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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 (VEGEF), 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 VEGE, 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-f3), 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-5Cs [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 Thl7-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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Table 1. Ophthalmology in vivo studies using stem cells in horses. Peripheral blood stem cells (PB-SCs), phosphate-buffered saline (PBS), equine recurrent uveitis (ERU), bone
marrow-derived mesenchymal stem cells (BM-MