well plate at a density of 1 × 104 cells/100 μL per well. The Cell
Titer 96 Aqueous One Solution Reagent (20 μL) was added and the plate was cultured
for 4 h at 37 ◦C in a humidified 5% CO2 atmospheric environment. Plates were read on
an absorbance microplate reader (Sunrise™, Tecan, Cernusco sul Naviglio (MI), Italy),
complemented by universal reader control and data analysis software add-on (Magellan™,
Tecan, Cernusco sul Naviglio (MI), Italy), at a wavelength of 492 nm.

2.4. Measurement of Cell Doubling Time and Cell Morphology Observation

The thawed cells were plated at a density of 2 × 104 nucleated cells/cm2 in T25
culture flasks using the above-described culture medium. The medium was changed every
2–3 days until the adherent cell population reached 80% confluence. The adherent cAD-
MSCs were passaged by digestion with Trypsin/EDTA solution (0.5%), counted with a
hemocytometer, and a portion of the cells were reseeded for the subsequent passages (until
P7) in T25 flasks (2 × 104 cAD-MSCs/cm2). Cell-doubling time (DT) and cell-doubling
number (CD) were calculated by hemocytometer counts and cell culture time (CT) for each
passage according to the following 2 formulae:

CD = ln (Nf/Ni)/ln(2) (1)

DT= CT/CD (2)

where Nf is the final number of cells and Ni is the initial number of cells [11].
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Cell-doubling time of fresh and cryopreserved cells (in medium with DMSO and 50%
and 80% FBS) was compared.

Post-thaw cell morphology changes, such as cell enlargement, accumulation of vacuoles
and presence of cellular debris were observed daily, at each passage, by inverted microscopy.

2.5. Differentiation Assay

To evaluate the stemness of established cultures, cells in P2, P4 and P6 after cryopreser-
vation with 10% DMSO and 50% and 80% FBS were cultured in appropriate differentiation
media and induced to differentiate toward adipogenic and osteogenic lineage.

2.5.1. Adipogenic Differentiation

Cells were plated at 7500 cells/cm2 in 6-well plates and induced to differentiate
in the StemMACS™AdipoDiff Media (Miltenyi Biotec, Bergisch Gladbach, Germany)
differentiation medium for 21 days. Cells cultivated in basal medium (D-MEM, low
glucose with 10% FBS) were used as a control. Differentiation and basal medium were
changed every 48–72 h and cells were examined by inverted microscopy. The formation of
lipid droplets was verified with Oil Red O staining.

2.5.2. Osteogenic Differentiation

Cells were plated at 4500 cells/cm2 in 6-well plates and induced to differentiate in
StemMACS™OsteoDiff Media (Miltenyi Biotec, Bergisch Gladbach, Germany) differentia-
tion medium for 3 weeks. Cells cultivated in basal medium (D-MEM, low glucose with 10%
FBS) were used as a control. Differentiation and basal medium were changed every 3 days
and cells were examined by inverted microscopy. Calcified extracellular matrix deposits
were detected by von Kossa staining.

2.6. Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR)

Total RNAs were extracted from cells cryopreserved (in medium with DMSO and 50%
and 80% FBS) using the RNAspin Mini RNA Isolation Kit (GE Healthcare, Milan, Italy) and
treated with DNase I to remove contaminating DNA. cDNAs were synthesized from 1 μg
total RNA using random hexamers and Superscript III reverse transcriptase (Thermo Fisher
Scientific, Monza, Italy). Primers used for canine pluripotency markers (OCT4, NANOG
and SOX2) were previously reported [12]. OCT4 and NANOG were amplified in 35 cycles
at 94 ◦C for 1 min, 60 ◦C for 1 min, 72 ◦C for 1 min and followed by 72 ◦C for 5 min. SOX2
was amplified in 35 cycles at 94 ◦C for 1 min, 58 ◦C for 1 min, 72 ◦C for 1 min and followed
by 72 ◦C for 5 min. PCR products were separated on 2% agarose gel by electrophoresis,
stained with ethidium bromide and visualized under UV light.

2.7. Microbiological Control of cAD-MSCs and Reagents

cAD-MSCs were tested for possible contaminations during the steps of production.
These quality controls included tests for bacteria and fungi, mycoplasma and viruses that
were used as a part of routine and regular quality control screening procedures. To detect
low level of contamination, samples from the cell cultures and reagents were inoculated
onto solid media (blood agar, plate count agar and Sabouraud dextrose agar). PCR analysis
were conducted for the screening of pestiviruses [13,14] and mycoplasma (MycoSensor PCR
Assay Kit—Agilent Technologies, Santa Clara, CA, USA) that can contaminate cell cultures.

2.8. Statistical Analysis

The results are expressed as mean ± standard deviation. Data were normally dis-
tributed (p < 0.05, Kolmogorov–Smirnov test). Duncan’s multiple post-hoc comparison test
was applied.
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2.9. Ethical Statement

The study did not involve any animal experiment. Specimen collection was done 7
years earlier from dogs during routine spays required and authorized by dog owners and
independent of this study. We had extracted adipose tissue samples from dogs only after
their owners provided written informed consent. This study was conducted as part of the
IZS SI 2007 RF research project entitled “Adult mesenchymal stem cells: differentiative
lineages and applications in autologous and allogenic implantation and tissue remodelling”,
approved by the Italian Ministry of Health.

3. Results

3.1. Culture, Expansion and Morphology of cAD-MSCs

cAD-MSCs were isolated from canine adipose tissue and grown in plastic tissue
culture flasks. At P0, adherent cells grew as spindle- or star-shape cells, forming colonies
3 days after plating. Cells became semiconfluent within 5–6 days. After passage P0,
the cells began to proliferate rapidly and, as soon as they reached the semiconfluency
(every 3–4 days), the cAD-MSCs were split and expanded until P6. After the first passage,
MSCs adopted a fibroblast-like shape. Cell size and shape persisted until P5. Cells had
increased volumes from passage P6. Moreover, cells cryopreserved at each passage in
9 cryopreservation media (composed of 10% DMSO and increasing percentages of FBS
from 10% to 90%) were thawed after 7 years and retrospectively compared with fresh cells
isolated from the same animals. Cryopreserved cells with serum percentages less than
50% showed stunted growth in the flask. Cells of all passages, cryopreserved with serum
percentages greater than 50%, maintained the ability to expand in culture and reached
semi-confluence. All thawed cAD-MSCs obtained from 10 dogs presented fibroblast-like
phenotype until passages P4 and P5 and demonstrated increased volume and cuboidal
shape at P6 as in their fresh counterpart (Figure 1). The cryopreservation of cells in liquid
nitrogen in media containing DMSO with greater than 50% FBS percentages for 7 years
and their thawing did not affect the cell morphology.
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Figure 1. Morphology of cell cryopreserved with 10% DMSO—20%, 30%, 40%, 50% and 80% FBS
percentages and fresh cells showed at passages P2 (a,d,g,j,m,p), P4 (b,e,h,k,n,q) and P6 (c,f,i,l,o,r).
Cells frozen with FBS concentrations lower than 50%, after thawing, particularly in the passages
P4–P6, showed an altered morphology, fusiform, polygonal, astroid shapes and a stunted growth in
culture failing to reach semi-confluence. Cells from P2 to P6 passages, cryopreserved with serum
percentages greater than 50%, maintained the ability to expand in culture and reached semiconflu-
ence. Thawed cAD-MSCs presented fibroblast-like phenotype until passages P4 and demonstrated
increased volume and cuboidal shape at P6 as in their fresh counterpart. A 100× magnification.

3.2. Cell Viability after Cryopreservation

The effects of different freezing solutions on post-thaw viability of cAD-MSCs at
three passages (P2, P4 and P6) are shown in Figure 2. Cells cryopreserved with medium
containing serum percentages up to 30% did not exceed 50% of cell viability after thawing
at all cell passages. Frozen cells with 40% serum reached vitality values around 60%.
cAD-MSCs cryopreserved at passages P2 and P4 with serum from 50% to 70% reached
vitality percentages of about 80%. The viability of frozen cells with serum percentages of
80% and 90% reached 98% viability in passages P2 and P4. Cryopreserved cells at passage
P6 with serum percentages from 10% to 90% showed lower viability percentages compared
to passages P2 and P4.
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Figure 2. The effect of the different freezing solution composed of 10% DMSO and increasing
percentage of FBS (from 10% to 90%) on post-thaw viability of cAD-MSCs at three passages (P2, P4
and P6).

3.3. cAD-MSCs Proliferation

To determine the proliferation potential, the population doubling time of cells cry-
opreserved with 10% DMSO and 50% and 80% FBS was calculated at passages 2, 4 and 6
and compared with that of the fresh cAD-MSCs (Figure 3). The analysis of proliferation
capacity showed that doubling time is not significantly increased in passage P4 versus
P2 in both fresh and cells cryopreserved with 10% DMSO and 80% FBS. However, the
doubling time increased in P6. Cryopreservation with 10% DMSO and 50% FBS caused a
delay of cell divisions at all passages.

Figure 3. Analysis of population doubling time (pdt) of fresh cells and cells cryopreserved with
10% DMSO and 50% and 80% FBS (n = 10) at passages P2, P4 and P6. The pdt in fresh cells and
in cells cryopreserved with 80% FBS shows the same trend in the three passages considered. Cells
cryopreserved with 50% FBS show a delay in cell division at all passages compared to fresh cells.

3.4. Differentiation Potential

Thawed cells of all dogs differentiated up to passage 4 across the two lineages tested.
Differentiation was qualitatively assessed on the basis of cell morphology and histochemi-
cal stains. The cAD-MSCs induced toward adipogenic differentiation were analyzed for
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presence of intracellular lipid accumulation by Oil red O stain. MSCs in passages from P2
to P4 displayed many lipid droplets when compared with those in P6 passage (Figure 4).
Thawed cells up to passage P4, induced toward osteogenic differentiation, formed aggre-
gates and shown the mineralization of extracellular matrix marked by von Kossa staining
(Figure 5). No differences were found in adipogenic and osteogenic potential between fresh
and frozen cells.

Figure 4. Fat globules appeared in cAD-MSCs, cryopreserved with 10% DMSO–50 and 80% FBS
and thawed, cultured with adipogenic differentiation medium at passages P2 (a,d) and P4 (b,e). No
differentiation was observed in the passage P6 (c,f). The frozen cells showed the same differentiation
potential as fresh cells at each passage (g,h,i). A 100× magnification.

Figure 5. Deposition of calcified extracellular matrix revealed by von Kossa staining in cAD-MSCs,
cryopreserved with 10% DMSO–50 and 80% FBS and thawed, cultured with osteogenic differentiation
medium at passages P2 (a,d), P4 (b,e). The frozen cells showed the same differentiation potential as
fresh cells at each passage (g,h,i). A 100× magnification.
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3.5. Expression of Pluripotency Markers

A qualitative reverse-transcription PCR was used to assess the expression of the canine
pluripotency associated transcription factors OCT4, SOX2 and NANOG in cell passages.
These factors were not expressed in any post-thaw passage of cells cryopreserved with
10% DMSO and FBS concentration lower than 50% (data not shown). The pluripotency
markers were maintained up to post-thaw passage P4 of cAD-MSCs cryopreserved with
10% DMSO and at least 50% FBS. The expression of OCT4, SOX2 and NANOG was not
revealed in the P5 and P6 passages. The same results were previously observed in fresh
cells (Figure 6) [12,15].

Figure 6. Representative images of expression of pluripotency-associated genes in cells cryopreserved
with 10% DMSO and 80% FBS and thawed (a,b) and in fresh cells (c,d). NANOG (274 bp), OCT4 (141
bp) and SOX2 (142 bp) were expressed in passages P2 and P4 of cryopreserved and fresh cells. The
gene expression was not revealed in P6.

3.6. Microbiological Control of cAD-MSCs and Reagents

All the samples from the cell cultures examined were free from bacterial, viral and
fungal contaminants.

4. Discussion

Adipose tissue is easily harvested with minimal risk to patients as compared to other
stem cell sources. Stem cells derived from this tissue have been increasingly used for
cell therapy both in humans and animals, either as freshly isolated or as cultivated AD-
MSCs [15–17]. An important advantage of adipose-derived stem cells is their abundance:
from 1 g of adipose tissue an average of 0.5–2.0 × 106 stromal vascular fraction cells can
be isolated, which gives 1–10% of stem cell yield [18]. These cells proliferate rapidly with
high cellular activity and have a great potential of differentiation into multilineage cells,
making them an ideal source to obtain MSCs [19]. For autologous use, the adipose tissue
is collected 2 or 3 weeks before the treatment and the animal receive the cultivated cells,
but long-term cultivation before therapeutic use is not recommended, since the cells may
lose their progenitor characteristics [20]. Alternatively, the cells can be isolated, expanded
and subjected to long-term storage, so that they can be used as needed and in a short time
after thawing. Cryopreservation and biobanking allows for MSC to be prepared in large
batches, under the application of accepted quality control measures to ensure their safety.
To assure that cryopreservation medium does not alter the stemness characteristics and the
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differentiation potential of isolated MSC is also of primary importance [21]. Advances in
cell therapy, stem cell research, personalized medicine and cell banking drive the need for
optimize storage protocols.

To address this issue, the study was conducted to determine the effect of long-term
cryopreservation on different passage of cAD-MSCs cryopreserved with ten different media
composed of 10% DMSO and ten different concentrations of serum. DMSO is standard
cryoprotectant used to stabilize cell protein and membrane and to prevent intracellular ice
formation [22,23]. FBS stabilizes the cell membrane and adjust cell osmotic pressure [9].
Data obtained demonstrated that cells cryopreserved at the study condition with high FBS
percentages show similar stem characteristics as fresh ones.

Viability is the primary indicator on cryopreservation success and its >70% value for
cryopreserved cells is generally considered a post-thaw viability threshold generally ac-
cepted and the benchmark for clinical application [24]. This study demonstrated that cAD-
MSCs up to passage P4 cryopreserved with 50% FBS showed >80% viability. This reached
almost 100% in cells with 80–90% FBS. Cells with more than 50% FBS, cryopreserved in
liquid nitrogen and thawed after 7 years showed similar morphological characteristics and
proliferative ability as fresh cells. cAD-MSCs grew within a monolayer adhering to the
culture flask bottom with fibroblast-like shape [25] until passages P4. Cell morphology
gradually became diversified with increasing passages, accompanied by an increase in cell
size changes as in their fresh counterpart [12,26]. The proliferation kinetics of cAD-MSCs
from passages P1 to P7 were examined in cells cryopreserved with 10% DMSO and 50
and 80% FBS. While there were no significant differences in the population doubling time
from passage P2 to P4, passage P6 displayed a longer doubling time. Moreover, doubling
time increased at all passages for the cells cryopreserved with 50% FBS with respect to
fresh cells.

The expression of pluripotent markers OCT-4, NANOG and SOX-2 was revealed up
to passage P4 of cells cryopreserve with more than 50% FBS and not at P5 and P6 passages.
These pluripotent transcription factors regulate the self-renewal and differentiation abilities
of AD-MSCs [27]. OCT4 and NANOG are not only essential for the maintenance of
pluripotency in embryonic stem cells but also in maintaining MSC properties. SOX2 is also
important for maintaining proliferation and osteogenic differentiation potential of MSCs.
OCT4 and SOX2 are usually expressed at low levels in early-passage MSCs and gradually
decrease as the passage number increases [28]. The use of a quantitative RT-PCR in this
study would have probably allowed to better appreciate this aspect.

The success of utilizing stem cells in tissue-engineering applications is highly de-
pendent on maintaining a satisfactory level of differentiation potential after extensive
in vitro expansion [26]. In addition, in agreement with other studies [4,29], differentiation
was not affected by the cryopreservation process. Thawed cells were able to differentiate
into two mesodermal lineages. Adipogenic differentiation was accompanied by cell’s
shape change from a fibroblast to a large rounded morphology and by accumulation of
small and non-uniform lipid droplet. Osteogenic induction medium caused the formation
of cell aggregates and matrix mineralization that was assessed by calcium specific von
Kossa staining. Moreover, it was assessed that cell cultures were free from microbiological
contamination. Specific test for the detection of bacteria, yeast, fungi, mycoplasma and
viruses should be used as a part of routine and regular quality control screening procedures.
Mycoplasma competes with the cells for the nutrients in the culture medium, typical signs
of contamination consist in the reduction of the rate of cell proliferation, and changes in
cellular physiology including gene expression, metabolism and phenotype. Biosafety as-
sessment of cryopreserved MSCs is necessary to ensure the safe use of cells prior to clinical
application. Frozen cells may have the advantage over fresh cells of being more controlled
for the presence of contaminants that may come from the animal of origin or from handling.
Further studies will have to be conducted to evaluate the use of cryoprotectants that allow
the reduction of FBS concentrations with a view to reducing xenocontaminants.
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5. Conclusions

This study demonstrated that a high percentage of FBS (at least 80%) is necessary to
obtain optimal cryopreservation of cAD-MSCs with 10% DMSO. To provide the needed
doses for clinical studies, cells from lower passages (P0, P1) have to be expanded in vitro
and subsequently frozen for storage/banking purposes. Probably, a short recovery period
post-thaw in culture may facilitate a regain of function [30]. Our data suggest that, cells
thawed at from passages P2 to P4, even after seven years, could be considered in the studies
on therapeutic application as well as in vitro study of cAD-MSCs, because they maintain
their stem potential after cryopreservation.
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Simple Summary: Mesenchymal stem cells (MSCs) are multipotent stem cells that are capable of
differentiation into bone, muscle, fat, and closely related lineages and express unique and specific
cell surface markers. They can be used as an avian culture model to better understand osteogenic,
adipogenic, and myogenic pathways. Moreover, MSCs could also be used as a model to study various
developmental and physiological processes in avian and other species. To obtain a comprehensive
overview of this topic, the keywords “mesenchymal stem cells”, “chicken”, “disease”, “chicken
dermatitis”, “viral infections in chicken”, and “antibiotics in chicken” were searched in WOS and
PUBMED databases to obtain relevant information.

Abstract: Mesenchymal stem cells (MSCs) are multipotent progenitor cells that adhere to plastic;
express the specific markers CD29, CD44, CD73, CD90, and CD105; and produce cytokines and
growth factors supporting and regulating hematopoiesis. MSCs have capacity for differentiating
into osteocytes, chondrocytes, adipocytes, and myocytes. They are useful for research toward
better understanding the pathogenic potential of the infectious bursal disease virus, mineralization
during osteogenesis, and interactions between MSCs as a feeder layer to other cells. MSCs are also
important for immunomodulatory cell therapy, can provide a suitable strategy model for coculture
with pathogens causing dermatitis disorders in chickens, can be cultured in vitro with probiotics and
prebiotics with a view to eliminate the feeding of antibiotic growth promoters, and offer cell-based
meat production. Moreover, bone marrow-derived MSCs (BM-MSCs) in coculture with hematopoietic
progenitor/stem cells (HPCs/HSCs) can support expansion and regulation of the hematopoiesis
process using the 3D-culture system in future research in chickens. MSCs’ several advantages,
including ready availability, strong proliferation, and immune modulatory properties make them a
suitable model in the field of stem cell research. This review summarizes current knowledge about
the general characterization of MSCs and their application in chicken as a model organism.

Keywords: chicken; mesenchymal stem cells; culture; disease; probiotics; applications

1. Introduction

As poultry meat production has increased dramatically in recent years, attention
is now turning more to ensuring the high quality of that output [1]. Because genetic
modification and selection for growth can cause skeletal disorders or muscle degeneration,
and thus have negative impacts for the poultry industry [2], innovative methods are
important for maintaining production. Mesenchymal stem cells (MSCs) seem to provide a
suitable tool for examining skeletal development in poultry. MSCs are multipotent cells
able to differentiate into osteocytes, chondrocytes, adipocytes, and myocytes [3]. They
have been isolated from many species, including chickens, sheep, cats, dogs, rats, mice,
and humans [4–11].

MSCs have the capacity to adhere to plastic surfaces under in vitro conditions and to
express several surface antigens [12]. They also have the ability to produce cytokines and
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growth factors, commonly referred to as the MSC secretome, that support and regulate
hematopoiesis [13].

MSCs can be used as a model for cell culture to better understand differentiation
pathways, as well as to identify supplements that can affect these interactions, and in the
areas of viral, skeletal, and immunological research. MSCs have furthermore become a
subject of research due to their easy isolation, in vitro proliferation, multi-lineage differen-
tiation, support to hematopoiesis, cytokine and growth factor production, and usefulness
for immunomodulatory purposes [14]. Moreover, MSCs are able to migrate through the
peripheral circulation to damaged areas, where they proliferate and differentiate, thus
facilitating the healing process through the activation of several mechanisms [15]. MSCs
are able to reduce cell injury by the synergistic action of small molecules, extracellular vesi-
cles (EVs), secreted by MSCs to maintain tissue homeostasis. Studying the physiological
functions of MSCs can improve their application in regenerative medicine and increase our
knowledge to better understand their biological behavior [16].

This review covers what is currently known about chicken MSCs. In its first part, we
summarize knowledge about their sources, culture conditions, phenotype characterization,
and differentiation. In the second part, we focus on the potential for MSCs to be used in
three-dimensional (3D) culture and cell-to-cell interactions, their application as a feeder
layer, their usefulness for meat production in vitro, their cryopreservation possibilities, and
their usefulness in researching diseases in chickens (Figure 1).

Figure 1. Multifunctional properties of chicken mesenchymal stem cells.

2. Characterization of Chicken MSCs

MSCs commonly are obtained where they were first discovered: from bone marrow as
precursors for fibroblasts or stromal cells. An important part of MSC isolation is purification
of samples from non-mesenchymal cell types such as hematopoietic and blood cells [17].
MSCs are usually aspirated from bone marrow (in which case they are termed bone marrow-
derived MSCs, or BM-MSCs) and then isolated by sieving for plastic adherence in vitro. In
addition, MSCs can be obtained from compact bones [18], Wharton’s jelly (WJ-MSCs) [19],
and lung (L-MSCs) [20].

The key characteristics defining MSCs have been based on their capacity for colony
formation, potential for self-renewal, expression of surface markers, and multi-lineage
differentiation. The availability of stem cell-specific markers in poultry has limitations;
therefore, researchers have to rely on reports of cell surface markers in mammalian species.
Use of markers to verify MSC identity is an important control step to eliminate experi-
mental variability and obtain a homogenous population of MSCs [18]. In mammals, MSCs
express surface markers such as CD73, CD90, and CD105 [21–23] and transcription factors
that include Oct4 [24], Nanog [25], and Sox2 [26], where PouV is a chicken homolog of
mammalian Oct4 [27]. MSCs isolated from chicken bone marrow exhibit features similar to
those of mammalian MSCs. Furthermore, lung MSCs in chicken and other mammalian
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species may help in understanding the pathogenesis of infectious and non-infectious lung
diseases and the mechanisms of lung injury repair [13]. All chicken MSC characteristic
parameters are summarized in the Table 1.

Table 1. Comparison of chicken MSCs derived from different sources.

Sources Type of
Digestive

Separation Morphology Confluency Positive
Markers

Negative
Markers

Transcription
Factors

References

Bone
marrow

- Ficoll-
Hypaque

(1.090 g/mL)

spindle-
shaped

14 days CD44, CD90
CD105

CD45 PouV, Sox2,
Nanog

[17]

Percoll
solution

(1.073 g/mL)

spindle-
shaped

2–3 days CD44, CD29,
CD71, CD73

CD31, CD34 [19]

Compact
bones

0.25%
collagenase

spindle-
shaped

8–10 days CD90,
CD105,

CD73, CD44

CD31, CD34
CD45

[18]

Lung 0.1%
collagenase

spindle-
shaped

5–7 days CD29, CD73,
CD90,
CD105

CD34, CD45 OCT-4 [20]

0.5 mg/mL
collagenase

type IV

Ficoll-
Hypaque

(1.090 g/mL)

spindle-
shaped

14 days CD44, CD90,
CD105

PouV [28]

Wharton’s
jelly

0.1%
collagenase

type IV

fibroblast-
like

shaped

5–6 days CD29, CD44,
CD71, CD73

CD31, CD34 [29]

While specific surface markers are easily evaluable, a definition of MSCs can be com-
pleted by their abilities to differentiate into classic mesodermal lineages of bone, fat, and
cartilage. Because MSCs have the ability to differentiate into osteocytes, chondrocytes,
myocytes, and adipocytes, they constitute a suitable and predictable source of cells for
purposes of regenerative therapy [30–34]. Supplements such as ascorbic acid and dex-
amethasone [35] at defined concentrations are able to direct MSCs toward osteogenic
differentiation. For chondrogenic differentiation, TGF- β1 often is used as an inducer [36].

The cells are stained using Alizarin Red and Von Kossa (VK) stains for determining
mineralization and with alkaline phosphatase (ALP) [35] for detecting osteogenic differenti-
ation at 7 and 14 days of treatment. Moreover, L-MSCs highly express the osteoblast-specific
genes OPN and Col-1 in differentiated cells [20]. To stimulate adipogenesis, dexamethasone,
indomethacin, insulin, and isobutylmethylxanthine are usually added to the cultures. After
96 h in culture in adipogenic media, Oil Red O is used to determine adipocyte induction.
Adipogenic genes such as PPARγ, FABP2, c/EBPα, and c/EBPβ can be used for molecular
detection of adipocyte differentiation [18,19]. Hydrocortisone and dexamethasone are
well-established inducers of myogenesis. After 72 h, myogenic gene expressions of MyoD,
Pax7, Myf5, and myogenin are used in combination with quantitative reverse transcription
polymerase chain reaction for detecting myogenesis [18,19]. Vascular endothelial growth
factor (VEGF), basic fibroblast growth factor (bFGF), and insulin-like growth factor (IGF-1)
are used for endothelial induction, and endothelial markers such as CD34 and CD31 are
used for its determination [19]. Moreover, neurogenic differentiation is induced by addition
of glial cell-derived neurotrophic factor. Wang et al. (2018) [20] established that nestin
and MAP-2, the markers of neural cells, are highly expressed in differentiated L-MSCs.
Supplements such as antibiotics and growth factors can affect the phenotypic properties of
MSCs and their multi-lineage potential.

MSCs are able to also influence functions of such major immune cells as dendritic
cells, T cells, B cells, and natural killer (NK) cells. Although the immunomodulatory
mechanism of MSCs is not yet fully understood, there are some mechanisms by which
MSCs can be influenced. High levels of pro-inflammatory cytokines can activate MSCs
to produce immunosuppressive cytokines, chemokines, as well as nitric oxide (NO) [37].
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NO is one of the factors that can suppress T cell proliferation. Moreover, it has been
noted that MSCs and macrophages also suppress T cell proliferation via NO inhibition
of Stat5 phosphorylation [38,39], and the production of NO during MSC differentiation
into chondrocytes has been observed. MSCs have typical in vitro modulatory functions,
such as to inhibit T cell and B cell proliferation, as well as DCs differentiation [40,41],
thereby resulting in inhibition of immune responses both in vitro and in vivo. Cytokines
and growth factors are specific modulators by which MSCs can influence inflammatory
responses. This makes MSCs a very promising tool for immunomodulatory cell therapy
in immune-mediated diseases. T cells are characterized by the effect of cell proliferation
and cytokine secretion. MSC inhibition of T cell proliferation is especially important for
immune homeostasis and self-tolerance maintenance [42]. Like mammalian MSCs, chicken
MSCs also have immunoregulatory function and inhibit in vitro the mitogenic response
of T cells. In chickens, a correlation between NO production and T cell suppression in
coculture with MSCs has been noted. Nevertheless, the role of NO in the MSC and T cell
coculture system remains unknown.

This review now directs its focus to chickens as a model platform for application of
available techniques previously used in other animals that can expand and enrich our
knowledge in the area of avian research.

3. Biological Properties of Chicken MSCs

3.1. Three-Dimensional (3D) Culture and MSC Interactions

Hematopoietic progenitor/stem cells (HPCs/HSCs), MSCs, and multiple elements of
the extracellular matrix are components belonging to the microenvironment. It has been
noted that MSCs play a crucial role in HPC/HSC function and self-renewal [43,44]. In a
study [45] involving the 3D collagen-based culture model, MSCs were used in coculture
with HPCs/HSCs. In another study, a significant effect of BM-MSCs upon HPCs/HSCs
in terms of self-renewal, maintenance, and differentiation was recorded [46]. BM-MSCs
are used as stromal cells for coculture with HPCs/HSCs obtained from umbilical cord
blood, and WJ-MSCs are applied as stromal support for HSCs. BM-MSCs in coculture with
HPCs/HSCs using the 3D-culture system enable HPC/HSC expansion and regulation
of the hematopoiesis process [45]. Study [45] also observed fibronectin production by
BM-MSCs to support synthesis of collagen type I and production of osteopontin, which is
important for osteogenic differentiation. Moreover, HPCs in the collagen gel containing
MSCs revealed initial differentiation into the myeloid lineage, as proven by positivity for
CD45. This differentiation was shown by comparison to stromal-cell free conditions as
previously described [47].

On the whole, MSCs constitute a promising tool for cellular modulation by secretion
and interaction of appropriate molecules to improve regeneration processes in many types
of tissues. There are available today many scaffolds, such as micro-/nano- electrospun (EFs)
fibers [48,49] or polycaprolactone (PCL) EFs, that modulate paracrine signaling to support
cell attachment, proliferation, as well as maintenance of cell stemness and pluripotency [50].
Based on these findings, 3D culture can be used to study the effects of various substances
in coculture with MSCs also in chickens in order to better understand the interactions and
substitute for the natural environment.

3.2. Feeder Cells Layer

Primordial germ cells (PGCs) are progenitors of germ cells, and they have important
roles in spermatozoa and egg formation in the adult organism [51]. The most commonly
used feeder cells for PGCs culture are xeno-animal buffalo rat liver (BRL) cells, Sandoz
inbred mouse-derived thioguanine-resistant and ouabain-resistant (STO) cells, or mouse
embryonic fibroblast (MEF) cells, but these cells have their limitations, as contamination
of various types can disturb the potential of PGCs. PGC proliferation in vitro depends
upon the feeder cells having a powerful capacity to proliferate and secrete cytokines [52,53].
The authors [54] reported that feeder cells can promote proliferation of circulating blood
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PGCs (cPGCs) and gonadal PGCs (gPGCs) in vitro and that they have the characteristics
of an effective feeder layer. Several studies have shown that an MSC-feeder layer ensures
all conditions for human-induced pluripotent stem cell (hiPSC), human embryonic stem
cell (hESC), and mouse embryonic stem cell (mESC) proliferation and expansion and,
moreover, while maintaining cell pluripotency [55–57]. MSCs have potential as a feeder
cell layer in vitro to provide for expansion of chicken PGCs [54]. Further research is needed
to analyze the potential interactions of MSCs via MSC-secreted cytokines with the different
chicken cell types.

3.3. Infectious Bursal Disease Virus

Poultry are surrounded today by numerous bacterial and viral agents [58]. Infectious
bursal disease virus (IBDV), also known as Gumboro disease, was first observed about
60 years ago as an immunosuppressive disorder in young chickens. This virus infects
the bursa of Fabricius in young chickens at early ages, and a subclinical form of infection
occurs in older birds [59]. The infection leads to morbidity, mortality, and immunosup-
pression [60]. In vivo presence of IBDV has been detected in several tissues, including
bone marrow [61,62]. It is known that MSCs are important cells with the ability to support
hematopoiesis and modulate differentiation of hematopoietic stem cells via the expression
of cell adhesion molecules necessary for cell-to-cell interactions that result in cytokine
and growth factor release [59]. Different types of immune cells are able to modify the
host response to IBDV through release of cytokines such as interferon (IFN)- α and IFN-
γ [63–67] and pro-inflammatory cytokines such as interleukin (IL)-2 [64,65], IL-18 [65],
and IL-6 [65,66]. Inasmuch as the virus does not proliferate in chicken fibroblast cells [68],
it therefore can be hypothesized that MSCs could also be a target for IBDV infection.
In study [13] they discovered an interaction between IBDV and MSCs. Because MSCs
participate in the regulation of hematopoietic precursor differentiation and proliferation,
examining these interactions can contribute to better understanding of the virus’s patho-
genesis. Moreover, we believe that such stem cells or cell-based vaccines will provide a
promising platform or strategy for controlling IBDV and other viruses (zoonoses) with
unknown potential risk as a means of preventing potential pandemic diseases.

3.4. Skeletal Diseases

Vitamin D3, calcitriol (1,25-(OH)2D3), plays an important role as a nutritional factor
relevant to poultry bone strength [69]. Differences between birds and mammals in the
formation of the long bones relate to dietary aspects and metabolic activity of 1,25-(OH)2D3.
Specifically, avian species have long bone development without secondary ossification
until hatching. Ossification only occurs in the proximal and distal ends of the tibiotarsus
and tarsometatarsus [70]. The calcium (Ca) level in blood increases the bone strength, and
vitamin D facilitates Ca absorption. Therefore, dietary supplementation with adequate
Ca and vitamin D is important. It is known that egg laying causes large Ca losses, and
so it is necessary to supplement vitamin D to maintain optimal bone structure in laying
hens. Tibial dyschondroplasia (TD) is a skeletal disorder in growing chickens characterized
by an avascular and non-mineralized growth plate that can lead to deformed tibial bone
and lameness [71]. Mineral deficiencies in the diet, and especially insufficient supply of
Ca, also can cause keel bone fracture [72–77]. Stimulatory effects of 1,25-(OH)2D3 on
osteogenic differentiation and mineralization have been recorded in humans [78–81], in
rat osteoblasts [82,83], in mouse osteoblasts [84–87], and in chicken osteoblasts [88,89].
The amount of an administered substance is important, however, due to the possibility
of negative effects. Because MSCs have the abilities for self-renewal and multi-lineage
differentiation to osteogenic lineages, they can be used in the study of mineralization
during osteogenesis. Vitamin D3 is related to immunoregulation, anti-oxidation, anti-
cancer actions, cardiovascular benefits, and such aspects of bone development as osteogenic
differentiation and mineralization [89]. Available data suggest that administration of 1,25-
(OH)2D3 is important for optimizing bone health in the poultry industry and that avian
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BM-MSCs constitute a useful tool for examining underlying effects [90]. As we also know,
poultry and pig meats have shown the greatest consumption increases [91], and poultry
meat consumption has increased in all regions of the world [92].

3.5. Probiotics and Prebiotics

Antibiotic growth promoters (AGPs) are widely used in protecting poultry against
pathogens and disease and improving growth performance. Prolonged administration
of AGPs, however, can lead to bacterial resistance and result in drug residues in poultry
products as well as a prohibition against using antibiotics in poultry production. Therefore,
it is necessary to develop an alternative pathway for improving production [93].

The chicken gastrointestinal tract is home to a population of microorganisms living
in symbiotic relationship with their host, and this relationship is important for the host’s
nutrition, metabolism, and immunity—indeed its homeostasis. Although the intestinal
microbial environment in adult chickens is highly stable, it can be influenced by feed or
stress. One of the major causes of deterioration in meat quality relates to interactions
between macronutrients and medications [94].

Live microbial feed supplements known as probiotics, such as Lactobacillus, Bifidobac-
terium, or yeasts [95], can confer health benefits to the host. On the other hand, prebiotics,
which are non-digestible food ingredients, can enhance lipid metabolism and support
polyunsaturated fatty acid levels in chicken meat [96] while resulting in increased levels
of health-promoting bacteria within the intestinal tract. Administration of probiotics and
prebiotics in feed can improve a flock’s immunity by reducing harmful microbes in the
intestine and thus the need for antibiotics [20,93]. Although the efficacy of probiotics and
prebiotics in poultry has not yet been sufficiently studied, it is known that MSCs interact
with a wide range of intestinal bacteria having significant effects on MSC function [97,98].
MSCs have the ability to home and engraft in the lamina propria of the gastrointestinal
tract during intestinal inflammation and exert potent immunomodulatory functions [99].
From this point of view, therefore, it would be pertinent to analyze in vitro interactions
between MSCs isolated from AGP-treated animals and applied pro- and prebiotics in
order to assess the MSCs profile in terms of, for example, viability, immunomodulatory
properties, and values of inflammatory cytokines. With this in mind, the studies would
progress to examining the possible effects of pro- and prebiotics on MSC physiology as a
possible future replacement for AGPs.

3.6. Chicken Dermatitis

Gangrenous dermatitis (GD) is a disorder that affects broiler chickens and results
in economic losses in the poultry industry worldwide [100]. GD is primarily caused by
the Gram-positive anaerobic bacilli Clostridium perfringens type A [101–104], Clostridium
septicum, and Staphylococcus aureus [105]. The disease is characterized by hemorrhage,
congestion, and necrosis of the skin as indicated by edema. The breast, abdomen, back,
thighs, tail, and wings are the most significantly affected body areas [106]. The dermatitis
results in lower meat quality [107]. Typical symptoms of GD are poor appetite, decreased
muscle coordination, skin edema, leg weakness, and ultimately crepitus [108]. GD in
chickens causes decreased splenocyte proliferation in response to concanavalin A (Con
A) or lipopolysaccharide (LPS); greater levels of serum NO and a-1-acid glycoprotein
(a-1-AGP); higher levels of T cells, B cells, and macrophages; as well as increased levels
of transcripts encoding IL-8, IFN-a, TNFSF-15, and LITAF compared with GD-free chick-
ens [94]. Therefore, MSCs can be useful in evaluating a variety of diseases, including mainly
tissue-related and immune-mediated diseases, due to their ability to modulate the innate
and adaptive immune systems. Several experimental models have been used to clarify the
role of C. septicum, C. perfringens, and S. aureus in the pathogenesis of GD in vivo [109], but
MSC coculture in vitro with the aforementioned pathogens can be a promising approach
for assessing their interactions as well as their immunomodulatory properties.
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3.7. Meat “In Vitro”

Nowadays, meat production is the major source of pollution. World meat production
contributes between 15 and 24% of greenhouse gas emissions [110]. It is known that chicken
meat production requires 3, 918m3/ton of water [111]. Therefore, satisfying the demand for
meat in the future will be a challenge when we intend on maximizing the use of agricultural
sources and reducing the greenhouse gas production. Meat worldwide consumption was
calculated by Fiala [112], who predicts a 72% increase in meat production in 2030 compared
to 2000. The 1918 H1N1 Spanish Influenza pandemic [113] as well as SARS-CoV-2 are of
utmost concern as they have spread to almost all countries and killed thousands of people
worldwide [114]. The correlation between meat production and outbreaks of diseases
cannot be overlooked.

In vitro meat culturing seems to be a suitable substitution for conventional meat
production. In vitro cultured meat from stem cells in controlled culture and physiological
conditions in the laboratory uses MSCs that are able to differentiate to myocyte or induced
pluripotent stem cells (iPSCs) by genome reprogramming of somatic cells [115]. In vitro
meat culturing has many advantages: (a) in vitro cultivation is faster than growth, (b) the
impact of cultivation on the environment is lower, and (c) muscle tissue is cultivated
without affecting the skeleton [116]; moreover, cultured meat is a healthier, cleaner, and
disease-free animal protein source compared to commercial farming [117] (Figure 2).

Figure 2. Disadvantages of commercial farming of livestock.

Cell culture also involves scaffold-based cell and tissue approaches relying on the
isolation, culture, and differentiation into myoblasts. However, there is possibility to
coculture stem cells with adipocytes, which support them to differentiate, and then form
myofibers [118]. However, cell culture requires many growth factors such as IGF, bFGF,
HGF, Wnt3a, and Wnt7a to promote differentiation into myotubes and myofibers [119].
Moreover, scaffolds have an important role in the cell culture-based approach for in vitro
meat production. Scaffolds are commonly made of natural and edible polymeric biomateri-
als such as collagen that allow 3D tissue culture and subsequent complex structuring of
synthetic meat [120,121].

We believe that this transformation in the farm process will be inevitable. Moreover,
this technology offers an opportunity for non-meat eaters because this meat is safe and free
from animal slaughtering and cruelty. Since in vitro production is controlled, it is feasible
to alter high-quality meat production on a sustainable basis. From this point of view, extra
embryonic and adult MSCs could be navigated toward myocyte differentiation, which
ultimately forms myotubes and are, thus, suggested as a potential starting point for in vitro
chicken meat production.
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3.8. Cryopreservation

In recent years, several animal stem cell banks have been established worldwide. Al-
though these banks are not used for therapeutic purposes, they are considered a promising
way for the storage of animal genetic resources [108]. For this reason, we have noticed the
increased demand for national gene banks to preserve either native or worldwide biodiver-
sity. These banks preserve genetic information from many important (already endangered)
livestock species. However, in addition to embryos and gametes, adult stem cells also
represent a significant genetic resource that can be obtained from various biological sources.

The stem cell banks also give a source of stem cell lines that have high quality and
safety standards [122]. Many animal embryonic and adult stem cell lines have been made
and cryopreserved, including primordial, bone marrow mesenchymal, neural, cardiac,
endothelial, adipose, and umbilical cord mesenchymal stem cells [123,124]. Biological
research could use the method of cryopreservation of stem cells in other fields as well, as
it has already given promising results [123]. Cryopreservation of stem cells is important
to provide storage of high cell numbers, fast transport, and to preserve cells for long
periods. Due to the increased level of endangered animals, it is important to preserve
genetic material for future applications.

The chicken was the first farm animal with a completely sequenced genome. Because
of its in ovo embryonic development rather than in utero, the chicken is a suitable model
for embryology and development studies. The chicken provides a model organism for
the study of cancer and viruses. The first tumor virus and oncogene (src), Rous sarcoma
virus, was identified in the chicken. The immune system of chickens provides the first
indication of the distinctions between T and B cells, with the B-cell based avian bursa of
Fabricius [125]. Therefore, the chicken is an important model for evolution, embryology,
cell biology, immunology, virology, oncology, and gene regulation studies. From this point
of view, it is also important to cryopreserve MSCs for subsequent assessment of MSCs
in vitro and further usage in the future (e.g., iPSCs).

4. Conclusions

This review has emphasized the importance of chicken MSCs for their self-renewal
potential and multi-lineage differentiation as well as current knowledge concerning their
usefulness for examining pathogenic potential of infectious bursal disease virus, studying
mineralization during osteogenesis, and using MSCs as a feeder layer. MSCs also constitute
a very promising tool for immunomodulatory cell therapy in immune-mediated diseases
due to their inhibition effect on T cell proliferation via NO production. Moreover, MSC-
based treatment could be a model strategy in studying chicken dermatitis disorders as well
as for reducing the need to administer AGPs. Next, BM-MSCs in coculture with hematopoi-
etic progenitor/stem cells can provide expansion and regulation of the hematopoiesis
process using the 3D-culture system for future research in chickens. Finally, current meat
production methods are associated with many problems such as animal welfare issues, risk
of infectious diseases, biodiversity loss, and environmental pollution. Therefore, MSCs
provide an alternative way to eliminate these problems using in vitro meat culturing. Based
on these findings, we may conclude that MSCs can provide a useful model in the field of
chicken stem cell research.
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Simple Summary: This is the first study to demonstrate the establishment and subsequent analysis
of attributes, including the chondrogenic capacity of mesenchymal stem cells (MSCs) from bone
marrow (BM) and synovial fluid (SF) from the same donor Camelus dromedarius. MSCs of SF origin
were notably more efficient in their chondrogenic capacity and represent a potential source for camel
regenerative medicine addressing chondrocyte-related problems.

Abstract: Mesenchymal stem cells (MSCs) are promising multipotent cells with applications for
cartilage tissue regeneration in stem cell-based therapies. In cartilage regeneration, both bone
marrow (BM-MSCs) and synovial fluid (SF-MSCs) are valuable sources. However, the cellular
characteristics and chondrocyte differentiation potential were not reported in either of the camel
stem cells. The in vitro chondrocyte differentiation competence of MSCs, from (BM and SF) sources
of the same Camelus dromedaries (camel) donor, was determined. Both MSCs were evaluated on
pluripotent markers and proliferation capacity. After passage three, both MSCs showed fibroblast-
like morphology. The proliferation capacity was significantly increased in SF-MSCs compared
to BM-MSCs. Furthermore, SF-MSCs showed an enhanced expression of transcription factors
than BM-MSCs. SF-MSCs exhibited lower differentiation potential toward adipocytes than BM-
MSCs. However, the osteoblast differentiation potential was similar in MSCs from both sources.
Chondrogenic pellets obtained from SF-MSCs revealed higher levels of chondrocyte-specific markers
than those from BM-MSCs. Additionally, glycosaminoglycan (GAG) content was elevated in SF-
MSCs related to BM-MSCs. This is, to our knowledge, the first study to establish BM-MSCs and
SF-MSCs from the same donor and to demonstrate in vitro differentiation potential into chondrocytes
in camels.

Keywords: mesenchymal stem cells; Camelus dromedarius; bone marrow; synovial fluid; chondro-
cyte differentiation

1. Introduction

Cartilage damage to joint surfaces can result in osteoarthritis (OA), a condition where
the bone under the articular cartilage is exposed and the synovial membrane around the
joint is inflamed [1]. When cartilage is damaged due to inflammation or trauma, it cannot
buffer between the bone, causing severe pain and deformation of the articular cartilage.
OA is a chronic musculoskeletal disorder frequently occurring in racing horses and camels
that adversely affects their future racing careers [2,3].
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Since cartilage has no distribution of blood vessels and nerves, it is difficult to regener-
ate once damaged [4]. To treat damaged cartilage tissue, drugs (steroids and painkiller),
chondroprotective agents (hyaluronic acid and glucosamine), and surgical approaches are
used [5]. However, limited effects of non-specific alleviation of pain and inflammatory
reactions are expected in drug treatment and chondroprotective agents only play a role in
supplying nutrients to chondrocytes [1,6]. Microfracture and autologous chondrocyte im-
plantation (ACI) have been performed as clinical surgical methods based on cell therapy [7].
Microfracture is a method of regenerating cartilage with blood clots containing mesenchy-
mal stem cells (MSCs) by puncture or abrasion of damaged subchondral bone and has the
disadvantages of regenerating into fibrocartilage rather than hyaline cartilage [8]. ACI,
which is commonly used, induces the regeneration of cartilage tissue by transplanting
autologous cartilage cell culture in vitro [8]. However, this method has specific problems,
including the formation of cartilage defects in macroscopically normal-looking tissue
donor sites. Furthermore, the phenotype can change due to de-differentiation during
in vitro culture since the transplanted cells are already differentiated cells [9,10]. Therefore,
therapeutic approaches have emerged for cartilage regeneration using stem cells.

MSCs are a potent resource for therapeutic application with a high stemness ability,
anti-inflammatory, and immunosuppressive effects [11,12]. MSCs also possess multi-
lineage differentiation capacity including chondrocytes [13]. Bone marrow stem cells
(BM-MSCs), which were the first to be discovered, can mainly be collected from the iliac
crest of the pelvis, and have been reported for a long time. However, several disadvantages
have been reported, such as the limited amount of harvest and the complicated collection
process [14]. Furthermore, compared to other sources, low proliferative capacity and
donor-age-dependent characteristics have been reported in BM-MSCs [15]. Considering
the shortcomings of BM-MSCs, studies have been performed on alternative MSCs sources.

Synovial fluid-derived MSCs (SF-MSCs) can be collected by the process of arthro-
centesis and possess superior chondrogenic capacity [16]. SF-MSCs are the most similar
source to articular cartilage, have a high expression of CD44 (hyaluronan receptors) and
uridine disphosphoglucose dehydrogenase (UDPGD), and are required for hyaluronan
synthesis [17]. Accordingly, several studies have reported on cartilage regeneration using
SF-MSCs in various mammalians [18–20]. Human SF-MSCs derived from OA patients
were transplanted with a collagen sponge into the joint of the anterior cruciate ligament
transection of rats and cartilage defects were recovered [18]. SF-MSCs derived from equine
sources have also been shown to have an analogous beneficial effect compared to BM-
MSCs after implantation into articular cartilage defects in rat femurs [19]. An interesting
study reported that after the transplantation of porcine SF-MSCs into collagen-induced
arthritis mouse (CIA mouse) by intraperitoneal injection, cartilage damage in the joint was
decreased, and inflammation was also reduced [20]. Nevertheless, a comparison of these
two cell types is lacking in Camelus dromedarius (camel).

In this study, we established a distinctive population of BM-MSCs and SF-MSCs
derived from the same donor. Additionally, to evaluate chondrogenic potential, both camel
MSCs were differentiated into chondrocytes under specific induction conditions.

2. Materials and Methods

2.1. Chemicals and Media

Unless otherwise stated, all reagents were obtained from Sigma (St. Louis, MO, USA).

2.2. Collection and Culture of Bone Marrow and Synovial Fluid Derived Mesenchymal Stem Cells

Institutional Animal Care and Use Committee (IACUC) guidelines were followed and
all experiments were approved by the Management of Scientific Centers and Presidential
Camels (Accession No: PC4.1.5). Four female camels aged between 5 and 7 years were
used to establish and compare the various MSCs. After placing the camels in a seated
position, they were sedated with ketamine hydrochloride (Ilium, Hlendenning, Australia;
0.25 mg/kg body weight) and xylazine (Ceva, Libourne, France; 0.25 mg/kg body weight)
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through intravenous injection using an 18-gauge needle [13]. The 2% lidocaine (Jeil, Daegu,
Korea) was infiltrated subcutaneously on the iliac crest (2 cm × 2 cm). Approximately
5 mL of BM was extracted using the 11-gauge, 15-cm-long biopsy needle (Argon Medical
Devices, Frisco, TX, USA). A heparin-coated 10 mL syringe, was used for BM extraction
and subsequently added to the same quantity of Dulbecco’s phosphate-buffered saline
(DPBS, Welgene, Gyeongsan, Korea). Centrifugation was performed at 400× g for 40 min,
layered onto Ficoll-Paque (Amersham Biosciences, Uppsala, Sweden) without mixing.
Mononuclear cells (MNCs) were harvested from the interface buffy layers and washed
with DPBS.

We collected the SF using syringe aspiration as previously reported with minor mod-
ifications [21]. In brief, a hypodermic 18-gauge needle was used to gently aspirate 5 mL
of SF from the femorotibial joint with a 10 mL syringe. A nylon filter with a pore size
of 40 μm (Falcon, Franklin, NJ, USA) was used to separate debris before cell isolation
through centrifugation at 400 g for 10 min. Cells were cultured with DMEM, high-glucose,
10% FBS, and 1% of each nonessential amino acids, antibiotic-antimycotic, and 0.1%
β-mercaptoethanol (Thermo Fisher Scientific, Waltham, MA, USA). Incubator conditions
were 38 ◦C with high humidity, 5% O2, and 5% CO2. Culture media were exchanged every
second day until 80% cellular confluence was obtained. Subculture and cryopreservation
were performed using a 0.25% trypsin EDTA solution (Gibco, Paisely, UK) and a cryop-
reservation solution using the same DMEM used for cell culture with 20% FBS and 10%
dimethyl sulfoxide (DMSO).

2.3. Proliferation and Cell Cycle Assay

Cell cycle assay, including population doubling time (PDT) was conducted as pre-
viously reported with minor modifications [22]. Six-well plates (Nunc, Rochester, NY,
USA) were used for seeding MSCs and cultured in an incubator as described above. A
hematocytometer was used corresponding to passage intervals, at 72-h, to determine cell
counts. PDT was established as follows: PDT = log2 × T/(logNC − logNI): T is culture
time, logNC is the cell number at the time, and logNI is the initial cell count.

Cells were fixed at passage 3 using 70% ethanol for 1 h. A 10 μg/mL propid-
ium iodide solution was used with 1 × 106 fixed cells for 15 min, including RNase A
(100 μg/mL). Analysis and categorization into cell stage was performed via flow cy-
tometry (BD FACSVerseTM, BD Biosciences, San Jose, CA, USA). All experiments were
conducted in 4 independent replicates.

2.4. In Vitro Differentiation into Trilineage and Cytochemical Staining

Trilineage (osteoblast, adipocyte, and chondrocyte) differentiation was conducted
using BM-MSCs and SF-MSCs as previously described [13]. For osteogenic differentiation,
cells were cultured for a total of 21 days in a DMEM media supplemented with 10% FBS
10 nM dexamethasone, 50 μg/mL ascorbic acid, and 10 mM sodium beta-glycerophosphate.
After differentiation, mineralization and calcium deposition were affirmed using Alizarin
red S and von Kossa staining. Adipogenic differentiation of cultured MSCs was conducted
in DMEM supplemented with10% FBS, 100 μM indomethacin, 10 μM insulin, and 1 μM
dexamethasone. Differentiation into chondrocytes was accomplished utilizing a modified
pellet culture method. Pellets were made in 15 mL centrifuge tubes with 1 mL cellular
suspension of passage 3 cells (1 × 106) in STEMPRO chondrogenesis differentiation media
with 10% supplement in a 15 mL tube. Centrifugation was performed at 450× g for
5 min and the resultant pellets were cultured for 3 weeks. Afterward, culture pellets
were embedded in paraffin and sectioned on glass slides following dehydration. A 1%
Alcian blue solubilized in 3% acetic acid was used for staining for a period of 10 min with
proteoglycan deposition confirmed with a 1 min counterstaining using a 0.1% solution of
nuclear fast.
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2.5. Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR) Analysis

The expressions of pluripotent markers, cluster of differentiation (CD) markers, and
lineage-specific genes were analyzed. An easy-spin Total RNA Extraction Kit (Intron, Seong-
nam, Korea) was used for total RNA extraction. Nucleotide quantification was performed
with a nanodrop 1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).
Complementary DNA was synthesized with 2 μg purified RNA and reverse transcription
with a HisenScript RT PreMix kit (Intron, Seongnam, Korea); synthesis was performed over
50 min at 42 ◦C with 10 μM OligodT primers. A Rotor-Gene Q cycler (Qiagen, Hilden, Ger-
many) was used for RT qPCR and RealMODTM Green AP 5× qPCR mix (Intron, Seongnam,
Korea) containing 200 nM primers (Table 1). Amplification was performed by denaturation
at 95 ◦C for 60 s and subsequently 50 cycles of 95 for 10 min, 60 ◦C for 6 s, and 72 ◦C for 4 s.
Expression was normalized to mRNA levels of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). PCR products were analyzed by electrophoresis in 1% agarose gels and ethidium
bromide staining. Amplified products were visualized under UV light. All experiments were
conducted in 4 independent replicates.

Table 1. Lists of camel primers used in RT-qPCR analysis.

Gene name (Symbol) Primers Sequence Product Size (bp) Anneal. Temp (◦C)

POU class 5 homeobox 1 (OCT4) F: CGAGAGGATTTTGAGGCTGC
R: GAGTACAGTGTGGTGAAGTGAG 122 60

Sex determining region Y-box 2 (SOX2) F: CTCGCAGACCTACATGAACG
R: TGGGAGGAAGAGGAAACCAC 144 60

Nanog homeobox (NANOG) F: AGCACAGAGAAGCAGGAAGA
R: CCACCGCTTACATTTCATTC 213 60

Runt-related transcription factor 2 (Runx2) F: GACAGAAGCTTGATGACTCT
R: GTAATCTGACTCTGTCCTTG 166 60

Osteocalcin (ON) F: AGTGAGATGGTGAAGAGACT
R: TAGGTTGTGCCGTAGAAG 176 60

Lipoprotein lipase (LPL) F: GAGAGTGTTACCTACACCAA
R: GCCTTTACTCTGATCTTCTC 248 60

Fatty acid-binding protein 4 (FABP4) F: GTGACCATCAGTGTGAATG
R: GCACCTCCTTCTAAAGTTAC 152 60

The type X collagen gene (COL10A1) F: TATCCAGCTATAGGCAGTC
R: TCGTAGGTGTACATTACAGG 194 60

Aggrecan (ACAN) F: TGTGGAGGGTGTTACTGAAC
R: GACTGATGACCCTTCTACCC 154 60

Collagen type II alpha 1 chain (COL2A1) F: GTGGTGACAAAGGTGAAAAA
R: AGCCTTCTCATCAAATCCTC 154 60

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) F: GCTGAGTACGTTGTGGAGTC
R: TCACGCCCATCACAAACATG 133 60

Integrin beta-1 (CD 29) F: CTTGCGTTGCTGCTGATTTG
R: TTCTTGCGTGTCCCATTTGG 105 60

5′-nucleotidase (CD 73) F: CAACCTCAGACATGCCGATG
R: GTCAAAGGTGCCTCCAAAGG 154 60

Endoglin (CD 105) F: TCCTCCAGACCTCCAACTCT
R:CCCAAATTCAGTTGGCAGCT 115 60

Cluster of differentiation 34 molecule (CD 34) F: GGTCTTGGCCAACAGAACAG
R: CAGCTTCGACGGTTCATCAG 216 60

Protein tyrosine phosphatase, receptor type, C
(CD 45)

F: AACTCTTGGCATTTGGCGTT
R: TTCTGCCTACACTCAAGGGG 220 60

2.6. Glycosaminoglycan (GAG) Contents

The differentiated chondrocyte pellets from SF-MSCs and BM-MSCs were stored at
−20 ◦C following washing prior to glycosaminoglycan (GAG) content assay. Cell pellets
were digested with 0.5 mg/mL papain solution and proteoglycan content was determined
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using the dimethylmethylene blue (DMMB) spectrophotometric assay. Chondroitin-4
sulfate (Sigma-Aldrich, St. Louis, MO, USA) was used to establish a standard curve. The
optical density of 525 nm was used on a microplate reader (VersaMax, Molecular Devices,
Sunnyvale, CA, USA). A DNA quantification kit (Abcam, Cambridge, UK) was used to
determine the DNA content. All experiments were conducted in 4 independent replicates.

2.7. Statistical Analysis

Data analysis was performed with SPSS version 23 (IBM) for independent T-tests
and one-way analysis of variance (ANOVA), and intergroup differences were identified
with Tukey’s test. Data are represented as the mean ± standard deviation (SD), and a
p value < 0.05 is considered significant.

3. Results

3.1. Establishment of MSCs Derived from Bone Marrow and Synovial Fluid

We isolated and cultured MSCs derived from BM and SF from the same donors. MSCs
from both tissue sources exhibited spindle-like morphology and homogenous attachments
to culture surfaces were confirmed after passage 3 (Figure 1a). The results of RT-PCR
showed that BM-MSCs and SF-MSCs were positive for the mesenchymal stem cell markers
(CD 29, CD73, and CD105) and were negative for the hematopoietic stem cell markers
(CD34 and CD45) (Figure 1b). To confirm the proliferation capacity of cells, we analyzed
PDT. SF-MSCs showed higher proliferation potential than BM-MSCs (Figure 2a). Cell cycle
analysis was used as a measure of cellular viability, at the third passage. We observed a
significantly increased proportion of S phase and diminished G0/G1 phase in SF- compared
to BM-derived MSCs (Figure 2b). Compared with the BM-MSCs, the transcription factors,
NANOG, SOX2, and OCT4, showed significantly increased expression in the SF-derived
cultures (Figure 3).

Figure 1. Establishment of BM-MSCs and SF-MSCs. (a) Cellular morphology of BM-MSCs and SF-MSCs from camel. Both
MSCs showed a spindle-like morphology at passage 3. Scale bar = 100 μm. (b) Agarose gel electrophoresis of PCR products.
Both BM-MSCs and SF-MSCs were positive for the mesenchymal stem cell markers (CD29, CD72, and CD105) and were
negative for the hematopoietic stem cell markers (CD34 and CD45). Lane M: 100 bp DNA ladder.
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Figure 2. Cell cycle and proliferation capacity of bone marrow (BM-MSCs) and synovial fluid (SF-
MSCs) from the camel. (a) The proliferation capacity was evaluated by population doubling time
(PDT) assay. SF-MSCs showed increased proliferation capacity compared to BM-MSCs during the
passage. (b) Cell cycle analysis indicated that cell arrest and DNA replication were significantly
increased in SF-MSCs compared to BM-MSCs. Bar graphs illustrate mean values +/− SD (n = 4).
* denote significant (p < 0.05) differences (P1, P2, P3, and P4: passage 1, 2, 3, and 4; G0/G1: G0/G1
phase; S: S phase; G2/M: G2/M phase).

Figure 3. Stem cell transcription factor expression of BM- and SF-MSCs. SF-MSCs when related
to BM-MSCs exhibited increased expression for all three transcription factors. * denote significant
differences (p < 0.05). Bar graphs illustrate mean values +/− SD (n = 4).

3.2. In Vitro Osteogenic and Adipogenic Lineage Differentiation Potential of MSCs

To evaluate the influence of the source of MSCs on the differentiation capacity, BM-
MSCs and SF-MSCs were differentiated into osteoblasts and adipocytes. The calcified
extracellular matrix formation which is indicative of osteoblast differentiation was con-
firmed using Alizarin red S and von Kossa staining, and the presence of intracellular lipid
droplets vacuoles, which is indicative of adipocyte differentiation, was confirmed using
Oil red O staining. All differentiation processes were confirmed using both BM-MSCs and
SF-MSCs (Figure 4a).

The expression of osteogenesis- and adipogenesis-related genes were analyzed pre-
and post- differentiation. Gene expression associated with osteogenesis and adipogenesis
was investigated pre- and post-differentiation. The expression of osteoblast-related ex-
pression, i.e., runt-related transcription factor 2 (Runx2), osteocalcin (ON), in all measured
MSCs, significantly (p < 0.05) increased after differentiation (Figure 4b). However, there
was no significant (p < 0.05) difference in the expression of Runx2 and ON in the differen-
tiated osteoblasts from the two groups (Figure 4b). A significant increase was observed
in adipocyte differentiation, lipoprotein lipase (LPL), and the fatty acid-binding protein 4
(FABP4) in the differentiated adipocytes derived from SF-MSCs compared to BM-MSCs
(Figure 4b).
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Figure 4. In vitro differentiation into osteoblast and adipocyte from BM- and SF- derived MSCs. (a) The osteoblast
differentiation of both MSCs was confirmed by staining of calcium deposition and mineralization with von Kossa and
Alizarin red S (Scale bar = 100 μm). (b) Osteoblast (Runx2 and ON) and adipocyte (LPL and FABP4) related gene expression
in induced cells. All adipocyte-related genes were significantly increased in differentiated cells from BM-MSCs compared
to those from SF-MSCs. However, there was no difference in the expression of osteoblast-related genes between the BM-
and SF-MSCs. Graphs represent mean data ± SD from independent experiments (n = 4). Different superscripts (a, b, and
c) denote significant differences (p < 0.05) among the undifferentiated control and differentiated cells using BM-MSCs
and SF-MSCs (white bar: undifferentiated cells; black bar: differentiated cells; U: undifferentiated cells; O: osteogenic
differentiated cells; A: adipogenic differentiated cells).
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3.3. In Vitro Chondrogenic Differentiation Capacity of MSCs

Differentiation of BM- and SF-MSCs into chondrocytes succeeded using the pellet
culture method. The accumulation of proteoglycan was observed both in pellets from
BM- and SF-MSCs after 1 week by Alcian blue staining (Figure 5a). Following the dif-
ferentiation process, these cells grew and the multi-layered structure was confirmed in
the chondrogenic pellet. Some portion of the pellet showed hypertrophic chondrocyte
formation after 2 to 3 weeks on chondrocyte differentiation using SF-MSCs (Figure 5a).
The expression levels of type X collagen gene (COL10A1), aggrecan (ACAN), and the
alpha 1 chain of collagen type II (COL2A1) were investigated following three weeks of
the chondrogenesis procedure (Figure 5b). In BM-MSCs, the levels of chondrocyte-specific
gene expressions were significantly higher in differentiated chondrocytes at 1 to 3 weeks
compared to undifferentiated cells (Figure 5b). There was a more significant expression in
all chondrocyte-specific markers analyzed in differentiated cells following the chondro-
genesis protocol in SF- compared to BM-MSCs. The levels of ACAN gradually increased
as the chondrogenesis from SF-MSCs. In the process of differentiation of BM-MSCs into
chondrocytes, COL10A1, ACAN, and COL2A1 expression were not significantly different.
The deposition of glycosaminoglycan (GAG) was increased in chondrogenic pellets related
to undifferentiated pellets (Figure 6). Furthermore, after two weeks of differentiation
into chondrocytes, SF-MSCs showed increased GAG deposition compared to BM-MSCs
(Figure 6).

Figure 5. Cont.
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Figure 5. In vitro chondrocyte differentiation capacity by time of BM- and SF-MSCs. Chondrogenesis was evaluated by
cytochemical staining and RT-qPCR analysis. (a) In vitro chondrocyte differentiation was demonstrated by Alcian blue
staining in induced pellets one, two, and three weeks after induction. Scale bar = 500 μm. (b) Genes (COL10A1, ACAN, and
COL2A1) expressed in chondrocytes, in induced BM- and SF-MSCs one, two, and three weeks after induction. At three
weeks following chondrogenesis, all chondrocyte-specific markers were significantly increased in chondrocyte pellets in
SF- versus BM-MSCs. Values displayed as mean and ± SD, independent experiments (n = 4). Different superscripts (a,
b, c, and d) denote significant differences (p < 0.05) among undifferentiated cells, and 1, 2, and 3 weeks of differentiated
cells using BM-MSCs and SF-MSCs (white bar: undifferentiated cells; black bar: differentiated cells U: undifferentiated
cells; 1W: one week after chondrocyte induction; 2W: two weeks after chondrocyte induction; 3W: three weeks after
chondrocyte induction).

Figure 6. The values of glycosaminoglycan (GAG) content of BM- and SF-MSCs was evaluated
one, two, and three weeks after induction. The GAG contents were significantly higher in groups
following differentiation in SF compared to BM-MSCs after three weeks of differentiation. Values
displayed are mean ± SD independent experiments (n = 4). Different superscripts (a, b, c, and
d) denote significant differences (p < 0.05) among undifferentiated cells, and 1, 2, and 3 weeks
of differentiated cells using BM-MSCs and SF-MSCs (white bar: undifferentiated cells; black bar:
differentiated cells U: undifferentiated cells; 1W: one week after chondrocyte induction; 2W: two
weeks after chondrocyte induction; 3W: three weeks after chondrocyte induction).
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4. Discussion

Articular cartilage is fibrillar connective tissue distributed throughout the muscu-
loskeletal system. It connects two bones and acts as a buffer against mechanical stress [4].
Chondrocytes differentiate from mesenchymal cells during development to form cartilage
tissue. Unlike other tissue, cartilage consists of only one type of chondrocyte, and the
formed cartilage tissue remains as a permanent cartilage tissue as with articular cartilage [4].
Cartilage damage caused by trauma has frequently been reported in racing camels that
perform vigorous exercise, which develops into chronic OA in the absence of appropriate
treatment. There is a limit to the natural recovering of the articular cartilage once it is
damaged, and many treatments are currently applicable. Generally, these disorders are
treated by autologous chondrocyte implantation (ACI) [23,24]. However, the effect of ACI
is limited in broad degenerative arthritis and elderly patients. Considering the limitation of
ACI, an alternative therapy based on stem cells has emerged for chondrocyte regeneration.

Ideal sources of MSCs in stem cell-based therapy for OA could have enhanced chon-
drogenic capacity for recovering destructed cartilage. To date, BM-MSCs and SF-MSCs
therapeutic uses have predominantly been applied for the regeneration of cartilage [20,25].
No studies have been reported, on the establishment and the biological characteristics
including the potential to differentiate MSCs into chondrocytes, in camels. This study
aimed to evaluate biological characteristics, such as morphology; proliferation; stemness;
and trilineage differentiation potency, including chondrogenesis in camel MSCs. Both
BM- and SF-MSCs were successfully established from the same donors. Both types of
homogenous adherent MSCs showed fibroblastic spindle-like morphology. The expression
of transcription factors and the proliferation capacity were related to the self-renewal
ability of MSCs [26]. OCT4 and SOX2 are crucial early transcription factors for sustaining
stemness and pluripotency and are positively expressed in MSCs with NANOG. Our data
showed that SF-MSCs possessed superior proliferation capacity compared to BM-MSCs as
previously reported [20,27]. The levels of NANOG, SOX2, and OCT4 were significantly
increased in SF compared to BM-MSCs [20].

Both osteoblast and adipocyte markers were expressed from BM- and SF-MSCs differ-
entiation protocols. Expression of the lineage-specific genes differed between BM-MSCs
and SF-MSCs. Oil red O, a cytochemical stain, along with adipocyte-associated gene ex-
pressions, indicated improvements in adipocyte differentiation capacity from SF-MSCs
compared to BM-MSCs. These results are similar to previous reports in miniature pigs [20].
There was a significant increase in levels of genes; i.e., Runx2 and ON, considered to be
specific to osteoblasts, followed differentiation protocols in MSCs. However, there was no
difference in the capacity of osteogenesis between the two groups, which is in accordance
with the previous study [28].

The chondrogenesis capacity of SF-MSCs is crucial for therapeutic recovery in OA.
Chondrocytes possess variable phenotypes, such as de-differentiation that loses differenti-
ated characteristics and re-differentiation [29,30]. When articular chondrocytes are cultured
with a low-density monolayer, type II collagen expression decreases rapidly, and the expres-
sion of type I and III collagen, typically associated with fibroblasts, increases [31]. However,
through three-dimensional culture, collagen type II expression was promoted, suggesting
re-differentiation into chondrocytes [31]. Therefore, in this study, the chondrocyte differ-
entiation capacity of both BM- and SF-MSCs through high cell density pellet culture, was
investigated. A previous study was reported that chondrocyte-specific gene expression
gradually increased during the chondrogenesis process of the SF-MSCs, whereas no grad-
ual increase was observed in BM-MSCs [20]. The present study also showed that after
three weeks of induction, chondrocyte-specific gene expression gradually increased during
the chondrogenesis protocol in SF-MSCs compared to BM-MSCs. Chondrocyte-associated
genes, i.e., COL10A1, ACAN, and COL2A1 were elevated in SF- compared to BM-MSCs.
However, some hypertrophic chondrocytes were observed during the differentiation of
SF-MSCs into chondrocytes.
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Cartilage is a complex tissue comprising chondrocytes; extracellular matrix (ECM)
proteins, including proteoglycans and GAGs, etc., [32,33]. Various GAGs exist, includ-
ing chondroitin sulfate, dermatan sulfate, keratan sulfate, decorin, and fibromodulin in
cartilage, and form proteoglycan by binding with core proteins [34]. Therefore, GAG
synthesis is a crucial mark of chondrogenesis. The present study showed that the values
of GAG content were significantly increased in differentiated chondrocytes compared
to undifferentiated cells. Chondrocytes from SF-MSCs exhibited higher values of GAG
content than those from BM-MSCs. Similarly, the intensity of Alcian blue stain was greater
in SF compared to BM-MSCs. Although further studies will be necessary on the efficacy
of cartilage regeneration in vivo and the suppression of cartilage hypertrophy, in which
the synthesis of COL10A1 is prominent is needed but SF-MSCs appear to express superior
chondrogenic capacity when compared to BM-MSCs.

The present study provides the potential stem cell-based therapy of Camelus dromedar-
ius utilizing MSCs with superior chondrogenesis. The pre-establishment of MSCs can
support direct treatment following cartilage-related problems such as OA caused by severe
trauma. This stem cell-based therapy using MSCs promotes animal welfare by realizing
injuries promptly and decreasing the risks for additional injuries.

5. Conclusions

In this paper, we showed the differences in proliferation capacity, expression of tran-
scription factors, and the MSCs trilineage potential of both camel BM and SF. BM-MSCs
were shown to have a more reliable osteogenic differentiation capacity compared to SF-
MSCs. SF-MSCs had greater proliferative potential and expressed larger amounts of
transcription factors than did BM-MSCs. After the completion of the in vitro chondrocyte
differentiation, hypertrophic chondrocytes were observed in parts of the SF-MSCs. Never-
theless, the expression of chondrocyte-specific markers and GAG contents indicated that
SF-MSCs showed enhanced chondrocyte differentiation capacity compared to BM-MSCs.

This study, to the best of and our knowledge, is the first to report the establishment
and properties of camel BM- and SF-MSCs from the same donor to date. The observed
chondrogenic ability alludes to the potential of SF-MSCs as a target cell source for future
use in therapeutic cartilage regeneration.

Author Contributions: Conceptualization, Y.-B.S. and W.S.H.; methodology, Y.-B.S., Y.I.J., S.-Y.L. and
Y.W.J.; investigation, Y.-B.S.; validation, Y.W.J.; formal analysis, Y.-B.S. and S.-Y.L.; resources, Y.I.J.,
A.T., P.O.O. and K.K.S.; writing—original draft preparation, Y.-B.S.; writing—review and editing,
Y.-B.S., M.S.H., P.O.O. and W.S.H.; funding acquisition, W.S.H. All authors have read and agreed to
the published version of the manuscript.

Funding: This project was supported by the Patronage of H.H. Sheikh Mansour bin Zayed Al
Nahyan, Deputy Prime Minister of the U.A.E. and the Minister of Presidential Affairs.

Institutional Review Board Statement: All animal procedures were conducted following the animal
study guidelines which were approved by the ethics committee at the Management of Scientific
Centers and Presidential Camels (accession no: PC4.1.5).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data access can be requested on demand from the corresponding author.

Conflicts of Interest: There are no conflict of interest to report.

Abbreviations
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DMSO: Dimethyl sulfoxide; PDT: Population doubling time; CD marker: Cluster of differentiation

117



Animals 2021, 11, 1918

marker; DMMB: Dimethylmethylene; SD: Standard deviation; Runx2: Runt-related transcription
factor 2; ON: Osteocalcin; LPL: Lipoprotein lipase; FABP4: Fatty acid-binding protein 4: COL10A1:
Type X collagene gene; ACAN: Aggrecan; COL2A1: Alpha 1 chain of collagen type II; ECM: Extracel-
lular matrix.
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Simple Summary: In the last few years, dog owners have required sophisticated new treatments
such as the use of MSCs for tissue engineering and regenerative medicine applications. On these
topics, Canis familiaris, which develop many diseases with etiologies and pathogenesis similar to
those that develop in humans, can be considered as a realistic preclinical model to evaluate the
therapeutic potential of MSCs. The aim of the present review is to offer an update on the state of the
art on canine MSCs derived from foetal adnexa and fluid, focusing on the findings in their clinical
setting.

Abstract: Effective standards of care treatment guidelines have been developed for many canine
diseases. However, a subpopulation of patients is partially or completely refractory to these protocols,
so their owners seek novel therapies such as treatments with MSCs. Although in dogs, as with human
medicine, the most studied MSCs sources have been bone marrow and adipose tissue, in recent years,
many researchers have drawn attention towards alternative sources, such as foetal adnexa and fluid,
since they possess many advantages over bone marrow and adipose tissue. Foetal adnexa and fluid
could be considered as discarded material; therefore, sampling is non-invasive, inexpensive and free
from ethical considerations. Furthermore, MSCs derived from foetal adnexa and fluid preserve some
of the characteristics of the primitive embryonic layers from which they originate and seem to present
immune-modulatory properties that make them a good candidate for allo- and xenotransplantation.
The aim of the present review is to offer an update on the state of the art on canine MSCs derived
from foetal adnexa and fluid focusing on the findings in their clinical setting.

Keywords: dog; foetal adnexa; mesenchymal stem cells; therapy

1. Introduction

Today, pet owners require their companion animals to be cured in veterinary hospitals,
constantly monitored, using high diagnostic and medical devices. Furthermore, an increas-
ing number of pet owners require their animals to be treated with sophisticated and new
treatments. In this context, research on canine MSCs is becoming increasingly important.

On the other hand, because of the need for clinical trials in animal models for new
treatments for human regenerative medicine and because humans and dogs share envi-
ronmental life patterns and similar pathologies, Canis familiaris could be considered as a
suitable model of spontaneous diseases [1–6].

For example, the most frequent and important non ischaemic cardiomyopathies, both
in human and dog, showing pathological and clinical similarities, are dilated cardiomy-
opathy and arrhythmogenic ventricular cardiomyopathy [5]. DCM is the second most
common cardiac disease, affecting a wide range of breeds, particularly Doberman Pinscher,
with a prevalence of around 44% [6], while AVC has been described frequently in Boxer [7].
However, in both species, although progress in the management of symptoms has been
made, the actual disease processes remain a challenge to treat, and study of the use of
regenerative therapies using MSCs is very interesting.
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Although the standing hindlimb angle, an aspect to consider for comparing biome-
chanical data, is much larger in canine than in human, dog could be an important model for
osteoarthritis [8]. Indeed, compared with horse, ruminants or swine, using dog as a clinical
model leads to easier post-surgical management and follow up [8]. In this context, dog can
be considered the best model for SCI, cranial cruciate and meniscal injury, osteoarthritis
and other skeletal muscle pathologies, both for studying mechanisms of degeneration and
testing new treatments [6].

In addition, for gastro-intestinal pathologies, dog can be considered as an important
clinical model, with the potential to overcome some of the major obstacles of laboratory
animal modeling. Indeed, canine spontaneous lymphocytic-plasmocytic colitis, the most
common form of enteropathy, included in inflammatory bowel disease syndrome, has
several histopathologic and cellular-molecular features similar to human IBD [9]. This is
characterized by multifactorial pathogenesis which is less compelling in rodent models [10],
so dog can be essential for understanding MSCs immune modulation mechanisms, deter-
mining dose equivalence as well as biological effects of MSCs transplantation in patients
affected by IBD refractory and traditional therapy [10].

Despite the importance of using the dog as model for human medicine, this raises
more ethical debates than livestock animals. For this reasons, in the last decade, most
studies in these animals have involved clinical cases of spontaneous pathologies observed
in veterinary hospitals and clinics, highlighting their importance for clinical research [6].

To date, canine adult tissue, BM and AT have represented the most important sources
of MSCs in the field of cell-based therapy [11–13] although cell harvesting is invasive, and
increasing donor site morbidity and cell amount and characteristics are closely related to
donor age [14–19]. Foetal fluids (amniotic fluid, umbilical cord blood), and foetal adnexa
(Wharton’s jelly, amniotic membrane) have been identified as ideal alternative sources
of MSCs in different animal species, such as horse [20–22], bovine [23,24], goat [25,26],
and others. The benefits of these cells compared to adults MSCs and embryonic SCs are
determined by their origin from extraembryonic tissues, usually discarded after delivery.
Moreover, due to the fact that they are at the maternal—fetal interface, they become
convenient for transplantation due to their low immunogenicity and immunomodulatory
properties, making them a good candidate for allo- and xenotransplantation [27].

Despite the importance of Canis familiaris both as a patient and disease model, to our
knowledge, in the literature, there are only general reviews of MSCs derived from foetal
fluid and adnexa, based on research carried out on domestic animals [28–30]. The aim of
the present review is to offer an update on the state of the art of canine MSCs isolated from
foetal adnexa and fluid focusing on the findings in their clinical setting, when reported.

2. Stem Cells

The term stem cell was first coined in the nineteenth century by Edmund Beecher
Wilson who used this term as a synonym for mitotically quiescent primordial germ cell. In
1963, Becker et al. [31] discovered that stem cells are undifferentiated cells able to perform
self-renewal, as confirmed later by Weissman [32]. Based on their differentiation ability,
stem cells are classified in totipotent, pluripotent and multipotent cells. Totipotent cells
are able to differentiate in all cell lines, including extra-embryonic tissues; totipotent cells
include zygote and the descendants of the first three cell divisions [33]. Pluripotent stem
cells are embryonic stem cells derived from blastocysts ICM. These cells are able to prop-
agate readily [34] and are capable of forming embryoid bodies that generate a variety of
specialized cells, including neural, cardiac and pancreatic cells [35]. Despite their thera-
peutic potential, clinical use of ESCs presents, especially in human, ethical and application
problems. Different authors have observed that after ESCs’ in vivo implantation, teratomas
have been developed [36]. Another type of pluripotent stem cells is bioengineered IPS
(Nelson et al. 2010) [37]. Utilizing IPS-based technology, all lineages of the adult body may
become viable targets for replacement, avoiding immune intolerance. However, the unlim-
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ited differentiation potential of IPS is similar to ESCs, and thus the risk of dysregulated
growth and teratoma formation requires stringent safeguards [37].

Many adult tissues, on the other hand, have multipotent stem cells within them, i.e.,
cells capable of producing a limited number of cell lines, appropriate to their location; these
cells are named multipotent stem cells and the most studied among them are MSCs.

The most used mesenchymal tissues, sources of MSCs, are bone marrow and adipose
tissue.

Mesenchymal stem cells are a population of multipotent stem cells which must meet
the criteria established by ISCT: (i) plastic adherence when maintained in standard culture
conditions; (ii) ability to differentiate in osteoblasts, adipocytes and chondroblasts when
appropriately stimulated in vitro; (iii) expression of CD73, CD90 and CD105. On the
contrary, MSCs lack expression of haematopoietic markers, such as CD14, CD34, CD45 and
HLA-DR [38]. Due to these properties, MSCs offer a great chance for cell-based therapies
and tissue-engineering applications.

3. Canine Mesenchymal Stem Cells from Foetal Fluids

3.1. Amniotic Fluid Mesenchymal Stem Cells

Amniotic fluid is characterized by a heterogeneous population of cells: cuboidal
epitheloid cells, derived from foetal skin and urine, round cells, from foetal membranes
and trophoblasts, and spindle-shaped fibroblastic cells, generated from mesenchymal
tissues and are supposed to be the MSCs population of the AF [39]. Unlike in humans, in
dogsm it is impossible to obtain AF using the amniocentesis technique. Moreover, due to
its small volume, canine fluids provide a very small quantity of cells, which makes further
cell expansion difficult. The use of the total recoverable volume of the AF of all foetuses
improves the process of cells isolation, though there is no univocal agreement on which
gestational period is the best in terms of cell yield. In 2011, Filioli-Uranio et al. [40] obtained
fibroblast-like cells, with a DT of 1.12 ± 0.04 days, from AF recovered after hysterectomy in
bitches between 25 and 40 days of pregnancy. These data are in contrast from those obtained
by Fernandes et al. just one year later [41]. At earlier stage of gestation (25–40 days),
Authors obtained fibroblast-like cells growing in adhesion but which failed to proliferate.
Successful cells isolation was instead achieved from AF recovered at 50 days of gestation,
as demonstrated by Choi et al. in 2013 [42]. Even if cell concentration decreased during the
full-term stage of gestation [42], data recovered by Fernandes et al. [41] and Choi et al. [42]
have shown the possibility of isolating AFMSCs after caesarean section in breeding bitches.
As showed in Table 1, the expression of OCT4, CD44, DLA-DRA1, and DLA-79 by AFMSCs
at passage P1 was observed by Filioli Uranio et al. [40], whereas from the next passage,
cells expressed only CD44. On the contrary, Choi et al. [42] observed that at P5 of in vitro
culture, AFMSCs express pluripotent stem cell markers OCT4, NANOG, and SOX2, as
well as CD29 (β1 integrin), CD44, and CD90 (Thy1) [42]. These different results between
different research groups could be determined both by the different gestational periods
of samples’ recoveries and by different and not fully comparable techniques employed in
stem cells characterization.

Table 1. Canine foetal fluid and adnexa derived mesenchymal stem cells: potential differentiation
in vitro and molecular characterization.

MSCs Source Potential References
Markers Positive

Expression
References

AF

Osteogenic-
Chondrogenic-

Adipogenic
[40–42]

RT-PCR: OCT4;
CD44; DLA-DRA1;

DLA79
[40]

Neurogenic [40,41,43] ICC: OCT4;
NANOG; SOX2 [42]

Hepatogenic [42] FACS: CD29; CD44;
CD90 [42]
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Table 1. Cont.

MSCs Source Potential References
Markers Positive

Expression
References

UCB

Osteogenic [44–47]
FACS: CD44;
CD73; CD90;

CD105
[44–47]

Chondrogenic-
Adipogenic [44–47]

Neurogenic [44,46] GFAP, Tuj-1,NF160 [44]

Placenta

Osteogenic-
Chondrogenic-

Adipogenic
[40,48–52]

RT-PCR: OCT4;
CD44; CD184;

CD29
[40,48–52]

Neurogenic [53,54]

FACS: OCT4;
SOX2; CD73;

CD90; CD105;
MHC1

[51,52,55]

WJ

Osteogenic [45,48,56–69]
FACS: CD44;
CD73; CD90;

CD105
[45,48,56]

Chondrogenic-
Adipogenic [45,48,56–69]

Neurogenic [46,48] PCR: CD44; CD90 [67]

The hope of cell therapy as a new clinical approach to repair tissue damage relies
on the characteristics of the mesenchymal stem cells, such as their low expression of
polymorphic antigens that seems to enhance transplantation tolerance, making these
cells useful for allotransplant and xenotransplant [70]. Filioli-Uranio et al. [40] observed
a reduced expression of MHC genes in canine AFMSCs; indeed, only DLA-DRA1 and
DLA-79 were expressed at P1, as previously demonstrated in human and other animal
species [20,71–73].

Despite the differences found between the different research groups in the molecular
characterization of AFMSCs, there is consensus on their differentiation potential. Indeed, it
was demonstrated that these cells are able to differentiate in vitro into osteogenic, chondro-
genic and adipogenic lineages [40–42], but also into neuronal [40,41,43] and hepatocyte-like
cells [42]. Regarding neuronal differentiation, Fernandes et al. [41] observed that undif-
ferentiated canine AFMSCs stained positively for nestin. Nestin is expressed in neural
progenitor stem cells and pluripotent stem cells, which undergo neuronal differentiation,
as well as in MSCs [74,75], including human AFMSCs [76]. Filioli-Uranio et al. [40] vali-
dated these data, observing that canine AFMSCs, cultured in neuronal induced medium,
stained positively for nestin and showed the presence of Nissl bodies and a neuronal-like
morphology, as confirmed later by Kim et al. [43]. The expression of neural-specific genes,
such as NEFL, NSE, TUBB3, and the astrocyte-specific gene, GFAP, significantly increased
in AFMSCs after neural induction [43].

Liver transplantation is a last resort for patients with end-stage liver disease. In a
study [42], canine AFMSCs were induced to differentiate in hepatocyte like-cells by HGF
(an endocrine or paracrine factor, essential for liver development), OSM (essential for the
maturation of hepatocytes), nicotinamide, and dexamethasone (essential for the develop-
ment of hepatogenic morphology through the suppression of cell division). AFMSCs that
underwent hepatic differentiation did not show typical hepatocyte morphological changes,
but they expressed genes critical for hepatocyte differentiation [42]. Indeed, after being
induced to hepatocytic differentiation, canine AFMSCs were strongly positive for TAT,
α1-AT, GS, and ALB, all markers of mature hepatocytes, as well as for hepatocyte-specific
markers, including ALB and TAT [42]. Taken together, the results reported by different
Authors suggest that canine AFMSCs have the capacity for multilineage differentiation and
have the potential to be a source for cell-based therapies in canine models of hepatic disease,
as well as having the potential capacity for clinical treatment of neuronal precursor-cell
transplantation.
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Although the studies referenced above demonstrate the potential for canine AFMSCs
for clinical uses, to our knowledge, no paper on regenerative therapies based on canine
AFMSCs exists in the literature.

3.2. Umbilical Cord Blood Mesenchymal Stem Cells

The umbilical cord is the channel that connects the fetus and the placenta, considered
as a physiological and inherent part of the fetus during prenatal development [77]. In
1989 [78], umbilical cord blood, flowing in the vein, was found to be a rich and readily avail-
able alternative source of primitive and unspecialized mesenchymal stem cells, probably
derived from the fetal liver or bone marrow [79]. Canine UCBMSCs were isolated for the
first time by Lim et al. in 2007 [80]. However, characterization and in vitro differentiation of
these cells were carried out only in 2009 [44], and the results obtained were confirmed later
by different Authors [45–47]. In addition to the expression of stemness markers, shown
in Table 1, and in vitro differentiation in the three lineages requested by ISCT [38], canine
UCBMSCs showed basically neuronal associated protein markers under the undifferenti-
ated condition. Indeed, undifferentiated canine UCBMSCs slightly expressed GFAP, Tuj-1,
and NF160 neuronal cell protein markers but they did not express Nestin and MAP2 [44].
After growing in neuronal induction medium, canine UCBMSCs exhibited morphological
changes [44,46], appearing as sharp, elongated bi- or tripolar cells with primary, secondary
and multi-branched processes. When inducted with neuronal differentiation media, canine
UCBMSCs showed positive expression patterns for Nestin, GFAP, Tuj-1, MAP2, NF160
and NeuN [44,46], showing a percentage of cells stained with antibodies specific for NeuN
higher than that of adipose tissue [46]. Unlike cells deriving from canine amniotic fluid, for
which there are no references on their clinical use, as showed in Table 2, canine UCBMSCs
have been tested for regenerative therapy since 2007, when Lim et al. [80] applied these
cells in induced spinal cord injured dogs. Authors observed evidence of functional and
sensory improvement after allogenic UCBMSCs transplantation, even though no evidence
of regeneration of spinal cord tissue by magnetic resonance imaging and histology was
observed [80]. However, in this first study, new neuronal formation in the injured structures
of the spinal cord was observed after UCBMSCs transplantation, as well as no additional
damage to the experimentally injured spinal cord such as inflammatory responses [80].
Moreover, study [80] showed that transplantation of UCBMSCs resulted in recovered nerve
function in dogs after a spinal cord injury, as confirmed recently by Park et al. [81] and
Ryu et al. [46]. In the research of Park et al. [81] cells transplantation was carried out 12 h,
1 week and 2 week after spinal cord injury induction. Canine UCBMSCs transplanted one
week after SCI significantly improved clinical signs, evaluated using the Olby and Tarlov
scales. In all groups, the scores gradually increased after 2 weeks, and decreased after
3 weeks [81]. Better results were obtained later by Ryu et al. [46] transplanting cells with
Matrigel, seven days after SCI, into the parenchyma of the spinal cord, near the lesion site
or directly into the injury epicenter. Matrigel maintains the microenvironment and exerts
effects such as rescuing dying cells, increasing cell proliferation, blocking inflammatory and
cytotoxic cytokines, promoting neuronal differentiation [82,83]. As previously observed by
Park et al. [81], transplanted cell survival is increased during the subacute phase of SCI,
when the lesion is not fully developed and MSCs may act as neuroprotective agent. On the
contrary, when cells were transplanted 2 weeks after SCI, when fibrosis has progressed, no
significant improvement in patient clinical signs was observed [81]. Moreover, the lesion
epicenter may not be a favorable site for cell survival due to the presence of phagocytes,
which could have been the cause of the score decreasing 3 weeks after transplantation in
the previous work [81]. Regarding the influence of canine UCBMSCs on inflammation, in
all studies, COX-2 protein expression was significantly decreased [46,80,81], also compared
with MSCs derived from other sources [46], playing an important role in proliferation,
migration and differentiation of endogenous spinal cord-derived neural progenitor cells in
SCI.
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Table 2. Canine foetal fluid and adnexa derived mesenchymal stem cells: clinical applications.

MSCs Source Clinical Application References

UCB
Bone Defect [45]

SCI [46,80,81]
AKI [47]

Placenta Ischemic Stroke [84]

WJ

Bone Defect [66]
SCI [46]

TPLO [85]
CHF [86]

Canine UCMSCs also showed higher osteogenic potential compared with BMMSCs
and WJMSCs, as shown by greater levels of ALP activity, an early osteoblastic marker [45].
All MSCs induced substantial in vivo bone formation and significant differences in the
levels of bone formation promoted in vitro by the various MSCs were not observed [45],
indicating that the osteogenic potential in vitro and in vivo can be slightly different for
each type of MSCs. This can be explained by several factors, such as in vivo vascularization
promoted by VEGF, secreted by MSCs in different quantities. In the study of Kang et al. [45]
VEGF in vitro production was determined to investigate the ability of cells to promote vas-
cularization. Authors observed that canine BMMSCs produced higher quantities of VEGEF
compared with canine UCBMSCs; however, BMMSCs had a weaker osteogenic capability
in vitro but no differences were determined in bone formation after MSCs transplantation
in vivo and hematopoietic tissues were observed in histological section [45]. Moreover,
MSCs may affect bone formation stimulating induction and migration of endogenous cells.
Previous studies by the same research group revealed that cytokines released by canine
UCBMSCs 1 day after implantation can enhance bone regeneration [87,88].

The reported mortality of AKI ranges from 47% to 61% in dogs [89]. Traditional AKI
treatment includes fluid administration, monitoring urine output, use of diuretics, anti-
nausea agent, gastroprotectors, phosphorus absorbent, antioxidants, sodium bicarbonate
for metabolic acidosis, antidote for nephrotoxin, and antibiotics for infection [90]. After
nephron disruption, it is difficult for patients to overcome the disease without the aid of
dialysis or renal transplantation; these therapeutic approaches in dogs have considerable
limitations, including difficulty in using them in smaller animals due to their low total
blood volume, immunological problems and the low availability of donor kidneys [84,91].
Recently, Lee et al. injected twice canine UCBMSCs directly into the renal corticomedullary
junction of dog with induced AKI, followed by intravenous administration of gentamycin
and cisplatin [47]. For evaluating renal function blood BUN and creatinine were determined.
BUN levels increased, owing to elevated urea reabsorption caused by prolonged renal
retention due to a decreased glomerular flow rate [92]. Creatinine, a muscular metabolic
product, is a more precise indicator of renal function than BUN. Serum creatinine higher
than 10 mg/dl was associated with failure to recover from AKI [93]. In the study of Lee
et al. serum BUN and creatinine levels decreased in dogs treated with UCBMSCs and renal
excretory function improved [47]. In transplanted dogs, these serological findings were
associated with moderate renal lesions, including necrosis of tubules and glomerulus and
shedding of tubular epithelium cells; on the contrary, dogs treated with PBS exhibited
global cystic change of tubular tissue and massive interstitial leukocyte infiltration [47]. Up
to the end of the experiment, no mortality was recorded in dogs with induced AKI and
subsequently treated with UCBMSCs, suggesting that for this pathology, MSCs could be
an alternative and valid treatment.
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4. Canine Mesenchymal Stem Cells from Foetal Adnexa

4.1. Placenta and Foetal Membranes

The potential for the clinical application of fetal stem cells from the human amniotic
membrane was first described in 2011 by Parolini and Caruso [94]. Since, interest in this
tissue as a source of MSCs has also developed in dogs. As shown in Table 1, canine
AMMSCs expressed embryonic and MSCs markers, such as OCT4, CD44, CD184, and
CD29 and could differentiate into neurocytes, osteocytes, adipocytes and chondrocytes
based on cell morphology, specific stains, and molecular analysis [40,48–52]. Regarding
the immunomodulatory properties of AMMSCs, Borghesi et al. [51] found low MHC-I
expression and no MHC-II expression, giving the MSCs the potential to escape recognition
by CD4+T cells [55]. Moreover, at any gestational time no interleukin IL-1, IL-2, IL-6 and
IL-10 labeling in AMMSCs was observed [51].

To use stem cells safely, it is necessary to know if there are risks of genetic instability,
which may lead to tumorigenesis. Recently, Cardoso et al. [50] and Borghesi et al. [51] did
not observe tumor formation after injecting canine AFMSCs, demonstrating that these cells
are safe for in vivo application.

As previously reported for human placenta derived MSCs [95], Long et al. [53] and
Amorim et al. [54], using a cytokine array demonstrated that unstimulated and stimu-
lated DPCs secrete a number of paracrine factors. VEGF and MCP-1 are implicated in
both neuroprotection and angiogenesis [56,57], IL-6 is an immunomodulatory cytokine
with in vitro and in vivo demonstrated neuroprotective capabilities [58], and IL-8 is an
immunomodulatory cytokine that promotes angiogenesis [59].

Long et al. [53], in 2018, after 1 week of co-culture with a neuroblastoma cell line
(SH-SY5Y cells), demonstrated that DPCs could induce the formation of complex neural
networks in SH-SY5Y cells, increasing the number of branching points and total segments
of neurites in culture. In 2020, Amorim et al. [54] speculated that based on their po-
tent pro-angiogenic, neuroprotective, immunomodulatory properties, MSCs could be a
promising therapy for canine inflammatory brain disease. IBD syndrome comprehends
idiopathic disorders subdivided based on histopathology findings, i.e., granulomatous
meningoencephalomyelitis, necrotizing meningoencephalitis, and necrotizing leukoen-
cephalitis, encompass also in the term of meningoencephalomyelitis of unknown origin,
presumed to be an autoimmune disease with a genetic predisposition [60], similarly to
multiple sclerosis in human [61]. In vitro experiments revealed that rat neural cells exposed
to OGD conditions and co-cultured with DPCs exhibited dose-dependent improvement
in cell survival and ATP production compared to the vehicle, indicating the importance
of these cells and cell dose in achieving neuroprotection [62]. In vivo observation in a rat
stroke model reveals that animals treated with DPCs exhibited significantly fewer behav-
ioral deficits, with improvements in motor and neurological impairments, as confirmed by
histological data. These observations highlight the possible benefits of investigation into
the efficacy of autologous transplant of DPCs in dog stroke or IBD patients, considering
the lack of available treatment for ischemic and IBD injury in dogs.

4.2. Wharton’s Jelly or Umbilical Cord Matrix

Wharton’s Jelly is a mesenchymal connective tissue developed from extraembryonic
mesoderm and placed between umbilical vessels. WJ binds and encases the umbilical
vessels, protecting them from twisting and compression during gestation. Since 1990, WJ
has been considered an important source of MSCs in humans [63,64]. However, in canines,
WJ is difficult to separate from umbilical cord matrix due to the small size of umbilical
cord; in this review we will refer to cells isolated from these sources as WJMSCs. MSCs
were successfully isolated from canine WJ for the first time by Seo and collaborators in
2012 [65]. These cells showed a typical mesenchymal immunophenotype and the ability
to differentiate in vitro [65], as confirmed lately by other research groups [45,48,66,67]
(Table 1). Recently, Souza et al. [66] demonstrated that the optimum conditions for canine
WJMSCs osteogenic differentiation is co-culture with PRP and DBM, associated with
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optimum ALP levels and high levels of osteocalcin gene, a late marker of osteogenesis, and
osteopontin gene, an important factor in bone remodeling [68,69].

Recently, the metabolic profile of canine WJMSCs was investigated and compared
with that of canine ATMSCs cultured under the basal conditions [67]. In order to detect
the total ATP production rates in living MSCs, serial additions of oligomycin, a specific
inhibitor of the mitochondrial ATP synthase, and of rotenone plus antimycin A, inhibitors of
mitochondrial complex I and III, respectively, were performed automatically and stepwise.
This metabolic assay allowed the Authors to evaluate the amount of ATP produced by
OXPHOS and glycolysis, which represent the two main metabolic pathways responsible
for ATP production in mammalian cells. ATMSCs and WJMSCs showed a different total
ATP production rate, since OXPHOS and glycolytic pathways in foetal adnexa MSCs
provided a higher amount of cellular ATP than in ATMSCs. The energy map of both
MSC types corroborates an aerobic energy metabolism with more active OXPHOS and
glycolytic pathways in WJMSCs than ATMSCs, although the latter two showed a higher
mitoATP/glycoATP ratio than WJMSCs, which highlights a prevailing oxidative phenotype.
In the same paper, the key parameters of mitochondrial function, directly measured by
the cell respiration profile of MSCs, were also investigated. Both basal respiration and
ATP turnover showed higher values in WJMSCs than in ATMSCs. Knowledge of the
mitochondrial status and especially of some bioenergetics parameters such as the spare
respiratory capacity, which guarantees a metabolic flexibility, may help to select the best
candidates for transplantation studies.

Different researchers have demonstrated that canine WJMSCs have a higher neuro-
genic potential in vitro [46,48]. Ryu et al. [46] transplanted WJMSCs with matrigel into the
spinal cord parenchyma near the induced lesion site or directly into the injury epicenter
7 days after injury. The Authors focused their attention on the survival and integration of
allogenic MSCs in the injured spinal cord, demonstrating that allogenic WJMSCs could
successfully survive in injured spinal cords where they integrated into host tissue without
using immunosuppressive agents and also improved hind-limb function following SCI [46].
In particular, after WJMSCs transplantation, reduced levels of reactive astrogliosis and
macrophage infiltration into the lesion epicenter were observed [46]. However, even though
many WJMSCs can survive following transplantation, very few cells can differentiate into
neural-like cells in vivo [46]. Indeed, most NF160- and NeuN-positive neurons in an in-
jured spinal cord were derived from endogenous spinal cord-derived neural progenitor
cells or preserved neurons, thanks to MSCs neuroprotection and anti-inflammatory effects.
This is also confirmed by the rapid recovery of treated dogs after transplantation.

Due to their anti-inflammatory potential, WJMSCs have been used in intraarticular
treatment of dogs subjected to surgical tibial plateau leveling osteotomy [85]. Taroni
et al., in 2017, showed that a single postoperative intraarticular injection of allogeneic
WJMSCs leads to a level of postoperative lameness and pain outcome after TPLO similar
to those observed in animals treated with long-term NSAIDs systemic administration.
WJMSCs anti-inflammatory potential could be due to factor secreted with Extracellular
Vesicles, nanoscale cellular products containing RNA, protein, and lipids [96]. WJMSC
EVs present a diameter of 125 nm, low buoyant density (1.1 g/mL), and expression of EV
proteins Alix and TSG101. Functionally, EVs inhibited CD4pos T cell proliferation in a
dose-dependent manner and TGF-b was present on EVs as latent complexes most likely
tethered to EV membrane by betaglycan. These observations demonstrate that canine
WJMSC EVs utilizes TGF-b and adenosine signaling to suppress proliferation of CD4pos T
cell. WJMSCs EVs could also be responsible for the results registered by Yang et al. [86]
after WJMSCs intravenous injection in dogs with congestive heart failure secondary to
myxomatous mitral valve disease. Indeed, decreases in blood lymphocyte, monocyte,
and eosinophil counts immediately after MSC injection were observed. However, further
studies are needed on these topics for clinical WJMSCs application in different pathologic
conditions.
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5. Conclusions

The studies presented in this review offer authoritative views on markers expression
and therapeutic potential of canine MSCs from foetal tissues and fluids. As reported in
human and other animal species, also in dog these sources are easily available so MSCs
may have an attraction compared to other established SCs in different clinical approaches.
However, more in vitro study on their metabolism and clinical applications are needed to
fully understand their properties and to establish the future clinical use in the treatment of
various diseases.
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Abbreviations

α1-AT Alpha-1 Anti Trypsin
AF Amniotic Fluid
AFMSCs Amniotic Fluid Mesenchymal Stem Cells
AKI Acute Kidney Injury
ALB Albumin
ALP Alkaline Phosphatase
AM Amniotic Membrane
AT Adipose Tissue
ATMSCs Adipose Tissue Mesenchymal Stem Cells
ATP Adenosine TriPhosphate
AVC Arrhythmogenic Ventricular Cardiomyoapthy
BM Bone Marrow
BMMSCs Bone Marrow Mesenchymal Stem cells
BUN Blood Urea Nitrogen
CD Cluster Designation
COX Cyclooxygenase
CHF Congestive Heart Failure
DBM Demineralized Bone Matrix
DCM Dilated Cardiomyopathy
DLA Dog Leukocyte Antigen
DPCs Dog Placenta Cells
DT Doubling Time
E cells Epithelioid cells
ECSs Embryonic Stem Cells
EV Extracellular Vesicles
F cells Fibroblastic cells
GFAP Glial Fibrillar Acidic Protein
GME Granulomatous Meningo Encephalomyelitis
GS Glutamine synthetase
HGF Hepatocyte Growth Factor
Hrs Hours
IBD Inflammatory Brain Disease
ICM Inner Cell Mass
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IL Interleukin
IPS Induced Pluripotent Stem Cells
ISCT International Society For Cytotherapy
MAP Microtube-Associated Protein
MCP Monocyte chemoattractant protein
MHC Major Histocompatibility Complex
MSCs Mesenchymal Stem Cells
MS Multiple Sclerosis
MUO Meningo encephalomyelitis of Unknown Origin
NEFL Neurofilament Light Chain
NLE Necrotizing Leuko Encephalitis
NME Necrotizing Meningo Encephalitis
NeuN Neuronal Nuclear Antigen
NF Neuro Filament
NSAIDs Non-Steroidal Anti-Inflammatory Drug
NSE Neuron Specific Enolase
OCT4 Octamer-binding Transcription factor 4
OGD Oxygen-Glucose Deprivation
olig Oligomycin
OSM Oncostatin M
OXPHOS Oxidative Phosphorylation
P In vitro culture Passage
PBS Phosphate Buffer Solution
PMSCs Placenta Mesenchymal Stem Cells
PRP Platelet Rich Plasma
Rot+AA Rotenone plus Antimycin A
SOX2 Sex Determining Region Y-box 2 (also known as SRY)
SCI Spinal Cord Injury
SCs Stem Cells
R cells Round cells
RT-PCR Real Time Polymerase Chain reaction
TAT Tyrosine Amino Transferase
TGF Transforming Growth Factor
TH Tyrosine Hydroxylase
TPLO Tibial Plateau Leveling Osteotomy
Tuj-1 Neuronal Class III ß tubulin
TUBB3 Tubulin Beta3
UC Umbilical Cord
UCB Umbilical Cord Blood
UCBMSCs Umbilical Cord Blood
VEGF Vascular Endothelial Growth Factor
WJ Wharton’s Jelly
WJMSCs Wharton’s Jelly Mesenchymal Stem Cells
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Simple Summary: Regenerative medicine using platelet-based blood products or adult stem cells
offers the prospect of better clinical outcomes with many diseases. In veterinary medicine, most
progress has been made with the development and therapeutic use of these regenerative therapeutics
in horses, but the clinical need is given in dogs as well. Our aim was to transfer previous advances in
the development of horse regenerative therapeutics, specifically the use of platelet lysate for feeding
stem cell cultures, to the dog. Here, we describe the scalable production of canine platelet lysate,
which could be used in regenerative biological therapies. We also evaluated the canine platelet lysate
for its suitability in feeding canine stem cell cultures in comparison to equine platelet lysate used
for equine stem cell cultures. Platelet lysate production from canine blood was successful, but the
platelet lysate did not support stem cell culture in dogs in the same beneficial way observed with the
equine platelet lysate and stem cells. In conclusion, canine platelet lysate can be produced in large
scales as described here, but further research is needed to improve the cultivation of canine stem cells.

Abstract: Platelet lysate (PL) is an attractive platelet-based therapeutic tool and has shown promise
as xeno-free replacement for fetal bovine serum (FBS) in human and equine mesenchymal stromal
cell (MSC) culture. Here, we established a scalable buffy-coat-based protocol for canine PL (cPL)
production (n = 12). The cPL was tested in canine adipose MSC (n = 5) culture compared to FBS.
For further comparison, equine adipose MSC (n = 5) were cultured with analogous equine PL (ePL)
or FBS. During canine blood processing, platelet and transforming growth factor-β1 concentrations
increased (p < 0.05 and p < 0.001), while white blood cell concentrations decreased (p < 0.05). However,
while equine MSC showed good results when cultured with 10% ePL, canine MSC cultured with 2.5%
or 10% cPL changed their morphology and showed decreased metabolic activity (p < 0.05). Apoptosis
and necrosis in canine MSC were increased with 2.5% cPL (p < 0.05). Surprisingly, passage 5 canine
MSC showed less genetic aberrations after culture with 10% cPL than with FBS. Our data reveal that
using analogous canine and equine biologicals does not entail the same results. The buffy-coat-based
cPL was not adequate for canine MSC culture, but may still be useful for therapeutic applications.

Keywords: platelet lysate; canine; mesenchymal stromal cells (MSC); equine; cell fitness

1. Introduction

Regenerative medicine has gained tremendous attention in recent years in the vet-
erinary field, including a growing number of studies and clinical applications in dogs.

Animals 2022, 12, 189. https://doi.org/10.3390/ani12020189 https://www.mdpi.com/journal/animals135
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In regenerative medicine, biological materials such as cells, growth factors, and matrix
substances are used to regenerate defective tissues and organs, aiming to regain their full
functionality. Cell-based therapy is mostly performed with multipotent mesenchymal stro-
mal cells (MSC), alone or combined with other biologicals. Orthobiologic blood products
include autologous conditioned serum, platelet-rich-plasma (PRP), platelet concentrate, or
platelet lysate (PL).

MSC-based therapies are supported by a growing body of evidence in veterinary
medicine. Particularly in horses, the treatment of orthopedic diseases with MSC has a
well-documented history [1–7]. The use of MSC in canine medicine is also becoming more
popular. Canine MSC have been used successfully in several in vivo studies, especially for
the treatment of osteoarthritis [8–10], but also for various other conditions such as atopic
dermatitis [11,12], diabetes mellitus [13], inflammatory bowel disease [14], or to support
neuroregeneration following vertebral compression fractures [15]. At the same time, there
is a need to improve and harmonize canine MSC production processes. One of the critical
factors is the in vitro cultivation of MSC before administration to the patient. In this context,
the cell culture medium represents a crucial element of the cell culture process and may
strongly affect efficacy and quality of therapy [16]. The critically discussed fetal bovine
serum (FBS) is still the gold standard for in vitro cultivation of MSC in animal species.
However, the trend in cell culture points to the use of xeno-free culture supplements, for
which blood products from the same species appear most promising.

Among the orthobiologic blood products, particularly platelet products are already fre-
quently used in clinical practice. In canine medicine, PRP or platelet concentrates have been
used to treat several conditions, including osteoarthritis [17–20], lumbosacral stenosis [21],
wounds [22,23], corneal ulcera [24], and aural hematoma [25]. While clinical benefits were
shown, a major disadvantage of platelet concentrate is its limited long-term storage, as it
cannot be frozen [26]. Furthermore, there are different methods and commercially available
kits for PRP or platelet concentrate production, which limits the comparability and repro-
ducibility of treatment results. Especially, there are major differences in terms of quality
regarding the platelet and growth factor concentrations and also sterility of the product.
For canine platelet therapies, it has so far been shown that the platelet concentration and
leukocyte removal strongly differ between products [27,28].

PL could be a feasible off-the-shelf alternative to PRP or platelet concentrate for clinical
applications [26], and at the same time represents a high-quality xeno-free replacement of
FBS for cell culture [29,30]. In PL, the platelet-derived growth factors have already been
released and cell membranes removed, thus PL can be stored for a long time in the freezer,
while most likely offering the same benefits as platelet concentrates. Therefore, while
replacing the critically discussed FBS in MSC production, positive and synergistic effects
of PL might not only be achieved in cell culture, but also in the subsequent therapeutic
application when combining MSC and PL. While no in vivo studies have been published
using PL in dogs so far, a first study reported reduced lameness in horses that had been
injected with PL for treatment of coffin joint osteoarthritis [31]. However, this benefit was
transient and it is obvious that also in the case of PL, the quality of the product can vary, e.g.,
in terms of its growth factor concentrations, depending on the manufacturing procedures.
With respect to using PL as a cell culture supplement replacing FBS, substantial progress
has already been made in human medicine [30,32,33], and promising results have also
been obtained in the equine species [29,34–39]. In contrast, in the canine species, studies
are still rare and conflicting findings were reported when using PL for MSC culture [9,40],
warranting further research.

Recently, we have established the first buffy-coat-based protocol for equine PL (ePL)
production in 100% plasma devoid of additive solutions [29], which we believe improved
PL production in the equine species in terms of reproducible quality and scalability. We
also showed that the obtained ePL supported equine MSC expansion and basic characteris-
tics [29]. The aim of the current study was to establish a corresponding buffy-coat-based
procedure for the production of canine PL (cPL) and to evaluate its effects on canine MSC in
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comparison with equine MSC cultured with ePL, with the prospect of utilizing the obtained
cPL in therapeutic applications as well as in MSC culture.

2. Materials and Methods

2.1. Blood Collection

Whole blood for cPL preparation was collected from 12 healthy dogs (6 males and 6
females) aged 1.4–8.1 years (median: 3.4 years; interquartile range (IQR): 3.7) after approval
by the local regulatory authority (i.e., regional council Giessen, Germany, A 24/2017). The
health status of the donor dogs was evaluated prior to blood collection by clinical exami-
nation and blood tests with complete blood counts from ethylenediaminetetraacetic acid
(EDTA) whole blood, blood chemistry from Li-heparin blood and serum, as well as micro-
biological tests, as described below. For these blood tests, the blood was collected from the
vena jugularis, cephalica antebrachia, or vena saphena lateralis under aseptic conditions.

After the health status was assessed, whole blood for cPL preparation was then
obtained aseptically from the jugular vein. Here, 450 mL whole blood was collected from
each donor in commercially available blood bags loaded with 63 mL of citrate–phosphate–
dextrose (CPD; Composelect, Fresenius Kabi, Bad Homburg, Germany). In this process,
the filling volume of the blood bags was standardized to 450 mL by a blood donation scale
(Compoguard, Fresenius Kabi, Bad Homburg, Germany). In order to cool the temperature
of the whole blood down to 20 ◦C within a short period of time and to improve temperature
uniformity, immediately after blood collection, the blood was placed upright in a box
(CompoCool®, Fresenius Kabi, Bad Homburg, Germany) containing butane-1,4-diol cooling
plates. The blood was left there for a minimum of 2 h and a maximum of 3 h until processing
in the laboratory.

2.2. Platelet Concentrate and Lysate Preparation

The canine whole blood was separated into its individual components of plasma, buffy
coat, and erythrocyte concentrate by centrifugation in a blood separation centrifuge (Het-
tich Rotanta 460R, Andreas Hettich GmbH and Co.KG, Tuttlingen, Germany) at 2845× g
for 20 min (acceleration settings 7 and deceleration settings 1) at 22 ◦C. Using a blood-
separating device (Compomat 4G, Fresenius Kabi, Bad Homburg, Germany), the buffy coat
was obtained by separating the plasma and erythrocyte concentrate using a top-bottom
method. The buffy coat was left to rest for 1 h and then resuspended with 110 mL of
plasma, resulting in a median buffy coat volume of 187.36 mL (IQR: 5.6) prior to the next
centrifugation. The resuspended buffy coat was then centrifuged again at 266× g for
9.3 min, acceleration settings 7 and deceleration settings 1, at 22 ◦C. Subsequently, the
resulting supernatant, which represented the platelet (PLT) concentrate, was recovered by
the same blood-separating device. This PLT concentrate was frozen at −80 ◦C. Lysis of
PLT to release growth factors and chemokines was induced by three freeze–thaw cycles.
In this process, the PLT concentrate was thawed at 37 ◦C for 4 h in a dry heating device
designed for thawing frozen products intended for infusion under continuous agitation
(Plasmatherm, Barkey GmbH and Co., KG, Leopoldshoehe, Germany) and then refrozen at
−80 ◦C for 20 h. Following the repeated freeze–thawing, the bags were centrifuged again
in the centrifuge for blood separation at 4000× g for 30 min, acceleration settings 9 and
deceleration settings 2, at 22 ◦C. To remove the cell debris, the resulting supernatant, corre-
sponding to the lysate, was filtered through a Macopharma Plas-4 filter (Lot 11290588BM,
Macopharma, Langen, Germany) using gravity. The final PLs from all dogs (n = 12) were
pooled under aseptic conditions to obtain the cPL used in the cell culture experiments.

2.3. Microbiological Assessment

The blood samples from each animal, the PLT concentrates, and also the final pooled
cPL were tested for absence of pathogens. Bacteriological analysis with Oxoid signal
blood culture system (BC0100M, Oxoid Limited, Hampshire, UK) incubated at 37 ◦C for
7 days was performed. The cultured blood was streaked on blood agar (Blood Agar Base,
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Oxoid Limited, Hampshire, UK) containing 5% defibrinated sheep blood and on water-blue
metachrome-yellow lactose agar (Water-blue Metachrome-yellow Lactose Agar acc. to
Gassner, Sifin Diagnostics, Berlin, Germany) on days 1, 2, 4, and 6. These plates were
incubated under aerobic conditions at 37 ◦C for 48 h. Brain–Heart Infusion Agar (Brain–
Heart Infusion Agar, Oxoid Limited, Hampshire, UK) was additionally incubated under
microaerobic conditions (10% CO2, 37 ◦C) for analysis after 24 and 48 h. Furthermore, we
incubated Schaedler agar (BBLTM Schaedler Agar, Becton Dickinson GmbH, Heidelberg,
Germany) and Columbia agar (Columbia Agar (base), E. Merck, Darmstadt, Germany) for
72 h at 37 ◦C under anaerobic conditions in a jar using AnaeroGen™ gas bags (AnaeroGen™
2.5 L, Oxoid Limited, Hampshire, UK). Kimmig agar (Agar for fungi (base) acc. to Kimmig
modified, E. Merck, Darmstadt, Germany) was incubated for 72 h at 28 ◦C under aerobic
conditions for selective culturing of fungi. In order to confirm the absence of mycoplasma,
a 16S ribosomal RNA gene polymerase chain reaction analysis [41] was conducted.

2.4. Platelet and Leukocyte Counts

After the different processing steps, samples were taken to generate complete blood
counts using an automated flow cytometric hematology analyzer (ADVIA 2120i, Siemens
Healthcare GmbH, Erlangen, Germany) with the multispecies software MS 6.11.7. These
included EDTA blood samples, citrated whole blood samples from each blood collection
bag prior to further processing, PLT concentrate and lysate samples from each dog, as well
as a sample from the final pooled cPL from all dogs.

2.5. Growth Factor Quantification and Chemical Analyses

Growth factor concentrations were analyzed in serum, PLT concentrate, and PL before
and after the last filtration step from each dog, as well as in the final pooled cPL. Samples
were stored at −80 ◦C until ELISA measurement.

The concentration of platelet-derived growth factor (PDGF-BB) was analyzed using a
commercially available canine ELISA Kit (ELC-PDGFB, Ray Biotech, Norcross, GA, USA).
Transforming growth factor beta 1 (TGF-β1) was quantified using a Quantikine ELISA
kit (R&D Systems, Minneapolis, MN, USA). We followed the manufacturer’s instructions,
which included TGF-β1 activation with hydrochloric acid for the TGF-β1 ELISA. Finally,
the ELISAs were read on an Infinite M PLEX plate reader with corresponding Magellan
software (Tecan Ltd., Maennedorf, Switzerland).

Chemical quality analyses, similar to those routinely performed with FBS, were also
performed on the same samples. The electrolyte content was determined using a blood gas
and electrolyte analyzer (Cobas b 123 POC system, Roche Diagnostics GmbH, Mannheim,
Germany). The total protein and albumin contents were determined using a clinical chem-
istry analyzer C400 (Pentra C400 Option I.S.E, HORIBA ABX SAS, Montpellier, France).

2.6. MSC Culture with FBS and PL Media Supplements

To evaluate the final pooled cPL in comparison with FBS as a cell culture supplement,
adipose-derived MSC were obtained from five healthy dogs aged 7 months to 8 years
(median: 4 years; IQR: 4.5). The dogs used for MSC production differed from the dogs used
for cPL production. For MSC recovery, subcutaneous fat was collected as a waste material
from routine surgeries and collagenase digestion was used to isolate the cells in accordance
with the protocol used by Gittel et al. [42]. The plastic-adherent MSC were then cultured
in FBS-supplemented culture medium until cryopreservation. For cryopreservation, MSC
were frozen in cryomedium consisting of Dulbecco’s modified Eagle´s medium (DMEM,
1 g/L glucose; Gibco®, ThermoFisher Scientific, Darmstadt, Germany) with 40% FBS and
10% dimethyl sulfoxide (DMSO, Sigma Aldrich GmbH, München, Germany) using a
freezing container (Mr Frosty, Nalgene, ThermoFisher Scientific, Darmstadt, Germany) and
then stored in liquid nitrogen.

The cells were thawed and seeded in DMEM supplemented with either 10% FBS (Lot:
2078409, Gibco®, ThermoFisher Scientific, Darmstadt, Germany) or 10 and 2.5% cPL, 1%
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penicillin–streptomycin, and 0.1% gentamycin. Additionally, 1 U/mL heparin–natrium
(B. Braun, Melsungen, Germany) was added to the culture medium when using cPL. Until
the beginning of the experiments, the MSC were maintained under standard culture condi-
tions (humified atmosphere, 37 ◦C, 5% CO2) for one passage (P) in the respective culture
medium so that possible adaptations to the medium could take place. The experiments
were performed from P3 to P5.

The basic MSC characterization experiments, namely the assessment of cell prolifer-
ation and differentiation, were performed in direct comparison to corresponding equine
MSC cultures. For this purpose, adipose-derived MSC from five horses aged 3 to 8 years
(median: 5 years; IQR: 2) and ePL pooled from 19 other horses, produced as previously
described [29], were used accordingly. Thereafter, canine MSC were further characterized
with regard to apoptosis, necrosis, and senescence markers, as well as their genetic stability.

2.7. Cell Proliferation and Metabolic Activity

For calculation of the generation time, canine and equine MSC population doublings
in P3, P4, and P5 were analyzed. For this purpose, MSC were seeded at a density of
3000 cells/cm2 in cell-culture-treated flasks with different culture media and incubated
under standard culture conditions for 5 days. After 3 days, a medium change was per-
formed. On day 5, MSCs were trypsinized and then counted with a hemocytometer,
excluding dead cells by trypan blue staining. The following formula was used to calculate
the generation time:

Generationtime =
daysinculture

ln
(

cellcountharvest
cellcountseeding

)

ln2

(1)

In addition, the metabolic activity levels of canine and equine MSC were measured
on days 1 and 5 of P3, P4, and P5 by performing a tetrazolium compound (MTS) assay
according to the manufacturer’s instructions (CellTiter 96® AQueous One Solution Cell
Proliferation Assay, Promega, Mannheim, Germany). To calculate the metabolic activity,
the mean absorbance on day 5 was divided by the mean absorbance on day 1.

2.8. Trilineage Differentiation

Prior to inducing differentiation, canine and equine MSC were cultured in 10% FBS,
10% cPL or ePL, and 2.5% cPL or ePL. In vitro differentiation of equine MSC was performed
in P2 or P3, while differentiation of canine MSC was always performed in P3.

Adipogenic differentiation was induced using StemPro™ adipogenic differentiation
medium (catalog number A1007001, Gibco®, ThermoFisher Scientific) with 0.1% gen-
tamycin and 5% rabbit serum. The MSC were seeded at a density of 1500 cells/cm2 in a
24 well plate and incubated for 3 days with their standard medium, until the medium was
replaced by differentiation medium. Samples were fixed after 7 days of incubation with
50% ethanol for 20 min and then stained with Oil Red O and hematoxylin counterstain. The
intensity of adipogenic differentiation was determined by blinded observers using a scoring
system, which included the number of differentiated cells and the size and arrangement of
lipid droplets in the differentiated cells [42].

For osteogenic differentiation, MSCs were seeded at a density of 1000 cells/cm2 in a
24 well plate, incubated for 3 days in their standard medium, and then in osteogenic differ-
entiation medium (catalog number A1007201, Gibco®, ThermoFisher Scientific) containing
0.1% gentamycin for 21 days. For analysis of extracellular mineralization, after fixation
of the differentiated cells with 4% paraformaldehyde for 10 min, von Kossa staining was
performed and bright-field photomicrographs were taken. On these images, the mean
grayscale values were extracted using Fiji ImageJ software version 2.1.0/1.5.3c.

For chondrogenic differentiation of MSC, they were washed in PBS and chondrogenic
differentiation medium (Catalog number A1007101, Gibco®, ThermoFisher Scientific) con-
taining 0.1% gentamycin was added. MSC were then centrifuged at 280× g at 4 ◦C for 5 min
to form a cell pellet containing 500,000 cells. The pellets were cultured in centrifuge tubes
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for 21 days with medium changed twice weekly and then fixed with 4% paraformaldehyde
for 12 h. Paraffin sections were prepared and stained with Alcian blue and Masson’s
trichrome. Bright-field photomicrographs were taken and analyzed using Fiji ImageJ soft-
ware [43]. The images were color-deconvolved and binarized, then the percentages of
the areas stained with each staining component were analyzed and the ratios of cartilage
matrix staining and counterstaining (i.e., turquoise to violet staining for Alcian blue and
bluish to red staining for Masson’s trichrome) were determined.

2.9. Apoptosis, Necrosis, and Senescence Assays

In canine MSC, the RealTime-Glo™ Annexin V Apoptosis and Necrosis Live-Cell
Assay (Promega, Mannheim, Germany) was conducted to measure the exposure of phos-
phatidylserine (PS) on the outer leaflet of the cell membrane during the apoptotic process
and to detect necrosis using a cell-impermeant and pro-fluorescent DNA dye. MSC were
seeded at 5000 cells/cm2 in a 96 well plate and the assay was performed according to
the manufacturer’s instructions. On day 5, the intensity of apoptosis was determined by
luminescence measurement and the intensity of necrosis was determined by fluorescence
measurement, using the Infinite M PLEX plate reader.

A Cellular Senescence Activity Assay (Enzo Life Sciences (ELS) AG, Lausen, Switzer-
land) was performed to analyze the aging process of canine MSC. MSC were seeded at a
density of 3000 cells/cm2 in a 12 well plate and cultured for 5 days. MSC were then lysed
on ice using lysis buffer containing 0.5% phenylmethylsulfonyl fluoride (PMSF) and a cell
scraper. The lysate was centrifuged at 14,000× g for 10 min at 4 ◦C and then the supernatant
was frozen at −80◦C until all samples were collected. After thawing, SA-β-galactosidase
activity was measured according to the manufacturer’s instructions using a fluorometric
substrate in the Infinite M PLEX plate reader.

2.10. Fluorescence In Situ Hybridisation (FISH) Analyses

Cell preparation was performed on canine MSC monolayer cultures in FBS and cPL
10% medium in P5, using standard cytogenetic techniques (colcemid treatment, hypotonic
treatment, and methanol–acetic acid fixation according to [44,45]), and FISH according to
the manufacturer’s instructions (CSL, Sapporo, Japan) for FISH analyses on interphase
cells. FISH analyses applying the Dog Chromosome XY FISH probe (centromeric alpha
satellite DNA probe; chromosome X—spectrum red; chromosome Y—spectrum green)
were accomplished in all samples cultured with FBS, but only in three canine MSC cultures
after cultivation in 10% cPL, as the remaining two samples showed no visible signal
patterns. In total, 827 interphase cells (54–120 per sample) were analyzed. To exclude
technical artefacts in the detection of gonosome aberrations, a gonosomal chromosome loss
was counted only if the other gonosome was detected.

2.11. Statistical Analyses

Statistical analysis was performed using IBM SPSS Statistics 28 software. Possible
correlations between parameters were analyzed based on the Spearman’s rank correlation.
Differences between groups were analyzed using non-parametric tests for paired samples,
except for the comparisons between age groups, where the samples were not related
and Mann–Whitney U tests were used. When more than two groups were compared,
Bonferroni-corrected p-values were used for the post hoc tests. Differences were considered
significant at p ≤ 0.05.

3. Results

3.1. Canine Platelet Lysate Production
3.1.1. Absence of Pathogen Contamination

Microbial contaminations were detected neither in the canine whole blood and PLT
concentrates from the different donors, nor in the final pooled cPL.
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3.1.2. Platelet Concentration and WBC Removal

During the preparation of cPL, a median PLT concentrate volume of 129.8 mL (IQR:
14.1) was recovered from a median whole-blood volume of 519.2 mL (IQR: 13.5), while
62.3% (IQR: 9.1) of PLTs and 4.3% (IQR: 3.1) of WBC were recovered from the whole blood.
In concentrate, the PLT concentration was increased 2.6-fold compared to whole blood
(p < 0.05) and the WBC concentration was decreased 0.2-fold (p < 0.05). After lysis but
before filtration, the PLT number in the lysate was strongly decreased (p < 0.001), but still
low numbers of PLT could be detected (Figure 1). The number of WBCs in the lysate was
negligible compared to the concentrate (p < 0.05) and whole blood (p < 0.001). The PLT
concentrations in whole blood and concentrate correlated strongly (p < 0.001 and r = 0.820)
(Figure 1).

Figure 1. Platelet and white blood cell counts during blood processing. Median platelet (PLT; (A))
and white blood cell (WBC; (B)) counts at the different stages of blood processing (whole blood,
concentrate, and lysate before filtration) are presented; error bars display the 95% confidence intervals.
Friedman tests for group comparisons and subsequent post hoc tests were performed; the asterisks
describe the significant differences between groups (* corresponds to p < 0.05; *** corresponds to
p < 0.001). The dot plots show PLT (C) and WBC (D) counts in whole blood vs. concentrate and WBC
vs. PLT recovery rates (E); the correlation shown in (C) was significant (p < 0.001 and r = 0.820, based
on Spearman’s rank correlation). All data were obtained from n = 12 dogs.

3.1.3. Growth Factor Concentrations and Chemical Analyses

Compared to serum, the canine PLT concentrate contained higher growth factor
concentrations of PDGF-BB and TGF-β1 (p < 0.01 for TGF-β 1). The lysate also showed
significantly higher TGF-β1 concentrations compared to serum (p < 0.001), but the PDGF-BB
concentration decreased from the concentrate to the lysate (p < 0.05) (Figure 2).

PLT concentration in canine whole blood showed a strong correlation with PDGF-BB
in concentrate (p < 0.01 and r = 0.729) and a moderate correlation with PDGF-BB and
TGF-β1 in lysate (p < 0.05 and r = 0.641 for PDGF-BB and p < 0.05 and r = 0.676 for TGF-β1).
Similarly, PLT concentration in concentrate showed a strong correlation with PDGF-BB
concentration in concentrate (p < 0.01 and r = 0.804) and lysate (p < 0.01 and r = 0.748) and
also with TGF-β1 concentration in lysate (p < 0.05 and r = 0.671) (Figure 2).
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Figure 2. Growth factor concentrations during blood processing. Median platelet-derived growth
factor (PDGF-BB; (A)) and transforming growth factor-β1 (TGFB1; (B)) concentrations at the different
stages of blood processing (whole blood, concentrate, and lysate before filtration; samples had been
stored at −80 ◦C before analysis) are presented; error bars display the 95% confidence intervals.
Friedman tests for group comparisons and subsequent post hoc tests were performed; the asterisks
indicate the significant differences between the corresponding groups (* corresponds to p < 0.05;
** corresponds to p < 0.01; *** corresponds to p < 0.001). The dot plots show platelet (PLT) concentra-
tions in whole blood (C,E) or concentrate (D,F) vs. PDGF-BB (C,D) or TGFB1 (E,F) concentrations in
concentrate (circles) and lysate (triangles); the correlations shown in (C) (p < 0.01 and r = 0.729 for
concentrate; p < 0.05 and r = 0.641 for lysate), (D) (p < 0.01 and r = 0.804 for concentrate; p < 0.01 and
r = 0.748 for lysate), (E) (p < 0.05 and r = 0.676 for lysate), and (F) (p < 0.05 and r = 0.671 for lysate)
were significant based on Spearman’s rank correlation. All data were obtained from n = 12 dogs.

The evaluation of the chemical composition of the samples from the different pro-
duction steps showed that the pH value was not stable, as it was lower in the concentrate
(p < 0.01) and lysate (p < 0.01) than in the serum. Differences were also evident in electrolyte,
glucose, total protein, and albumin concentrations between serum and concentrate or lysate
samples (p < 0.01), which is explained due to binding and/or dilution by the anticoagulant
CPD, which was used in the latter (Table 1).

Table 1. Chemical analyses during blood processing. Data from n = 12 donors are presented as
median (IQR) values.

Sample pH
Na+

(mmol/L)
K+

(mmol/L)
Ca2+

(mmol/L)
Cl-(mmol/L)

HCO3

(mmol/L)
Glucose

(mmol/L)
Lactate

(mmol/L)

Total
Protein

(g/L)

Albumin
(g/L)

Serum 7.52 (0.13) 149.15
(2.75) 4.87 (0.65) 1.33 (0.06) 110.40 (1.63) 19.60

(2.85) 3.70 (1.83) 4.95 (1.90) 64.35
(5.55)

30.10
(2.80)

Concentrate 7.19 (0.06) 156.80
(3.20) 2.86 (0.26) 0 81.20 (3.07) 16.65

(1.58)
26.35
(1.80) 2.45 (0.45) 47.25

(2.65)
24.35
(1.88)

Lysate 7.34 (0.03) 154.55
(1.50) 3.29 (0.28) 0 80.45 (2.55) 13.60

(1.85)
29.65
(0.82) 2.75 (0.53) 49.30

(3.08)
24.45
(2.33)
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3.1.4. Donor-Related Parameters

There was no significant correlation between donor age and PLT concentration in
whole blood or concentrate. However, the PDGF-BB concentration in lysate (p < 0.05 and
r = 0.676) correlated positively with age, and the same trend was observed for TGF-β1.
Splitting the canine donors by age groups (1–3 vs. 4–8 years) showed that the older donors
had higher PLT concentrations in the concentrate (p < 0.05) and also higher growth factor
concentrations in serum and lysate (p < 0.01 for TGF-β1 in serum, p < 0.05 for PDGF-BB in
lysate) (Figure 3).

Figure 3. Age-related differences in platelet and growth factor concentrations. The dot plots show
donor age vs. platelet (PLT; (A)) concentration in concentrate, as well as platelet-derived growth factor
(PDGF-BB; (B)) and transforming growth factor (TGFB1; (C)) concentrations in concentrate (circles)
and lysate (triangles); the correlation shown in (B) was significant for lysate (p < 0.001 and r = 0.820,
based on Spearman’s rank correlation). The bar plots show the median PLT (D), PDGF-BB (E), and
TGFB1 (F) concentrations in EDTA whole blood or serum samples drawn directly from the donor
dogs, as well as in samples from different processing stages, obtained from younger and older donors;
data from the younger vs. the older animals were compared using Mann–Whitney U tests; the
asterisks indicate the significant differences between the corresponding groups (* corresponds to
p < 0.05; ** corresponds to p < 0.01). Data were obtained from n = 7 younger and n = 5 older dogs.

3.2. Growth Factor Concentrations and Chemical Compositions in the Cell Culture Supplements

The pooled cPL, the corresponding pooled ePL [29], and the FBS cell culture supple-
ments showed some differences in their chemical analysis and composition. With possibly
most relevance, there were differences in pH and in potassium, calcium, glucose, lactate,
and growth factor concentrations. Regarding the latter, PDGF-BB was higher in ePL than
in cPL or FBS, while TGF-β1 was much higher in cPL (Table 2).
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Table 2. Chemical analysis of the cell culture supplements.

Parameter cPL 1 ePL 1 FBS

pH 7.33 7.52 7.45
Na+ (mmol/L) 153.70 147.80 138.60
K+ (mmol/L) 3.25 3.68 11.21

Ca2+ (mmol/L) 0 <0.10 1.268
CL- (mmol/L) 80.70 84.50 106.60

HCO3 (mmol/L) 13.8 16.70 12.70
Glucose (mmol/L) >30 23.10 2.20
Lactate (mmol/L) 2.70 2.90 17.70

Total protein (g/L) 49.20 54.10 36.80
Albumin (g/L) 25.50 27.90 23.00

PDGF-BB
concentration

(pg/mL)
307 3783 547

TGF-β1
concentration

(pg/mL)
36,575 3966 3379

Note: 1 cPL and ePL data were obtained after the lysates from all donors (n = 12 for cPL and n = 19 for ePL) had
been pooled.

3.3. Platelet Lysate in MSC Culture
3.3.1. Canine and Equine MSC Morphology, Proliferation, and Metabolic Activity

In FBS medium, the canine MSC showed a typical spindle shape, whereas in cPL
medium, canine MSC lost the spindle shape and appeared huge, rounded, and multi-
shaped. In addition, canine MSC secreted a matrix-like substance during their cultivation
with 10% and 2.5% cPL medium, making detachment of MSC by trypsin difficult, as the
cells formed streaks and agglomerates. In contrast to these altered characteristics of canine
MSC, equine MSC showed a typical spindle shape in all three media (Figure 4A,B).

With cPL medium, due to the poor proliferation and the difficulties in MSC detach-
ment, canine MSC counts in P4 and P5 were so low that the generation time calculation
yielded negative values in several samples (3 out of 5 for cPL 10% in P4 and P5 and 3 out of 5
for cPL 2.5% in P4 and 2 out of 5 for cPL 2.5% in P5). Therefore, these data are not displayed
and statistical analysis was not attempted. In the FBS group, canine MSC continued to
proliferate normally, but it was evident that the generation time increased slightly over
time (p < 0.05 from P3 to P4). In contrast, in equine MSC, the shortest generation times were
observed with ePL 10% medium (p < 0.01 in P3 and P4 compared to ePL 2.5% in P3 and P4
and p < 0.05 in P5 compared to ePL 2.5% in P5), while proliferation remained consistent in
FBS and ePL 10% media throughout all passages investigated (Figure 4C,E).

Confirming the findings described above, the metabolic activity of canine MSC was
decreased in cPL 10% medium as compared to FBS medium (p < 0.05 in P5), and even
more decreased in cPL 2.5% medium (p < 0.05 in P3, p < 0.01 in P4). Furthermore, the
metabolic activity decreased continuously from P3 to P5 in FBS and cPL 10% media
(p < 0.05) (Figure 4D,F).
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Figure 4. Mesenchymal stromal cell culture with different media supplements. Representative phase-
contrast photomicrographs show canine (A) and equine (B) mesenchymal stromal cells (MSC) in
passage 4 and at day 5 after seeding for population doubling assays in media supplemented with fetal
bovine serum (FBS) or canine/equine platelet lysate (cPL/ePL). The boxplots display the generation
times calculated for canine (C) and equine (E) MSC, as well as their metabolic activity as determined
by MTS tetrazolium-based cell proliferation assay for canine (D) and equine (F) MSC in passages 3 to
5 (P3 to P5); note that missing generation time data were due to insufficient proliferation in these
samples. Friedman tests for group comparisons and subsequent post hoc tests were performed; the
asterisks indicate the significant differences between the corresponding groups (* corresponds to
p < 0.05; ** corresponds to p < 0.01). Data were obtained using MSC from the same n = 5 donor dogs
or horses in each group.

3.3.2. Canine and Equine MSC Trilineage Differentiation

No significant differences were observed regarding trilineage differentiation potential
after MSC culture in the different media, neither in canine nor in equine MSC. However, it
is of note that adipogenic and chondrogenic differentiation was weaker in canine than in
equine MSC, irrespective of the medium supplement used (Figures 5 and 6).

3.3.3. Canine MSC Apoptosis, Necrosis, and Senescence

Despite their altered morphology, canine MSC showed less apoptosis in cPL 10% than
in FBS or cPL 2.5% medium, but this was only significant when compared to the cPL 2.5%
(p < 0.05 in P3 and P5). Additionally, significant differences over time between P3 and P5
were found, with a decrease in apoptosis with FBS but an increase with cPL 10% (p < 0.05).

Most necrosis was observed in cPL 2.5% MSC (p < 0.05 compared to FBS in P3), while
no other significant differences were evident.

The highest SA-β-galactosidase activity, indicating senescence, was measured in MSC
cultured with FBS and then decreased via cPL 10% to cPL 2.5%, but only in P3 (p < 0.05 for
FBS vs. cPL 2.5%). In P5, however, this trend was reversed and the senescence value was
lower with FBS medium than with cPL 10% medium. The senescence values in both P3
and P5 were lowest in MSC cultured with cPL 2.5%, but with an increase between P3 and
P5 (p < 0.05) (Figure 7).
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Figure 5. Adipogenic and osteogenic differentiation. Representative bright-field photomicrographs
show canine (left column) and equine (right column) mesenchymal stromal cells (MSC) after adi-
pogenic (A) and osteogenic (B) differentiation, with Oil Red O and von Kossa staining, respectively.
Boxplots display the corresponding data obtained by scoring adipogenic differentiation of canine (C)
and equine (D) MSC and image analysis using Fiji ImageJ after osteogenic differentiation of canine (E)
and equine (F) MSC. MSC were cultured in the media indicated before differentiation was induced
(FBS: fetal bovine serum; cPL: canine platelet lysate; ePL: equine platelet lysate). Data were obtained
using MSC from the same n = 5 donor dogs or horses in each group.

3.3.4. Canine MSC Genetic Stability

Using molecular cytogenetic analyses (FISH), canine MSC cultured with 10% cPL
showed an aberrant signal pattern in 3.5–4.2% of the interphase cells analyzed. Canine
MSC cultured with 10% FBS showed an aberrant signal pattern more frequently, in 6.2–10%
of the interphase cells. Nevertheless, the results did not suggest the presence of clonal
numeric aberrations in the gonosomes, neither in MSC cultured with cPL nor in MSC
cultured with FBS. The aberrant signal patterns observed included monosomy chromosome
X, trisomy chromosome X, tetrasomy chromosome X, pentasomy chromosome X, nullisomy
chromosome Y, and XYY (Figure 8).
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Figure 6. Chondrogenic differentiation. Representative bright-field photomicrographs show canine
(left column) and equine (right column) mesenchymal stromal cells (MSC) after chondrogenic differen-
tiation and Masson’s trichrome (A) and Alcian (B) staining. Boxplots display the corresponding data
obtained by image analysis using Fiji ImageJ (C–F). MSC were cultured in the media indicated before
differentiation was induced (FBS: fetal bovine serum; cPL: canine platelet lysate; ePL: equine platelet
lysate). Data were obtained using MSC from the same n = 5 donor dogs or horses in each group.

Figure 7. Apoptosis, necrosis, and senescence in canine cells. Boxplots display (A) apoptosis levels
of canine mesenchymal stromal cells (MSC), measured by a luminescence-based Annexin V assay
in passage 3 (P3) and 5 (P5) at day 5; (B) necrosis levels of canine MSC, measured using a cell-
impermeant and pro-fluorescent DNA dye in passage 3 (P3) and 5 (P5) at day 5; (C) senescence levels
of canine MSC in passage 3 (P3) and 5 (P5) at day 5, measured based on SA-β-galactosidase activity.
Friedman tests for group comparisons and subsequent post hoc tests were performed; the asterisks
indicate the significant differences between the corresponding groups (* corresponds to p < 0.05).
Data were obtained using MSC from the same n = 5 donor dogs in each group.

147



Animals 2022, 12, 189

Figure 8. Cytogenetic analyses in canine cells. FISH analyses were performed with dog chromo-
some XY FISH probes (centromeric alpha satellite DNA probe; chromosome X—spectrum green;
chromosome Y—spectrum red) on interphase cells (A,C–F) and one metaphase cell (B). Exemplary
images show the detected signal constellations. In (A–C), microscopic images of interphase cells and
metaphase cells with a normal gonosomal karyotype are shown. In (D–H), examples of interphase
cells with different signal patterns are shown, with one signal for X (D), three signals for X (E), four
signals for X (F), and five signals for X (G). For some interphase cells, a combination of signals from
one X-chromosome and two Y-chromosomes were detected (H).
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4. Discussion

Platelet lysate is not only an attractive off-the-shelf alternative to PLT concentrates
for orthobiologic therapies, but has also shown great promise as a cell culture supplement
replacing FBS in human and equine species. As data for the canine species is still scarce, in
the current study, we first established a scalable procedure for cPL production from canine
whole blood, building on our previously established protocol for the equine species [29].
Furthermore, we tested the effects of the obtained cPL on canine MSC in comparison to
their equine counterparts, yet not with unambiguous results.

PL can be produced in three different ways regarding the PLT concentrate used as
starting material. The latter can be obtained by a buffy-coat-based or a platelet-rich plasma
method or directly by plateletpheresis. As the buffy coat method is best established in
European human medicine [46,47], we had previously developed the first buffy-coat-based
method to produce concentrate and ePL from equine whole blood collected in commercial
blood bags [29]. This approach is scalable and led to similar or better results as compared
to previous studies using the PRP method [34–37,39,48] or plateletpheresis [38,49]. In
particular, while PLT were retained well, most WBC were removed, which we considered
as an improvement compared to PRP-based protocols. Aiming to transfer this development
to other relevant species, here we adapted the equine buffy-coat-based protocol [29] to
generate canine PLT concentrates from whole blood. In contrast to the study presented
here, the other studies on cPL which are currently available [9,40] have used PRP-based
concentrates, either prepared in large volumes in blood bags [40,50] or in smaller volumes
using centrifuge tubes [9]. In the presented study, we obtained a median PLT count of
469 G/L and a WBC count of 1.1 G/L in the canine concentrates. Others used concentrates
with higher PLT counts for cPL production [9,40], but WBC counts, which are typically
higher with the PRP as compared to the buffy coat method, were not given. There were also
differences in the lysis procedures between the studies, as Russel et al. [40] used only one
freeze-thaw cycle, while Lima et al. [9] used three cycles, comparable to our study. However,
as no data are available on the resulting cPL in these previous studies, the outcomes cannot
be compared.

Comparing our previously described ePL process [29] and the cPL manufacturing
process described here and the resulting blood products, a few differences were evident.
Regarding the processing, based on preliminary work with canine blood, harder centrifu-
gation forces were used as compared to the equine protocol. Furthermore, while a hand
press was used to produce the equine PLT concentrate after the second centrifugation, an
automated blood separating device was used for this step in cPL production to further
improve standardization [51]. The resulting concentrates had similar PLT counts in both
species and even lower WBC counts in the canine concentrate as compared to the equine
concentrate. Nevertheless, differences between the canine and equine blood products were
observed regarding the concentrations of growth factors in the respective concentrates and
lysates. This included much lower PDGF-BB concentrations but at the same time much
higher TGF-β1 concentrations in canine concentrates and lysates as compared to the equine
counterparts [29]. These species’ differences in growth factor concentrations and canine
growth factor levels widely correspond to the literature, although the results described in
different studies are diverse [52–55]. In addition, the cPL obtained after lysis showed a
significantly lower PDGF-BB concentration in comparison to the canine concentrate. The
TGF-β1 concentrations of the cPL were in a similar range as in the concentrate. We suggest
that PLT lysis is already evident after one freezing step, which was necessary to store the
concentrates until the ELISA analyses were performed, or there could be an effect of the
filter or plastic surface of the storage tubes on the growth factors concentrations. This
will require further studies and it could also be considered to replace the plasma in the
PLT concentrate production completely or partially by additive solutions, on the one hand
to preserve plasma for the patients, and on the other hand because it has already been
shown that these solutions improve the stability of the product [56]. Last but not least, an
interesting difference between dogs and horses was observed regarding the correlations
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between donor age and PLT and growth factor concentrations, which were negative in
horses [29,57] but positive in dogs. This could have practical relevance with respect to the
choice of donor animals for off-the-shelf PL products.

Apart from the prospect of directly using cPL in therapies, we particularly aimed to use
it for MSC culture. Given that the previously used gold standard cell culture supplement,
FBS, is afflicted by several problems, a reduction or replacement of FBS is necessary from
both an ethical and a scientific point of view. This was also recommended by the European
Medicines Agency (EMA) [58] and the International Society for Cellular Therapy (ISCT) [16].
While FBS has already been replaced by human PL in the majority of good manufacturing
practice procedures in human medicine [59], and some progress has already been made
in the equine field, there were only two conflicting studies on cPL in canine cell culture
so far [9,40]. However, when evaluating cPL as a cell culture supplement in canine MSC
culture, the results were poorer than with ePL and equine MSC, which were analyzed
for comparison.

Using cPL for canine MSC culture strongly altered the cell morphology and growth
behavior. In contrast, using ePL for equine MSC culture again demonstrated that when
used at the same concentration (10%), ePL is a promising alternative to FBS. The canine
MSC cultured with cPL, however, showed almost no resemblance with the typical spindle
shape of the MSC observed when supplemented with FBS. The canine MSC cultured in
cPL medium also produced a high amount of extracellular material, so that individual cells
were hardly distinguishable and passaging did not lead to reliable single-cell suspensions.
While the latter partly compromised the quantification of generation times, assessment of
the metabolic activity confirmed that the use of cPL compromised canine MSC viability
and proliferation. These disappointing results for canine MSC are in accordance with one
of the two previous studies [40], although we had hoped for improvement based on the
different cPL production procedures. In disagreement with our and Russell’s findings,
Lima et al. [9] described canine MSC proliferation in cPL medium as improved compared
to FBS medium, yet this was based on a different analytical approach with other possible
influencing factors. While canine MSC expansion was only satisfactory in FBS but not in
cPL medium, trilineage differentiation of canine MSC was similar after culture in FBS and
cPL media. However, it should be acknowledged that canine MSC differentiation was
generally rather poor, as already experienced by others [60–62]. Overall, considering the
basic MSC characteristics, unlike equine MSC with ePL, canine MSC apparently suffered
from cultivation with cPL.

To elucidate the observed effects of cPL on canine MSC culture expansion in more
detail, the canine MSC were subjected to analyses of cell death, senescence, and genetic sta-
bility. Normal somatic cells, including MSC, proliferate for a limited number of doublings
in culture and then reach a senescent state. In this senescent state, the cells are not dead but
mitotically arrested while remaining metabolically active. Furthermore, they change their
phenotype, increase significantly in size, and adopt a “fried egg morphology” [63–65]. If
cells are too large, as observed here with cPL, they show loss of membrane and cytoskeletal
integrity, increasing intracellular distances, as well as reduced surface areas for nutrient
exchange and thus a reduced fitness [66]. The cell cycle of MSC can be terminated physi-
ologically by senescence or apoptosis, which can be triggered by the same stressors [67].
The choice of pathway is strongly related to the stress level and the resulting levels of p53.
Low levels of p53 promote transient cell cycle arrest and senescence. High levels of p53
and additional cooperativity of DNA-binding domains within the p53 tetramer lead to
transcription of pro-apoptotic genes. In addition, at high p53 levels, pro-senescence signals
are blocked, leading to apoptotic death of the cell caused by a combination of all these
factors [68]. Apoptosis is the programmed cell death. In contrast, irreversible cell damage
leads to passive cell death, i.e., necrosis, which in consequence leads to inflammation. In the
presented study, both apoptosis and (secondary) necrosis mostly occurred in MSC cultured
with 2.5% cPL. At the same time, SA-β galactosidase activity, used to indicate senescence,
was lowest in these cultures. Thus, cPL used at low concentrations is likely to cause strong
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stress, as it initiated cell death but not senescence. However, neither increased cell death
nor senescence was observed in MSC cultured with 10% cPL, and apoptosis in these cells
was the lowest. This was surprising, as the canine cells showed their morphological and
growth alterations not only in 2.5% but also in 10% cPL. As a final parameter for assessing
cellular integrity, possible genetic aberrations in the gonosomes after cultivation with either
FBS or cPL were investigated. Interestingly, canine MSC cultured with 10% cPL showed
higher genetic stability than following cultivation with FBS. This is in accordance with
findings in the human species [69], but was again unexpected considering the distinctly
visible alterations of the MSC, which had even hampered parts of the karyotype analyses.

5. Conclusions

The buffy-coat-based protocol caused increased PLT concentrations and decreased
WBC concentrations. Therefore, it delivers a concentrate suitable as starting material
for cPL production, which could be used to offer off-the-shelf cPL therapies. However,
when aiming to use the cPL obtained as MSC culture supplement, the results were not
as convincing as observed with ePL and equine MSC. Even if part of the data suggested
that using 10% cPL did not lead to cell damage, considering the strong alteration of MSC
morphology and expansion characteristics, the use of cPL cannot be recommended for
canine MSC culture in its current form.
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Simple Summary: In recent years, stem cell therapy has emerged as a promising potential treatment
for chronic wounds in both human and veterinary medicine. Particularly, mesenchymal stem cells
(MSCs) may be an attractive therapeutic tool for regenerative medicine and tissue engineering because
these cells play a critical role in wound repair and tissue regeneration due to their immunosuppressive
properties and multipotency. The use of biomaterials with integrin agonists could promote cell
adhesion increasing tissue repair processes. This pilot study focuses on the adhesion ability of
equine adult (adipose tissue) and fetal adnexa (Wharton’s jelly) derived MSCs mediated by GM18,
an α4β1 integrin agonist, alone and combined with a biodegradable polymeric scaffold. Results
show that a 24 h exposition to soluble GM18 affects equine MSCs adhesion ability with a donor-
related variability and might suggest that WJ-MSCs more easily adhere to poly L-lactic acid (PLLA)
nanofibers combined with GM18. These preliminary results need to be confirmed by further studies
on the interactions between the different types of equine MSCs and GM18 incorporated PLLA
scaffolds before drawing definitive conclusions on which cells and scaffolds could be successfully
used for the treatment of decubitus ulcers.

Abstract: Regenerative medicine applied to skin lesions is a field in constant improvement. The use
of biomaterials with integrin agonists could promote cell adhesion increasing tissue repair processes.
The aim of this pilot study was to analyze the effect of an α4β1 integrin agonist on cell adhesion of
equine adipose tissue (AT) and Wharton’s jelly (WJ) derived MSCs and to investigate their adhesion
ability to GM18 incorporated poly L-lactic acid (PLLA) scaffolds. Adhesion assays were performed
after culturing AT- and WJ-MSCs with GM18 coating or soluble GM18. Cell adhesion on GM18
containing PLLA scaffolds after 20 min co-incubation was assessed by HCS. Soluble GM18 affects
the adhesion of equine AT- and WJ-MSCs, even if its effect is variable between donors. Adhesion to
PLLA scaffolds containing GM18 is not significantly influenced by GM18 for AT-MSCs after 20 min
or 24 h of culture and for WJ-MSCs after 20 min, but increased cell adhesion by 15% GM18 after
24 h. In conclusion, the α4β1 integrin agonist GM18 affects equine AT- and WJ-MSCs adhesion
ability with a donor-related variability. These preliminary results represent a first step in the study
of equine MSCs adhesion to PLLA scaffolds containing GM18, suggesting that WJ-MSCs might be
more suitable than AT-MSCs. However, the results need to be confirmed by increasing the number of
samples before drawing definite conclusions.

Keywords: equine; mesenchymal stem cell; adhesion; α4β1 integrin; β-lactam agonist; poly L-lactic
acid (PLLA) scaffold
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1. Introduction

Wound healing is a very complex physiological response to the disruption in the
normal architecture of the skin and is influenced by many factors [1]. This is a stepwise
process that includes a proliferative phase, in which damaged tissue is removed and
granulation tissue forms in the wound, and a remodeling phase, with the formation of
scar tissue indicating the completion of the wound healing process [2]. The conventional
approaches applied for the instant healing of skin wounds include the use of different drugs
and natural products with anti-inflammatory, anti-microbial, and antioxidant properties [3].

In recent years, wound healing has become a logical target for innovative therapies,
such as regenerative medicine strategies, which have the potential to restore tissue, perhaps
equaling or exceeding pre-damage levels, resulting in improved outcomes and quality
of life [4]. Stem cell therapy has emerged as a promising potential treatment for chronic
wounds [5]. Particularly, mesenchymal stem cells (MSCs) may be an attractive therapeutic
tool for regenerative medicine and tissue engineering because they play a critical role in
wound repair and tissue regeneration due to their immunosuppressive properties and
multipotency [6].

Regenerative medicine applied to skin lesions has been a field of constant improvement
for both human and veterinary medicine [7–10]. The objective of regenerative medicine is
to stimulate the self-repair of tissues and organs with stem cells alone or in conjunction
with biomaterials [11]. Biomaterials have a very important role in tissue engineering
but, unlike natural polymers, synthetic polymeric biomaterials used in tissue engineering
applications lack biological activity and typically do not promote excellent cell adhesion
and growth [12,13]. Cell–cell and cell–extracellular matrix (ECM) interactions in the niche
are mediated by different cell adhesion molecules, and integrins are one of the main
players [14].

Integrins are transmembrane receptors comprised of two subunits, alpha (α) and beta
(β). The molecular family includes 18 α and 8 β subunits, leading to the formation of 24 dif-
ferent heterodimeric transmembrane receptors [15,16]. They mediate cellular interactions
with the ECM and surrounding cells by binding specific ligands [14,16] regulating crucial
aspects of cellular functions, including adhesion, differentiation, growth, gene expression,
and survival [17]. The ability of integrins to bind and associate with various soluble ligands
largely depends on the structural conformations of the α and β subunits.

To modulate integrins’ action, a novel series of β-lactam targeting RGD (arginine–
glycine–aspartic acid) fragment and leukocyte integrins were designed [18]. β-lactams
have two specific structural features that are of interest with regard to biological activity:
a constrained four-membered cyclic amide, which could easily undergo ring-opening
reactions by nucleophilic residues in the active sites of enzymes, and a rigid core structure
that, by reducing the conformational degrees of freedom, could favor and actually enhance
directional noncovalent bonding for ligand–receptor recognition [19]. On their feature,
Baiula et al. [18] obtained selective and potent agonists that could induce cell adhesion and
promote cell signaling mediated by αvβ3, αvβ5, α5β1, or α4β1 integrin, and antagonists
for the integrins αvβ3 and α5β1, as well as α4β1 and αLβ2, preventing the effects elicited
by the respective endogenous agonists [18].

Electrospinning is a highly versatile method to process polymer solutions or melts
into continuous fibers in the form of non-woven porous mats that find application in
the biomedical field where they are used as tissue engineering scaffolds [20,21]. The use
of biomaterials, such as electrospun scaffolds, conjugated with integrin agonists could
promote cell adhesion by influencing tissue repair processes and therapeutic progress. The
modulation of the activity of integrins can represent an excellent strategy applicable to cell
therapies that aim to stimulate tissue repair using MSCs.

New scaffolds based on electrospun poly L-lactic acid (PLLA) and agonist ligands of
monocyclic β-lactam compounds of specific integrins have recently been tested [22]. Incor-
poration of GM18 β-lactam into PLLA scaffolds has been shown to support increased cell
proliferation of human MSCs from bone marrow [22]. Studies on the use of scaffolds with
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integrin agonists based on β-lactams in equines have never been reported. Therefore, the
aim of this pilot study was to analyze the effect of an α4β1 integrin agonist on cell adhesion
of equine adult (adipose tissue; AT) and fetal membrane (Wharton’s jelly; WJ) derived
MSCs and to preliminarily investigate the adhesion of these cells to GM18-incorporated
PLLA scaffolds, to evaluate their potential use for the treatment of decubitus ulcers.

2. Materials and Methods

2.1. Materials

Poly L-Lactic Acid (PLLA) (Lacea H.100-E Mw 8.4 × 104 g/mol) was purchased from
Mitsui Fine Chemicals (Duesseldorf, Germany). Dichloromethane (DCM) and dimethyl-
formamide (DMF) were purchased from Sigma–Aldrich (Milan, Italy) and used without
further purification. β-Lactam GM18 was prepared accordingly to a previously reported
multistep synthesis [18]. Other chemicals were purchased from Sigma–Aldrich, culture
media from Life Technologies (Monza, Italy), and laboratory plastic was from Sarstedt Inc.
(Verona, Italy) unless otherwise stated.

2.2. Fabrication of GM18-Incorporated PLLA Scaffolds

Scaffolds were fabricated using a homemade electrospinning apparatus, consisting of
a high-voltage power supply (Spellman SL 50 P 10/CE/230), a syringe pump (KD Scientific
200 series), a glass syringe containing the polymer solution and connected to a stainless steel
blunt-ended needle (inner diameter = 0.51 mm) through a PTFE tube. Electrospinning was
performed at room temperature (RT) and with a relative humidity of 50−60%. Blends of
the β-lactam compound and the polymer were prepared by dissolving the two components
in a mixed solvent of DCM:DMF = 65:35 v/v at a polymer concentration of 13% w/v and
a concentration of β-lactam of 0, 5, 10, and 15 wt% with respect to the polymer. The
polymeric solutions were electrospun by applying the following processing conditions:
applied voltage = 22 kV, feed rate = 1 mL/h, needle-to-collector distance = 15 cm. The
scaffolds were dried on P2O5 under vacuum for three days to remove any solvent residue,
sterilized by irradiation with γ rays, and finally stored at 4 ◦C.

2.3. Animals

Intra-abdominal AT was collected from horses during colic surgery (n = 3) and um-
bilical cord (UC) samples (n = 3) were collected after physiological birth. All owners
spontaneously referred the animals to the Department of Veterinary Medical Sciences
(University of Bologna) and gave written consent to allow for the use of removed tissue for
research purposes. Experimental procedures were approved by the Ethics Committee on
animal use of the University of Bologna (Prot. 55948-X/10).

2.4. Sample Collection and Cell Isolation

AT and UC samples were stored in DPBS (Dulbecco’s Phosphate Buffered Saline)
supplemented with antibiotics (100 IU/mL penicillin, 100 μg/mL streptomycin) immedi-
ately after removal, and kept at 4 ◦C until the transfer to the lab. Under a laminar flow
hood, the richest portion of WJ was immediately isolated from the cord tissue. For both
tissues, MSCs were isolated as previously described [23]. Briefly, samples were washed
by repeated immersion in DPBS, weighed, and cut into 0.5 cm pieces using sterile scissors.
Minced tissue was transferred into a 50 mL polypropylene tube and processed by enzy-
matic digestion using a 0.1% collagenase type I solution in DPBS (1 mL solution/1 g tissue).
The suspension was vigorously mixed every 10 min while kept in a 37 ◦C water bath for
an overall 30 min period. Then, collagenase was inactivated by diluting the suspension
1:1 with DPBS supplemented with 10% FBS. The resulting solution was filtered through
a stainless-steel mesh to discard the undigested tissue and centrifuged at 470× g for 10 min
at 25 ◦C. The cell pellet was suspended in a culture medium consisting of DMEM/MEM 1:1,
plus 10% FBS and antibiotics (100 U/mL penicillin, 100 μg/mL streptomycin). Cells were
plated as “Passage 0” (P0) in a 25 cm2 flask containing 5 mL of culture medium and cultured
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in humidified air with 5% CO2 at 38.5 ◦C. After 48 h of in vitro culture, non-adherent cells
were removed by completely re-placing the culture medium. Then cell culture medium
was changed twice a week until cell growth reached 80 to 90% confluence.

2.5. Cell Freezing and Thawing

In order to perform all tests at the same time for all samples, reducing experimen-
tal/technical effects, P0 cells were cryopreserved and stored in liquid nitrogen. AT- and
WJ-MSCs were deep-frozen as previously described [24]. Briefly, when cells reached 80 to
90% confluence, they were trypsinized (0.25% trypsin) for 10 min. Then DPBS plus 10% FBS
was added 2:1 to inactivate trypsin and the cell suspension was centrifuged at 470× g for
10 min at 25 ◦C. The pellet was suspended in 0.5 mL of FBS and transferred into a 1.5 mL
cryogenic tube kept at 5 to 8 ◦C for 10 min. Refrigerated cells were diluted 1:1 with FBS
plus 16% DMSO (dimethyl sulfoxide) reaching a final concentration of 8% DMSO. The
suspension was further kept at 5 to 8 ◦C for 10 min, then the cryogenic tube was put in Mr
Frosty (Nalgene) at −80 ◦C for 24 h and finally stored in liquid nitrogen. For thawing, AT-
and WJ-MSCs vials were immersed in a water bath at 37 ◦C, the suspension was transferred
into a 50 mL tube and dropwise diluted with 20 mL of culture medium, then centrifuged
at 470× g for 10 min at 25 ◦C. The pellet was suspended in 1 mL of culture medium and
cell concentration was evaluated by using a hemocytometer. Cells were plated in a 25 cm2

flask (5000 cells/cm2) as “Passage 1” (P1). Cells were allowed to proliferate until 80 to 90%
confluence before trypsinization and successive passage.

2.6. Growth Curve

At Passage 3 (P3) of in vitro culture, the effect of GM18 on the growth capacity of
AT- and WJ-MSCs was evaluated with a growth curve. After trypsinization, nucleated
cells were centrifuged at 470× g for 10 min at 25 ◦C and the pellet was suspended in
1 mL of culture medium. Cell concentration was evaluated by using a hemocytometer and
5000 cells/cm2 were plated in 35 mm Petri dishes and cultured for 6 days in presence of
different concentrations (0 μg/mL, 5 μg/mL, 10 μg/mL, 20 μg/mL) of GM18 solubilized
with DMSO. Cells were trypsinized every 24 h and the concentration was evaluated by
using a hemocytometer. The same procedure was repeated up to 120 h. Cell doubling
number (CD) was calculated according to the following formula:

CD = ln (Nf/Ni)/ln (2)

where Nf and Ni are the final and the initial number of cells, respectively.
The experiment was done for all donors using three replicate wells for each treatment

at each time point.

2.7. Adhesion Assay with GM18 Coating

GM18 was solubilized with DMSO and then different concentrations (0 μg/mL,
5 μg/mL, 10 μg/mL, 20 μg/mL) of GM18 were prepared with PBS. GM18 dilutions
were placed into a 24-multiwell plate and incubated under a laminar flow hood to form
the coating. After removing the supernatant, AT- and WJ-MSCs were added to the wells
(10,000 cells/well) and incubated at 37 ◦C for 20 min, 2 h, 4 h, and 6 h. At the end of this
time, the AT- and WJ-MSCs were fixed with 4% paraformaldehyde (PAF 4%) and allowed
to incubate for 30 min at RT. MSCs were then stained with a nuclear dye (Hoechst 33,258)
and the 24-multiwell plates were analyzed using a cell-based high-content screening (HCS).
The experiment was done for all donors using three replicate wells for each treatment at
each time point.

2.8. Adhesion Assay with Soluble GM18 in Pre-Treatment

GM18 was solubilized and diluted as described above. In order to investigate the
influence of soluble GM18 on the subsequent cell adhesion ability, a 24 h pre-treatment
was considered suitable to stimulate a cell response. AT and WJ-MSCs were initially
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seeded in 35 mm Petri dishes (5000 cells/cm2) and cultured for 24 h to allow for standard
cell adhesion on plastic. Then, different concentrations of GM18 (0 μg/mL, 5 μg/mL,
10 μg/mL, and 20 μg/mL) were added to the culture medium. After 24 h of in vitro culture
in presence of soluble GM18, MSCs were detached and passed into a 24-multiwell plate
(10,000 cells/well) and incubated at 38.5 ◦C for 20 min, 2 h, 4 h, and 6 h. At the end of the
incubation period, the AT- and WJ-MSCs were fixed with PAF 4% at RT for 30 min. MSCs
were stained with a nuclear dye (Hoechst 33,258) and the multiwell plates were analyzed
using a HCS. The experiment was done for all donors using three replicate wells for each
treatment at each time point.

2.9. Adhesion Assay on Scaffolds

Four different scaffolds were used for this assay: PLLA without GM18; PLLA + GM18
5%; PLLA + GM18 10%; PLLA + GM18 15%. The sterile scaffolds were cut and included
inside rings that allowed them to be locked inside a 24-multiwell plate. Circular cover
glasses were used as control supports for cell detection analysis. Scaffolds were pre-wetted
by adding 0.5 mL of 30% ethanol in DPBS for 2 s, then washed twice with 0.5 mL of DPBS
for 5 min. AT- and WJ-MSCs were plated on the mounted scaffolds and incubated in
humidified air with 5% CO2 at 38.5 ◦C for 20 min and 24 h. At the end of the incubation,
the MSCs were fixed with PAF 4% for 30 min at RT and stained with a nuclear dye (Hoechst
33,258) and the 24-multiwell plates were analyzed using HCS. The experiment was done
using three replicate wells for each treatment at each time point. Only samples that showed
downregulation of integrin genes after 24 h exposure to GM18 (CV 6-20 and CV 6-15) were
chosen for these experiments.

2.10. Cell-Based High Content Screening Analysis

For all the adhesion assays, the HCS technology (Cell Insight NXT, Thermo Scientific,
Waltham, MA, USA) was used to detect and count all the cells present in each analyzed well.
Analysis was performed by selecting the general intensity measurement assay (Compart-
mental analysis) from the software algorithm list (HCS Studio v. 6.6.0, Thermo Scientific).
Using nuclear staining, cells were detected and counted in each well of the whole cultures.

2.11. Cell Viability Assay

A viability test was performed to test the effect of DMSO, used to solubilize GM18, on
equine MSCs. Cells were cultured for 24 h in standard medium, then DMSO was added
at the 3 concentrations used for GM18 dilutions. After 24 h of culture, cell viability was
evaluated by staining cells with 0.05% Eosin.

2.12. Molecular Characterization

To analyze the effects of GM18 on gene expression, MSCs were cultured in vitro for
24 h with a culture medium supplemented with GM18 (0 μg/mL, 5 μg/mL, 10 μg/mL,
20 μg/mL) and then lysed.

RNA Extraction, Reverse Transcription, and qPCR

The RNeasy Micro Kit (QIAGEN, Milan, Italy) was used for the total RNA extraction,
then quantified with Nanodrop 2000 spectrophotometer (Thermo Scientific). First-strand
cDNA was produced using the iScript gDNA Clear cDNA Synthesis Kit (BioRad, Hercules,
CA, USA). An RNA sample with no reverse transcriptase enzymes in the reaction mix was
processed as a no-reverse transcription control sample. Semi-quantitative real-time PCR
reactions were performed in a final volume of 20 μL (1× SYBR Green qPCR master mix—
BioRad—and 0.5 μM forward and reverse primers), using the CFX96 real-time PCR system
(BioRad). To test possible genomic DNA contaminations, the no-reverse transcriptase
sample (NoRT) was processed in parallel with the others.

Details of the primer sequences are included in Table 1.
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Table 1. Primer sequences for real-time PCR.

Gene Accession Number Primer Sequence

GAPDH NM_001163856
F: 5′-GAT GCC CCA ATG TTT GTG A-3′

R: 5′-AAG CAG GCA TGA TGT TCT GG-3′

ITGA4 XM_023622141
F: 5′-CAG ATG CCG GAT CGG AAA GA-3′
R: 5′-GCC CAC AAG TCA CGA TGG AT-3′

ITGB1 XM_023631884
F: 5′-CCA AAT GGG ACA CGC AAG AA-3′
R: 5′-GCA CAG CGA GTG CTC ATT TT-3′

PCR reactions were performed using the following steps and thermal profile: denatu-
ration step (98 ◦C for 3 min) and amplification (95 ◦C for 10 s and 60 ◦C for 60 s; 40 cycles),
followed by the melting curve of the amplified products (55 ◦C to 95 ◦C, ΔT = 0.5 ◦C/s).

Primer efficiency values for all primers were 95–102%; therefore the 2 (−ΔΔCt) method
was used to perform the analysis.

2.13. Statistical Analysis

Data are reported as mean ± SEM. Prism software (v.9; GraphPad Software, San Diego,
CA, USA) was used for statistical analyses and graph generation. Data were collected from
at least three independent experiments. Two-Way ANOVA was used for the population
doubling, while One-Way ANOVA was used for all the other analyses. The results were
considered significant when the probability of their occurrence as a result of chance alone
was <5% (p < 0.05).

3. Results

3.1. GM18 Treatment Affects the Adhesion of Adipose Tissue-Derived Mesenchymal Stem Cells

We analyzed the effect of the integrin α4β1 ligand GM18 on cells derived by adult
equine AT, isolated from three different animals (CV6-20, CV4-20, and CV24-19). We
used the adhesion assay, counting by HCS the cells present in three replicate wells at
specific times after the cell seeding, from two different conditions: using GM18 as a coating
(Figure 1A,C,E), or pre-treating the cells for 24 h with GM18, and after detaching and
seeding back on 24 multiwell plates (Figure 1B,D,F).

The GM18 coating only showed a significant increase in adhesion in CV6-20 derived
cells cultures after 2 h at all the analyzed doses (One Way ANOVA, F(3,8) = 23.34; p = 0.0003;
followed by Dunnett’s post-test; 5 μg/mL, p = 0.0018; 10 μg/mL, p = 0.0060; 20 μg/mL,
p = 0.0001) (Figure 1A).

An increase in adhesion for all the three cultures preparation at different time points
was detected after GM18 was in solution 24 h and cells were detached and analyzed for
their adhesion capacity.

In particular, cells derived from CV6-20 showed an increased adhesion at 2 h (One
Way ANOVA, F(3,8) = 47; p < 0.0001), 4 h (One Way ANOVA, F(3,8) = 21.40; p = 0.0004),
and 6 h (One Way ANOVA, F(3,8) = 9.245; p < 0.0056) from seeding, when treated with
10 μg/mL (Dunnett’s post-test; 2 h, p < 0.0001; 4 h, p = 0.0005; 6 h, p = 0.0046). At 6 h,
a 20 μg/mL dose was also effective in increasing the adhesion (p = 0.0329) (Figure 1B).

The cultures isolated from CV4-20 respond at the 24 h treatment with an increased
adhesion in a short time (20 min; One-Way ANOVA, F(3,8) = 15.18; p = 0.0012; Dunnett’s
post-test, 5 μg/mL, p = 0.0004; 20 μg/mL, p = 0.0137) (Figure 1D).

In addition, the cultures produced from CV24-19 showed an increase in adhesion at
20 min (One-Way ANOVA, F(3,8) = 7.934, p = 0.0088, 10 μg/mL p = 0.0250) but also at the
longer time points, at 2 h (One-Way ANOVA, F(3,8) = 10.14, p = 0.0042) and 4 h (One-Way
ANOVA, F(3,8) = 5.704, p = 0.0219), at the highest dose (Dunnett’s post-test; 20 μg/mL; 2 h,
p = 0.0140; 4 h, p = 0.0272) (Figure 1F).
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Figure 1. Cell adhesion assay for cells derived from adipose tissues. Graphs show the percentage
of cell adhesion relative to control after 20 min, 2, 4, or 6 h from seeding. Cells were seeded on
a surface coated with GM18 or vehicle (A,C,E) or exposed for 24 h to the molecule and afterward
detached and seeded again (B,D,F). Results are expressed as a percentage of adhesion compared to
the control (0 μg/mL; 100%) for each condition and each time point. Each column represents the
mean value ± SEM. Statistical analysis. One-Way ANOVA within each condition and each time
point, followed by Dunnett’s post-test. Asterisks represent the differences compared to the control
group (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001).

All data were corrected by the effect of the vehicle analyzed by the viability test (data
not shown).

Representative panels of representative images from statistically significant results are
included in Supplementary Figures S1 and S2.

3.2. GM18 Treatment Impacts on the Adhesion of Wharton’s Jelly Derived Mesenchymal
Stem Cells

The same protocol was used for the analysis of the GM18 effect on cells isolated from
WJ (Figure 2). Further, in this case, the coating was not effective in influencing the cell
adhesion, even if a single significant increase was described for cells isolated from CV6-15,
at 20 min (One-Way ANOVA, F(3,8) = 5.461, p = 0.0245) and the lowest dose (Dunnett’s
post-test, 5 μg/mL, p = 0.0104) (Figure 2C).
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Figure 2. Cell adhesion assay for cells derived from Wharton’s jelly. Graphs show the percentage
of cell adhesion relative to control after 20 min, 2, 4, or 6 h from seeding. Cells were seeded on
a surface coated with GM18 or vehicle (A,C,E) or exposed for 24 h to the molecule and afterward
detached and seeded again (B,D,F). Results are expressed as a percentage of adhesion compared to
the control (0 μg/mL; 100%) for each condition and each time point. Each column represents the
mean value ± SEM is shown. Statistical analysis. One-Way ANOVA within each condition and each
time point, followed by Dunnett’s post-test. Asterisks represent the differences compared to the
control group (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001).

For these cells, the effect of the pre-treatment seems to induce both an increase or
decrease in adhesion, depending on the origin of cells and the analyzed time.

In fact, for CV12-15 (Figure 2B), with at early time point (20 min, One-Way ANOVA,
F(3,8) = 0.0185, p = 6.075) at highest dose (20 μg/mL, Dunnett’s post-test, p = 0.0074), the
GM18 exposure generated an increase in cell adhesion, while it was decreased at all the
other analyzed times (One-Way ANOVA, 2 h, F(3,8) = 0.0001; p = 29.09; 4 h, F(3,8) = 7.939,
p = 0.0088; 6 h, F(3,8) = 12.95, p = 0.0003) at 5 μg/mL (Dunnett’s post-test, 2 h, p = 0.0003;
4 h, p = 0.0205; 6 h, p = 0.0008) and 10 μg/mL (2 h, p = 0.0005; 4 h, p = 0.0381; 6 h, p = 0.0046).

CV6-15 cells, instead, showed only an increase in adhesion at 2 and 4 h (One-Way
ANOVA, 2 h, F(3,8) = 6.279, p = 0.0169; 4 h, F(3,8) = 4.745, p = 0.0348) at the highest
concentration (Dunnett’s post-test, 20 μg/mL, 2 h, p = 0.0073; 4 h, p = 0.0237) (Figure 2D). For
the CV3-15 samples (Figure 2F), the effect favored the adhesion at 2 h with the highest dose
(One-Way ANOVA, F(3,8) = 209.5, p < 0.0001; Dunnett’s post-test, 20 μg/mL p < 0.0001),
and at 4 h (One-Way ANOVA, F(3,8) = 29.46, p = 0.0001) and 6 h (F(3,8) = 23.22, p = 0.0003)
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at 10 μg/mL (Dunnett’s post-test, 4 h, p = 0.0085; 6 h, p = 0.0348). However, the use of the
highest concentration in these cells reduced the adhesion (20 μg/mL, 4 h, p = 0.0028; 6 h,
p = 0.0025).

Representative panels of representative images from statistically significant results are
included in Supplementary Figures S3–S5.

3.3. GM18 Effect Is Highly Variable between Cell Isolation from Different Donors

Following the analysis of the individual data produced by treatment of cells iso-
lated from different animals, we pooled the data from different isolations. Both for AT
(Figure 3A,B) and WT (Figure 3C,D) derived cell, and for both protocols (coating or soluble
treatment), the cells exposed to the molecule resulted in a highly variable response.

Figure 3. Cumulative analysis for cell adhesion assay. Graphs show the percentage of cell adhesion
relative to control after 20 min, 2, 4, or 6 h from seeding. Cells were seeded on a surface coated with
GM18 or vehicle (A,C) or exposed for 24 h to the molecule and afterward detached and seeded again
(B,D). Results are expressed as a percentage of adhesion compared to the control (0 μg/mL; 100%)
for each condition and each time point. Each column represents the mean value of all the tested
wells for each group, pooling the results obtained from cells isolated from different animals ± SEM is
shown. Statistical analysis. One-Way ANOVA within each condition and each time point, followed by
Dunnett’s post-test. Asterisks represent the differences compared to the control group (*** p < 0.001).

Due to this high variability, it is not possible to describe any statistically significant
effect of the GM18 exposure. However, the results were significant (One-Way ANOVA,
F(3,32) = 7.721, p = 0.0005) at 20 μg/mL (Dunnett’s post-test, p = 0.0005) only for soluble
treatment in WJ derived cells, analyzed after 2 h from the seeding.

3.4. GM18 Exposure Deregulates the Gene Expression of the Target Integrins

Of the three samples analyzed for both AT and WJ, for two of them, exposure
to GM18 for 24 h did not result in gene expression regulation of the target integrins
(Supplementary Figure S6). However, for cells isolated from CV6-20 (AT) and CV6-15 (WJ),
the exposure to the molecule resulted in the deregulation of the target genes. For these two
samples, all the concentrations were tested (Figure 4).
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Figure 4. Gene expression regulation of the two target integrins. Graphs show the gene expression
regulation of ITGB1 and ITGA4 genes in cells derived from CV6-20 adipose tissue (A) and CV6-15
Wharton’s jelly (B), treated for 24 h with different concentrations of GM18 (0, 5, 10, and 20 μg/mL).
Columns represent the mean value + SEM. Statistical analysis. One-Way ANOVA followed by
Dunnett’s post-test. Asterisks represent the differences compared to the control group (* p < 0.05;
*** p < 0.001; **** p < 0.0001).

MSCs of the CV6-20 showed a reduction in the expression of ITGB1 (One-Way ANOVA,
F(3,8) = 39.24, p < 0.0001) and ITGA4 (One-Way ANOVA, F(3,8) = 206.7, p < 0.0001) genes at
all the concentrations tested (Dunnett’s post-test, Itgb1, 5 μg/mL, p = 0.0006; 10 μg/mL,
p = 0.0002; 20 μg/mL, p < 0.0001; Itga4, 5 μg/mL, p < 0.0001; 10 μg/mL, p < 0.0001;
20 μg/mL, p < 0.0001).

For the cells isolated from WJ of CV6-15, the treatment generated a reduction in the
expression of both integrin subunits (One-Way ANOVA, ITGB1, F(3,8) = 6.017, p = 0.0237;
ITGA4, F(3,8) = 12.11, p = 0.0037). However not all doses were effective. For ITGB1
expression, the reduction was caused by the treatment with a concentration of 10 μg/mL
(Dunnett’s post-test, p = 0.0155) and 20 μg/mL (p = 0.0202), while for ITGA4, only the
highest dose was effective (p = 0.0106).

3.5. GM18 Exposure Affects the Population Doubling

To investigate if the effect on the cell adhesion and gene expression may affect the cell
division, we analyzed the population doubling of each cell preparation (Figure 5). For the
AT, cells derived from CV6-20 and CV24-19 showed an effect related to drug concentration
(Two-Way ANOVA, CV6-20, F(3,8) = 5.042, p = 0.0299; CV24-19, F(3,8) = 5.747, p = 0.0214).
For WJ derived cells, all samples were significantly affected by the presence of the GM18 in
the culture medium (Two-Way ANOVA, CV6-15, F(3,8) = 4.068, p = 0.0500; CV3-15, GM18
concentration, F(3,8) = 17.53, p = 0.0007; CV12-15, F(3,8) = 12.42, p = 0.0022).

Moreover, an interaction effect between time and concentration was reported for the
same cell preparations which resulted more affected by GM18: one sample of the AT
(CV6-20; F(15,14) = 2.314, p = 0.0175) and one sample of the WJ (CV6-15; F(15,14) = 1.939,
p = 0.0481).

The Dunnett’s post-test revealed differences at single time points for AT in the sample
CV24-19 (day 4, 5 μg/mL, p = 0.0203; day 5, 5 μg/mL, p = 0.0145) and for WJ in the sample
CV3-15 (day 2, 5 μg/mL, p = 0.0086; 10 μg/mL, p = 0.0298).
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Figure 5. Effect of GM18 exposure on population doubling. Graphs show the number of doublings
measured each day for 6 consecutive days, for cells isolated from adipose tissue and Wharton’s
jelly exposed to GM18 at different concentrations (0, 5, 10, and 20 μg/mL). Statistical analysis. Two-
Way ANOVA followed by Dunnett’s post-test. Asterisks represent the differences in the ANOVA
parameters as indicated (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001).

Analyzing data from AT and WJ pooled samples (Figure 6), the statistical analysis
revealed a strong effect of time, GM18 concentration, and the interaction between the
two variables in AT-MSCs (Two-way ANOVA, time, F(2.480,79.36) = 182.3, p < 0.0001;
GM18 concentration, F(3,32) = 6.523, p = 0.0014; interaction, F(15,160) = 5.278, p < 0.0001),
while only the effect of time and concentration for WJ-MSCs (Two-way ANOVA, time,
F(2.884,92.29) = 346.2, p < 0.0001; GM18 concentration, F(3,32) = 3.418, p = 0.0289). For AT
derived MSCs there are time point differences at day 1 (Dunnett’s post-test, 10 μg/mL,
p = 0.0082) and day 5 (5 μg/mL, p = 0.0112), while for WJ derived MSCs, there were
differences only at longer time points, namely at day 5 (20 μg/mL, p = 0.0158) and day 6
(20 μg/mL, p = 0.0043).

165



Animals 2022, 12, 734

Figure 6. Effect of GM18 exposure on population doubling. Graphs show the number of doublings
measured each day for six consecutive days, for cells isolated from adipose tissue and Wharton’s
jelly exposed to GM18 at different concentrations (0, 5, 10, and 20 μg/mL). Statistical analysis. Two-
Way ANOVA followed by Dunnett’s post-test. Asterisks represent the differences in the ANOVA
parameters as indicated (* p < 0.05; ** p < 0.01; **** p < 0.0001).

3.6. PLLA Scaffolds Containing GM18

The two types of cells, AT cells and WJ derived cells, which were more sensitive to
GM18 treatments, both as adhesion assay and gene expression regulation (CV6-20 for AT
and CV6-15 for WJ), were used to investigate the effect of a PLLA scaffold containing
different concentrations of GM18 on the cell adhesion (Figure 7). Cultures seeded on
scaffolds containing GM18 were compared to cells cultured on PLLA control scaffolds. The
method was also tested on standard cultures seeded on glass (Supplementary Figure S7).

For cells derived from AT (CV6-20), the presence of GM18 did not affect the ad-
hesion capacity, mainly due to a high variability detected at a concentration of 10%
(Figure 7A). Moreover, analyzing the differences in the cell number between the two
analyzed time points, the cultures seeded on the PLLA control scaffold were not able to
increase the cell number after 24 h, reflecting an impairment in the early proliferation
(Student’s t-test = 0.0641). However, the presence of GM18 in all the analyzed concentra-
tions was able to induce an increase in cell number after one DIV (Student’s t-test, 5%,
p = 0.0170; 10%, p = 0.0144; 15%, p = 0.0395) (Figure 7A).

For the cultures obtained from WJ (CV6-15), the cell adhesion was affected after 24 h
(One-way ANOVA, F(3,8) = 4.671; p = 0.0427), with a drastic increase due to the highest
concentration of GM18 (Dunnett’s posttest, p = 0.0368). The same concentration was also
the only condition producing an increase in cell number after one DIV (Student’s t-test,
p = 0.0021) (Figure 7B).
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Figure 7. Cell adhesion assay for cells seeded on PLLA-GM18 scaffolds. Graphs show the number of
counted cells per well in 20 min and 24 h after seeding the cells isolated from CV6-20 adipose tissue
(A) and CV6-15 Wharton’s jelly (B) on PLLA scaffolds containing different concentrations of GM18
(0, 5, 10, and 15%). Representative images of Hoechst staining are included in the figure, showing the
cultures at 20 min acquired with a 10× objective (C) and 24 h acquired a with a 4× objective (D) from
the seeding. Statistical analysis. One-Way ANOVA followed by Dunnett’s post-test within the same
time point; asterisk represents the differences compared to the control group seeded on PLLA 0%
GM18 (* p < 0.05). Student’s t-test within the same experimental group between the two time points,
letters represent the statistically significant differences (a = p < 0.05; b = p < 0.01).
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Representative images of the cultures are included in Figure 7C,D, showing the mor-
phology of the cultures with different magnifications (10× or 4×).

To validate the analysis, control cells cultured on glass coverslips at the same time
points were included (Supplementary Figure S7A,B), also proving the capacity of the HCS
software to visualize and detect the nuclei, at low magnification objective, with a correct
segmentation algorithm identifying the single nuclei (Supplementary Figure S7C).

4. Discussion

The number of investigations into the interaction of MSCs with integrin α4β1 ligands
is still limited. The agonist used in this pilot study, GM18, was designed with an amine,
a carboxylate side chain, and the β-lactam ring as a site of conformational restriction, to
assure the necessary integrin affinity and selectivity by improving the alignment on the
receptor [18]. Among different β-lactams, GM18 was the best at enhancing the adhesion of
human bone marrow-derived MSCs to PLLA electrospun scaffolds [22]. In another research,
a high-affinity integrin α4β1 ligand was successfully tested on human chorionic villus-
derived MSCs [25]. The adherence of cells to polymeric electrospun scaffolds increased
when the surface was treated with the ligand [25].

Here we present the first preliminary results about the effects of an integrin α4β1
ligand on equine MSCs. GM18’s influence on the adhesion ability of both adult (AT)
and fetal membrane (WJ) derived MSCs was studied when used as a coating or as a pre-
treatment before standard seeding. Furthermore, the potential use of GM18 to increase cell
adhesion to a PLLA scaffold was investigated from the perspective of its application for the
treatment of decubitus ulcers. Significant results were observed, despite the limitations of a
pilot study and the related critical issues, emerging from the donor variability in a relatively
low number of samples. Nonetheless, these findings represent a fundamental phase that
seems to validate the feasibility of similar studies at a larger scale.

In the horse, a few studies about α4β1 integrin are available [26–32], and are related
to its presence on leukocytes [26,29] and endometrial epithelial cells [27,28] or equine
herpesvirus 1 infection mechanism [30–32]. Integrins represent one of the most important
families of cell adhesion receptors that mediate cell–cell and cell–ECM interactions. α4β1
integrin (also known as CD49d/CD29 or very late antigen-4, VLA-4) plays a crucial role
in inflammatory diseases, cancer development, metastasis, and stem cell mobilization
or retention [33]. It is involved in the regulation of hematopoietic stem cell homing and
retention within the bone marrow niche [34] and its activation may be a promising strategy
to improve cell retention and engraftment in stem cell-based therapies [35].

There is a wide range of MSCs, which can be isolated from different tissues. So
far, donor-to-donor variations can be present even when MSCs are derived from the
same tissue [36,37]. This is confirmed in the present study, where the effect of GM18 on
both equine AT- and WJ-derived MSCs was highly variable in relation to the different
donors. Even if only three donors for each tissue were used in this pilot study, the number
was sufficient to preliminarily corroborate the hypothesis of donor variability and to
highlight the critical issues of testing molecules and scaffolds with biological materials,
such as MSCs. When observing the pooled data from AT-MSCs samples, it was not
possible to detect a significant effect of GM18 on the cell adhesion ability. On the other
hand, when considering results from each donor, it was evident that the GM18 coating
increased adhesion only in one sample (CV6-20) after 2 h, while soluble GM18 was able to
improve adhesion in the other samples. For WJ-MSCs, a positive effect of soluble GM18 at
20 μg/mL after 2 h was also observed in pooled data. As for AT-MSCs, the GM18 coating
increased adhesion only in one WJ-MSCs sample (CV6-15), while soluble GM18 increased
cell adhesion for all donors. However, differently from AT-MSCs, a decrease in cell adhesion
was also observed in the other two samples at different times and GM18 concentrations.
Overall, these preliminary results suggest that GM18 affects MSCs’ adhesion ability also in
the horse and that a donor-based and a tissue-based response should be considered when
selecting samples for cell-based therapies.
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Gene expression analysis for target integrins confirmed what was observed by the
adhesion assays. In fact, only in the samples that were more influenced in vitro by the
presence of GM18 was it possible to observe a reduction in the expression of both integrin
subunits. While AT-MSCs were sensible to all agonist concentrations, WJ-MSCs appeared
to require a higher GM18 dosage to downregulate α4β1 integrin genes.

The population doublings of cells were also affected by the presence of GM18 over time.
On the whole, a higher number of doublings was observed for AT-MSCs on day 1, with
10 μg/mL of GM18, and on day 5, with 5 μg/mL of GM18, while for WJ-MSCs, the number
of doublings was higher on day 5 and 6 with the highest concentration of agonist (20 μg/mL
of GM18), confirming adhesion and gene expression findings. Integrins have been identified
as regulators of mitotic events [38]. It has been demonstrated that the β1 integrin is involved
in the orientation of the mitotic spindle and adhesion in basal epidermal cells [39] and
HeLa cells [40]. Downregulation of the β1 integrin resulted in severe misorientation of
spindles [40]. In nonpolarized adherent cells, the β1 integrin-dependent mechanism for
spindle orientation may ensure the attachment of both daughter cells to the substratum after
cell division and prevent their mitosis-associated detachment [40]. These findings might
explain the behavior of equine MSCs growth curves in presence of an integrin α4β1 ligand,
especially for those cells where the β1 subunit gene expression was more deregulated.

PLLA scaffolds containing different concentrations of GM18 were seeded with the
same two samples that were more sensitive to GM18 treatments and cell adhesion was
evaluated. It was evident that equine AT-MSCs’ adhesion ability to PLLA scaffold was
not influenced by the presence of GM18. However, the presence of GM18 increased cell
adhesion after 24 h of culture. WJ-MSCs seem more suitable for PLLA scaffold adhe-
sion, and the presence of 15% GM18 increased cell adhesion at 24 h. As the results are
derived from only one suitable sample for each tissue, these preliminary results need to
be confirmed before drawing definite conclusions. Research on equine MSCs and PLLA
scaffolds is aimed at osteogenic differentiation. It has been observed that the osteogenic
differentiation capacity of equine adipose tissue-derived MSCs on a nano-bioactive glass-
coated PLLA nanofibers scaffold was higher than on the uncoated PLLA scaffold [41]. In
another study using equine MSCs from adipose tissue and bone marrow, the addition of
minerals to polymer scaffolds enhanced equine MSC osteogenesis over polymer alone [42].
Similarly, coating PLLA scaffolds with zinc silicate mineral nanoparticles improved in vitro
osteogenic differentiation of equine adipose tissue-derived MSCs compared to uncoated
PLLA scaffold [43]. The present work is the first report of equine WJ-MSCs cultivation
on PLLA scaffolds. Human WJ-derived MSCs were seeded into polyglycolic acid (PGA)
and PLLA scaffolds to investigate the potential ability of chondrogenesis in vitro [44]. The
adhesion rate of human WJ-MSCs on PLLA scaffolds was 58 ± 6% and 75 ± 4% 3 and
6 h after seeding, respectively [44]. The same GM18 coated PLLA scaffolds used in the
present study were tested with human bone marrow-derived MSCs and GM18 increased
the rate of cell adhesion after 2 h of co-incubation [22]. It might be speculated that for
equine AT-MSCs a longer co-incubation is needed than for WJ-MSCs in order to achieve
higher adhesion rates. Nevertheless, further studies are necessary to better assess equine
AT- and WJ-MSCs’ adhesion ability on PLLA scaffolds over time and to test the concurrent
effect of the presence of GM18.

5. Conclusions

The α4β1 integrin agonist GM18 affects equine AT- and WJ-derived MSCs’ adhesion
capability. Soluble GM18 pre-treatment was more effective in enhancing cell adhesion than
GM18 coating. However, there was a high variability related to different donors and it
should be carefully considered when selecting samples for cell-based therapies. Samples
more responsive to GM18 showed a downregulation of the target integrins’ genes and an
effect on cell divisions. Preliminary results on equine MSCs adhesion to PLLA scaffolds
containing GM18 might suggest that WJ-MSCs are more suitable than AT-MSCs for the
development of cell-based scaffolds to be used for wound healing, but additional research

169



Animals 2022, 12, 734

is required to examine in depth the various cell characteristics after seeding and prolonged
culture on these scaffolds.
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for Figure 2F, Figure S6: gene expression analysis.
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3. Mogoşanu, G.D.; Grumezescu, A.M. Natural and Synthetic Polymers for Wounds and Burns Dressing. Int. J. Pharm. 2014, 463,

127–136. [CrossRef] [PubMed]
4. Gurtner, G.C.; Chapman, M.A. Regenerative Medicine: Charting a New Course in Wound Healing. Adv. Wound Care 2016, 5,

314–328. [CrossRef] [PubMed]
5. Gorecka, J.; Kostiuk, V.; Fereydooni, A.; Gonzalez, L.; Luo, J.; Dash, B.; Isaji, T.; Ono, S.; Liu, S.; Lee, S.R.; et al. The Potential and

Limitations of Induced Pluripotent Stem Cells to Achieve Wound Healing. Stem Cell Res. Ther. 2019, 10, 87. [CrossRef] [PubMed]
6. Fu, X.; Li, H. Mesenchymal Stem Cells and Skin Wound Repair and Regeneration: Possibilities and Questions. Cell Tissue Res.

2008, 335, 317. [CrossRef]
7. Lopes, B.; Sousa, P.; Alvites, R.; Branquinho, M.; Sousa, A.; Mendonça, C.; Atayde, L.M.; Maurício, A.C. The Application of

Mesenchymal Stem Cells on Wound Repair and Regeneration. Appl. Sci. 2021, 11, 3000. [CrossRef]
8. Iacono, E.; Merlo, B.; Pirrone, A.; Antonelli, C.; Brunori, L.; Romagnoli, N.; Castagnetti, C. Effects of Mesenchymal Stem Cells

Isolated from Amniotic Fluid and Platelet-Rich Plasma Gel on Severe Decubitus Ulcers in a Septic Neonatal Foal. Res. Vet. Sci.
2012, 93, 1439–1440. [CrossRef] [PubMed]

9. Volk, S.W.; Theoret, C. Translating Stem Cell Therapies: The Role of Companion Animals in Regenerative Medicine. Wound Repair
Regen. 2013, 21, 382–394. [CrossRef]

10. Lanci, A.; Merlo, B.; Mariella, J.; Castagnetti, C.; Iacono, E. Heterologous Wharton’s Jelly Derived Mesenchymal Stem Cells
Application on a Large Chronic Skin Wound in a 6-Month-Old Filly. Front. Vet. Sci. 2019, 6, 9. [CrossRef]

11. Ji, X.; Yuan, X.; Ma, L.; Bi, B.; Zhu, H.; Lei, Z.; Liu, W.; Pu, H.; Jiang, J.; Jiang, X.; et al. Mesenchymal Stem Cell-Loaded
Thermosensitive Hydroxypropyl Chitin Hydrogel Combined with a Three-Dimensional-Printed Poly(ε-Caprolactone)/Nano-
Hydroxyapatite Scaffold to Repair Bone Defects via Osteogenesis, Angiogenesis and Immunomodulation. Theranostics 2020, 10,
725–740. [CrossRef] [PubMed]

12. Tayalia, P.; Mooney, D.J. Controlled Growth Factor Delivery for Tissue Engineering. Adv. Mater. 2009, 21, 3269–3285. [CrossRef]
[PubMed]

13. Marklein, R.A.; Burdick, J.A. Controlling Stem Cell Fate with Material Design. Adv. Mater. 2010, 22, 175–189. [CrossRef] [PubMed]

170



Animals 2022, 12, 734

14. Isomursu, A.; Lerche, M.; Taskinen, M.E.; Ivaska, J.; Peuhu, E. Integrin Signaling and Mechanotransduction in Regulation of
Somatic Stem Cells. Exp. Cell Res. 2019, 378, 217–225. [CrossRef] [PubMed]

15. Campbell, I.D.; Humphries, M.J. Integrin Structure, Activation, and Interactions. Cold Spring Harb. Perspect. Biol. 2011, 3, a004994.
[CrossRef] [PubMed]

16. Prowse, A.B.J.; Chong, F.; Gray, P.P.; Munro, T.P. Stem Cell Integrins: Implications for Ex-Vivo Culture and Cellular Therapies.
Stem Cell Res. 2011, 6, 1–12. [CrossRef] [PubMed]

17. Hynes, R.O. Integrins: Bidirectional, Allosteric Signaling Machines. Cell 2002, 110, 673–687. [CrossRef]
18. Baiula, M.; Galletti, P.; Martelli, G.; Soldati, R.; Belvisi, L.; Civera, M.; Dattoli, S.D.; Spampinato, S.M.; Giacomini, D. New

β-Lactam Derivatives Modulate Cell Adhesion and Signaling Mediated by RGD-Binding and Leukocyte Integrins. J. Med. Chem.
2016, 59, 9721–9742. [CrossRef] [PubMed]

19. Alcaide, B.; Almendros, P.; Aragoncillo, C. Highly Reactive 4-Membered Ring Nitrogen-Containing Heterocycles: Synthesis and
Properties. Curr. Opin. Drug Discov. Devel. 2010, 13, 685–697. [PubMed]

20. Greiner, A.; Wendorff, J.H. Electrospinning: A Fascinating Method for the Preparation of Ultrathin Fibers. Angew. Chem. Int. Ed.
2007, 46, 5670–5703. [CrossRef]

21. Wang, C.; Wang, J.; Zeng, L.; Qiao, Z.; Liu, X.; Liu, H.; Zhang, J.; Ding, J. Fabrication of Electrospun Polymer Nanofibers with
Diverse Morphologies. Molecules 2019, 24, 834. [CrossRef] [PubMed]

22. Martelli, G.; Bloise, N.; Merlettini, A.; Bruni, G.; Visai, L.; Focarete, M.L.; Giacomini, D. Combining Biologically Active β-
Lactams Integrin Agonists with Poly(l-Lactic Acid) Nanofibers: Enhancement of Human Mesenchymal Stem Cell Adhesion.
Biomacromolecules 2020, 21, 1157–1170. [CrossRef] [PubMed]

23. Iacono, E.; Pascucci, L.; Bazzucchi, C.; Cunto, M.; Ricci, F.; Rossi, B.; Merlo, B. Could Hypoxia Influence Basic Biological Properties
and Ultrastructural Features of Adult Canine Mesenchymal Stem /Stromal Cells? Vet. Res. Commun. 2018, 42, 297–308. [CrossRef]
[PubMed]

24. Merlo, B.; Pirondi, S.; Iacono, E.; Rossi, B.; Ricci, F.; Mari, G. Viability, in vitro differentiation and molecular characterization of
equine adipose tissue-derived mesenchymal stem cells cryopreserved in serum and serum-free medium. Cryo Lett. 2016, 37,
243–252.

25. Hao, D.; Ma, B.; He, C.; Liu, R.; Farmer, D.L.; Lam, K.S.; Wang, A. Surface Modification of Polymeric Electrospun Scaffolds
via a Potent and High-Affinity Integrin A4β1 Ligand Improved the Adhesion, Spreading and Survival of Human Chorionic
Villus-Derived Mesenchymal Stem Cells: A New Insight for Fetal Tissue Engineering. J. Mater. Chem. B 2020, 8, 1649–1659.
[CrossRef]

26. Foster, A.P.; McCabe, P.J.; Sanjar, S.; Cunningham, F.M. Agonist-Induced Adherence of Equine Eosinophils to Fibronectin. Vet.
Immunol. Immunopathol. 1997, 56, 205–220. [CrossRef]

27. Al-Ramadan, S.Y.; Brinsko, P.; Rigby, S.L.; Jaegera, L.A.; Burghardt, R.C. Analysis of MUC-1 and Integrin Subunit Expression in
Equine Uterine Epithelium and Trophectoderm. Theriogenology 2002, 58, 829–832. [CrossRef]

28. Grant, D.M.; Macedo, A.; Toms, D.; Klein, C. Fibrinogen in Equine Pregnancy as a Mediator of Cell Adhesion, an Epigenetic and
Functional Investigation. Biol. Reprod. 2020, 102, 170–184. [CrossRef]

29. Treonze, K.M.; Alves, K.; Fischer, P.; Hagmann, W.K.; Hora, D.; Kulick, A.; Vakerich, K.; Smith, N.D.; Lingham, R.B.;
Maniar, S.; et al. Characterization of A4β1 (CD49d/CD29) on Equine Leukocytes: Potential Utility of a Potent A4β1
(CD49d/CD29) Receptor Antagonist in the Treatment of Equine Heaves (Recurrent Airway Obstruction). Vet. Immunol.
Immunopathol. 2009, 130, 79–87. [CrossRef]

30. Claessen, C.; Favoreel, H.; Ma, G.; Osterrieder, N.; De Schauwer, C.; Piepers, S.; Van de Walle, G.R. Equid Herpesvirus 1 (EHV1)
Infection of Equine Mesenchymal Stem Cells Induces a PUL56-Dependent Downregulation of Select Cell Surface Markers. Vet.
Microbiol. 2015, 176, 32–39. [CrossRef]

31. Laval, K.; Favoreel, H.W.; Poelaert, K.C.K.; Van Cleemput, J.; Nauwynck, H.J. Equine Herpesvirus Type 1 Enhances Viral
Replication in CD172a+ Monocytic Cells upon Adhesion to Endothelial Cells. J. Virol. 2015, 89, 10912–10923. [CrossRef] [PubMed]

32. Kolyvushko, O.; Kelch, M.A.; Osterrieder, N.; Azab, W. Equine Alphaherpesviruses Require Activation of the Small GTPases
Rac1 and Cdc42 for Intracellular Transport. Microorganisms 2020, 8, 1013. [CrossRef] [PubMed]

33. Baiula, M.; Spampinato, S.; Gentilucci, L.; Tolomelli, A. Novel Ligands Targeting A4β1 Integrin: Therapeutic Applications and
Perspectives. Front. Chem. 2019, 7, 489. [CrossRef] [PubMed]

34. Grassinger, J.; Haylock, D.N.; Storan, M.J.; Haines, G.O.; Williams, B.; Whitty, G.A.; Vinson, A.R.; Be, C.L.; Li, S.;
Sørensen, E.S.; et al. Thrombin-Cleaved Osteopontin Regulates Hemopoietic Stem and Progenitor Cell Functions through
Interactions with A9β1 and A4β1 Integrins. Blood 2009, 114, 49–59. [CrossRef] [PubMed]

35. Vanderslice, P.; Biediger, R.J.; Woodside, D.G.; Brown, W.S.; Khounlo, S.; Warier, N.D.; Gundlach, C.W.; Caivano, A.R.;
Bornmann, W.G.; Maxwell, D.S.; et al. Small Molecule Agonist of Very Late Antigen-4 (VLA-4) Integrin Induces Progenitor Cell
Adhesion*. J. Biol. Chem. 2013, 288, 19414–19428. [CrossRef] [PubMed]

36. Colleoni, S.; Bottani, E.; Tessaro, I.; Mari, G.; Merlo, B.; Romagnoli, N.; Spadari, A.; Galli, C.; Lazzari, G. Isolation, Growth and
Differentiation of Equine Mesenchymal Stem Cells: Effect of Donor, Source, Amount of Tissue and Supplementation with Basic
Fibroblast Growth Factor. Vet. Res. Commun. 2009, 33, 811. [CrossRef]

37. Bagge, J.; MacLeod, J.N.; Berg, L.C. Cellular Proliferation of Equine Bone Marrow- and Adipose Tissue-Derived Mesenchymal
Stem Cells Decline With Increasing Donor Age. Front. Vet. Sci. 2020, 7, 933. [CrossRef] [PubMed]

171



Animals 2022, 12, 734

38. LaFlamme, S.E.; Nieves, B.; Colello, D.; Reverte, C.G. Integrins as Regulators of the Mitotic Machinery. Curr. Opin. Cell Biol. 2008,
20, 576–582. [CrossRef]

39. Lechler, T.; Fuchs, E. Asymmetric Cell Divisions Promote Stratification and Differentiation of Mammalian Skin. Nature 2005, 437,
275–280. [CrossRef]

40. Toyoshima, F.; Nishida, E. Integrin-Mediated Adhesion Orients the Spindle Parallel to the Substratum in an EB1- and Myosin
X-Dependent Manner. EMBO J. 2007, 26, 1487–1498. [CrossRef]

41. Mahdavi, F.S.; Salehi, A.; Seyedjafari, E.; Mohammadi-Sangcheshmeh, A.; Ardeshirylajimi, A. Bioactive Glass Ceramic
Nanoparticles-Coated Poly(l-Lactic Acid) Scaffold Improved Osteogenic Differentiation of Adipose Stem Cells in Equine. Tissue
Cell 2017, 49, 565–572. [CrossRef] [PubMed]

42. Duan, W.; Chen, C.; Haque, M.; Hayes, D.; Lopez, M.J. Polymer-Mineral Scaffold Augments in Vivo Equine Multipotent Stromal
Cell Osteogenesis. Stem Cell Res. Ther. 2018, 9, 60. [CrossRef] [PubMed]

43. Bageshlooyafshar, B.; Vakilian, S.; Kehtari, M.; Eslami-Arshaghi, T.; Rafeie, F.; Ramezanifard, R.; Rahchamani, R.;
Mohammadi-Sangcheshmeh, A.; Mostafaloo, Y.; Seyedjafari, E. Zinc Silicate Mineral-Coated Scaffold Improved in Vitro
Osteogenic Differentiation of Equine Adipose-Derived Mesenchymal Stem Cells. Res. Vet. Sci. 2019, 124, 444–451. [CrossRef]
[PubMed]

44. Zhao, L.; Detamore, M.S. Chondrogenic Differentiation of Stem Cells in Human Umbilical Cord Stroma with PGA and PLLA
Scaffolds. J. Biomed. Sci. Eng. 2010, 3, 1041–1049. [CrossRef] [PubMed]

172



Citation: La Mantia, D.; Bernardini,

C.; Zannoni, A.; Salaroli, R.; Wang, C.;

Bencivenni, S.; Forni, M. Efficacy of

Stem Cell Therapy in Large Animal

Models of Ischemic Cardiomyopathies:

A Systematic Review and

Meta-Analysis. Animals 2022, 12, 749.

https://doi.org/10.3390/

ani12060749

Academic Editor: Paul Dyce

Received: 27 January 2022

Accepted: 14 March 2022

Published: 16 March 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

animals

Systematic Review

Efficacy of Stem Cell Therapy in Large Animal Models
of Ischemic Cardiomyopathies: A Systematic Review
and Meta-Analysis

Debora La Mantia 1, Chiara Bernardini 1,*, Augusta Zannoni 1,2, Roberta Salaroli 1, Changzhen Wang 1,

Silvia Bencivenni 1 and Monica Forni 1,2

1 Department of Veterinary Medical Sciences, University of Bologna, Ozzano dell’Emilia, 40064 Bologna, Italy;
debora.lamantia2@unibo.it (D.L.M.); augusta.zannoni@unibo.it (A.Z.); roberta.salaroli@unibo.it (R.S.);
changzhen.wang@studio.unibo.it (C.W.); silvia.bencivenni2@unibo.it (S.B.); monica.forni@unibo.it (M.F.)

2 Health Sciences and Technologies—Interdepartmental Center for Industrial Research (CIRI-SDV),
Alma Mater Studiorum—University of Bologna, 40126 Bologna, Italy

* Correspondence: chiara.bernardini5@unibo.it; Tel.: +39-051-2097914

Simple Summary: The present work focuses on stem-cell assessment as a therapeutic approach
on cardiovascular diseases, both in terms of safety and efficacy. In particular, this is a systematic
review of the relevant literature about the use of stem-cell treatment against acute or chronic ischemic
cardiomyopathies in large animal models and a meta-analysis on collected data with regard to the
left ventricular ejection fraction (LVEF) as functional parameter. This approach is compliant with the
“3Rs” (replacement, reduction and refinement) principle about the use of animal experimentation in
preclinical trials to predict evidences and perform the future translational researches.

Abstract: Stem-cell therapy provides a promising strategy for patients with ischemic heart disease.
In recent years, numerous studies related to this therapeutic approach were performed; however,
the results were often heterogeneous and contradictory. For this reason, we conducted a systematic
review and meta-analysis of trials, reporting the use of stem-cell treatment against acute or chronic
ischemic cardiomyopathies in large animal models with regard to Left Ventricular Ejection Fraction
(LVEF). The defined research strategy was applied to the PubMed database to identify relevant
studies published from January 2011 to July 2021. A random-effect meta-analysis was performed on
LVEF mean data at follow-up between control and stem-cell-treated animals. In order to improve
the definition of the effect measure and to analyze the factors that could influence the outcomes, a
subgroup comparison was conducted. Sixty-six studies (n = 1183 animals) satisfied our inclusion
criteria. Ischemia/reperfusion infarction was performed in 37 studies, and chronic occlusion in
29 studies; moreover, 58 studies were on a pig animal model. The meta-analysis showed that cell
therapy increased LVEF by 7.41% (95% Confidence Interval 6.23–8.59%; p < 0.001) at follow-up, with
significative heterogeneity and high inconsistency (I2 = 82%, p < 0.001). By subgroup comparison,
the follow-up after 31–60 days (p = 0.025), the late cell injection (>7 days, p = 0.005) and the route of
cellular delivery by surgical treatment (p < 0.001) were significant predictors of LVEF improvement.
This meta-analysis showed that stem-cell therapy may improve heart function in large animal models
and that the swine specie is confirmed as a relevant animal model in the cardiovascular field. Due to
the significative heterogeneity and high inconsistency, future translational studies should be designed
to take into account the evidenced predictors to allow for the reduction of the number of animals used.

Keywords: stem cells; cell therapy; large animal models; ischemic cardiomyopathies; myocardial infarction

1. Introduction

Myocardial infarction is a leading cause of mortality and morbidity worldwide [1].
This pathology leads to death by necrosis of myocardial cells, due to prolonged ischemia,
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usually following coronary atherosclerosis [2]. In particular, coronary occlusion causes a
loss of myocardial perfusion with consequent morphological, biochemical and functional
alterations of the affected area, thus establishing ischemia, which, based on its extent and
duration, can cause cell necrosis. Cell death leads to dramatic consequences because it
triggers an acute inflammatory reaction. Subsequently, the damaged area is replaced by
intensely vascularized granulation tissue, which then evolves into a process of fibrosis and,
consequently, scar formation. Hyperplastic scar tissue is not functional, but the surviving
patient’s heart must still find a way to function while maintaining adequate cardiac output.
To do this, it undergoes a series of structural and dynamic changes which are referred to as
“ventricular remodeling”. In fact, both the necrotic area and the non-infarcted segment of
the ventricle progressively change in size, thickness and shape. All of this can then lead to
heart failure [3]. Effective treatment strategies for myocardial infarction are designed to
limit adverse ventricular remodeling to attenuate myocardial scar expansion and promote
improvement of cardiac function and myocardial regeneration [4,5]. Among many therapies
proposed, stem cells represent a promising option to repair the injured heart. Several cell
types, including embryonic stem cells, skeletal myoblasts, mesenchymal stem cells (MSCs),
cardiac stem cells (CSCs) and induced pluripotent stem cells (iPSCs), have been employed
to re-functionalize the injured heart [5]. It has been shown that CSCs can differentiate
into endothelial cells (ECs), vascular smooth-muscle cells (VSMCs) and cardiomyocytes
(CMs) [6,7]. MSCs can differentiate into cardiomyocytes and induce angiogenesis [8,9].
Nevertheless, in vivo studies show that the percentage of inoculated stem cells that are
stably implanted in the infarcted region and the related rate of cardiomyogenesis and
angiogenesis are very slow to support myocardial regeneration [10]. However, studies
from the past 20 years have clearly shown that it has been demonstrated that transplanted
stem cells are able to release soluble factors that act in a paracrine way, contributing to the
repair and regeneration of the infarcted myocardium [11]. These factors include a variety of
growth factors, cytokines and extracellular matrix proteins [12]. Moreover, paracrine effects
also include the recruitment activation and proliferation of resident endothelial progenitor
cells (EPCs), cardiac progenitor cells (CPCs) and/or resident CSCs [12,13]. Furthermore,
paracrine factors influence the contractile abilities of CM [6], promote cytoprotection
(inhibition of apoptosis and necrosis) and formation of new blood vessels [7,12], prevent
degradation of extracellular matrix (ECM), inhibit fibrosis and release of granulation
factors [7]. Currently the most promising results have been obtained through the paracrine
action rather than the direct action of cell differentiation [10,14–16].

In the last 20 years, in addition to the numerous experiments performed with in vitro
models, numerous studies have been performed with large animal models with ischemic
cardiomyopathies. These preclinical studies evaluated the risk of this new cell therapy,
considering safety, feasibility and efficacy. In addition, they tried to answer the unsolved
problems in clinical cell therapy (cell-type selection, number of cells, method of admin-
istration, time of administration and follow-up after cell transplantation); however, the
results obtained were often heterogeneous and contradictory [17]. Studies based on large
animal models often suffer from extremely limited sample sizes, due to ethical reasons,
costs and management difficulties. Systematic reviews and meta-analysis substantially
increase the statistical power, and the different experimental settings in the studies make
it possible to obtain an estimate with a much higher external validity of the model. The
present systematic review is an update of the previous work published by van der Spoel
and colleagues [17] and aims to summarize trials reported in the literature about the use
of stem-cell treatment against acute or chronic ischemic cardiomyopathies in large animal
models and perform a meta-analysis on collected data from 2011 to 2021, with regard to
Left Ventricular Ejection Fraction (LVEF) as a functional parameter.
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2. Materials and Methods

2.1. Search Strategy and Selection Criteria

The international principles of preferred reporting items for systematic reviews and
meta-analyses (PRISMA) 2020 guidelines were followed throughout the study [18]. Re-
search was conducted in PubMed [19] to identify all the relevant publication from the
period January 2011 to July 2021 by using the following search terms: “(pig OR porcine OR
swine OR canine OR dog OR sheep OR ovine) AND (stem cells OR progenitor cells OR
bone marrow) AND (myocardial infarction OR heart failure OR coronary artery disease
OR cardiac repair OR myocardial regeneration)”. Only articles published in English were
included. The collected studies were carefully examined, and duplicates were removed.

2.2. Eligibility Criteria

The primary literature used to conduct the systematic review was compliant with the
following inclusion and exclusion criteria. Studies that used large animal models with acute
myocardial infarction (MI) or chronic ischemic cardiomyopathies, randomized controlled
trials (RCTs) or no RCT studies were included to investigate the effect of stem-cell therapy
on cardiac function as determined by left ventricular ejection fraction (LVEF). In addition, a
placebo or sham-operated control group was included in the study. Studies using reporter
genes (for stem-cell-imaging purposes only) were also included. In vitro studies, studies
using genetically engineered or transfected stem cells with altered cellular behavior and
studies using only conditioned media were excluded. Reviews, editorials, comments,
letters and reports were excluded.

2.3. Data Extraction

Two reviewers (D.L.M. and C.W.) independently selected the studies by reading titles,
abstracts and full manuscripts and applying the criteria mentioned above, and the resulting
list of studies was approved by a third reviewer (M.F.). Then the following information was
extracted from the full text of the selected studies: basal characteristics of the studies and
left ventricular ejection fraction (LVEF) outcomes. If necessary, LVEF data were recalculated
as follows: (EDV − ESV)/EDV × 100% (EDV, end-diastolic volume, ESV, end-systolic
volume). Accordingly, the standards deviations (SD) were determined or recalculated from
the standard errors of mean (SEM).

2.4. Statistical Analysis

Primary analysis consisted of calculating the LVEF mean difference (reported in %)
at follow-up between the control and stem-cell-treated groups when exposed to acute
myocardial infarction or chronic ischemic cardiomyopathies. Continuous variables were
reported as weighted mean differences with the 95% confidence intervals (CIs) between the
treated and control groups. In the presence of multiple experimental groups alongside the
control group within a study, the control group was used as control for each experimental
group. A random-effect model (DerSimonian–Laird) was applied for the meta-analysis.
Heterogeneity was assessed by using the I2 statistics. Values for 25%, 50% and 75% for
I2 represented low, moderate and high heterogeneity, respectively [20]. In addition, the
following subgroup analyses were performed: type of study (RCT or cohort); MI model
(ischemia/reperfusion (I/R) or chronic occlusion); location of infarct-related artery (left
anterior descending artery (LAD) or left circumflex artery (LCX)); autologous cell therapy
(yes or no); cell type (adipose-derived stem cells (ASCs), bone-marrow mononuclear cells
(BMMNC), bone-marrow-derived mononuclear cells (BMDMNCs), bone-marrow stem
cells (BMSCs), cardiosphere-derived cells (CDCs), cardiac-derived progenitor cells (CPCs),
cardiac stem cells (CSCs), multipotent adult progenitor cells (MAPCs), mesenchymal
precursor cells (MPCs), induced pluripotent stem cells (iPSCs), mesenchymal stem cells
(MSCs) or other types of stem cells (SC)); number of cells injected (<107, 107–108, ≥108);
timing of cell therapy after heart attack (<1 day, 1–7 days, >7 days); follow-up after cell
therapy (≤30 days, 31–60 days, >60 days); type of animal (pig, dog or sheep); and route of
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delivery (intramyocardial (IM), intracoronary (IC), trans-endocardial (TE), surgical or other
routes)). Welch’s t-test or ANOVA test was applied to compare subgroups. A funnel plot
for LVEF was drawn to explore publication bias. All analyses were performed by using
JASP software (JASP Team, 2022; version 0.14.1; Amsterdam, The Netherlands).

3. Results

3.1. Study Selection

The database search yielded 435 publications. After removing articles not in English
and reviews, 401 publications were identified and assessed for eligibility. Based on the
defined criteria, 289 studies were excluded and 112 studies were reviewed in detail. Only
66 studies met our inclusion criteria. The study search and selection processes are described
in detail in Figure 1.

Figure 1. PRISMA workflow of the study selection process, records screened and studies included.

3.2. Included Studies Characteristics

In total, 1183 animals met the inclusion criteria, and the data derived from them were
analyzed. Table 1 provides the characteristics of the included studies. Most studies used
the porcine model (58 studies). In 37 studies, ischemia/reperfusion was used as an MI
model. MI was mainly induced in the LAD (60 studies), but the site of ligation/constriction
of the vessel (proximal, mid or distal) varied. Ten different types of cells were studied
(25 studies used MSCs), but the number of stem cells administered varied (from 106 to
109); 26 studies used autologous cells. The main routes of delivery were IC infusion, IM,
TE injection and surgical. Cell therapy was performed at different times after MI: <1 day
(21 studies), 1–7 days (12 studies) and >7 days (33 studies). Follow-ups after cell therapy
varied from 1 day to 180 days. The median and interquartile range of follow-up time was
51 days (28–60 days).
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3.3. Meta-Analysis

Meta-analysis showed a LVEF difference of 7.41% at follow-up after stem-cell therapy
vs. control (95% CI, 6.23–8.59%; p < 0.001), with significative heterogeneity (p < 0.001)
and high inconsistency (I2: 82%) (Figure 2). At follow-up, the mean LVEF after stem-cell
treatment and control was 48% and 40.7%, respectively.

Figure 2. Forest plot showing the effect of stem-cell therapy on LVEF improvement compared with
controls. Note: 95% CI, 95% confidence interval.

3.4. Subgroup Analysis

LVEF mean difference values were compared for subgroup analysis, and a Welch’s
t-test or ANOVA test was applied. The analysis showed that follow-up after cell therapy
(p = 0.025), time between infarction and cell injection (p = 0.005) and the route of delivery
(p < 0.001) are independent significant predictors of LVEF improvement. Figure 3d,f,i shows
a trend toward greater improvements after cell therapy in the following aspects: follow-up
at 31–60 days, since, after that period, the effect of cell therapy appeared to decline over
time; and the late cell injection after MI (>7 days) and the surgical treatment. In addition,
less benefit was observed in the ischemia/reperfusion MI model compared to the chronic
MI models (p = 0.063), and there was an improvement with autologous cell treatment
(p = 0.079) (Figure 3b,c). No significant differences in LVEF were observed in the following
cases: animal model (p = 0.355), type of infarction (p = 0.257), type of study (p = 0.345),
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cell number (p = 0.39) and cell type (p = 0.361) (Figure 3a,e,g,h,j). An additional subgroup
analysis was performed to analyze the three predictors at the significant levels (Follow up
31–60 days, timing of cell therapy after MI > 7 days and surgical as route of delivery) to
understand whether the effect on LVEF improvement was related to a specific cell type. No
significative differences were detected (Figure 4).

Figure 3. Subgroup analysis showing the LVEF trends toward more improvements after cell therapy
compared with control: (d) follow-up at 31–60 days (p = 0.025), (f) the late cell injection (>7 days,
p = 0.005), (i) surgical administration (p < 0.001), (b) chronic occlusion model (p = 0.063) and (c)
autologous cells (p = 0.079). No significant differences were observed in (j) animal model (p = 0.355),
(h) type of infarction (p = 0.257), (a) type of study (p = 0.345), (e) number of cells (p = 0.39) and (g) cell
type (n ≥ 3 studies) (p = 0.361). Graphs are represented as Boxplots; the two segments that delimit
the rectangle represent the 25th and 75th percentiles; the central segment is the median; the bars
represent the minimum and maximum values, respectively; and the external points are the outliers.
Note: (* p <0.05) represents statistical significance resulting from one-way ANOVA, followed by post
hoc Tukey comparison test.
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Figure 4. Subgroup analysis showing LVEF trends of cell type (n > 3 studies) by considering studies
of the three significant predictors, in particular (a) follow-up (30–60 days) (p = 0.904), (b) timing of
cell therapy after MI (>7 days) (p = 0.690) and (c) route of delivery (surgical) (p = 0.729). Graphs are
represented as Boxplots; the two segments that delimit the rectangle represent the 25th and 75th
percentiles; the central segment is the median; the bars represent the minimum and maximum values,
respectively; and the external points the outliers.

The funnel plot for LVEF mean difference shows that there is no publication bias
(Figure 5), as values are evenly distributed around the effect estimate, as evidenced by the
regression test for funnel plot asymmetry (Egger’s test) (p = 0.657).
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Figure 5. Funnel plot for LVEF improvement showing the absence of publication biases. The vertical
solid line represents the estimated overall mean difference; black dots are the standard error of each
study. MD, mean difference.

4. Discussion

In the present systematic review and meta-analysis, we assessed the effect of stem-
cell therapy against ischemic cardiomyopathies in large animal models; this is an update
of a previous work published by van der Spoel et al. [17] that reviewed the same topic
in studies performed from 1980 to 2010. The analysis includes data from 66 published
pre-clinical studies (2011–2021) that used large animal models treated with stem cells in
order to study the effects of cell therapy of ischemic cardiomyopathies by reporting out-
comes derived from left ventricular ejection fraction (LVEF) as functional parameter. The
meta-analysis showed a significant improvement of LVEF by 7.41% (95% CI 6.23–8.59%)
after stem-cell therapy against control group confirming the positive effect reported in
the previous meta-analysis [17], in which LVEF effect size was 7.51% (95% CI 6.15–8.87%).
Given the number of the studies included, a random-effect model was applied by result-
ing a significative heterogeneity with high inconsistency (I2: 82%). For this reason, a
comparison between subgroups was investigated in order to analyze clinically relevant
parameters. The sub-analysis revealed that time of follow-up, time between infarction and
cell injection, and the route of cellular delivery are independent significant predictors of
LVEF improvement. In detail, in large animals, the effect of cell therapy achieved better
results at 31–60 days, after which it fades over time; this phenomenon is in accordance
with the previous analysis [17]. This finding could suggest the use of new applications and
therapeutic strategies to increase cell survival over time, such as the use of slow-release
molecules by cell pre-conditioning [86,87], the application of biomaterials [88,89] or the
genetic stem-cell modifications [90]. Late cell injection assumed better benefit if applied
7 days after MI; our findings are comparable with the previous meta-analyses both in large
animals [17] and human [91]. Optimal stem-cell therapy depends not only on engraft-
ment and survival of the transplanted cells but also on successful delivery. By comparing
different types of cellular delivery, our results demonstrated that surgical treatment is
the route that significantly improves the heart functionality. In general, stem cells can be
delivered by intravenous or intracoronary routes after coronary revascularization in the
setting of acute MI to avoid the risk of invasive procedure; however, both IV and IC routes
seems to be not applicable for patients with chronic myocardial ischemia not amenable to
coronary revascularization, so direct intramyocardial injection via either surgical epicardial
or transcatheter endocardial approaches may be necessary, as they allow for the direct
visualization of the site of injection [92]. In addition, our findings showed that less benefit
in LVEF improvement was observed in ischemia/reperfusion MI model compared to the
chronic occlusion models, but without reaching significance. This is compliant with the
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findings obtained by van der Spoel et al. [17] both in large and small animal models [93].
Autologous cell therapy resulted in better results on LVEF improvement, but not significa-
tive; a similar effect was shown in a meta-analysis performed in large animal models about
autologous and allogeneic cell therapy for ischemic heart disease by using BM-MNCs,
MSCs and cardiac stem-cell types [38]. Furthermore, the use of autologous BM- or MSC-
derived cells is confounded by the functional impairment of those stem cells associated
with aging and because of the restricted immediate availability; the use of allogenic cell
products with limited immunogenicity, such as MSC derived from different tissues, or
standardized non-cellular products, such as conditional medium, may overcome these
problems in terms of efficacy and safety [38,92,94].

No significative differences in LVEF were observed in animal species, infarct type,
type of study, number of cells and cell type. Regarding the cell type, the result obtained
contrasts with that of van der Spoel et al. [17]. We could not exclude that this result is
due to the high difference in the studies’ number between the group analyzed. The same
consideration regarding the lack of significative results deserves to be made for the number
of cells (<107 n = 6, 107–108 n = 41, and ≥ 108 n = 19) and the animal species (porcine n = 58
others n = 8).

Although no difference was observed between species, we would sustain the widely
accepted porcine animal model as the one to be recommended to evaluate the effect of
the cell therapy, confirming the swine as a relevant animal model in the cardiovascular
field and in translational research in a broader sense [95]. This is because most of the
published studies (89% of those included in our SR) are based on this model, and the
data are, therefore, available for comparison as a fundamental tool in future experimental
designs, in particular, in relation to the Reduction aspects. Furthermore, we wanted to
investigate what could contribute to the statistical significance of the improving predictors
of LVEF. In particular, we analyzed whether the effect of LVEF improvement was attributed
to a specific cell type. No significative difference was observed in cell type in large animal
studies with a significative improvement in follow-up (31–60 days), timing of cell therapy
after MI (>7 days) and surgical treatment (Figure 4).

Limitations

The limitations of meta-analysis are well-known [96]. Meta-analyses and systematic
reviews are statistical and scientific techniques that can highlight areas where evidence is
lacking, but they cannot overcome these deficiencies [97]. Publication bias and search bias
are potential problems in all meta-analyses [97]; this arises from the fact that unpublished
studies may contradict the results due to the tendency not to publish negative studies, thus
leading to the over-representation of “positive” ones [98]. In this meta-analysis, the funnel
plot (Figure 4) for the LVEF mean difference showed that there is no publication bias. Thus,
based on the results we obtained, we can affirm that, in the future, stem-cell-transplant
studies in large animal models with ischemic cardiomyopathies should therefore focus on
late (>7 days) surgical treatments and 31–60-day follow-up. The analysis of the subgroups
shows that the greater heterogeneity of the included studies could be mainly due to the
different amounts of data in the different comparison groups, such as in the case of cell
number, cell type and animal species.

5. Conclusions

In conclusion, in the present systematic review and meta-analysis, we evaluated the
effect of stem-cell transplantation in large animal models with ischemic cardiomyopathies,
showing that stem-cell therapy could improve LVEF. The SR is therefore confirmed as a
reliable method for obtaining a complete contextual framework from which to start for
further experimentation, and future translational studies should be designed by consid-
ering the evidenced predictors to allow for the reduction of the number of animals used
in preclinical trials. Large animal models, especially the swine, are a translational step
necessary to predict outcomes of clinical trials in the cardiovascular field.
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Simple Summary: Throughout history, the role of adipose tissue has changed for humans, and
regarding canines: the role has changed from connective tissue to restoration of physiological
functions. The adipose tissue cells have extraordinary mechanisms of healing tissue function, and the
most outstanding component of adipose tissue discovered are mesenchymal stem cells. It has been
almost fifteen years since their discovery in canine adipose tissue. Since then, numerous studies have
investigated the possibilities of adipose-derived mesenchymal stem cells in treating various canine
diseases. This review summarised the progress of confirming the therapeutic role of adipose tissue
components, focusing on stem cells as the most researched and with the highest potential in enabling
a better quality of life for canines.

Abstract: Adipose tissue, previously known as connective tissue with a role in energy storage, is
currently changing the course of treatments in veterinary medicine. Recent studies have revealed
one particularly impressive function among all the newly discovered functions of adipose tissue.
The interactive cells hosted by adipose tissue, the stromal vascular fraction (SVF), and their role in
treating numerous diseases have provided a prospective course of research with positive outcomes in
regenerative veterinary medicine (RVM). This review describes the main features of adipose tissue,
emphasizing an eclectic combination of cells within the SVF and its thus far researched therapeutic
possibilities in canine RVM. An afterwards focus is on a highly researched component of the SVF,
adipose-derived mesenchymal stem cells (ASCs), which were shown to have an extraordinary impact
relying on several proposed mechanisms of action on mitigating pathologies in canines. Furthermore,
ASC therapy showed the most significant results in the orthopaedics field and in neurology, derma-
tology, ophthalmology, gastroenterology, and hepatology, which elevates the possibilities of ASC
therapy to a whole new level. Therefore, this review article aims to raise awareness of the importance
of research on cellular components, within abundant and easily accessible adipose tissue, in the
direction of regenerative therapy in canines, considering the positive outcomes so far. Although the
focus is on the positive aspects of cellular therapy in canines, the researchers should not forget the
importance of identifying the potential negative aspects within published and upcoming research.
Safe and standardized treatment represents a fundamental prerequisite for positively impacting the
lives of canine patients.

Keywords: canine; adipose-derived mesenchymal stem cells; stem cell therapy; regenerative veteri-
nary medicine; stromal vascular fraction; adipose tissue

1. Introduction

Adipose tissue (AT) was once considered to be the only connective tissue involved in
energy storage. Currently, recognition of AT function is beyond simple fat storage, and is
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well known as a metabolic and endocrine organ [1–3]. Consequently, this review aims to
raise awareness on the importance of research on cellular components, within abundant
and easily accessible adipose tissue, in the direction of regenerative therapy in canines,
considering positive outcomes so far and failures of current treatment options.

Today it is accepted that adipose tissue is of mesodermal origin. However, there is
evidence that craniofacial adipose deposits may originate from the neural crest [4]. Conse-
quently, the origins of adipose tissue are complex and have to be fully explored [5]. Adipose
tissue is crucial in maintaining lipid and glucose homeostasis [6]. Endocrine role turnover
appears with the possibility of producing oestrogen, resistin, and leptin [1,7] and regulates
food intake, body mass, reproductive functioning, foetal growth, pro-inflammatory im-
mune responses, angiogenesis, and lipolysis [8]. Furthermore, it was discovered that AT
secretes pro-inflammatory chemokines and cytokines such as interleukins (IL) 1, IL 6, IL 8,
tumour necrosis factor-alpha (TNF-α), as well as proteins with a role in lipid metabolism,
in vascular haemostasis or the complement system. The mechanism of action of those
proteins may be autocrine, paracrine, or distant from AT [9]. To date, several AT types
are identified, i.e., white (WAT), brown (BAT), and beige (BGAT) distributed in various
anatomical parts throughout the organism [6]. Adult canines contain AT located mainly
in subcutaneous and visceral depots [10]. In regenerative veterinary medicine (RVM), AT
from the periovarian area, ligament falciform, and subcutaneous area is generally used. It
can also be easily obtained during elective surgeries such as ovariotomy and gastropexy
where AT is collected as medical waste (Figure 1).

 

Figure 1. Adipose tissue collection during canine ovariotomy. The routine procedure commonly
performed in young females presents an excellent opportunity to collect adipose tissue and store cells
for future use in regenerative therapy.

2. Adipocytes—The Main Compound of AT

Adipocytes are the main compounds of AT and can exist in almost every organism
structure. They occur individually or in small groups scattered throughout the connective
tissue. Loose connective tissue contains adipocytes or clusters of multiple cells, but the
tissue is referred to as AT when the fat cells outnumber other cell types [11].

WAT cells are formed soon after birth, and their main purpose is to store triglycerides.
The formation of adipocytes starts with mesenchymal stem cells turning into adipoblasts
which further differentiate into pre-adipocytes. After pre-adipocytes reach growth arrest,
they change their appearance, accumulate triglycerides, and become mature adipocytes
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with lost ability of division [12]. BAT cells develop before birth and specialize in defending
mammals against hypothermia [13]. The morphogenetic protein (BMP)-7 is responsible for
the differentiation process of brown pre-adipocytes into BAT [14].

BAT is equipped with the metabolic machinery comprising the numerous mitochon-
dria and the appropriate enzymes that allow fatty acids to oxidize at enhanced rates than
that of WAT. In addition, the mitochondria of brown adipose tissue cells primarily generate
heat rather than adenosine triphosphate (ATP) and can sustain body heat during prolonged
periods of cold [15].

The last discovered and current highly researched type of adipocytes are beige orbrite.
These have the characteristics of WAT and BAT cells [16]. The synthesis of BGAT is a highly
investigated topic in diabetes and metabolism research [17,18].

As mentioned, AT was once viewed as a passive triglyceride depot, but AT is now
known as a complex tissue giving residence to various interacting cells, also known as the
stromal vascular fraction (SVF) [1,13].

3. Stromal Vascular Fraction—Interacting Cells Hosted by AT

SVF is an eclectic combination of cells, including adipose-derived mesenchymal stem
cells (ASCs), blood cells, endothelial precursors, endothelial and smooth muscle cells,
pre-adipocytes, pericytes, macrophages and adipocytes [3,19,20] (Figure 2). Although
adipocytes account for >90% of AT volume, SVF predominates in overall cell number [13].
In humans, SVF cells isolated from WAT possess more hematopoietic cells, macrophages,
hematopoietic progenitors, and immature cells that, together, contribute to a higher degree
of plasticity than SVF cells isolated from BAT [3,21].

Isolation of SVF from AT can be obtained by mechanical disruption and enzymatic
digestion (Figure 3). The AT disassociation and SVF extraction most often involve a combi-
nation of the mechanical disruption of connective tissue, followed by enzymatic digestion
with collagenase [22,23]. Both procedures aim to preserve the stem cells, the vascular
compartment (stromal cell niche) viability and the therapeutic benefits of SVF products [24].
However, there are differences in outcomes between these two methods. For example,
enzymatic digestion provides the phenotype of individual cells, while the mechanical
extraction itself preserves interaction between cells and matrix [25]. Nevertheless, enzy-
matic digestion is considered the “gold standard” since it provides significantly greater cell
viability [26].

The tissue harvesting site also presents a challenge since it can impair SVF and ASCs
viability, cellular yield and immunophenotype. Recently, Hendawy et al. (2021) found
that the peri-ovarian region is the most favourable site for harvesting ASCs in dogs since
it contains the highest number of viable cells per gram of AT compared to subcutaneous
and falciform ligament sites and also the highest number of CD90+ cells [22]. In 2013,
Astor et al. reported similar results; AT collected at the falciform location had significantly
fewer viable cells per gram (VCPG) than tissue collected at the thoracic wall and inguinal
sites [27]. The same authors also reported the influence of age in SVF cell viability with
significantly higher VCPG in dogs up to 4.5 years old; higher VCPG was also noted in
non-spayed dogs compared to spayed ones. In addition, other authors noted the signif-
icantly higher population doubling and differentiation potentials in young donors [28].
As observed, consideration of many specific factors is needed to provide the best SVF
therapy solution.
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Figure 2. Graphical representation of the stromal vascular fraction components.

194



Animals 2022, 12, 1088

Figure 3. (A,B) represent stromal vascular fraction 24 h post isolation from peri-ovarian and subcuta-
neous adipose tissue, seeded in T25 flask after mechanical and enzymatic disruption. Cells pointed
with a red arrow are plastic adherent cells in expansion; the surrounding cells are nonadherent.
Pictures were obtained with Cytosmart Lux2 (CytoSMART Technologies B.V., The Netherlands).

3.1. Mechanism of Action

The existing literature suggests that SVF achieves regeneration and healing through
pro-angiogenic and immunomodulatory mechanisms, including differentiation and extra-
cellular matrix secretion [19]. The first study reports the effectiveness of SVF therapy in
dogs in 2007 [29]. The effectiveness may be due to the presence of ASCs, the vascular niche
cells, and, finally, the interactions between all cells present in SVF [24]. Senesi et al. (2019)
retain that the anti-inflammatory and immunoregulatory effect of SVF for osteoarthrosis is
more likely than cells’ ability to differentiate in the specific cell lineage [26]. Hendawy et al.
(2021) attribute the crucial effects of SVF to the presence of a sufficient number of ASCs,
with preserved differentiation capacity. Because of the complex interactions between SVF
and specific organs, the function of SVF in the treatment of various pathologies needs
further clarification [22,26]. The mentioned mechanisms of action are elaborated in detail
in the following sections of this review.

3.2. SVF Clinical Application for Various Conditions

Adipose SVF injection proved helpful in the orthopaedic field because it is a favourable,
minimally invasive, non-surgical alternative for treating musculoskeletal disorders [26].
Osteoarthritis of the hip joint was significantly improved 24-weeks following treatment
with simultaneous intraarticular (IA) and intravenous (IV) injection of autologous adipose-
derived SVF and platelet-rich plasma (PRP) [30]. Lameness and range of motion signif-
icantly improved, as well as the overall quality of life in a double-blind study of canine
hip joint osteoarthritis after 30, 60 and 90 days; although the cells in this study are named
ASCs, the study indicates the application of a heterogeneous population of cells, including
ASCs [29]. The same research group tested dogs suffering from elbow joint osteoarthritis.
The placebo control group was not included in this study, but based on their previous anal-
ysis of hip joints, the significant improvement was attributed to the IA injected AT-derived
heterogeneous cell population [31]. In four canine patients diagnosed with hip dysplasia,
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autologous SVF acupoint injection showed marked improvement, compared with baseline
results after the first week of treatment [32].

The use of allogenic SVF in degenerative joint disease of the spine in dogs revealed
an increased serum level of the vascular endothelial growth factor of affected animals in
the second week of treatment. In the eighth week, the levels were decreased [33]. The
same study published that decreased pain and reduced lameness were noticed a few days
following therapy, overall concluding the improvement of joint regeneration capacity. The
lack of research in the veterinary field indicates a significant need for further investigation
of SVF benefits.

4. Adipose-Derived Mesenchymal Stem Cells—An Outstanding Component of
the SVF

It is well known that stem cells provide tissues and organs with a fresh cellular
compartment that can replace cells that have expired naturally and provide physiological
balance in the organism. In addition, the expiration of cells due to natural processes or
damage enables regeneration of the tissues [34]. The significant discovery of a stem cell
system within AT occurred twenty years ago [35,36]. This finding raised considerable
interest in the veterinary scientific community. The results were first documented in 2008
when scientists successfully isolated and fully described ASCs in canines [37] which laid
the foundation for RVM.

The ASCs, a subpopulation within SVF, are non-hemopoietic stem cells originating
from the mesoderm [38]. What makes them intriguing for cell research and therapy, among
MSC properties such as self-renewal, in vitro proliferation, non-specialization, and ability
to differentiate in another type of cell, is their easy accessibility. To address AT isolated cells
as ASCs, the International Society for Cellular Therapy (ISCT) and The International Feder-
ation for Adipose Therapeutics (IFATS) have provided guidelines and recommendations
for the minimal essential characterization of human ASCs. The established criteria were:
capacity to proliferate as adherent cells in cultures, the ability of minimal three lineages
in vitro differentiation (osteogenic, chondrogenic and adipogenic) (Figure 4), phenotypical
positivity for CD90, CD73, CD105 and negativity for CD14, CD34, CD45, CD11b, CD19 or
CD79α [24,39]. Although scientists apply those rules for canine ASCs research, the exact
criteria are still not wholly established for this species. Though, numerous studies are
contributing to ASCs characterization. In this context, the investigation of these changes
in surface marker expression (CD73, CD90, CD29, CD44, CD271, CD45 and CD14) has
been performed through six passages, providing a timeframe the ASCs cultivated in vitro
possess optimal surface marker expression for use in therapy [23].

From the moment of their discovery, ASCs features were exploited in vitro to generate
sufficient cell numbers to reach therapeutic doses depending on the disease for which
the ASCs are being tested; meanwhile, their properties, gene expression and surface
marker expression can be heavily influenced by such manipulation. Inevitably, prolonged
cultivation in vitro carries side effects in terms of affection of the characteristic ASCs
membrane markers responsible for their positive impact [23]. Therefore, basic research on
ASCs properties in vitro is needed to further reveal their molecular signatures.

4.1. Mechanism of Action

As already well documented for MSC in general, the healing properties are probably
a result of the secretion of many factors influencing the immune system, with anti-apoptotic,
anti-inflammatory, chemotactic and pro-angiogenic functions [10,40–42].
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Figure 4. (A,B) Successful differentiation of canine adipose-derived mesenchymal stem cells (ASCs)
in adipocyte differentiation media. When stained with Oil O Red, accumulated lipid droplets show
high-intensity red staining within the cell (A) regarding control cultivated in basal medium (B).
(C,D) Canine ASCs after successful osteodifferentiation; cells were stained with substrate to detect
alkaline phosphatase activity. Purple strains of canine ASCs showed activity of alkaline phosphatase
(C), while cells cultivated in basal medium (negative control) (D), showing low-intensity staining.
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4E-H Images of histological sections of paraffin-embedded spheroids (20×, Zeiss, Germany) of canine
ASCs three-dimensional culture after successful chondrodifferentiation. ASCs spheroids were stained
with Alcian blue to detect the presence of aggrecan (E,G) and with H&E (F,H). Microscopic images
(20×) (A–H) were taken with Zeiss Axiovert, Carl Zeiss AG, Jena, Germany.

The mechanism of action (Figure 5) operates by sending and receiving autocrine,
paracrine, endocrine and intracellular signals [40]. However, the primary therapeutic effect
of MSCs is paracrine signalling inducing functional changes in monocytes/macrophages,
dendritic cells, T-cells, B-cells, and natural killer cells [42]. Furthermore, MSCs can transfer
various molecules through the extracellular vesicles (ECV): exosomes, microvesicles, and
apoptotic bodies. ECVs are vesicles produced from the plasma membrane, and carry
mRNA, proteins, miRNA, and mitochondria and travel within the body [42]. Except for the
two MSC mechanisms of action mentioned above, apoptosis-mediated immunomodulation
and mitochondrial transfer are other possible mechanisms of MSC action [42].

Figure 5. Schematic representation of adipose-derived mesenchymal stem cell features explored
within regenerative therapy.

4.1.1. Immunomodulation

The interaction of MSCs with the innate and adaptive immune systems usually results
in the downregulation of ongoing inflammatory responses, though the immune response
can also be upregulated. The MSC immunomodulation is influenced by many factors such
as activation, tissue of origin, dose and time of application, and interaction with immune
cells [43]. MSC immunomodulation remains yet to be elucidated; however, paracrine
signalling via immunomodulatory mediators such as nitric oxide (NO), indoleamine 2,3-
dioxygenase (IDO), transforming growth factor-β (TGF-β), hepatocyte growth factor (HGF),
hemoxygenase (HO), IL-6 and prostaglandin E2 (PGE2) is believed to be the first stage.
In addition, this may also occur through direct contact between cells [43–45]. Chow et al.
(2017) reported that canine MSC suppressed T cell activation by TGF-b signalling pathways
and adenosine signalling [46]. This finding further indicates that canine MSC, unlike
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human and rodent MSC, relies primarily on cyclooxygenase and TGF-b pathways for T
cell suppression rather than on NO or IDO-mediated pathways. Besides suppressing T
cells, MSCs suppress B cell activation and proliferation, dendritic cells maturation, inhibit
NK cell proliferation and cytotoxicity, and promote regulatory T cell generation via soluble
factors or cell-cell contact [44]. T cell necrosis by canine MSC is an additional mechanism
of immune modulation [46]. Canine ASCs can suppress lipopolysaccharide mediated
activation/maturation of canine dendritic cells (DC). The impact in vivo of such squelched
DC activation would undoubtedly result in an attenuated ability to appropriately prime T
cell responses. This effect would be exacerbated if the ASCs were first activated with IFNg,
suggesting that the suppressive effect would be optimal in an inflammatory environment
typical of autoimmune or pro-inflammatory conditions [47].

Another “immune-privileged” MSC property is their low immunogenicity attributed
to low expression of MHC I, absence of co-stimulating CD80, CD86 and CD40, MHC II
deficiency and whole paracrine spectrum of biomolecules and growth factors through
which they establish their action [48–50]. Each of the mentioned pathways reflects the
possibilities these cells offer to treat various disorders and organ systems. However, all
aforementioned mechanisms also imply the differences between species and offer space for
new acknowledgements.

4.1.2. Homing

The MSCs have a remarkable ability to locate damaged tissues [3,42]. In response to
chemotactic signals, MSCs reach the circulation and migrate to the site of injury, where
they secrete molecules to promote regeneration. However, it is unclear which chemotactic
signals guide MSCs to appropriate microenvironments [51]. The homing of MSCs is
currently inefficient, and after they are systemically administered a small percentage
of cells reach the target tissue [52]. The process of migration from the bloodstream to
tissue involves steps for lymphocyte migration: (1) tethering and rolling, (2) activation,
(3) firm adhesion, (4) transmigration or diapedesis, resulting in migration into tissue due
to chemotaxis as described by Sackstein [53]. The migration of MSCs occur in response to
various chemokines and growth factors, including TNF-α (tumour necrosis factor-α), IL-6,
IL-8 [54]. Unlike comprehensive knowledge on blood cell homing, MSC homing remains
poorly understood as tethering or rolling and transmigration.

The therapy research of MSCs bears one of the most significant aims, i.e., improving
their homing efficiency. MSC homing can be categorized into (1) targeted administration—
administration of ASCs at or near the target tissue, (2) magnetic guidance—cells labelled
with magnetic particles are directed to the organ of interest using an external magnetic field,
(3) genetic modification—permanent overexpression of homing factors via viral transduc-
tion, (4) cell surface engineering—temporarily chemical engineering by enzymes or ligands,
(5) in vitro priming—altering culture conditions to affect gene expression, (6) and modifica-
tion of the target tissue by direct injection of homing factors, genetic modification of target
tissue, scaffold implantation, or using radiotherapeutic and ultrasound techniques[52].

4.1.3. Pro-Angiogenic and Anti-Apoptotic Mechanism of Action

MSCs secrete various cytokines responsible for pro-angiogenic and anti-apoptotic
effects and in doing so, MSCs enable tissue regeneration and revascularization. Soluble
angiogenic factors secreted by MSCs include fibroblast growth factors, hepatocyte growth
factor and the vascular endothelial growth factor.

The lack of canine-specific antibodies has hampered identification of growth factors in
the secretome of canine MSCs. Likely, secretomes of other species are similar to secretomes
secreted by canine MSCs thus there is an idea on the secretome composition of canine MSCs
based on this information [55]. Canine MSCs promote nerve growth and endothelial cell
proliferation, migration and tubule formation by secretion of neurotrophic and angiogenic
factors. Delfi et al., 2016 demonstrated MSC paracrine activity on nerves and blood vessels
in the vicinity of the wound site. It was shown that MSC transplants promote increased
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neuronal function in dogs with central nervous system damage [55]. The following study
by the same authors, revealed that the conditioned medium from human and canine MSCs
cultures exhibited neurogenic and angiogenic effects and increased SH-SY5Y neuronal
proliferation, βIII tubulin immunoreactivity, neurite outgrowth, and EA.hy926 endothelial
cell proliferation, migration and the formation of endothelial tubule-like structures, to
a significantly greater extent than control medium, indicating marked trophic activity [55].

Regarding anti-apoptotic action, it was shown that ASCs protect against radiation-
induced dermatitis by exerting an anti-apoptotic effect through inhibition of cathepsin F
(CTSF) expression. In addition, ASCs markedly attenuated radiation-induced apoptosis,
downregulated CTSF and downstream pro-apoptotic proteins (Bid, BAX, and caspase 9),
and upregulated anti-apoptotic proteins (Bcl-2 and Bcl-XL) [56].

4.2. ASCs Clinical Application for Various Conditions

Since their discovery, the outstanding properties of ASCs have been continuously
tested in numerous diseases in dogs. The application of stem cells for therapy can be
autologous; when a patient receives their cells, allogeneic therapy refers to cells derived
from a donor of the same species as the receiving animal and xenogeneic therapy refers
to application of donor cells of a different species. The routes of administration (Figure 6)
are most often diverse, but IA, IV, and administration via acupuncture points are most
frequently used, as extensively reviewed by Brondeel et al. in 2021 [57].

Figure 6. Graphical presentation of canine adipose-derived mesenchymal stem cell application
strategies and routes of administration applied within available studies described in the literature.

Clinical trials in which mesenchymal stem cells are used on dogs are available on the
first registry set up for animal studies, preclinicaltrials.eu, launched in April 2018. The
chronically systematic order of positive outcomes of ASCs therapy for various conditions
is presented in Table 1 and a graphic summary in Figure 7. Detail description of the effects
within those studies is described in the following sections.

Table 1. Studies of canine adipose-derived mesenchymal stem cells (ASCs) and stromal vascular
fraction (SVF) applied in canine pathological conditions.

Clinical
Condition

Number of
Canines
Included

Type of
Application

Route of
Administration

Number of Cells
(×106)

Reference

Orthopaedics
Osteoarthritis of

hip joints 21 Autologous SVF Intraarticular 4.2–5 Black et al.
(2007) [29]

Osteoarthritis of
the elbow joint 14 Autologous SVF Intraarticular 3–5 Black et al.

(2008) [31]
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Table 1. Cont.

Clinical
Condition

Number of
Canines
Included

Type of
Application

Route of
Administration

Number of Cells
(×106)

Reference

Stifle joint
osteoarthrosis 1 Autologous ASCs +

hyaluronic acid intraarticular 1 Yoon et al.
(2012) [58]

Chronic
osteoarthritis of
the elbow joints

4
Autologous ASCs +

hyaluronic
acid/PRP

Intraarticular 3–5 Guercio et al.
(2012) [59]

Osteoarthritis of
hip joints 13 Autologous

ASCs + PRP Intraarticular 15 Vilar et al.
(2013) [60]

Osteoarthritis of
hip joints 18 Autologous

ASCs Intraarticular 30 Cuervo et al.
(2014) [61]

Hip dysplasia SVF = 4
ASCs = 5

Autologous SVF or
allogeneic ASCs

Acupoint
injection

SVF = 2–5
ASCs = 0.2–0.8

Marx et al.
(2014) [49]

Osteoarthritis of
hip joints 15 Autologous

ASCs Intraarticular 15 Vilar et al.
(2014) [62]

Osteoarthritis of
hip joints 22 Autologous

SVF + PRP
Intraarticular and

intravenous N/A Upchurch et al.
(2016) [30]

Osteoarthritis of
different joints 74 Allogeneic ASCs Intraarticular 12 Harman et al.

(2016) [63]

Surgical-induced
osteoarthritis in

Beagle dogs
24 ASCs and/or PRP Intraarticular 10 Yun et al. (2016)

[64]

Osteoarthritis of
hip joints 15 Autologous

ASCs Intraarticular 15 Vilar et al.
(2016) [65]

Osteoarthritis of
the elbow joint 30 (39 elbows) Allogeneic ASCs +

hyaluronic acid Intraarticular 12 ± 3.2 Kriston-Pal
et al. (2017) [66]

Osteoarthritis and
other joint defects 203 Allogeneic ASCs

Intraarticular
and/or

intravenous
N/A Shah et al.

(2018) [67]

Osteoarthritis of
different joints 10 Autologous ASCs Intraarticular 15–30

Srzentić
Dražilov et al.

(2018) [68]

Osteoarthritis of
the elbow joint 13 Allogeneic ASCs Intravenous 1–2/kg

body weight
Olsen et al.
(2019) [69]

Osteoarthritis of
hip joints 12 (24 hips) Allogeneic ASCs Intraarticular 5 Wits et al.

(2020) [70]

Acute
semitendinosus
muscle injury

2 Autologous SVF Intramuscular
and intravenous 4.7 Brown et al.

(2012) [71]

Semitendinosus
myopathy 11 Autologous ASCs Intramuscular

and intravenous N/A Gibson et al.
(2017) [72]

Neurology
Chronic spinal

cord injury 6 Allogeneic ASCs Intraspinal N/A Escalhao et al.
(2017) [73]

Acute
thoracolumbar

disc disease and
spinal cord injury

22 Allogeneic ASCs Epidural 10 Bach et al.
(2019) [74]

Degenerative
lumbosacral

stenosis
1 Autologous ASCs Paravertebral and

intraarticular
Paravertebral = 30.6
Intraarticular = 15.3

Mrkovački et al.
(2021) [75]

Lumbosacral
spinal cord injury 4 Allogeneic ASCs

+ surgery

Nerve roots next
to injury,

intravenous and
epidural

Nerve roots next to
injury = 5

Intravenous = 4
Epidural = N/A

Chen et al.
(2022) [76]

Dermatology Large skin wound 1 Autologous ASCs
+ PRP

Local dripping
or spraying N/A Zubin et al.

(2015) [77]
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Table 1. Cont.

Clinical
Condition

Number of
Canines
Included

Type of
Application

Route of
Administration

Number of Cells
(×106)

Reference

Atopic dermatitis 26 Allogeneic ASCs Intravenous 1.5 Villatoro et al.
(2018) [78]

Acute and
chronic

skin wound
24 Allogeneic ASCs Intradermal 30 Enciso et al.

(2020) [79]

Atopic dermatitis 15 Allogeneic ASCs Subcutaneous

Low dose = 0.5/kg
body weight High

dose = 5/kg
body weight

Kaur et al.
(2022) [80]

Ophthalmology
Keratoconjunctivitis

sicca 12 Allogeneic ASCs Around the
lacrimal glands 5 Villatoro et al.

(2015) [81]

Keratoconjunctivitis
sicca 15 (24 eyes) Allogeneic ASCs Intralacrimal 1 Bittencourt et al.

(2016) [82]

Keratoconjunctivitis
sicca 22 Allogeneic ASCs Topic in the

conjunctival sac 1 Sgrignoli et al.
(2019) [83]

Corneal wound 26 Allogeneic ASCs Sub-conjunctival 3 Falcao et al.
(2020) [84]

Gastroenterology
Inflammatory
bowel disease 11 Allogeneic ASCs Intravenous 2/kg body weight Perez-Merino

et al. (2015) [85]

Hepatology Acute liver injury 9 Allogeneic ASCs Peripheral
vein/splenic vein 2 Teshima et al.

(2017) [86]

Degenerative
hepatopathy 10 Autologous ASCs Portal vein 0.5/kg body weight Gardin et al.

(2018) [87]

Acute liver injury 6 Allogeneic ASCs Intravenous 10 Yan et al. (2019)
[88]

4.2.1. Orthopaedics

Therapeutic effects of autologous and allogeneic ASCs applications in orthopaedics
have improved pain and lameness in dogs with osteoarthritis [57,58,60,61,64,65,67–70].
In 2018, a group of scientists described the allogeneic ASCs application on 203 dogs and
concluded that IA treatment gave better results when compared with the IV treatment
in the polyarthritis condition. The age proved influential as most dogs under the age
of five receiving IA treatment showed good improvement [67]. In addition, the canines’
overall health and vitality are significant factors in response to the ASCs therapy. Positive
therapeutic outcomes were further observed in chronic osteoarthritis (OA) of the hip and
elbow joint [59,63,66]. In addition, ASCs treatment significantly improved the symptoms
of hip dysplasia in 60% of treated dogs after one week [32]. This study compared the
effects of SVF and ASCs therapy administered to acupuncture points and reported better
results for SVF than ASCs therapy. However, it was concluded that SVF or allogeneic
ASCs could be safely used as an acupoint injection for treating hip dysplasia in dogs [31].
A follow-up study highlighted the importance of cell administration before the injury
becomes severe [59]. Furthermore, significant improvements following ASCs therapy of
semitendinosus myopathy are documented [71,72].
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Figure 7. Pathological conditions in canines for which adipose-derived mesenchymal stem cell
therapy was applied.

4.2.2. Neurology

In dogs with chronic spinal cord injury/intervertebral disc disease, percutaneous
intraspinal transplantation of allogeneic ASCs had no adverse effects or complications
(infection, neuropathic pain, or worsening neurological function) during the 16-week
follow-up period. In addition, three animals improved locomotion, and one animal walked
without support. However, no changes in deep pain perception were observed [73]. In the
most recent research on lumbosacral spinal cord injury, transplantation of allogeneic ASCs
with surgery in four dogs showed significant neurological improvements with normal
ambulatory ability (4/4) and urinary control (3/4) three months after the surgery and the
first ASCs transplantation [76]. While in the case of acute paraplegia, epidural canine ASCs
transplantation with surgical decompression contributed to faster locomotor recovery and
reduced the length of post-surgery hospitalization [74]. Another successful case reported
the use of cultured autologous ASCs injected bilaterally at the level of L7-S1 in the external
aperture of the intervertebral foramen of degenerative lumbosacral stenosis in a canine
patient [75].

4.2.3. Dermatology

The stem cell treatment also gained popularity in treating skin pathologies; systemic
administration of ASCs had a positive outcome for atopic dermatitis refractory to conven-
tional medications for six months and with no side effects [78]. The prospective role in
dermatology was also shown in treating large acute skin defects when corrective surgery
offers no solution, as Zubin et al. (2015) [77] reported. In addition, the healing of acute and
chronic wounds in 24 dogs of different ages and breeds significantly improved in a manner
of contraction and re-epithelialization in the treated group. Furthermore, histopathological
findings revealed an inflammatory infiltrate decrease and the presence of multiple hair
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follicles on day seven after treatment with ASCs [79]. Most recently, Kaur et al. (2022) per-
formed the first double-blinded, placebo-controlled evaluation of the efficacy of allogeneic
canine ASCs to treat canine atopic dermatitis. No severe side effects were observed in any
patient in this study. Furthermore, the high dose ASCs treatment proved to be efficacious
in alleviating the clinical signs of atopic dermatitis until 30 days after the last subcutaneous
administration of MSCs[80].

4.2.4. Ophthalmology

Reviewing ophthalmological benefits, an immune-mediated condition common in
humans and canines, keratoconjunctivitis sicca (KCS), was studied. Results in canines with
KCS revealed that a single infusion of ACSs into lacrimal glands of 15 dogs resulted in no
side effects during 12-months follow up.

Furthermore, a significant clinical improvement was observed in all patients, single
administration was effective, and daily use of corticosteroids was not required [82]. In
2019, topical application into the conjunctival sac resulted in decreased expression of pro-
inflammatory markers, which implies ASCs as an adjuvant therapy in treating KCS in
dogs and humans. [83]. Another successful study of ASCs for KCS was reported with
significant outcomes in canines where allogeneic ASCs were applied [81]. Falcao et al., in
2020, evaluated the use of sub-conjunctival applied ASCs in dogs diagnosed with deep
corneal ulcers. Allogeneic ASCs therapy in 22 out of 26 dogs presented complete ulcer
wound healing within 14 days, totalling 84.6%, indicating that this therapy is a simple
solution to substitute surgery with satisfying results [84].

4.2.5. Gastroenterology

The ASCs therapy was also tested for currently uncurable inflammatory bowel disease
(IBD); administration of a single IV ASCs infusion showed no acute reaction or side effects
during the follow-up of 11 dogs. Furthermore, 9 out of 11 dogs were in clinical remission.
As the primary goal of treatment is to reduce symptoms, achieve and maintain remission,
and prevent complications, ASCs were well tolerated and appeared to produce clinical
benefits in dogs with severe IBD [85].

4.2.6. Hepatology

Liver diseases share clinical and pathological features in humans and canines, thus,
dogs may be a representative model for humans. Autologous ASCs transplantation in dogs
with liver diseases significantly ameliorated liver function; decreased liver biomarkers
and observed effects seem to be related to stem cells’ immunomodulatory mechanism of
action [87,88]. The effects of allogenic ASCs on acute liver injury by carbon tetrachloride in
dogs were investigated by Teshima et al. (2017). It was observed that serum liver enzymes
decreased significantly. In the liver, the mRNA expression levels of pro-inflammatory
cytokines, such as IL-1, IL-6, IL-8, and IFNγ decreased significantly, but anti-inflammatory
cytokines such as IL-4 and IL-10, HGF and VEGFA, were significantly increased after the
first ASCs injection. The authors suggest that allogenic ASCs ameliorate acute hepatic
injury in dogs [86].

5. The Importance of the Regulatory Considerations and Safety Aspects Using of
Animal Cell-Based Products in Regenerative Therapy

As demonstrated by these positive examples, the use of ASCs therapy for numerous
conditions holds excellent promise and encourages more research to provide safe, effective,
and quality treatment. The European Medicines Agency (EMA), 2015, published the first
draft problem statement agreed by Ad Hoc Expert Group on Veterinary Novel Therapies
(ADVENT), which raised questions concerning the sterility of animal-cell-based products.
The conclusion, published in 2019, was that sterility assurance of the finished stem-cell
product is critical in light of the fact that the product may be administered prior to final
sterility result being obtained [89]. The Novel Therapies and Technologies Working Party
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(NTWP) of the EMA Committee for Medicinal Products for Veterinary Use is currently
preparing scientific guidance on the requirements for authorization of novel therapy veteri-
nary medicines, which involves guidelines on veterinary cell-based therapy products taking
into consideration the mechanism of action, potency and clinical effects [90]. In order to im-
plement safe new treatments for animals, the FDA published guidelines for the application
and handling of animal-cell-based products, and all cell-based products require premarket
review and FDA approval to be legally marketed. Precautionary steps in therapeutic use
include the control of transmitting infectious agents, tumorigenicity or unintended tissue
formation, immunogenicity, long-term safety, cell survival and biodistribution [91].

6. Conclusions

To conclude, while AT was once considered an energy depot, today it is well known
that, among others, AT hosts components with extraordinary potential in relieving pain and
treating numerous diseases. The canine SVF and ASCs treatments provide many benefits,
starting with the degenerative orthopaedic pathologies, and also regenerative possibilities
within other organs such as skin, bowel, and eyes. In addition, although this review focused
on positive aspects of therapy in canines, the possible side effects it can carry should not
be overlooked, such as the transmission of infectious agents, tumorigenicity, immuno-
genicity, donor selection, long-term safety, cell survival, biodistribution or ectopic tissue
formation [91]. The (NTWP) of the EMA Committee for Medicinal Products for Veterinary
Use is currently preparing scientific guidance on the requirements for authorization of
novel therapy veterinary medicines, which involves guidelines on veterinary cell-based
therapy products taking into consideration the mechanism of action, potency and clinical
effects [90].

Although therapy will be available in the near future, there remains much laboratory
and clinical work to undertake to better understand the complexity behind the healing
mechanisms of canine ASCs. In this context, the development of regenerative veterinary
medicine is essential not only for pets and their health but also for humans since canines
represent an important model for human conditions. Nevertheless, it is evident that the
course of research in this field is expanding, which welcomes further high quality basic,
translational, and clinical research in stem cell regenerative therapy. Furthermore, in order
to positively impact the lives of canine patients, adequate research for safe and standardized
treatment is a fundamental prerequisite.
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Simple Summary: Cat’s health is impacted by several diseases and lesions for which cell therapy
could be an interesting treatment. Mesenchymal stem cells or adult stem cells are found in developed
tissue. Olfactory mucosa contains stem cells called olfactory ecto-mesenchymal stem cells which
have already been isolated from various animals as dogs and horses. The aim of this study was to
evaluate the feasibility of collecting olfactory ecto-mesenchymal stem cells in cats. For that purpose,
four cats were biopsied; the cells were collected and characterized. They show stemness features
and differentiation capabilities as all the other mammals previously studied. Therefore, olfactory
ecto-mesenchymal stem cells could be a promising tool for feline regenerative medicine.

Abstract: The olfactory mucosa contains olfactory ecto-mesenchymal stem cells (OE-MSCs) which
show stemness features, multipotency capabilities, and have a therapeutic potential. The OE-MSCs
have already been collected and isolated from various mammals. The aim of this study was to evalu-
ate the feasibility of collecting, purifying and amplifying OE-MSCs from the cat nasal cavity. Four cats
were included in the study. Biopsies of olfactory mucosa were performed on anesthetized animals.
Then, the olfactory OE-MSCs were isolated, and their stemness features as well as their mesodermal
differentiation capabilities were characterized. Olfactory mucosa biopsies were successfully per-
formed in all subjects. From these biopsies, cellular populations were rapidly generated, presenting
various stemness features, such as a fibroblast-like morphology, nestin and MAP2 expression, and
sphere and colony formation. These cells could differentiate into neural and mesodermal lineages.
This report shows for the first time that the isolation of OE-MSCs from cat olfactory mucosa is possible.
These cells showed stemness features and multilineage differentiation capabilities, indicating they
may be a promising tool for autologous grafts and feline regenerative medicine.

Keywords: olfactory stem cells; isolation; stemness; differentiation; characterization; regenera-
tive medicine

1. Introduction

Mesenchymal stem cells (MSCs) are plastic-adherent cells that show self-renewal and
high proliferative capabilities and can differentiate into the mesodermal lineage under
standard in vitro differentiating conditions [1,2]. Due to these abilities, MSCs have been
described as having therapeutic potential in several diseases, such as cancer [3], traumatic
brain injury [4], chondral defects [5] or cardiovascular diseases [6], even if these statements
should be confirmed by more extensive investigations.

Stem cell-based regenerative medicine is used in veterinary medicine to repair dam-
aged tissue by a disease or injury. Even if this kind of therapy still needs to be more
extensively investigated, in the future stem cells may be an alternative treatment in some
cases for which the conventional medicines cannot repair the damages tissues. MSCs have
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differentiation potential but also immune regulatory properties, influence on vascular-
ization, apoptosis, fibrosis and inflammation [7–9]. Regenerative cell therapy is used in
degenerative diseases (heart failure), immune mediated diseases (feline asthma, canine
atopic dermatitis, feline chronic gingivostomatitis) [10], inflammatory diseases (wound
healing defect). MSCs induce immune enhancing response and have an anti-inflammatory
effect [10].

In cats, MSCs have been first isolated in 2002 from bone marrow [11], then from fat, fe-
tal fluid, peripheral blood and amniotic membranes [12,13]. Feline MSCs have been already
used in trial against gingivostomatitis, enteropathies, chronic kidney disease, asthma, feline
eosinophilic keratitis, neurological ailments, cardiomyopathy. These studies gave variable
therapeutics results. Concerning the gingivostomatitis, grafts with autologous or allogenic
adipose stem cells led to complete remission in 3/7 and 2/7 cats, respectively, with 2/7 cats
that presented a substantial improvement in both cases [14,15]. In acute and chronic asthma,
Trzil and colleagues showed that the graft of allogenic adipose stem cells can induce an im-
provement in different parameters, among which airway eosinophilia [16,17]. Good results
were also shown in chronic enteropathy treatment with allogenic stem cells administration,
with an improvement of clinical signs in 5 of the 7 treated cats [18]. Finally, concerning
chronic and acute kidney disease treatment, the results seem less promising, going from
a mild decrease in serum creatinine [19–21] to no improvement in acute or chronic dis-
ease [22,23]. This heterogeneity suggests that more studies are needed to optimize the
MSCs administration and sources [12,13].

Among the various sources of MSCs, the olfactory mucosa is a promising candidate
for both humans and animals [24,25]. Indeed, the olfactory mucosa contains olfactory
ecto-mesenchymal stem cells (OE-MSCs) that are easily accessible and collectable due
to their localization [26]. OE-MSCs also show stemness and multipotency capabilities,
resulting in therapeutic potential, which has already been demonstrated in several diseases,
such as hearing loss [27], cerebral ischemia [28] and Parkinson’s disease [29].

We previously showed that it is possible to collect and isolate olfactory stem cells
from various mammals [26], but the feasibility has never been evaluated in cats. Since cats
may suffer from several diseases and lesions impacting their welfare [12], stem cells could
also be an interesting tool for cell therapies in this species, and OE-MSCs identified in the
olfactory mucosa are promising candidates for autologous grafts [24].

The aim of this study was to investigate the feasibility of isolating OE-MSCs from cats
and characterizing these cells.

2. Materials and Methods

2.1. Ethics Statement

This study was conceived and performed in accordance with French (2013-118) and
European law (2010/63/EU) on the protection of animals used for scientific purposes. This
protocol was approved by the Ministry of Higher Education, Research and Innovation of
France and by the IRSEA’s Ethics committee C2EA125 (approval number: UE-2018-EU0552).

2.2. Biopsy of Olfactory Mucosa and Isolation and Expansion of OE-MSCs

Four healthy cats from IRSEA’s facilities were included in the study (2 males,
2 females; 6 ± 4.6 years). Since the cats belonged to our facilities, the health status was daily
monitored by our veterinary team. Sedation was performed with ketamine (Imalgene 1000,
Merial SAS, Lyon, France) (10–20 mg/kg, sc), medetomidine (Domitor, vetoquinol, Lure,
France) (50 μg/kg, sc) and butorphanol (Dolorex, MSD Santé Animale, Beaucouzé, France)
(0.4 mg/kg, sc). Then, anesthesia was induced with propofol (Propovet, Zoetis, Malakoff,
France) (1.2 mg/kg) and maintained with isoflurane (Belamont) (2%). The biopsies of
olfactory mucosa were performed by nasal cavity exploration with a common rigid biopsy
forceps on anesthetized animals. To reach the olfactory mucosa, as for the other domestic
species, the forceps were inserted into the nasal cavity until its caudal limit. For each cat,
2 biopsy samples (1 per side) were obtained and placed at 4 ◦C in culture medium Dul-
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becco’s Modified Eagle’s Medium/Ham’s F12 (DMEM/F12, 1% GlutaMAX, Pan Biotech,
Aidenbach, Germany, cod. P04-41150) supplemented with 10% serum (fetal bovine serum,
(FBS, Dutscher, Bernolsheim, France), 2% penicillin and streptomycin 100X (P/S) (Dutscher,
Bernolsheim, France, cod. L0022-100), and 2.5 mg/mL amphotericin B (Hyclone, Marlbor-
ough, MA, USA, cod. SV30078.01) until culturing. The olfactory mucosa biopsies were
washed in DMEM/F12 medium and were mechanically dissociated using 25-gauge needles
to obtain pieces of a few square millimeters. Each pieces of biopsy were placed in a 2 cm2

culture well coated with poly-L-lysine (PLL, Sigma-Aldrich, Saint-Louis, MO, USA cod.
P1274) with 200 μL of the culture medium described above for 1 week. When the explants
adhered to the plate, the wells were filled with 400 μL of culture medium. Two weeks
after plating, the concentration of antibiotic and amphotericin B were halved. The medium
was renewed every two to three days. When confluence was reached, the cells were de-
tached, dissociated with trypsin EDTA solution (0.25%, Dutscher, Bernolsheim, France, cod.
L0931-100), pooled, centrifuged at 300× g for 5 min and replated at lower density.

2.3. Generation of Spheres

Cells were counted on Kova slides (Dutscher, Bernolsheim, France, cod. 050126)
and, plated at a density of 30,000 cells/cm2 in PLL-coated dishes (5 μg/cm2) and fed
with serum-free DMEM/F12 culture medium supplemented with 1% P/S, 1% insulin,
transferrin, selenium (ITS-X, Gibco, cod. 51300044), 50 ng/mL epidermal growth factor
(EGF, Gibco) and 50 ng/mL fibroblast growth factor 2 (FGF, Gibco, cod. PHG0311L). This
culture medium was renewed every two days. After one week of treatment, spheres were
observed with an inverted microscope.

2.4. In Vitro Neural Lineage Differentiation Assays

For neuronal differentiation, OE-MSCs after sphere generation were grown under
two culture conditions as described previously [30,31]. The spheres were dissociated with
trypsin EDTA solution and plated at a density of 15,000 cells per cm2 in a culture well
(2 cm2) on glass coverslip coated with PLL. The cells were cultured in two different media:
DMEM/F12 Glutamax, 1% P/S, 1% FBS, 2% B-27 Supplement (Gibco, cod. 17504044), 1%
N-2 Supplement (Gibco, cod. 17502048), 10 ng/mL EGF, 20 ng/mL FGF or DMEM/F12
Glutamax, 1% P/S, 1% FBS, 2% B-27 Supplement, 1 mM Valproic acid (Sigma-Aldrich,
Saint-Louis, MO, USA, cod. P4543). The medium was renewed every two days for one
week. For confirmation of the differentiation, the cells were fixed in paraformaldehyde
solution (4%, Alfa Aesar, Haverhill, MA, USA, cod. J61984), and immunocytochemistry
(ICC) of the Glial fibrillary acidic protein (GFAP) and Microtubule Associated Protein 2
(MAP2) proteins was performed as described in Section 2.9 with the antibodies in Table 1.

Table 1. Antibodies used for immunocytochemistry.

Antibody Target Host Supplier Reference Dilution
Secondary
Antibody

Anti-nestin Stemness marker Rabbit Abcam ab7659 1/500 Alexa Fluor 488
Anti-GFAP Neural marker Chicken Abcam ab4674 1/500 Alexa Fluor 488
Anti-MAP2 Neural marker Chicken Abcam ab5392 1/500 Alexa Fluor 488

Anti-tenomodulin Tenoblast marker Rabbit Abcam ab81328 1/250 Alexa Fluor 488
Anti-scleraxis Tenoblast marker Rabbit Abcam ab58655 1/250 Alexa Fluor 488

2.5. Expression of Nestin

OE-MSCs (passage 6) were plated on glass coverslips in a 24-well plate at a density
of 15,000 cells per cm2 in growth medium (DMEM, 10% FCS, 1% P/S, 1.25 mg/mL am-
photericin B) for approximately 48 h. The cells were then fixed in a paraformaldehyde
solution (4%) and ICC was performed as described in Section 2.9 with the antibodies that
are reported in Table 1.
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2.6. Clonal Efficiency Assay

OE-MSCs (passage 7) were plated in 6-well plates at a density ranging from
10 to 320 cells/well in triplicate. After plating, the dishes were placed at 37 ◦C, in a
humidified, 5% CO2 atmosphere for 7 days. The culture medium (DMEM, 10% FCS,
1% P/S, 1.25 mg/mL amphotericin B) was renewed every two days. The colonies were
paraformaldehyde-fixed during 15 min at room temperature (RT). Colonies were stained
for 30 min using crystal violet, rinsed with tap water bath and let dry at RT. Then, the
colonies were observed with an inverted microscope and manually counted. For each
sample, clonal efficiency (% of clonogenicity) was calculated as follows:

(mean number of colonies/total number of seeded cells) × 100

When too many colonies overlapped, counting was not performed.

2.7. In Vitro Proliferation Assay

The assay was performed on OE-MSCs 2 months (10 passages) and 3 months (20 passages)
after the initial plating. The cells were seeded in 96-well plates in triplicate and counted with
CellTiter 96 Aqueous One Solution Reagent (Promega, Madison, WI, USA, cod. G3580)
according to the manufacturer’s protocol at 8 h, 24 h, 48 h, 72 h, and 96 h after seeding. Briefly,
20 μL of CellTiter was added for 100 μL of culture medium. The plate was incubated at 37 ◦C
in a humidified, 5% CO2 atmosphere for 1 h to 4 h. The absorbance at 490 nm was recorded
with a plate reader. The population doubling time (PDT) was calculated as follows:

Duration × ln(2)/ln(FinalConcentration) − ln(InitalConcentration)

2.8. In Vitro Mesodermal Differentiation Assays

For osteogenic differentiation, OE-MSCs (passage 8) were grown in DMEM/F12 Glu-
tamax, 10% FBS, 0.1 μM dexamethasone (Sigma-Aldrich, Saint-Louis, MO, USA), 0.15 mM
l-ascorbic acid (Sigma-Aldrich, Saint-Louis, MO, USA cod. A92902), and 1 mM Sodium
Phosphate Monobasic (Sigma-Aldrich, Saint-Louis, MO, USA) for 21 days. The culture
medium was renewed every two days. For analysis of osteogenic differentiation, cell
cultures were fixed in a paraformaldehyde solution (4%) for 15 min and stained with von
Kossa (Bio-Optica, Milano Italy, cod. 04-170801) or Alizarin Red stain (ScienCell, Carlsbad,
CA, USA cod. 8678) according to the manufacturer’s instructions. For chondrogenic dif-
ferentiation, the cells were grown in pellets in 15 mL polypropylene tube in DMEM/F12
Glutamax, 1% P/S, 0.1 μM dexamethasone, 0.15 mM l-ascorbic acid, 0.35 mM proline
(Sigma-Aldrich, Saint-Louis, MO, USA), 1 mM sodium pyruvate (Sigma-Aldrich, Saint-
Louis, MO, USA, cod. S8636), 1% ITS, and 10 ng/mL transforming growth factor beta-3
(TGF-β3, Invitrogen, cod. RP-8600) for 21 days and fixed in 10% buffered formalin (pH 7.4),
routinely processed and paraffin embedded. Four-micrometer-thick sections were cut and
stained with Alcian blue/PAS (Bio-Optica, Milano Italy, cod. 04-163802) according to the
manufacturer’s instructions.

For tenogenic differentiation, 30,000 OE-MSCs were grown in 24-well plates on a
5 μg/cm2 collagen-I matrix (Gibco, cod. A1064401) in DMEM/F12 Glutamax without
FBS, 50 ng/mL Growth Differentiation Factor 5 (GDF-5, R&D Systems, Minneapolis, MN,
USA, cod. 8340-G5-050), 50 ng/mL Growth Differentiation Factor 5 (GDF-7, R&D Systems,
Minneapolis, MN, USA, cod. 8386-G7-050) and 20 ng/mL TGF-B3 (Invitrogen, cod. RP-
8600) for 7 days. The culture medium was renewed every two to three days. For evaluation
of tenogenic differentiation, the cells were paraformaldehyde fixed, and ICC was performed
against the tenomodulin and scleraxis proteins.

2.9. Immunocytochemistry

Immunocytochemistry was carried out to assess the expression of nestin, the neural
proteins GFAP and MAP2, and the tenoblast proteins tenomoduline and scleraxis, with the
appropriate primary antibody (Table 1).

214



Animals 2022, 12, 1284

Paraformaldehyde fixed cells were incubated for 1 h at RT with blocking solution (3%
bovine serum albumin (BSA, Sigma Aldrich Saint-Louis, MO, USA, cod. A7030), and 0.1%
Triton X-100, (Sigma-Aldrich, Saint-Louis, MO, USA, cod. T8787), 5% goat serum (Dutscher,
Bernolsheim, France) in phosphate-buffered saline (PBS, Hyclone, Marlborough, MA, USA,
cod. SH30264.01) solution. Glass coverslips were then incubated over-night at RT with
the appropriate primary antibody diluted in the staining solution PBS 3% BSA, 5% goat
serum). The cells were then rinsed 3 times in PBS and incubated for 3 h with the appropriate
AlexaFluor 488-conjugated polyclonal secondary antibody. After several washes in PBS,
cells were counterstained with 0.5 μg/mL Hoechst blue (33,258, Sigma-Aldrich, Saint-
Louis, MO, USA) for 10 min and mounted with anti-fading medium (ProLong Diamond,
Invitrogen, cod. P36965). Negative control conditions were carried out by omitting the
primary antibody.

2.10. Image Acquisition

Pictures were acquired with an inverted microscope EVOS®® FL Auto Imaging System
(Thermofisher, Waltham, MA, USA) and negative controls were used to adjust image
acquisition parameters. ICC pictures were acquired with monochrome camera on DAPI
(357/447 nm) fluorescence channel for Hoechst staining and GFP (470/525 nm) fluorescence
channel for Alexa 488 staining.

Non fluorescent images were acquired with color brightfield image mode.

3. Results

3.1. Biopsy of Olfactory Mucosa and Isolation and Expansion of OE-MSCs

Olfactory mucosa biopsies were successfully obtained from the 4 anesthetized cats.
The only undesirable effect observed immediately after the biopsies was nasal bleeding that
was rapidly stopped by applying a sterile gauze upon the nostrils. The animals recovered
from anesthesia with no other unwanted side effects. One to two weeks after the biopsies,
we observed adherent cells with fibroblastic morphology growing from the explants and
forming a homogenous monolayer (Figure 1A).

3.2. Stemness and Immature Features

The OE-MSCs displayed nestin protein expression, and under specific culture condi-
tions, these cells could generate spheres, as shown in Figure 1B,C.

3.3. Clonal Efficiency Assay

The OE-MSCs formed colonies at a low cell density (20 to 320 cells/well). The average
clonal efficiency for the feline OE-MSCs was 10.64% ± 10.48% (mean ± SD).

3.4. In Vitro Proliferation Assay

The population doubling times of the feline olfactory stem cells were examined at
2 months (P10: 50.07 h ± 43.13 h (mean ± SD)) and 3 months (P20: 80.69 h ± 22.42 h
(mean ± SD)) after the biopsies. The population doubling time increased from P10 to P20

3.5. In Vitro Neural and Mesodermal Differentiation Assays

Before neural lineage differentiation, the GFAP and MAP2 proteins were expressed
in cells in the basal state (Figure S1A,B in Supplementary Materials). Within in vitro
differentiation conditions, ICC demonstrated that the expression of these proteins was
increased (Figure 1D,E). Under the appropriate culture conditions, cells expressed biochemi-
cal features specific to osteoblasts, chondroblasts and tenoblasts. The differentiated cultures
showed Alizarin Red (Figure 1F) and von Kossa (photo not shown) staining after osteogenic
differentiation. In chondrogenic differentiation culture conditions, the cells aggregated,
and their histological sections were positive for Alcian blue/PAS staining (Figure 1G). The
OE-MSCs expressed the tenomodulin protein under tenogenic differentiation conditions
(Figure 1H). Consequently, feline OE-MSCs could differentiate into the mesodermal lineage.
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Figure 1. Morphology, stemness features, and assessment of neural and mesodermal differentiation
abilities of OE-MSCs in vitro. (A) In growth culture medium, the OE-MSCs formed adherent cells
with fibroblastic morphology (ob. × 40). (B) Grown in specific culture conditions, the OE-MSCs
could generate spheres (ob. × 100). (C) Cells expressed the nestin protein (in green, ob. × 200).
Neural lineage differentiation was assessed with ICC against GFAP (D) and MAP2 (E) (in green,
ob. × 200). (F) Osteogenic differentiation was assessed with Alizarin Red, and calcium deposits were
positively labeled in brown (ob. × 100). (G) OE-MSCs in chondrogenic differentiation medium were
positively labeled with Alcian blue/PAS staining (in purple-blue, ob. × 40). (H) Tenogenic markers
were assessed with ICC against tenomodulin (in green, ob. ×200). For ICC, cells were colabeled with
Hoechst (blue).

4. Discussion

Our study showed for the first time that OE-MSCs can be extracted from cat olfactory
mucosa. This tissue was easily accessible in the nasal cavity of anesthetized animals, and the
sampling presented few technical issues [26]. The Feline OE-MSCs presented fibroblastic-
like morphology and two stemness and immaturity features previously described in human
OE-MSCs [24], such as nestin protein expression, and the ability to form spheres, even
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if they were smaller than those in dogs, horses and rabbits [26]. The feline OE-MSCs
formed colonies at a low density, which is a characteristic of stem cells. The number
of colonies is less high than in the eight mammalian genera already characterized [26].
Clonal efficiency assay or colony-forming unit fibroblast (CFU-f) is used to quantify the
number of MSCs progenitors in bone marrow samples. Feline OE-MSCs have better clonal
efficiency than MSCs from bone marrow [32] but inferior compared to adipose-derived
stem cells [33]. These cells also showed differentiation into neural and mesodermal lineages
under appropriate specific culture conditions.

The feline OE-MSCs expanded and amplified rapidly, even if they proliferated slower
at P20 than P10 which reveals a decrease of the self-renewal capacity of OE-MSCs. The
feline OE-MSCs still have high proliferative capabilities in the early passages even if the
PDT is lower than that of dogs, rabbits and horses due to species specific diversity [26].
Moreover, the proliferation rate was the same [33] or better [34–36] than that of feline MSCs
from other tissues at P10. The feline MSCs seems to have short proliferation capabilities
with time and suffer of early senescence [10]. Indeed, feline adipose tissue derived MSCs
show a significant increase of the PDT after 4–5 passage [34,35]. Cat peripheral blood
MSCs stop proliferate at passage between 7 and 9 [36]. While these MSCs were evaluated
only until P10, OE-MSCs showed to be able to proliferate also at P20, suggesting that they
possess a longer duration in tested culture conditions. However, in previous studies, feline
MSCs have been transplanted much earlier than passage 20, commonly between P2 and
P5 [14,17]. In our study we did not evaluate the karyotype of OE-MSCs at P20, thus further
analyses should aim to assess if OE-MSCs possess any kind of alteration that make these
cells unsuitable for graft at this point.

Similar to those of rats, rabbits, dogs and horses, the feline OE-MSCs expressed GFAP
and MAP2 in the basal state, which is a known stemness feature [26]. The expression
of these proteins increased after in vitro differentiation (Figure S1A,B in Supplementary
Materials), indicating that these cells could differentiate into neural lineages. This finding
may open the way for further studies aiming to evaluate if the feline OE-MSCs could
represent a potential treatment for brain or neural lesions [28,37].

Our analyses showed that OE-MSCs could also be induced in osteoblast-like, chondroblast-
like and tenoblast-like cells under the appropriate differentiation conditions. Even if these
are only in vitro findings, they may suggest that future studies could investigate if OE-MSCs
may also have a potential role in the treatment of bones, cartilage and tendon lesions. MSCs
demonstrated their efficacy in equine tendinopathy [38,39]. They have also shown benefic
effect in bone healing in canine, ovine and caprine clinical model [40]. Canine MSCs have
cartilage regenerative effect in dog with osteoarthritis [41].

Compared to bone marrow stem cells, OE-MSCs are easier to collect. Indeed, olfactory
mucosa biopsy could be performed during a routine intervention requiring simple anes-
thesia. Since the olfactory mucosa is easily accessible, sampling is safer and less painful
than bone marrow biopsy. On the other hand, the adipose stem cells are the most largely
studied in cats, since they are easy to collect and possess a high proliferative ability [12],
even if this capability seems to be reduced after 4–5 passages [34,35]. However, the aim of
this study was to explore and propose another source of feline MSCs and to expand the
knowledge on feline stem cells.

5. Conclusions

This study showed for the first time that the olfactory mucosa is a source of MSCs in
cats. These cells can be easily isolated and amplified. Feline OE-MSCs display stemness
characteristics and differentiation capabilities. These results pave the way for further
studies that should evaluate if OE-MSCs could be a promising tool for feline autologous
stem cell therapy and for veterinary regenerative medicine.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ani12101284/s1, Figure S1: Negative controls of histochemical
and immucytochemical analyses.
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Simple Summary: Among livestock species, cattle are crucially important for the meat and milk
production industry. Cows can be affected by different pathologies, such as mastitis, endometritis
and lameness, which can negatively affect either food production or reproductive efficiency. The
use of mesenchymal stromal cells (MSCs) is a valuable tool both in the treatment of various medical
conditions and in the application of reproductive biotechnologies. This review provides an update on
state-of-the-art applications of bovine MSCs to clinical treatments and reproductive biotechnologies.

Abstract: Attention on mesenchymal stromal cells (MSCs) research has increased in the last decade
mainly due to the promising results about their plasticity, self-renewal, differentiation potential, im-
mune modulatory and anti-inflammatory properties that have made stem cell therapy more clinically
attractive. Furthermore, MSCs can be easily isolated and expanded to be used for autologous or
allogenic therapy following the administration of either freshly isolated or previously cryopreserved
cells. The scientific literature on the use of stromal cells in the treatment of several animal health
conditions is currently available. Although MSCs are not as widely used for clinical treatments
in cows as for companion and sport animals, they have the potential to be employed to improve
productivity in the cattle industry. This review provides an update on state-of-the-art applications of
bovine MSCs to clinical treatments and reproductive biotechnologies.

Keywords: bovine; mesenchymal stromal cells; clinical applications; reproductive biotechnologies

1. Introduction

Research into stem cells has been very active over the past decade. Due to the increas-
ing number of studies, several breakthroughs have been achieved in this field, and stem
cell therapy has gained ground as a modality of regenerative medicine. Mesenchymal
stromal cells (MSCs) are present in different body tissues and are characterised as able to
adhere to plastic, express specific surface antigens and possess multipotent differentiation
potential [1]. Furthermore, they are good candidates for the treatment of various diseases
due to characteristics such as low immunogenicity, anti-inflammatory potential and their
ability to produce various mediators and molecules that help the regenerative function [2].

Bovine MCSs have been isolated and characterised (Figure 1) from different adult
and foetal tissues, including bone marrow (BM) [3–38], endometrium (EN) [39–48], adi-
pose tissue (AT) [29–32,34,37,49–66] and foetal liquid and adnexa, such as umbilical cord
blood (UCB) [67–70], Wharton’s jelly (WJ) [58,71–73], umbilical cord matrix (UC) [74–82],
amnion (AM) [83,84], amniotic fluid (AF) [57,83,85–88] and placenta (PL) [37,89,90]. Less
common sources of bovine MSCs have been foetal liver [91], dermal tissue [92], foetal
lung tissue [93], embryo yolk sack [94], synovial fluid [95], milk [96], pericardium mem-
brane [97], pancreas [98], tongue epithelium [99], skeletal muscle [65,100] and peripheral
blood [48,101].

Animals 2022, 12, 1956. https://doi.org/10.3390/ani12151956 https://www.mdpi.com/journal/animals221



Animals 2022, 12, 1956

 
Figure 1. Schematic diagram of the characteristics of bovine mesenchymal stromal cells (created in
Biorender.com, accessed on 14 July 2022).

The potential of MSCs for cell-based therapies has originally been based on their typical
characteristics, which include the multipotentiality to differentiate in vitro into mesodermal-
derived lineages, particularly osteogenic, chondrogenic and adipogenic cells [1]. Furthermore,
it has been demonstrated that the paracrine activity of MSCs exerts therapeutical effects
involving regeneration, immunomodulation, angiogenesis and antiapoptosis [102–104].

The immunomodulatory activity of MSCs depends on direct cell-to-cell contact and on
contact-independent paracrine signalling, with the production of soluble factors regulating
proliferation, differentiation, migration and apoptosis of several immune cells [105]. The
reduced immunogenicity of MSCs is another aspect that strengthens their potential for cell
therapy related in part to the low expression of major histocompatibility complexes I and II
(MHC-I and II) and to the absence of expression of T-cell costimulatory molecules (CD40,
CD80 and CD86) [106]. Taking together the immune regulatory abilities and reduced
immunogenicity, allogeneic MSCs transplanted into recipients are able to escape direct
recognition by natural killer cells and prevent activation of T lymphocytes, possibly also re-
ducing the potential activation of the indirect pathway by the presentation of donor-derived
MHC-I/II peptides by antigen-presenting cells to B cells and subsequent alloantibodies
production [107]. Therefore, low immunogenicity may result in higher efficacy and lower
risk of local inflammation following MSCs administration, reducing potential adverse ef-
fects [107]. In cattle, it has been demonstrated that foetal AT-MSCs and BM-MSCs respond
to inflammatory stimulation with interferon γ (IFNγ) by increasing immune-related gene
expression and activity in a dose-dependent manner and upregulating gene expression
of IL-6 [30]. However, conditioned medium from IFNγ-stimulated and unstimulated BM-
MSCs and AT-MSCs exerts similar suppression of proliferation of alloantigen-activated
bovine peripheral blood lymphocytes [30]. Whereas immunomodulatory properties appear
to be similar between BM-MSCs and AT-MSCs, higher expression of MHC-I and MHC-II
in BM-MSCs suggested that the immunogenic potential of bovine foetal MSCs might be
tissue-dependent and that AT-MSCs might be more suitable candidates for allogeneic
therapy [30].

Autologous MSCs therapy implies cell isolation and expansion to achieve therapeutic
doses. Consequently, there is a lag time between their collection and use, threatening the
effectiveness of the treatment. In addition, critical parameters for MSCs isolation include
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donor variability, tissue of origin, amount of tissue and culture conditions [108]. On the
other hand, foetal- and placental-derived MSCs have been found superior to adult MSCs
as candidates for allogeneic therapeutic applications due to their lower immunogenic-
ity [109,110]. Cryopreservation represents an efficient method for the preservation and
pooling of MSCs to obtain the cell counts required for clinical applications. Samples can
be harvested, and then cells can be isolated, expanded and stored for later use, optimising
logistics from collection to transplantation. Accordingly, the ability of MSCs to survive
long periods of storage and, at the same time, maintain their qualities is critical for the
development of allogeneic cell therapies. Upon cryopreservation, it is important to preserve
MSCs’ functional properties, including immunomodulatory properties and multilineage
differentiation ability. Further, a biosafety evaluation of cryopreserved MSCs is essen-
tial prior to their clinical applications [111]. Considering cattle, Oyarzo et al. compared
PL-MSCs and foetal MSCs originated from AT and BM in order to assess their ability to
survive different cryoprotectant solutions exposure [37]. While the apoptotic potential
was similar, foetal AT-MSCs and PL-MSCs presented consistently higher percentages of
viability than did foetal BM-MSCs [37]. On the other hand, AT-MSCs were more resistant
than PL-MSCs, but the latter have the advantage of coming from a readily available tissue
usually considered waste, without ethical concerns [37].

Although in veterinary medicine, cell therapies are mainly focused on pets, regener-
ative medicine applications also involve farm animals, not only for their importance as
a food source [112] but also as models [113]. Among livestock species, cows have a high
economic impact, and reproductive biotechnologies are routinely applied [114,115]. The
dairy and beef industries are essential for food production. Dairy products and ruminant
meat provide essential elements for the human diet. According to the Food and Agriculture
Organization (FAO), there are almost 1.5 billion cattle in the world. Cows produce 81 per
cent of global milk production, and the world demand for beef is projected to increase to
75 million tonnes by 2030 [116]. Animal health is an important issue related not only to
animal welfare itself but also to the One Health perspective, in which human, animal, plant
and environmental health are interdependent. This review summarises the applications of
MSCs in cattle to treat clinical conditions and improve reproductive biotechnologies.

2. Bovine MSCs for Clinical Treatments

So far, MSCs have been used in many experimental instances to treat various diseases
in different animal species. Orthopaedic diseases were the primary field of regenerative
veterinary medicine, and then the focus rapidly expanded to other areas. Dogs and horses
were the species in which stem cell-based therapies were commonly used to treat different
diseases of various organ systems, while for cats, they were used for renal, respiratory and
inflammatory pathologies [117]. Bovine MSCs can be potentially used in various clinical
conditions. Nevertheless, the application of novel MSCs therapies in large ruminants is
still limited.

The major obstacles in livestock species are related to a minor interest in treating
clinical conditions in these animals compared to pets and the higher maintenance costs
in comparison with other animal models [118]. Laboratory animals or small animals
are usually preferred as models to start any research for human pathologies due to the
reasonable buying and care costs together with easier manageability and housing. However,
for a better understanding and a thorough evaluation of cell-based therapies, various animal
models are necessary to successfully move from the laboratory bench to human health
applications. The development of products for animal use has the advantage that they can
be immediately tested in the target species. This aspect not only allows to understand the
potential of MSC-based products for clinical application in animals but may also provide
models for similar human applications [119].

Although many studies have been published for animal MSCs, it is still not easy to
evaluate the efficacy of MSC-based therapies because of the different sources of MSCs
and variations in manufacturing processes, inconsistent characterisation and measure of
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potency, inappropriate controls and a lack of experimental power [119]. MSCs have been
isolated from different sources and, depending on the tissue of origin, they may possess
different properties, which should be taken into account when choosing the optimal stem
cell therapy for a specific pathology in order to achieve successful results. On the other
hand, there is no evidence for a favoured tissue as an MSCs source due to the presence of a
wide variability between donors [108,120].

2.1. Chronic Wound Healing

In the last years, the application of regenerative medicine to skin lesions has been
a focus for both human and veterinary medicine. The physiological healing process of
cutaneous wounds is a well-orchestrated complex of molecular and biological activities.
Even so, a chronic lesion can develop when the normal process fails. The regenerative
potential of stromal cells has also been widely recognised for skin lesion repair [121].
Recent studies support the concept that MSCs can be appropriated for treating chronic
wounds [122–124].

Even if the exact functions of stromal cells in wound healing have not yet been
completely elucidated, they are involved in the removal of dead cells and necrotic tissue,
angiogenesis, reduction in scar tissue formation, contraction of the wound and induction of
re-epithelisation [121]. Consequently, wound healing is promoted, and local inflammation
is reduced. Table 1 summarises the studies regarding MSC applications for wound healing
in cattle.

Table 1. Bovine MSC applications for wound healing.

Source Application References

Bone marrow Autologous treatment of a
chronic ulcer in a heifer [10]

Bone marrow
Autologous treatment of an

interdigital chronic ulcerative
wound in a cow

[13]

Bone marrow Autologous treatment of a
wound in a hind limb of a bull [14]

The first report of a case study in which autologous BM-derived MSCs were used to
treat a chronic ulcer in a heifer dates back to 2012 [10]. A 2-year-old Jersey heifer had been
suffering from a chronic nonhealing ulcerative wound involving full-thickness skin and
underlying muscle in the lumbar region for 4 months. Standard therapies were ineffective,
so a clinical trial was made with autologous BM-MSCs. Bone marrow was aspirated
from the tibia, and MSCs were isolated, expanded and then diluted in saline solution for
intradermal and topical implantation in the wound. Various parameters and measures
were monitored during the trial. At histopathology, the progression of the healing process
was observed since neovascularisation appeared, as well as fibroblasts, sebaceous glands
and epithelialisation. The content of collagen was increased after stem cell therapy, and
the healed tissue was progressing towards physiological stretchability and tensile strength.
The 4-month-old chronic wound healed within 18 days, indicating that MSCs application
could be an effective therapeutic approach for nonhealing chronic wounds [10].

Another clinical study of the same research group concerns the successful treatment
of an interdigital chronic ulcerative wound in a 6-year-old cross-bred Jersey cow [13]. The
animal presented with a 4-month interdigital hoof lesion nonresponding to conventional
treatments. Autologous BM-MSCs therapy was also used for this patient. Granulated tissue
rapidly grew, and the healing process was completed in 18 days. The parameters analysed
to assess the progression of the healing process confirmed the clinical process, and the
pain-free walking distance evaluation was gradually increased over the study period [13].

In the last clinical trial [14], a bull was presenting a wound in a hind limb above
the hock joint as a consequence of a car accident, which had happened 8 months before.
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Different local treatments and antibiotic courses turned out as unsuccessful as chemical
and cryocauterisation. Autologous BM-MSCs application was performed. Similar proto-
cols were used for the collection, isolation and expansion of BM-MSCs, but in this case,
some cells were intravenously administered in addition to local treatment. Healing was
completed within 4 weeks, and the evaluated parameters confirmed the outcome [14].

Despite the lack of controls and large-scale randomised studies and clinical trials, the
promising results obtained from the applications of autologous BM-MSCs confirmed the
potential of MSC-based therapy for treating chronic nonhealing wounds in bovines.

A weak immunogenicity and a vasculogenic effect are favourable properties for wound
healing capacity. Bovine BM-MSCs are the most well-characterised cells, and recently
their immunomodulatory properties [30] and proangiogenic potential [31] have been
investigated. Comparing bovine foetal MSCs derived from bone marrow and adipose tissue,
both upregulated the expression of immunomodulatory genes and showed similar in vitro
immunomodulatory ability, while the lower expression of MHC-I and MHC-II suggested
that AT-MSCs might be less immunogenic compared with BM-MSCs [30]. Furthermore,
BM-MSCs displayed similar migratory ability, higher proliferative capacity and lower
proangiogenic potential compared with AT-MSCs [31]. These results might suggest that
bovine AT-MSCs could be even more promising than BM-MSCs in enhancing the treatment
of chronic wound healing.

2.2. Mastitis

In the dairy industry, mastitis is a common problem, which implicates costs to treat
the disease, and since antimicrobials are the standard therapy, this increases the possibility
of developing antimicrobial resistance. Hence, alternative therapies are required.

The mammary gland contains stromal cells and precursors with high regenerative
potential, which apparently are maintained during the productive life of dairy cows. The
presence of such cells opens new research perspectives regarding the physiological mecha-
nisms concerned with milk secretion and the possibility of enhancing or prolonging dairy
cow production [125]. The presence of a subpopulation of adult stromal cells in the mammary
gland was first demonstrated in human and mouse [126,127]. Then, in the cow, three different
colony morphologies were isolated, suggesting the existence of different progenitor popula-
tions and of an epithelial cell hierarchy in the bovine mammary gland similar to humans [128].
Such stromal/progenitor cells have been largely investigated [125,129].

On the other hand, less research is available for MSCs and bovine mammary glands.
As summarised in Table 2, different in vitro studies showed that UC-MSCs could promote
milk protein and fat synthesis and the expression of key genes in bovine mammary gland
epithelial cells via IGF-1 [75,76,78] and reduce their apoptosis rate [77]. Furthermore, it
has been demonstrated that bovine MSCs have antibacterial activity [29]. The conditioned
medium from bovine foetal MSCs obtained from bone marrow and adipose tissue showed
in vitro antibacterial potential against S. aureus, a mastitis-causing pathogen, by reducing
about 30% of relative bacterial growth [29]. The mechanisms that regulate the antibacterial
activity of bovine MSCs have not been totally elucidated, but the expression of β–defensin
4 A and NK-lysine 1, two antibacterial peptides, was associated with the in vitro effect of
such MSCs [29].

Dairy cows were experimentally infected to induce S. aureus clinical mastitis in order
to evaluate the safety and efficacy of an allogenic MSC-based therapy [62]. Bovine foetal
AT-MSCs were intramammary inoculated twice (days 1 and 10) during a 20-day experi-
mental period. No clinical or immunological response was induced in healthy cows, and
the bacterial count in milk was reduced in MSC-treated cows compared with controls [62].
A similar decrease in somatic cell count (SCC) in the milk of mastitic animals was observed
in cows treated intramammary with a single administration of allogenic AT-MSCs during a
15-day experiment [64]. On days 3 and 7, maximum expression of anti-inflammatory
cytokines (IL-6, IL-10), antimicrobial peptides (cathelicidin, lipocalin and cystatin) and
angiogenic genes (angiopoietin) was observed [64]. With the aim of preventing subclinical
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mastitis, UCB-MSCs and extracellular vesicles (EVs) were injected locally and IV on days
0 and 7 in healthy (safety trial) and subclinical mastitis cows [68,69]. Both MSCs and
EVs were safe, and all treated cows were cured permanently within 15 days [68]. Treated
animals showed a reduced SCC in mastitic milk compared with the control (antibiotic)
group, an enhancement in the expression of anti-inflammatory cytokines, antimicrobial
peptides and angiogenic genes and a decrease in the expression of proinflammatory cy-
tokines [68,69]. Finally, a conditioned medium from bovine AM-MSCs (2 h coincubation in
phosphate-buffered saline (PBS)) was used to treat mastitis in comparison with conven-
tional antibiotics [84]. Milk pH value and titratable acidity were similar between treatments,
while the level of ionic calcium concentration decreased 3 days later in MSCs-treated cows
compared with antibiotic-treated animals [84]. Moreover, the somatic cell number was
similar in both groups, demonstrating that conditioned medium from bovine AM-MSCs
has the therapeutic potential to treat bovine mastitis and might replace antibiotics in the
future [84].

Table 2. Bovine MSC applications for the mammary gland.

Source Application References

Umbilical cord In vitro effects on mammary gland
epithelial cells [75–78]

Bone marrow, adipose tissue In vitro effects on S. aureus [29]
Adipose tissue In vivo effects on S. aureus-induced mastitis [62]
Adipose tissue In vivo effects on mastitis [64]

Umbilical cord blood In vivo effects on subclinical mastitis [68,69]

Amniotic membrane In vivo effects of conditioned medium to
treat mastitis [84]

2.3. Reproductive System

In the last 50 years, the selection in the dairy industry has led to an improvement in
average milk production by a single cow. However, the selection for milk yield has caused
some unfavourable effects, such as a decrease in fertility. Despite an improvement in cow
fertility in the last two decades, as a consequence of selection for fertility traits in breeding
programmes and improvement in animal nutrition and comfort, reproductive performance
is not optimal yet [130]. Reproductive disorders are directly correlated with low fertility in
dairy cows.

The endometrium is characterised by an elevated and constant regeneration, and
mesenchymal progenitor cells have also been identified in the cow endometrium [39]. Pro-
genitor cells were isolated and characterised in cyclic cows [40,42,44] and heifers [41] and
were able to respond after challenging with lipopolysaccharide (LPS) [43]. Furthermore, the
presence of endometrial MSCs was also confirmed in the postpartum period in both healthy
cows and those affected by endometritis [45]. In this period, uterine involution occurs,
involving endometrial regeneration [131], and the presence of pathogenic bacteria needs to
be controlled in the uterus for fertility restoration. However, pathogenic bacteria are not
always rapidly eliminated and often generate uterine disease (metritis and endometritis),
leading to reduced fertility [132]. Endometrial MSCs from bovine inflamed uteri showed
modified characteristics, especially in clinical than in subclinical endometritis, and the
in vitro exposure of endometrial MSCs to PGE2, a mediator of inflammation, modified
their transcriptomic profile [45]. Bovine endometrial MSCs have also been immortalised
from lines derived in different phases of the oestrous cycle [47]. Immortalised cells main-
tained mesenchymal and immunomodulatory characteristics, with an increased migratory
capacity towards an inflammatory niche but a decreased answer to embryonic cytokine
expression at implantation [47]. Interestingly, combined proinflammatory and implantation
signals ensured the retention of endometrial MSCs in case of pregnancy, while they showed
a mesenchymal to epithelial transition state in the absence of an embryo [47]. Despite
research into bovine endometrial MSCs, no report exists about their application in treating
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cow uterine inflammations. On the other hand, bovine MSCs derived from adipose tissue
showed an inhibitory effect on in vitro LPS challenge of endometrial epithelial cells [63].
When used in vivo to treat metritis, allogenic AT-MSCs did not induce any immunological
rejection response in treated animals (IV, local, IV + local), and all cows were completely
and permanently cured within 30 days after treatment [64]. Polymorphonuclear (PMN) cell
count was reduced in cervical vaginal fluid and the expression of IL-6, IL-10, cathelicidin,
lipocalin, cystatin and angiopoietin were observed at day 3 in the IV + local group [64].
More recently, UCB-MSCs and their EVs have also been successfully used for metritis
treatment by the same research group [70]. Moreover, in this case, a higher decrease in
PMN was observed for MSCs and EV-treated cows compared with antibiotic-treated ones,
as well as an increase in the expression of anti-inflammatory cytokines [70].

Other pathologies, which can lead to considerable economic loss, are those involving
the ovaries. Ovarian dysfunctions in dairy cattle have a high incidence and are responsible
for a reduction in reproductive performance. The two major ovarian causes of infertility in
dairy cows are inactive ovaries and ovarian cysts [133,134]. Chang et al. transplanted AF-
MSCs into cows affected by bilateral ovarian dystrophy in an attempt to restore or improve
ovarian function [87]. Each ovary was injected with 50 μL of PBS containing 0.58 million
cells, and then cows were monitored for oestrus and inseminated [87]. Half (4/8) of the
animals treated with AF-MSCs showed oestrus, and two of them delivered a calf, while no
oestrus was observed in control animals, demonstrating that MSCs therapy is a potentially
useful treatment to alleviate the impact of ovarian dystrophy in dairy cows [87]. Peng et al.
injected PL-MSCs into ovarian cysts with or without fluid drainage and compared them to
control animals and GnRH-treated animals [90]. The use of PL-MSCs allowed for recovery
and conception [90], indicating a new therapeutic potential of these cells and a possible
alternative to hormones in the treatment of cattle ovarian cysts. Finally, the intraovarian
injection of MSCs was used to reduce the negative effects of repeated ovum pick-up (OPU)
under acute and chronic scenarios in bovines [61]. In fact, this technique is generally
considered a safe way to collect oocytes from live donors but inevitably causes trauma to
the ovarian tissue, and repeated procedures over years are associated with a progressive
decrease in oocyte yield [61]. For the experiment, one ovary was injected with 2.5 million
AT-MSCs, and the other one was used as the control [61]. MSCs had beneficial effects on
the fertility of acute OPU injured cows, but not in cows with chronic ovarian lesions [61]. In
this case, it was speculated that MSCs could no longer restore the compromised follicular
population or ovarian physiology in cows with chronic inflammatory processes in the
ovaries due to repeated OPU over time [61]. The overall MSC clinical applications for the
reproductive system are presented in Table 3.

Table 3. Bovine MSCs from different sources for treatment of reproductive system diseases.

Source Application References

Adipose tissue Metritis [64]
Umbilical cord blood Metritis [70]

Amniotic fluid Bilateral ovarian dystrophy [87]
Placenta Ovarian cysts [90]

Adipose tissue Intraovarian injection for repeated
OPU lesions

[61]

3. Bovine MSCs for Reproductive Biotechnologies

The first successful nuclear transfer (NT) dates back to 1952, when the nucleus from
an early tadpole embryo was transferred into an enucleated frog egg [135]. Then, in 1996,
Dolly was the first mammalian cloned using an adult somatic cell as a nucleus donor [136].
Somatic cell nuclear transfer (SCNT) (Figure 2) is an important research tool since it permits
a differentiated cell to be reprogrammed to a totipotent state [137]. The donor cell is a key
factor in the process, and interest in bovine SCNT led to consider MSCs as appropriate
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candidates due to their characteristics. Studies using bovine MSCs from different sources
for NT were carried out and are summarised in Table 4.

 

Figure 2. Schematic diagram of the somatic cell nuclear transfer (SCNT) technology (created in
Biorender.com, accessed on 14 July 2022).

Table 4. Bovine MSCs from different sources as nucleus donors for nuclear transfer.

Source References

Bone marrow [3,5]
Adipose tissue [52,53,56,57,66,138]
Amniotic fluid [53,57]

Amniotic membrane [138]
Wharton’s jelly [72]

Firstly, it was demonstrated that bovine BM-MSCs had developmental totipotency
after NT [3] and were better than adult fibroblasts in driving the preimplantation develop-
ment of cloned embryos efficiently [5]. In another study investigating the epigenetic status
of donor cells to improve SCNT [52], it was demonstrated that bovine AT-MSCs at passage
5 had the highest level of multipotency and the lowest level of chromatin compaction.
Bovine AF and AT-MSCSs were then successfully used to produce embryos and calves
after NT [53], and in vitro development of bovine embryos cloned using less methylated
AF and AT-MSCS was improved using trichostatin A [57]. Pregnancies were also obtained
after the transfer of blastocysts derived from WJ-MSCs NT [72]. A higher potential for
AM and AT-MSCs than adult fibroblasts was observed in terms of blastocysts obtained
after oocyte reconstruction [138]. More recently, epigenetic reprogramming events were
investigated, and it was observed that the SCNT embryos derived from bovine AT-MSCs
endured considerable nuclear reprogramming during early embryo development [56].
Finally, in an attempt to improve NT efficiency, the aggregation of two AT-MSC-derived
embryos seemed to positively affect embryo quality, which may improve postimplantation
development [66].

Another context of research into cells includes their ability to incorporate exogenous
DNA for the production of transgenic animals. Bovine MSCs were transfected with pBC1-
anti-CD3 vector, and while those derived from WJ were more sensitive to treatments,
AT-MSCs showed a better response to transfection [58].
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Bovine MSCs have also been used for in vitro embryo production. The traditional
coculture system of bovine embryos with granulosa cells was less efficient than coculture
with AT-MSCs [54]. In addition to increasing blastocyst rates, MSCs coculture also improved
embryo quality, with an increase in total cell numbers and mRNA expression levels for
POU5F1 and G6PDH [54]. It was speculated that the paracrine capacity of MSCs could be
responsible for the positive effects observed [54].

Another application of MSCs is to produce germinal cells after differentiation. The
in vitro production of germ cell lineages is a new intriguing strategy for obtaining gametes
in order to treat infertility, disseminate the genetics of elite animals and preserve endangered
species [139]. The in vitro effect of bone morphogenetic protein 4, transforming growth factor
β1 and retinoic acid on the potential for germ cell differentiation of bovine foetal BM-MSCs was
investigated [27]. The stimulated cells expressed pluripotent markers OCT4, NANOG and male
germ cell gene DAZL, demonstrating their potential for early germ cell differentiation [27]. When
coculturing bovine foetal BM and AT-MSCS with Sertoli cells, cell morphology modifications
were induced, as well as variations in the expression profiles of mesenchymal, pluripotent and
germ cell genes, suggesting progression of AT-MSC into early stages of germ cell differentiation
and advancement of BM-MSCs into the multipotent state [34].

4. Conclusions

The development of stem cell technologies in species other than bovine can be seen
as a useful background for developing and deepening similar advancements in livestock.
MSC characteristics make them appealing for their potential in clinical applications, and the
lack of ethical concern is the other factor that makes them ideal for laboratory studies. As
for humans [140], for successful cell-based therapies, stem cells must be able to differentiate
into specific targeting cells or must act via paracrine mechanisms. Their extraction and
isolation must be feasible, and transplantation must be effective and safe. Furthermore, ex
vivo cell expansion is required since a considerable number of cells is essential to optimise
the therapeutic effects. However, the lifespan of MSCs is limited during in vitro culture,
and their senescence is a limit from the viewpoint of clinical applications. On the one
hand, the limited cell proliferation potency protects them from malignant transformation
after transplantation; on the other, senescence can alter various cell functions essential for
therapeutic efficacy, such as proliferation, differentiation and migration. Therefore, after
in vitro expansion and before therapeutic use, it should be considered whether these cells
still possess stemness properties.

The bovine model could be advantageous for the size and physiology when compared
with traditional laboratory animals. In cattle, MSCs have been isolated from different
tissues, and their pluripotency has been demonstrated, but there is still a lack of clinical
applications and studies comparing MSCs from different sources to suggest which one
is the best choice for cell therapy or for which specific pathology. The studies presented
are promising for the possible applications of MSCs both in veterinary medicine and
the livestock industry. However, more studies are required to develop bovine-specific
protocols, and further investigation is needed to evaluate clinical responses after cell therapy
applications. Attitudes in the livestock industry have shifted towards the preservation of
the commercial viability of individual animals with high genetic value, leading, in turn, to
an increase in medical expenditure to keep those animals healthy [141]. MSCs treatment
has the potential to reduce animal recovery time and reduce economic loss associated
with bone and joint injury, reducing the time for repair that can negatively influence milk
and meat production and interfere with natural breeding [141]. Nevertheless, orthopaedic
applications have not yet been applied clinically in cows. The antimicrobial activity of
MSCs and their derivatives has great potential for the treatment of conditions such as
mastitis. In addition to the direct impact on milk production in the dairy industry, it would
provide an alternative to the use of antimicrobials, reducing the possibility of antimicrobial
resistance and the presence of antibiotics in milk. MSCs treatment has the potential to
decrease recovery from various diseases affecting production, thus increasing profitability.
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Abbreviations

AF Amniotic fluid
AM Amnion
AT Adipose tissue
BM Bone marrow
EN Endometrium
EVs Extracellular vesicles
GnRH Gonadotropin-releasing hormone
IGF-1 Insulin-like growth factor 1
IL-6 Interleukin 6
IL-10 Interleukin 10
INFγ Interferon γ

IV Intravenous
LPS Lipopolysaccharide
MHC-I Major histocompatibility complex-I
MHC-II Major histocompatibility complex-II
MSCs Mesenchymal stromal cells
NT Nuclear transfer
OPU Ovum pick-up
PBS Phosphate-buffered saline
PGE2 Prostaglandin E2
PL Placenta
PMN Polymorphonuclear
SCC Somatic cell count
SCNT Somatic cell nuclear transfer
UC Umbilical cord
UCB Umbilical cord blood
WJ Wharton’s jelly
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Simple Summary: The present study describes differences in the isolation yield, morphology, pres-
ence of surface markers and proliferation capacity but not in the multilineage potential of canine
MSCs isolated from bone marrow, adipose tissue and amnion. Among all the MSCs analysed,
AT-MSCs showed the highest isolation yield, phenotype homogeneity, proliferation capacity and
osteogenic and chondrogenic potential. In addition, for BM-MSCs and AM-MSCs, we uncovered
some differences that need to be considered during isolation, expansion and phenotyping prior to
their possible application in targeted regenerative veterinary medicine.

Abstract: In this study, we provide comprehensive analyses of mesenchymal stem cells (MSCs)
isolated from three types of canine tissues: bone marrow (BM-MSCs), adipose tissue (AT-MSCs)
and amniotic tissue (AM-MSCs). We compare their morphology, phenotype, multilineage potential
and proliferation activity. The BM-MSCs and AM-MSCs showed fibroblast-like shapes against
the spindle shape of the AT-MSCs. All populations showed strong osteogenic and chondrogenic
potential. However, we observed phenotypic differences. The BM-MSCs and AT-MSCs revealed high
expression of CD29, CD44, CD90 and CD105 positivity compared to the AM-MSCs, which showed
reduced expression of all the analysed CD markers. Similarly, the isolation yield and proliferation
varied depending on the source. The highest isolation yield and proliferation were detected in the
population of AT-MSCs, while the AM-MSCs showed a high yield of cells, but the lowest proliferation
activity, in contrast to the BM-MSCs which had the lowest isolation yield. Thus, the present data
provide assumptions for obtaining a homogeneous MSC derived from all three canine tissues for
possible applications in veterinary regenerative medicine, while the origin of isolated MSCs must
always be taken into account.

Keywords: canine mesenchymal stem cells; morphology; phenotype; multilineage potential

1. Introduction

Mesenchymal stem cells (MSCs) could be described as unspecialised cells with multi-
lineage differentiation potential and self-renewal capacity [1]. In general, they are located
in discrete microenvironments, termed perivascular niches, where they play a key role in
maintaining tissue homeostasis and healing processes [2–4]. The main sources of mesenchy-
mal stem cells are bone marrow and adipose tissue [5], but these cells can also be obtained
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from skin, dental pulp, liver, ovarian epithelium, umbilical cord, placenta, amniotic fluid
and others [6,7]. Mesenchymal stem cells can differentiate into cells of mesodermal origin,
such as chondrocytes, osteoblasts and adipocytes. Several studies also point to the possibil-
ity of differentiating into ectodermal or endodermal lineages, such as nerve tissue cells or
hepatocytes [1]. However, the transdifferentiation of MSCs from the original mesodermal
line into ectodermal cells remains unclear and controversial [8]. Due to the fact of their
multilineage differentiating ability, mesenchymal stem cells expand the possibilities of
regenerative medicine [9], where their application helps to replace bone tissue and carti-
lage [5,10]. However, the low survival and transient retention of transplanted MSCs in host
tissue [11] indicate that MSCs exert their therapeutic effects via secretion of bioactive factors
that provide a favourable microenvironment to facilitate the repair and regeneration of
injured tissues [12]. The paracrine effect of MSCs plays an important role, as angiogenesis,
neuroprotection, and immunoregulation in the target tissue are affected through the pro-
duction of important growth and trophic factors or bioactive molecules [13,14]. Due to the
lack of understanding of the complexity of secreted bioactive factors, MSC secretome-based
therapy in human and veterinary medicine has not yet been fully established [15,16]. One
of the obstacles is the variability of the MSC secretome, which is influenced by the donor,
tissue source, culture conditions and passage [15,17]. A better understanding of the factors
of the biological function that makes up the secretome in relation to its tissue source will
allow for the development of more effective and diseases targeted therapy [18].

In principle, according to the minimum criteria required for defining MSCs [19], it is
necessary to select the appropriate source of biologically active MSCs capable of releasing
the specific factors needed for in situ tissue regeneration [20]. We can currently draw on
the amount of information available on MSCs isolated from various tissues and their use
for alternative treatments in veterinary medicine [21]. Therefore, in the present study, we
compared MSCs isolated from three different canine tissues (i.e., bone marrow, adipose
tissue, and neonatal amniotic membrane), which have certain advantages/disadvantages
in terms of isolation and yields and their biological activities eligible for the regeneration of
specific tissues. Our results are consistent with other works [22–24] and confirm the ability
to isolate MSCs from various canine adults as well as perinatal tissues.

2. Materials and Methods

The study was performed after obtaining informed consent from the owners and the
approval of the Ethics Committee at the University of Veterinary Medicine and Pharmacy
in Kosice on 2 September 2021 (EKVP/2021-01).

2.1. Isolation of MSC from Bone Marrow

The bone marrow was harvested from purebred healthy dogs (n = 3). Donor 1—male,
German Shepherd, 35 kg, 3 years old. Donor 2—female, Cane Corso, 70 kg, 4 years old.
Donor 3—male, German Shorthaired Pointer, 32 kg. Before bone marrow collection, all
donors were examined (clinical examination, biochemical, and haematological parameters
were evaluated). Harvesting was performed under general anaesthesia. The place of
the collection was prepared according to all principles of sterility and asepsis as during
surgery. We selected the proximal part of the humerus as the sampling site. The collections
were performed with an 18 G injection needle and a 10 mL syringe. After penetrating
the bone marrow cavity, the bone marrow was aspirated with a 10 mL syringe containing
3 mL of flushing medium. Flushing medium composition: Dulbecco’s modified Eagle’s
medium/Nutrient Mixture F12 (DMEM-F12), 10% foetal bovine serum (FBS), 1% antibiotic–
antimycotic (ATB+ATM; penicillin–streptomycin–amphotericin B) and 1% glutamine (all
Biowest). The aspirate was then centrifuged twice for 10 min at 400× g. Cells were plated
in cultivation flask T25, at a seeding density of 106 cells/flask, and were cultured in media
containing DMEM-F12 + 10% FBS + 2% ATB + ATM at 37 ◦C and 5% CO2. After 48 h of
incubation, nonadherent cells were removed.
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2.2. Isolation of MSCs from Adipose Tissue

Adipose tissue was harvested from purebred healthy dogs (n = 3) and was collected
under general anaesthesia, maintaining the principles of sterility and asepsis, from the
subcutaneous tissue in the scapular area. Adipose tissue was collected from identical donors
as for bone marrow (Section 2.1). We isolated 5–7 g of adipose tissue from each donor.
The tissue was then washed with phosphate-buffered saline (PBS; Biowest) containing
2% ATB + ATM, then mechanically dissociated and enzymatically digested with 0.05%
collagenase type I and IV (Sigma, Burlington, MA, USA) at 37 ◦C for 1 h. At the end of
the incubation period, the digested tissue was filtered (through a 100 μm cell strainer)
to remove tissue fragments, centrifuged at 400× g for 10 min, and the obtained stromal
vascular fraction (SVF) pellet was resuspended in culture medium consisting of DMEM-
F12 containing 10% FBS and 2% ATB + ATM and plated in a T25 tissue culture flask at a
concentration of 106 cells/flask and incubated in cultivation medium (DMEM-F12 + 10%
FBS + 2% ATB + ATM) at 37 ◦C and 5% CO2. After 48 h, non-adherent cells were removed
and, subsequently, the medium was changed twice a week.

2.3. Isolation of MSCs from Amniotic Tissue

Amniotic tissues were obtained during caesarean section (new-born puppies, n = 6,
62nd day of pregnancy) under strictly sterile conditions. Donors—German rottweiler,
weight of puppies approximately 350 g, sex ratio—3:3. The amnions were then washed
with PBS containing 2% ATB + ATM; then, the tissue was mechanically dissociated and
enzymatically digested using 0.05% collagenase type I at 37 ◦C for 30 min. At the end of
the incubation period, the digested tissue was filtered (through a 100 μm cell strainer) to
remove tissue fragments, and the obtained fraction was centrifuged at 400× g for 10 min.
The obtained pellet was resuspended in DMEM-F12 culture medium + 10% FBS + 2%
ATB + ATM. Cells were plated in a T25 culture flask at a concentration of 106 cells/mL and
incubated in culture medium (DMEM-F12) + 10% FBS + 2% ATB + ATM at 37 ◦C and 5%
CO2 Nonadherent cells were removed, and the medium was subsequently changed twice
a week.

2.4. Passaging Cells

When the cultivated cell population reached a confluence of approximately 75–80%,
we proceeded to passage. To separate the cells from the surface of the culture flask, we used
an enzymatic trypsinization method using 0.25% Trypsin EDTA (Biowest), which acted on
the cells depending on the level of confluence for 5–7 min at 37 ◦C. To inactivate the trypsin,
FBS was used in a 1:1 ratio, and the whole suspension was subsequently centrifuged at
400× g for 10 min. The supernatant was removed, and the cell population was plated on
T75 culture flasks at a concentration of 1.5 × 106 cells/flask.

2.5. Expression of Surface Markers

Samples were analysed for mesenchymal stromal cell markers (i.e., CD29, CD44, CD90
and CD105) and for hematopoietic stem cells marker (i.e., CD45). Each sample was diluted
to a final concentration of 2 × 105 cells/mL and centrifuged at 400× g/5 min. Subse-
quently, the supernatant was removed and the cell pellet was resuspended in 100 μL of PBS
containing 3–5 μL of CD90 ((YKIX337.217, allophycocyanin; APC), CD29 ((MEM-101, phy-
coerythrin; PE), CD44 (MEM-263, APC), CD105 ((MA1-19594, fluorescein isothiocyanate;
FITC) and CD45 (YKIX716.13, PE)—all ThermoFisher, Waltham, MA, USA—and incubated
for 60 min at 4 ◦C in the dark. At the end of the incubation period, the samples were cen-
trifuged again at 400× g/5 min, the supernatant was removed and the sample was washed
in 200–500 μL of washing solution (1% FBS in PBS + 0.1% Sodium Azide (SevernBiotech
Ltd., Kidderminster, UK). Cytometric analysis was performed on a BD FACSCanto® flow
cytometer (Becton Dickinson Biosciences, San Jose, CA, USA) equipped with a blue (488 nm)
and red (633 nm) laser and 6 fluorescence detectors. The percentage of cells expressing
individual CD traits was determined by a histogram for the respective fluorescence. The
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data obtained via measurement were analysed in BD FACS DivaTM analysis software. As a
negative control, we used the same type of non-labelled MSCs for autofluorescence control.
A gating strategy for flow cytometry was performed by forward/sideward scatter and
sideward scatter/sideward scatter pulse height for the elimination of debris and doublets.

2.6. Multilineage Potential

To confirm the multilineage potential of the MSCs, we used the StemProMultilineage
differential Kit (Gibco) according to the recommended protocol attached. The cells used
for multilineage differentiation were from passage 3 (P3). Cells were cultured in 24-well
plates with an initial density of 4 × 104 cells/well for osteocytes, 8 × 104 cells/well for
adipocytes and 8 × 104 cells per micromass/well for chondrocytes. Each micromass was
a single drop of 5 μL/8 × 104 cells, which was placed in the centre of the well and then
incubated at 37 ◦C and 5% CO2 for 2 h for better adherence to the surface, and then 500 μL
chondrogenic medium was added. After the recommended culture time (21 days, day
in vitro; DIV 21), the cells were fixed using 4% paraformaldehyde (PFA), and the individual
populations were stained with the Alizarin red staining method (Sigma) for evidence of
calcium deposits in the osteoblast population; Alcian blue (Sigma) for the detection of
proteoglycans in the chondroblast population and Oil red (Sigma) for the staining of fat
vacuoles in the adipocyte population.

2.7. Proliferation Activity of MSC

For the description of cell proliferation, we used the MTT cell proliferation assay kit
(Invitrogen). The cells from each population in P3 were plated in 96-well plates, seeding
density 1 × 104 cell/well and cultivated in standard cultivation medium (DMEM-F12 w/o
phenol red + 10% FBS + 2% ATB + ATM) at 37 ◦C and 5% CO2 for 24, 48, 168 and 240 h.
After the cultivation period, we removed the medium and replaced it with 100 μL of fresh
culture medium. In the next step, 10 μL of 12 mM MTT stock solution to each well was
added and incubated at 37 ◦C for 4 h. At the end of incubation time, we added 100 μL of
SDS-HCl solution, mixed it and incubated. After 12 h, the content of each well was mixed
carefully by the pipette and the absorbance was measured at 572 nm by Perkin Elmer
Victor3 Multilabel Plate Reader. Statistical analyses were processed via two-way ANOVA,
followed by the Tukey test, with the mean considered from five measurements.

2.8. Freezing Protocol

At the end of study, MSCs were detached from the culture using 0.25% Trypsin EDTA,
washed in FBS and suspended in a prechilled freezing medium consisting of 10% dimetyl-
sulfoxid (DMSO; CryoSure, Wak-Chemie Medical GmbH) + 40% FBS and 50% DMEM-F12.
Cells were dispended in 1.8 mL cryovials tubes in concentration 1 × 106 cells/mL. Cry-
ovials were slowly cooled in a Mr. Frosty freezing container and placed in −80 ◦C freezer
before transferring to the vapor of liquid nitrogen at ≤−140 ◦C.

3. Results

3.1. Isolation of Canine MSCs from Bone Marrow, Adipose Tissue and Amnion

Using the abovementioned protocol, we were able to isolate and cultivate a homo-
geneous population of canine MSCs from bone marrow, adipose tissue and amnion. The
yield of isolated cells varied between 1 and 7 × 106 cells/mL (BM-MSC—1 × 103 cells/mL
of bone marrow aspirate, AT-MSC—2.5 × 106 cells/g of adipose tissue and AM-MSC—
5.6 × 106 cells/g of amniotic tissue) shown in Table 1. Bone marrow and amniotic mes-
enchymal stem cells showed a fibroblast-like shape (Figure 1A,C and Figure 2(A1,A2,C1,C2)),
which is typical for MSCs, in contrast to adipose tissue mesenchymal stem cells, which
were longer (approximately 20 μm) and thinner, revealing a spindle-shaped morphology
(Figures 1B and 2(B1,B2)).
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Figure 1. Detailed morphology of canine MSCs at passage 0 (P0) day in vitro (DIV) 3 from different
sources. The BM-MSCs (A) and AM-MSCs (C) revealed a fibroblast-like morphology, while the
AT-MSCs (B) showed a spindle-like morphology. Scale bars = 20 μm.

Figure 2. Morphology of canine MSCs from different sources. BM-MSCs at passage 0 (P0) day
in vitro (DIV) 5 (A1) and DIV15 (A2); AT-MSCs at passage P0 DIV5 (B1) and DIV15 (B2); AM-MSCs
at passage P0 DIV5 (C1) and DIV15 (C2). Scale bars = 50 μm.

Table 1. Comparative analysis of the common MSC properties from canine MSCs isolated from bone
marrow, adipose tissue and amnion. +++, ++, + and – indicate high, moderate, low or absence of
mentioned properties, respectively.

Results of the Comparative Study of Canine MSCs

BM-MSCs AT-MSCs AM-MSCs

Invasiveness of tissue collection +++ +++ –

Yield + ++ +++

Homogeneity + +++ +

Osteogenic potential +++ +++ +++

Chondrogenic potential +++ +++ +++

Adipogenic potential – + –

Proliferation capacity ++ +++ +
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3.2. CD Characterization of Canine MSC

Results of CD analyses (Figure 3) show, that passaging is a suitable tool for obtain-
ing high homogeneity and uniformity of the population during cultivating mesenchymal
cells, even in the low passage (all results from passage 3). BM-MSC showed high expres-
sion of CD29 (98.7% ± 1.5%), CD44 (97.3% ± 1.0%), CD90 (76.3% ± 2.6%) and CD105
(99.8% ± 3.1%), but low expression of CD45 (3.3% ± 0.3%) on the other hand. AT-MSC
were positive for CD29 (99.3% ± 0.7%), CD44 (99.1% ± 0.5%), CD90 (85.9% ± 0.6%),
CD105 (99.7% ± 1.2%) and negative for CD45 (1.0% ± 0.2%). Results of different phe-
notype, AM-MSC, showed positivity for CD29 (72.3% ± 0.8%), CD44 (71.5% ± 1.6%),
CD90 (5.8% ± 0.9%), CD105 (90.5% ± 2.9%) and CD45 (3.1% ± 0.4%). We also observed
differences in the autofluorescence. The BM-MSCs showed minimal auto autofluorescent
florescent positivity for PE (1.1% ± 0.1%), FITC (1.2% ± 0.05%) and APC (2.5% ± 0.5%).
The AT-MSCs showed a high number of autofluorescent cells for APC (4.0% ± 0.2%) and
a minimum of PE-autofluorescent cells (0.3% ± 0.05%) and FITC (0.6% ± 0.01%). We
observed the highest number of autofluorescent cells in AM-MSCs: PE (1.8% ± 0.3%), APC
(4.5% ± 0.9%) and FITC (2.9% ± 0.5%). The gating strategy—forward/sideward scatter and
sideward scatter/sideward scatter pulse height for the elimination of debris and doublets
(Figure 4.). The viability of the observed cells varied between 85 and 93%.

Figure 3. Results of the CD analyses from passage 3 (P3). The BM-MSCs showed positivity for
CD29 (98.7% ± 1.5%), CD44 (97.3% ± 1.0%), CD90 (76.3% ± 2.6%), CD105 (99.8% ± 3.1%) and low
expression for CD45 (3.3% ± 0.3%). The AT-MSCs showed high expression of CD29 (99.3% ± 0.7%),
CD44 (99.1% ± 0.5%), CD90 (85.9% ± 0.6%), CD105 (99.7% ± 1.2%) and low expression of CD45
(1.0% ± 0.2%). The AM-MSCs showed positivity for CD29 (72.3% ± 0.8%), CD44 (71.5% ± 1.6%),
CD90 (5.8% ± 0.9%), CD105 (90.5% ± 2.9%) and low expression of CD45 (3.1% ± 0.4%).
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Figure 4. Results of the CD analyses from passage 3 (P3)—negative control (A) and Gating strategy (B).
The BM-MSCs showed minimal autofluorescent positivity for PE (1.1% ± 0.1%), FITC (1.2% ± 0.05%)
and APC (2.5% ± 0.5%). The AT-MSCs showed a high number of autofluorescent cells for APC
(4.0% ± 0.2%) and a minimum of PE-autofluorescent cells (0.3% ± 0.0 5%) and FITC (0.6% ± 0.01%).
We observed the highest number of autofluorescent cells in AM-MSCs: PE (1.8% ± 0.3%), APC
(4.5% ± 0.9%) and FITC (2.9% ± 0.5%). Gating strategy—forward/sideward scatter and sideward
scatter/sideward scatter pulse height for the elimination of debris and doublets (Figure 4).

3.3. Multilineage Potential

Using a multilineage differentiation kit and the recommended culture protocol and
staining methods, we confirmed the ability of MSCs isolated from canine bone marrow,
adipose tissue and amnion to differentiate into osteocytes, chondrocytes and only a weak
ability to differentiate into adipocytes (Figure 5). All types of isolated canine MSCs (BM-
MSCs, AT-MSCs and AM-MSCs) showed high osteogenic and chondrogenic potential;
however, the adipogenic differentiation capacity was limited.
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Figure 5. Multilineage potential of canine MSCs. All types of canine MSCs showed high osteogenic
(presence of calcium deposits detected by Alizarin red) and chondrogenic potential (presence of
glycoproteoglycanes detected by Alcian blue staining); however, there was the absence (BM-MSCs
and AM-MSCs) or low (AT-MSCs) level of the adipogenic potential (triglycerides detected by Oil Red
O staining). Scale bars = 50 μm.

3.4. MTT Assay

The MTT assay showed that MSCs isolated from all sources have good proliferation
capacity; however, we could observe differences in cultivation periods and types of MSCs
as well. The best proliferation capacity in vitro was observed in AT-MSCs and at 168 h.
The lowest capacity was shown in AM-MSCs. All types of MSCs reached the maximum
capacity at 168 h, after this time period, the proliferation capacity decreased (Figure 6).

We also observed differences when comparing the growth rate of cell populations
from individual sources after isolation. We achieved the fastest confluent population in
adipose tissue-derived MSCs (day 11 of culture). On the contrary, the slowest growth was
seen in the bone marrow in which we reached a confluent population on the 29th day
of cultivation.
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Figure 6. Results of the MTT assay. Graph representing absorbance measured after 24, 48, 168,
and 240 h at 572 nm, which correlates with the proliferation capacity of examined types of MSCs.
*** p = 0.0007 and **** p < 0.0001.

4. Discussion

The main goal of this study was to compare the yield, morphology, phenotype, mul-
tilineage potential, and proliferation activity of mesenchymal stem cells isolated from
different canine tissues—bone marrow, adipose tissue and amniotic tissue. We also met the
criteria of the International Stem Cell Research Society (ISSCR) [6,19].

For isolation of MSCs from bone marrow, we used a simple method of centrifugation
and size separation using a cell strainer (100 μm). To isolate MSCs from adipose tissue and
amnion, we used a combined method of mechanical disruption and enzymatic digestion.
As previously described, prolonged digestion can damage the cells [25]. Therefore, we opti-
mised the enzymatic process within the range 25–45 min, depending on the amount and size
of the digested fraction at a temperature of 37 ◦C. For the comparison of isolation yield, the
AM-MSCs showed the highest number of isolated cells (up to 5.6 × 106 cells/g). However,
the isolation yield of BM-MSCs and AT-MSCs was also not negligible (1 × 103 cells/mL
BM-MSC and 2.5 × 106 cells/g AT-MSC). This observation was also confirmed by other
studies [26–30]. Concluding from the abovementioned facts, amnion tissue represents a
rich source of stem cells. Its collection and retrieval did not cause any added stress and
suffering for the animal, and since it had no further use in normal veterinary practice, it
would end up as biological waste. Therefore, this tissue source certainly deserves attention
in the field of regenerative medicine.

Differences were observed in morphology, as well. While BM-MSCs were charac-
terised by a fibroblast-like shape and a size of 100–120 μm, MSCs isolated from adipose
tissue were longer and thinner (100–140 μm), and MSCs isolated from amnion tissue were
similar to BM-MSCs (with a fibroblast-like shape) but at first sight morphologically dif-
ferent (oval-shaped) and smaller (80 μm). It was interesting to discover the multilineage
differentiation ability of isolated cell populations. After reaching confluence in the P3 and
subsequent trypsinization, we tested the cells from each population to confirm the ability
to differentiate into osteogenic, chondrogenic, and adipogenic lines. MSCs isolated from
canine bone marrow, adipose tissue and amnion showed a very good ability to differentiate
into osteogenic and chondrogenic lines but repeatedly very little or lacked the ability to
differentiate into adipogenic lines. This variation in the inability of MSCs to differentiate
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into an adipogenic line has also been described in other studies [31,32]. This may be be-
cause cells isolated from the same tissue type but from different collection sites sometimes
need up to twice the time to differentiate. For example, the differentiation capacity of
bone-marrow-derived MSCs may require a longer time for adipogenic differentiation in
comparison to adipose-derived MSCs or amniotic-derived MSCs. Therefore, this has to be
optimised for each cell type processed for differentiation [16]. In addition, osteogenesis-
mediating and adipogenesis-suppressing bioactive molecules, such as Runx2, Wnt10b and
RhoA, or adipogenesis-enhancing bioactive molecules suppressing osteogenesis, including
PPARγ, P2X6, LIF, sFRP-1 and BMPs, also play an important role [33]. Thus, osteogenic
and chondrogenic differentiation are among the key properties required for hard tissue
regeneration in veterinary medicine. This has been confirmed in our study in all MSC
types, which nominates them as candidates for possible treatment application [34]. The
expression of CD surface markers in MSC populations was tested using flow cytometry.
During the analysis, we found a lower percentage of CD29+, CD44+ and CD105+ and
almost no positivity for CD90 in AM-MSCs compared with BM-MSCs and AT-MCs, where
the expression of all four CD markers was high [35]. The majority of canine papers have
demonstrated either a single alternative MSC marker (CD29 or CD44) or both, which is
more consistent than any of the classic MSC markers [15,23,24,36]. High expression of CD29
and CD105 is superior to strong chondrogenic potential by regulating TGF-β/Smad2 [37].
The same can be said about the expression of CD44 describing chondrogenic potential via
the Smad and ERK signalling pathways [38]. All of these facts correlate to our results of
chondrogenic differentiation. Both CD29 and CD44 expression were found to be involved
with MSC adhesion, migration and engraftment in vivo [15]. We were able to confirm low
or no adipogenic potential in the studied MSCs. This could be caused by high number of
CD29 positive cells in the observed population, because CD29 and CD90 reduce adipogenic
capacity [39]. The absence of or low positivity for CD90, in the case of canine AM-MSCs,
may be associated with their low immunosuppressive properties; similarly, it has been
reported in human MSCs [40]. Another study referred to the loss of CD90 (THY-1) as to a
process that may increase MSC differentiation potential, which is often associated with a
decrease in CD44 expression [41]. Thus, although AM-MSCs are a rich source with good
differentiation potential, we have to keep in mind possible differences due to the difference
in their neonatal origin. Finally, it should be noted that the actual expression of surface
markers also depends on the MSC isolation source [42] as well as on the donor age and
cell passage [43]. Despite a previous study [44], higher expression of CD45 in the observed
population of BM-MSCs and AM-MSCs (>3%) had no pronounced impact on multilineage
potential compared to AT-MSCs. In addition, obvious differences in morphology, pheno-
type, and proliferative activity in individual cell populations were also observed in a study
led by Bearden [23].

The autofluorescence of MSCs at 488 nm correlates with cell granularity and the expres-
sion of CD90. Increased autofluorescence was negatively associated with the expression
of CD90, which was also confirmed in our study [45]. Furthermore, cells revealing high
granularity (i.e., AM-MSCs) showed low expression of CD90 and high autofluorescence.

In this study, differences in the proliferation capacity of MSCs from different sources
were noticed using the MTT assay. The AT-MSCs showed the highest capacity, while
AM-MSCs showed a high yield of cells but revealed the lowest proliferation activity. All
three types of MSCs reached their proliferation peak between 168 and 240 h of cultiva-
tion. After this cultivation period, the proliferation capacity decreased. This fact could
correlate with the confluency of the given population and cell density. Similar results were
published recently [26,28].

All of the abovementioned facts create preconditions for the use of MSCs isolated
from all three tissues in cell therapy in veterinary medicine [11]. However, it should
be emphasised that each MSC originating from different tissues should be thoroughly
characterised and, afterward, carefully considered and adapted to the patient’s condition
and nature.
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5. Conclusions

In this study, we described the effective protocols for the isolation of MSCs from
different canine tissues—bone marrow, adipose tissue and amnion membrane. Our results
presented differences in yield of isolation, morphology, phenotype, multilineage potential
and proliferation activity. All types of isolated canine MSCs expressed CD105 surface
markers, but not CD45, which correlated to their high chondrogenic capacity. The AT-MSCs
showed the best phenotype homogeneity, proliferation capacity, multilineage potential and
even high yield of isolation (Table 1). All the presented data create the foundation for their
further investigation and potential use in regenerative therapy.
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Simple Summary: Today, the use of horse adipose tissue and Wharton’s jelly-derived mesenchymal
stromal cells in veterinary regenerative medicine represents a promising tool. Cells need to be isolated
and expanded in vitro in the laboratory to obtain a sufficient amount for clinical application and its
characterization. In many cases, laboratories and clinics where the therapy will be performed are in
different and far-flung facilities, and the cells must therefore be shipped by a courier. The authors
evaluated the effects of different storage conditions, in terms of temperature, time of storage and
storage solutions on cell viability, cell growth, differentiation potential and molecular characteris-
tics. The aim was to state the most appropriate storage conditions for transporting adipose tissue
and Wharton’s jelly-derived stromal cells, ensuring the maintenance of the stemness features for
therapeutic application in horses.

Abstract: To use Mesenchymal Stromal Cells (MSCs) in equine patients, isolation and expansion
are performed in a laboratory. Cells are then sent back to the veterinary clinic. The main goal
of storage conditions during cell transport is to preserve their biological properties and viability.
The aim of this study was to evaluate the effects of storage solutions, temperature and time on
the characteristics of equine adipose tissue and Wharton’s jelly-derived MSCs. We compared two
different storage solutions (plasma and 0.9% NaCl), two different temperatures (4 ◦C and room
temperature) and three time frames (6, 24, 48 h). Cell viability, colony-forming units, trilineage
differentiation, the expression of CD45 and CD90 antigens and adhesion potentials were evaluated.
Despite the molecular characterization and differentiation potential were not influenced by storage
conditions, viability, colony-forming units and adhesion potential are influenced in different way,
depending on MSCs sources. Overall, this study found that, despite equine adipose tissue MSCs
being usable after 24 h of storage, cells derived from Wharton’s jelly need to be used within 6 h.
Moreover, while for adipose cells the best conservation solutions seems to be plasma, the cell viability
of Wharton’s jelly MSCs declined in both saline and plasma solution, confirming their reduced
resistance to conservation.

Keywords: mesenchymal stromal cells; equine; adipose tissue; Wharton’s jelly; storage

1. Introduction

During the last twenty years, Mesenchymal Stromal Cells (MSCs) have received, both
in human and veterinary medicine, considerable attention because of their potential use for
promoting tissue regeneration, not only because of their differentiation potential, but likely
also because of their trophic, anti-inflammatory and immunomodulatory abilities [1,2].
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In the last twenty years, in equine medicine, bone marrow has been the most used
source of autologous MSCs. Alternatively, adipose tissue-derived MSCs have been used [3].
However, for recovering these tissues an invasive procedure is required and a large variabil-
ity in the cell yield related to the donor has been demonstrated, for both eBM (equine bone
marrow) and eAT (equine adipose tissue) [4]. As demonstrated by different authors [5–9],
fetal adnexa represent an important source of MSCs for equine regenerative medicine.
These tissues can be easily procured without invasive procedures, both for mare and foal,
and fetal adnexa-derived MSCs preserve some characteristics typical of primitive native
layers and have been defined as an intermediate between embryonic and adult MSCs [10].
In equine, among fetal adnexal tissues, the major source of MSCs is eAM (equine amniotic
membrane) [5] and Wharton’s jelly (eWJ) [11]. Recently, Iacono et al. [12], comparing
eAMMSCs and eWJMSCs, found that cells isolated from different matrices have different
morphological and molecular features and different differentiation potentials. Particularly,
data recovered by the Authors show that eWJ could be considered as a more viable and
convenient MSCs source for autologous or allogeneic regenerative therapies.

Due to the results obtained after the in vivo use of MSCs in equines, the interest of
horse owners and veterinarians is progressively increasing. For in vivo use, MSCs are
cultured, expanded and prepared in a specialized laboratory, then they are transferred to
the clinic. However, most of the time, the laboratory and the clinic are located far from each
other, and some authors hypothesize that one of the reasons why only 24% of the injected
cells are found in the lesion site after 24 h is the reduced cell viability resulting from the
transposing of cells over long distances [13,14].

In this context, different authors have attempted to find the best conditions (media,
temperature, hours of transport, etc.) for shipping equine MSCs from laboratory to clinic.
In 2012, Bronzini et al. [15] analyzed the influence of media, temperature and hours of
storage on equine peripheral blood MSCs, finding that neither different media nor temper-
ature were able to maintain cell viability during shipping period; in fact, cell mortality was
around 30–40% in every experimental group. The same was demonstrated successively by
Mercati et al. [16], by Espina et al. [17] and Garvican et al. [14] on equine adipose tissue
MSCs, bone marrow and ePBMSCs (equine peripheral blood MSCs), respectively. Stored
eATMSCs and eBMMSCs have retained differentiation and clonogenic potential [16,17],
while the ability of ePBMSCs to maintain their molecular features is controversial [15].
Indeed, while the level of expression of CD44 and CD105 were constant in fresh and stored
cells, CD90 expression decreased after 9 and 12 h of storage, suggesting, as reported by
the authors, an inability of these cells to retain the properties of MSCs after this period
of storage [15].

Despite the interest in using cells derived from fetal adnexa, eWJMSCs in particular,
and the results obtained after their in vivo application [8], to our knowledge no study
has reported on the storage and shipping effects on eWJMSCs viability, in vitro growth
and molecular features and their differentiation potential. In the present study the effects
of storage temperature, time and solution on eWJMSCs characteristics are determined.
In order to define which type of cells are the most resistant in case long-distance transport
is needed, in the present study the effects of shipping conditions on adult and Wharton’s
jelly-derived MSCs have been determined.

2. Materials and Methods

Chemicals were obtained from Sigma-Aldrich (Merck); type I collagenase, DMEM
(Dulbecco’s modified Eagle’s medium) low glucose medium with Glutamine and FBS (fetal
bovine serum) are branded GIBCO (ThermoFisher Scientific, Waltham, MA, USA). Plastics
were from FalconTM unless otherwise stated.

2.1. Samples

During the colic surgery of horses spontaneously referred by the owners to the Depart-
ment of Veterinary Medical Sciences (DIMEVET), University of Bologna, intra-abdominal
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AT was collected (n = 3). For the use of removed tissue for research purposes owners gave
a written consent. Experimental procedures were approved by the Ethics Committee on
Animal Use of the University of Bologna (Prot. 55948-X/10).

Wharton’s jelly was isolated from the umbilical cord (UC; n = 3) recovered after
foal physiological birth, born from Standardbred mares, and housed at the DIMEVET.
For Wharton’s jelly sampling, experimental procedures were approved by the Ethics
Committee on Animal Use, University of Bologna (Prot. 55948-X/10), and a written consent
was given by the owners to allow tissue recovery for research purposes.

2.2. Cell Isolation and Culture

AT and UC samples, stored in DPBS (Dulbecco’s polyphosphate buffer solution)
plus antibiotics (100 IU/mL penicillin, 100 g/mL streptomycin), were kept at 4 ◦C until
processing. Under a laminar flow hood, the richest portion of WJ was immediately isolated
from the cord tissue.

For both tissues, MSCs were isolated as previously described by Iacono et al. [12].
Briefly, AT and WJ were washed with repeated dives in DPBS, weighed, and cut into 0.5 cm
pieces by sterile scissors. Samples were transferred into a 50 mL polypropylene tube and
digested by a 0.1% collagenase type I solution in DPBS (1 mL solution/1 g tissue). The sus-
pension was kept in a 37 ◦C water bath for at least 30 min and vigorously mixed every
10 min. For inactivating the collagenase, the suspension was diluted 1:1 with DPBS plus
10% FBS. The solution was filtered through a stainless steel strainer for discarding undi-
gested tissue and centrifuged at 470× g at 25 ◦C for 10 min. The pellet was re-suspended in
DMEM Low Glucose + 10% FBS + 100 U/mL penicillin + 100 g/mL streptomycin. Cells
were plated into 25 cm2 culture flasks and incubated in 5% CO2 at 38.5 ◦C, in humidified
atmosphere (Passage 0). After 48 hrs, the culture medium was completed replaced and
non-adherent cells were removed. Culture medium was changed every three days until
cell growth reached 80 to 90% confluence. At 80–90% of confluence, cells were dissociated
using a 0.25% trypsin EDTA (Ethylenediaminetetraacetic acid) solution and counted and
cryopreserved as described by Merlo et al. [18]. Briefly, cells in 0.5 mL of FBS were put
in a 1.5 mL cryogenic tube (Sarstetd Inc., Nümbrecht, Germany) at 4 ◦C. After 10 min,
cell suspension was diluted 1:1 with FBS + 16% DMSO (Dimethyl sulfoxide; final concen-
tration 8% DMSO) and maintained for a further 10 min at 4 ◦C. Then the cryogenic tube
was set to −80 ◦C for 24 h in a “Mr. Frosty” (Nalgene) and finally stored in liquid nitrogen.
AT and WJMSCs were thawed at 37 ◦C in 20 mL DMEM + 10% FBS, then centrifuged at
470 g at 25 ◦C for 10 min. The pellet was re-suspended in 1 mL of culture medium and cell
concentration and viability were evaluated by staining cells with 4% eosin solution and
using a Neubawer improved chamber. Cells were plated in a 25 cm2 flask (5000 cells/cm2)
as “Passage 1” (P1).

2.3. Study Design

When the confluence of 80–90% at P3 was reached, cells from all three AT and WJ
samples were detached from the flask and viability and concentrations were determined
as described above. For studying the effects of transport conditions, 6 × 106/mL live AT
and WJ cells were stored in equine plasma (P) or 0.9% NaCl solution (S), tested for in vivo
use, for 6 (T6), 24 (T24) and 48 (T48) hours at refrigeration (4 ◦C) and room temperature
(RT = 20 ◦C).

At any time, viability was determined by eosin stain and cells were sown to determin-
ing colony forming unit ability, adhesion, and tri-lineage in vitro differentiation potential.
Furthermore, CDs expression by PCR was also determined. Un-stored cells, namely T0,
were considered as control. For all samples (3 AT and 3 WJ), each test was carried out in
three replicates.
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2.4. CFU (Colony Forming Unit) Assay

For determining the ability of cells to form colonies, 1 × 102 cells at T0, T6, T24 and
T48 for both storage conditions were cultured for 8 days in a 30 mm petri dish. Colonies
were fixed in 4% paraformaldehyde at RT for 1 h and stained with Giemsa 0.1% stain
(15 min). Using an inverted light microscope (Eclipse TE 2000u, Nikon, Tokyo, Japan),
the operator counted colonies formed by at least 16–20 nucleate cells.

2.5. Spheroid Formation Assays

To determine whether stored cells preserved their adhesion capability, spheroid for-
mation was performed. Differently from the cell-substratum adhesion, performed on
monolayer cultures adherent to rigid substrates, this test gives information about the direct
cell–cell adhesion architecture found in normal tissues.

Cells were cultured in a multiwell Corning 96-well Black/Clear Round Bottom Ultra-
Low Attachment Spheroid Microplate (5000 cells/25 μL drop). Images were acquired after
24 and 48 hrs of culture by a CCD camera (DS-Fi2, Nikon, Tokyo, Japan) mounted on an
inverted light microscope (Eclipse TE 2000u, Nikon, Tokyo, Japan).

2.6. Multi Lineage In Vitro Differentiation

The osteogenic, adipogenic, and chondrogenic in vitro differentiation potential of con-
trol and stored AT- and WJ-MSCs were determined. As reported in Table 1, 5000 cells/cm2

were cultured for two weeks under specific induction media. The same number of cells
was cultured in culture medium, ss negative control.

Table 1. Composition of induction media [19,20].

Adipogenic Chondrogenic Osteogenic

DMEM DMEM DMEM
10% FBS 1% FBS 10% Rabbit Serum

0.5 mM IBMX
(removed after 3 days) 6.25 μg/mL insulin 50 μM AA2P

1 μM DXM
(removed after 6 days) 50 nM AA2P 0.1 μM DXM

10 μg/mL insulin 0.1 μM DXM 10 mM BGP
0.1 mM indomethacin 10 ng/mL hTGF-β1

IBMX: isobutylmethylxanthine, DXM: dexamethasone, hTGF: human transforming growth factor, AA2P: ascorbic
acid 2-phosphate, BGP: beta-glycerophosphate.

For differentiation evaluation, cells were fixed with 4% paraformaldehyde at RT for
1 h; Oil Red O, Alcian Blue, and Alizarin Red were used for staining adipogenic vacuoles,
deposits of glycosaminoglycans, and calcium, respectively. An inverted light microscope
(Eclipse TE 2000u, Nikon, Tokyo, Japan) was used to observe stained cells.

2.7. RT-PCR

For molecular characterization, RNA was extracted from snap-frozen cells and using
Nucleo Spin® RNA kit (Macherey-Nagel) following the manufacturer’s instructions. cD-
NAs were synthesized by RevertAid RT Kit and used directly in PCR reactions, following
the instructions of Maxima Hot Start PCR Master Mix.

The expression of genes coding for MSC marker, CD90, and hematopoietic markers
CD45 was determined. To ensure the proper expression of samples, GAPDH was used as
a housekeeping gene. Primers are listed in Table 2. PCR products were visualized with
ethidium bromide on a 2% (w/v) agarose gel.
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Table 2. Primers sequences for PCR analysis.

Primers References Sequences (5′→3′) bp

MSC marker
CD90 [21] FW: TGCGAACTCCGCCTCTCT

93RW: GCTTATGCCCTCGCACTTG

Ematopoietic markers
CD45 [21] FW: TGATTCCCAGAAATGACATGTA

101RW: ACATTTTGGGCTTGTCCTTAAC

Housekeeping
GAPDH [22] FW: GTCCATGCCATCACTGCCAC

262RW: CCTGCTTCACCACCTTCTTG

2.8. Statistical Analysis

Data were analyzed for normal distribution, using a Shapiro–Wilk test. One-way
ANOVA, followed by Student–Newman–Keuls’ test when F values indicated significance,
was used for analyzing the mean number of colonies and cell viability. Cell viability and
CFU are expressed as mean ± SD. Statistical analyses were performed using IBM SPSS
Statistics 25 (IBM Corporation). Significance was assessed for p < 0.05.

3. Results

3.1. Vitality and CFU Assay

The mean ± SD of eATMSCs and eWJMSCs at T0 were 90 ± 0% and 95 ± 5%. No
statistically significant differences (p > 0.05) were observed between vitality at T0 and
T6 for eATMSCs stored in saline solution at 4 ◦C (67.3 ± 24.1%) and in plasma at 4 ◦C
(75.7 ± 14.4%) and RT (71.6 ± 11.5%). Only cells stored for 6 hrs in saline solution at
RT showed a significantly lower vitality (19.0 ± 22.6%; p < 0.05). At T24, a statistically
significant difference was found only in the viability of cells stored in plasma at 4 ◦C
(45.8 ± 12.6%) and cells stored in saline solution at RT (17.8 ± 19.9%; p < 0.05). The same
was also observed at T48 (P4vsS20: 21.4 ± 6.3% vs. 2.2 ± 3.3%; p < 0.05). At 48 the same
difference was found also between cells stored in plasma at RT and saline solution at RT
(25.1 ± 19.9 vs. 2.2 ± 3.3%; p < 0.05). Data are shown in Figure 1.

Figure 1. eATMSCs viability after storage for 6 (T6), 24 (T24) and 48 (T48) hrs in saline solution (S)
and plasma (P) at 4 ◦C (4) and room temperature (20): a vs. b; c vs. d; e vs. f: p < 0.05.

Data regarding eWJMSCs viability after storage are shown in Figure 2. Different from
eATMSCs, all storage groups showed a statistically different viability from T0 (p < 0.05),
but no differences were observed between groups stored for 6–24–48 hrs in plasma and
saline solution at 4 ◦C and RT (p > 0.05).
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Figure 2. eWJMSCs viability after storage for 6 (T6), 24 (T24) and 48 (T48) hrs in saline solution (S)
and plasma (P) at 4 ◦C (4) and room temperature (20). No statistical differences have been found
among groups.

Stored eATMSCs and eWJMSCs also preserved the ability to form CFU when cultured
in vitro; in both cell lines this statistically decreased as storage hrs increased, except for
eATMSCs stored for 6 hrs in saline solution at 4 ◦C. Data are shown in Figures 3 and 4.

Figure 3. Number of CFU formed by eATMSCs after storage for 6 (T6), 24 (T24) and 48 (T48) hrs in
saline solution (S) and plasma (P) at 4 ◦C (4) and room temperature (20): a vs. b; c vs. d; e vs. f: p < 0.05.

Figure 4. Number of CFU formed by eWJMSCs after storage for 6 (T6), 24 (T24), and 48 (T48) hrs in
saline solution (S) and plasma (P) at 4 ◦C (4) and room temperature (20): a vs. b; c vs. d vs. e: p < 0.05.
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3.2. Spheroid Formation Assays

eATMSCs and eWJMSCs at T0 were able to form spheroids when cultured for 24 hrs in
a multi-well Corning 96-well Black/Clear Round Bottom Ultra-Low Attachment Spheroid
Microplate (Figure 5A,B). Stored eATMSCs were able to form spheroids only when they
have been preserved for 6 hrs in saline solution, both at 4 ◦C and RT (Figure 5C). The same
cells, stored for 24 and 48 hrs in saline solution RT, after 24 hrs of hanging drop in vitro
culture, formed small, separated spheroids (Figure 5E,G). On the other hand, cells from
all AT samples, which were stored for the 6–24–48 hrs in plasma at 4 ◦C and RT, did not
form spheroids; after 24 hrs of culture, in a multi-well Corning 96-well Black/Clear Round
Bottom Ultra- Low Attachment Spheroid Microplate, they adhered to the plate, returning
to the spindle-shape (Figure 5I).

Figure 5. Spheroid formation assay performed with eATMSCs and eWJMSCs. (A,B) spheroids at T0.
As showed in the pictures eATMSCS stored for 6 hrs in saline solution were able to form spheroids
(C), but after 24 and 48 hrs of storage they formed smaller and fragmented spheroids (E,G). On the
contrary in saline solution stored eWJMSCs were not able to form spheroids (D,F,H). Both cell lines
stored in plasma lost their ability to form spheroids and grew adherent to plastic with a fibroblast
like form (I,L). Magnification 10×.

The same was observed also for eWJMSCs stored in plasma for 6–24–48 hrs at 4 ◦C and
RT (Figure 5L). Unlike eATMSCs, eWJMSCs after storage in saline solution for 6–24–48 hrs
at 4 ◦C and RT were not able to form compacted spheroids, as shown in Figure 5D,F,H.
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In particular, while after 6 hrs of storage, cells were still able to form small and non-compact
spheroids, at T24 and T48, cells were round and in suspension.

3.3. Multi Lineage In Vitro Differentiation and RT-PCR

As requested by ICST [23], in the present study, in order to evaluate the ability of
stored cells to preserve MSCs’ characteristics, we cultured cells in osteogenic, adipogenic,
and chondrogenic induction medium for at least 15 days.

Despite the decline in vitality and in the spheroid formation ability as the number of
storage hours increased, both eATMSCs and eWJMSCs maintained the ability to differen-
tiate in vitro toward osteogenic, adipogenic, and chondrogenic lineages at any timepoint.
In fact, similar to cells at T0, after culturing in induction medium and staining with Alcian
Blue, Oil red O, and Alizarin red, stored eATMSCs and eWJMSCs were able to differentiate
and accumulate glycosaminoglycan, calcium, and lipid droplet deposition, as demonstrated
in Figures 6 and 7, respectively.

Figure 6. Stored eATMSCs, cultured in induction medium for two weeks and stained for chondro-
genic, adipogenic and osteogenic differentiation. T6: (A) cells stored in plasma at 4 ◦C; (B) cells
stored in plasma at RT; (C) cells stored in saline solution at RT. T24: (D) cells stored in saline solution
at 4 ◦C; (E) cells stored in plasma at 4 ◦C; (F) cells stored in plasma at RT. T48: (G) cells stored in
saline solution at RT; (H) cells stored in saline solution at 4 ◦C; (I) cells stored in plasma at RT. Control
groups are reported. Magnification 10×.

At P3 of in vitro culture, fresh cell populations (T0) expressed MSC-associated markers,
CD90, but were negative for the hematopoietic marker, CD45. After storage, at any point
in time and in both storage solution and temperature, the molecular characterization was
preserved by eWJMSCs and eATMSCs.
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Figure 7. Stored eWJMSCs, cultured in induction medium for two weeks and stained for chondro-
genic, adipogenic and osteogenic differentiation. T6: (A) cells stored in plasma at 4 ◦C; (B) cells
stored in plasma at RT; (C) cells stored in saline solution at RT. T24: (D) cells stored in saline solution
at 4 ◦C; (E) cells stored in plasma at 4 ◦C; (F) cells stored in plasma at RT. T48: (G) cells stored in
saline solution at RT; (H) cells stored in saline solution at 4 ◦C; (I) cells stored in plasma at RT. Control
groups are reported. Magnification 10×.

4. Discussion

Equine Mesenchymal Stromal Cells are increasingly used for clinical application.
For their isolation and expansion, a laboratory is mandatory. From the laboratory, cells are
then sent back to attending clinicians. Preserving MSCs characteristics en route from the
laboratory to the clinic is fundamental for the success of the therapy. Due to the importance
of this topic for equine regenerative medicine, in the last 10 years, different storage solution,
temperatures, and hours have been tested [14–17]. Despite the increasingly recognized
importance of MSCs derived from Wharton’s jelly and fetal adnexa in the context of
equine regenerative therapy, no papers are present in the literature on the best choice for
their storage. Moreover, before now, in addition to plasma, authors tested only solution
authorized for in vitro use, such as PBS or FBS.

In this context, in the present paper, the effects of saline solution authorized for
intravenous administration and equine plasma at 4 ◦C and RT for 6–24–48 hrs were tested
on eATMSCs and on eWJMSCs for the first time.

Unlike the data reported by Garvican et al. [14], in our storage conditions, cell vitality
appeared reduced after 6 hrs of storage in both eAT and eWJMSCs. Particularly, cells
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derived from Wharton’s jelly seem to be more sensitive to storage, especially at refrigeration
temperatures; indeed, after 6 hrs of storage, eWJMSCs viability is higher for cells maintained
in saline solution and plasma membranes at RT. Bronzini et al. [15] observed the same using
ePBMSCs, while eATMSCs seem to withstand refrigeration temperature storage better,
as already stated by Mercati et al. [16]. However, after 6 hrs of storage cell vitality was
reduced in all study groups, in line with data already reported by different authors [14–17].

Observing the data of cell vitality, plasma seems to be the best solution for shipping
cells from the laboratory to the clinic. However, the number of CFUs recorded both for
eATMSCs and eWJMSCs stored in plasma are lower than that recorded for cells stored in
saline solution. Moreover, cells stored in plasma, both at 4 ◦C and RT, are unable to form
spheroids. As reported by Iacono et al. [12], the ability to form spheroids is related to the
in vitro differentiation potential in the cartilaginous sense. In the present study, cells stored
in plasma lost the ability to form spheroids but retained their potential to differentiate
in vitro toward three lineages, as requested by ISCT [23]. These findings could be related
to in vitro reaction between plasma and culture medium; in fact, in the culture plates of
cells stored in plasma, after 24 hrs of in vitro culture, we observed the formation of a
fibrin clot, in which the cells are most likely trapped without being able to form colonies
and spheroids. The formation of clots could be avoided by adding heparin to plasma
for shipping. However, the impact of heparin and its concentration could be studied
in eATMSCs and WJMSCs. Indeed, in human MSCs doses of heparin between 100 and
1000 μg/mL of culture medium inhibit cell growth and changes in gene expression [24].

As a quality control tests, we also used in vitro differentiation and molecular charac-
terization. As previously reported by Mercati et al. [16] for eATMSCs, the present study
confirms that for both eATMSCs and eWJMSCs maintained their differentiation potential
in vitro.

In the storage conditions used in this study molecular characterizations have also been
preserved. Indeed, both eATMSCs and eWJMSCs expressed mesenchymal markers, CD90,
and were negative for hematopoietic markers, CD45, as well as control group T0, unlike in
ePBMSCs observed by Bronzini et al. [15], indicating that storage conditions can probably
modify the characteristics of MSCs in different ways depending on their origin.

As previously reported, data reported in the present study confirm that MSC therapy
could be administered as soon as possible after cell preparation. Different from results
reported by Mercati et al. [16], in the case of therapy with eWJMSCs, this has to be admin-
istered within 6 hrs, while for eATMSCs, despite a decrease in vitality at 24 h of storage,
it is possible to use them 24 hrs after their preparation. Despite the molecular character-
ization and differentiation potential were not influenced by storage conditions, both in
eWJMSCs and eATMSCs, viability, CFU, and adhesion potential are influenced in different
way, depending on MSCs sources. Overall, this study stated that, despite eATMSCs being
able to be used after 24 hrs of storage, eWJMSCs need to be used within 6 hrs. Moreover,
while for eATMSCs the best conservation solutions seems to be plasma, cell viability of
eWJMSCs declined in both saline and plasma solution, confirming their reduced resistance
to conservation.

Data recovered in vitro in the present study need to be compared with results obtained
in vivo using cells shipped under tested conditions and with data obtained using frozen
cells implanted directly, immediately after thawing.

5. Conclusions

In the present study we demonstrated that different types of MSCs react differently to
the storage conditions frequently used for shipping them from the laboratory to the clinic.
These conditions influence viability and, depending on the cell type, they can also influence
different MSCs characteristics. Particularly, according to the data recovered in the present
study, eWJMSCs need to be used quickly to maintain their vitality characteristics.

In conclusion, as different MSCs doses are being shipped every day, further studies
are necessary to find the best shipping conditions for each cell type.
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Abbreviations

AF Amniotic Fluid
eAFMSCs Equine Amniotic Fluid Mesenchymal Stromal Cells
AM Amniotic Membrane
AT Adipose Tissue
eATMSCs Equine Adipose Tissue Mesenchymal Stromal Cells
BM Bone Marrow
eBMMSCs Equine Bone Marrow Mesenchymal Stromal cells
CD Cluster Designation
DMEM Dulbecco’s Modified Eagle’s Medium
DMSO dimethyl sulfoxide
EV Extracellular Vesicles
F cells Fibroblastic cells
FBS Fetal Bovine Serum
Hrs Hours
IL Interleukin
ISCT International Society For Cytotherapy
MHC Major Histocompatibility Complex
MSCs Mesenchymal Stromal Cells
NSAIDs Non-Steroidal Anti-Inflammatory Drug
P In vitro culture Passage
DPBS Dulbecco’s Phosphate Buffer Solution
ePBMSCs Equine Peripheral Blood Mesenchymal Stromal Cells
ePMSCs Equine Placenta Mesenchymal Stromal Cells
PRP Platelet Rich Plasma
RT Room Temperature
RT-PCR Real Time Polymerase Chain reaction
TGF Transforming Growth Factor
UC Umbilical Cord
UCB Umbilical Cord Blood
eUCBMSCs Equine Umbilical Cord Blood Mesenchymal Stromal Cells
VEGF Vascular Endothelial Growth Factor
WJ Wharton’s Jelly
eWJMSCs Equine Wharton’s Jelly Mesenchymal Stromal Cells

261



Animals 2022, 12, 1967

References

1. Meirelles, L.d.S.; Fontes, A.M.; Covas, D.T.; Caplan, A.I. Mechanisms Involved in the Therapeutic Properties of Mesenchymal
Stem Cells. Cytokine Growth Factor Rev. 2009, 20, 419–427. [CrossRef]

2. Barrachina, L.; Romero, A.; Zaragoza, P.; Rodellar, C.; Vázquez, F.J. Practical Considerations for Clinical Use of Mesenchymal
Stem Cells: From the Laboratory to the Horse. Vet. J. Lond. Engl. 1997 2018, 238, 49–57. [CrossRef] [PubMed]

3. Iacono, E.; Merlo, B.; Romagnoli, N.; Rossi, B.; Ricci, F.; Spadari, A. Equine Bone Marrow and Adipose Tissue Mesenchymal Stem
Cells: Cytofluorimetric Characterization, In Vitro Differentiation, and Clinical Application. J. Equine Vet. Sci. 2015, 35, 130–140.
[CrossRef]

4. Colleoni, S.; Bottani, E.; Tessaro, I.; Mari, G.; Merlo, B.; Romagnoli, N.; Spadari, A.; Galli, C.; Lazzari, G. Isolation, Growth and
Differentiation of Equine Mesenchymal Stem Cells: Effect of Donor, Source, Amount of Tissue and Supplementation with Basic
Fibroblast Growth Factor. Vet. Res. Commun. 2009, 33, 811–821. [CrossRef] [PubMed]

5. Lange-Consiglio, A.; Tassan, S.; Corradetti, B.; Meucci, A.; Perego, R.; Bizzaro, D.; Cremonesi, F. Investigating the Efficacy of
Amnion-Derived Compared with Bone Marrow-Derived Mesenchymal Stromal Cells in Equine Tendon and Ligament Injuries.
Cytotherapy 2013, 15, 1011–1020. [CrossRef]

6. Iacono, E.; Merlo, B.; Pirrone, A.; Antonelli, C.; Brunori, L.; Romagnoli, N.; Castagnetti, C. Effects of Mesenchymal Stem Cells
Isolated from Amniotic Fluid and Platelet-Rich Plasma Gel on Severe Decubitus Ulcers in a Septic Neonatal Foal. Res. Vet. Sci.
2012, 93, 1439–1440. [CrossRef] [PubMed]

7. Corradetti, B.; Correani, A.; Romaldini, A.; Marini, M.G.; Bizzaro, D.; Perrini, C.; Cremonesi, F.; Lange-Consiglio, A. Amniotic
Membrane-Derived Mesenchymal Cells and Their Conditioned Media: Potential Candidates for Uterine Regenerative Therapy in
the Horse. PLoS ONE 2014, 9, e111324. [CrossRef]

8. Lanci, A.; Merlo, B.; Mariella, J.; Castagnetti, C.; Iacono, E. Heterologous Wharton’s Jelly Derived Mesenchymal Stem Cells
Application on a Large Chronic Skin Wound in a 6-Month-Old Filly. Front. Vet. Sci. 2019, 6, 9. [CrossRef]

9. Lange-Consiglio, A.; Funghi, F.; Cantile, C.; Idda, A.; Cremonesi, F.; Riccaboni, P. Case Report: Use of Amniotic Microvesicles for
Regenerative Medicine Treatment of a Mare With Chronic Endometritis. Front. Vet. Sci. 2020, 7, 347. [CrossRef]

10. De Coppi, P.; Bartsch, G.; Siddiqui, M.M.; Xu, T.; Santos, C.C.; Perin, L.; Mostoslavsky, G.; Serre, A.C.; Snyder, E.Y.; Yoo, J.J.; et al.
Isolation of Amniotic Stem Cell Lines with Potential for Therapy. Nat. Biotechnol. 2007, 25, 100–106. [CrossRef]

11. Merlo, B.; Teti, G.; Lanci, A.; Burk, J.; Mazzotti, E.; Falconi, M.; Iacono, E. Comparison between Adult and Foetal Adnexa Derived
Equine Post-Natal Mesenchymal Stem Cells. BMC Vet. Res. 2019, 15, 277. [CrossRef]

12. Iacono, E.; Pascucci, L.; Rossi, B.; Bazzucchi, C.; Lanci, A.; Ceccoli, M.; Merlo, B. Ultrastructural Characteristics and Immune
Profile of Equine MSCs from Fetal Adnexa. Reprod. Camb. Engl. 2017, 154, 509–519. [CrossRef]

13. Becerra, P.; Valdés Vázquez, M.A.; Dudhia, J.; Fiske-Jackson, A.R.; Neves, F.; Hartman, N.G.; Smith, R.K.W. Distribution of
Injected Technetium(99m)-Labeled Mesenchymal Stem Cells in Horses with Naturally Occurring Tendinopathy. J. Orthop. Res.
Off. Publ. Orthop. Res. Soc. 2013, 31, 1096–1102. [CrossRef]

14. Garvican, E.R.; Cree, S.; Bull, L.; Smith, R.K.; Dudhia, J. Viability of Equine Mesenchymal Stem Cells during Transport and
Implantation. Stem Cell Res. Ther. 2014, 5, 1. [CrossRef]

15. Bronzini, I.; Patruno, M.; Iacopetti, I.; Martinello, T. Influence of Temperature, Time and Different Media on Mesenchymal Stromal
Cells Shipped for Clinical Application. Vet. J. Lond. Engl. 1997 2012, 194, 121–123. [CrossRef]

16. Mercati, F.; Pascucci, L.; Curina, G.; Scocco, P.; Tardella, F.M.; Dall’aglio, C.; Marini, C.; Ceccarelli, P. Evaluation of Storage
Conditions on Equine Adipose Tissue-Derived Multipotent Mesenchymal Stromal Cells. Vet. J. Lond. Engl. 1997 2014, 200, 339–342.
[CrossRef]

17. Espina, M.; Jülke, H.; Brehm, W.; Ribitsch, I.; Winter, K.; Delling, U. Evaluation of Transport Conditions for Autologous Bone
Marrow-Derived Mesenchymal Stromal Cells for Therapeutic Application in Horses. PeerJ 2016, 4, e1773. [CrossRef]

18. Merlo, B.; Pirondi, S.; Iacono, E.; Rossi, B.; Ricci, F.; Mari, G. Viability, in vitro differentiation and molecular characterization of
equine adipose tissue-derived mesenchymal stem cells cryopreserved in serum and serum-free medium. Cryo Lett. 2016, 37, 243–252.

19. Mizuno, H.; Hyakusoku, H. Mesengenic Potential and Future Clinical Perspective of Human Processed Lipoaspirate Cells.
J. Nippon Med. Sch. Nippon Ika Daigaku Zasshi 2003, 70, 300–306. [CrossRef]

20. Iacono, E.; Brunori, L.; Pirrone, A.; Pagliaro, P.P.; Ricci, F.; Tazzari, P.L.; Merlo, B. Isolation, Characterization and Differentiation of
Mesenchymal Stem Cells from Amniotic Fluid, Umbilical Cord Blood and Wharton’s Jelly in the Horse. Reprod. Camb. Engl. 2012,
143, 455–468. [CrossRef]

21. Mohanty, N.; Gulati, B.R.; Kumar, R.; Gera, S.; Kumar, P.; Somasundaram, R.K.; Kumar, S. Immunophenotypic Characterization
and Tenogenic Differentiation of Mesenchymal Stromal Cells Isolated from Equine Umbilical Cord Blood. In Vitro Cell. Dev. Biol.
Anim. 2014, 50, 538–548. [CrossRef] [PubMed]

22. Desmarais, J.A.; Demers, S.-P.; Suzuki, J.; Laflamme, S.; Vincent, P.; Laverty, S.; Smith, L.C. Trophoblast Stem Cell Marker Gene
Expression in Inner Cell Mass-Derived Cells from Parthenogenetic Equine Embryos. Reprod. Camb. Engl. 2011, 141, 321–332.
[CrossRef] [PubMed]

262



Animals 2022, 12, 1967

23. Dominici, M.; Le Blanc, K.; Mueller, I.; Slaper-Cortenbach, I.; Marini, F.; Krause, D.; Deans, R.; Keating, A.; Prockop, D.; Horwitz,
E. Minimal Criteria for Defining Multipotent Mesenchymal Stromal Cells. The International Society for Cellular Therapy Position
Statement. Cytotherapy 2006, 8, 315–317. [CrossRef] [PubMed]

24. Ling, L.; Camilleri, E.T.; Helledie, T.; Samsonraj, R.M.; Titmarsh, D.M.; Chua, R.J.; Dreesen, O.; Dombrowski, C.; Rider, D.A.;
Galindo, M.; et al. Effect of Heparin on the Biological Properties and Molecular Signature of Human Mesenchymal Stem Cells.
Gene 2016, 576, 292–303. [CrossRef]

263





MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Animals Editorial Office
E-mail: animals@mdpi.com

www.mdpi.com/journal/animals





ISBN 978-3-0365-5910-0 

MDPI  

St. Alban-Anlage 66 

4052 Basel 

Switzerland

Tel: +41 61 683 77 34

www.mdpi.com


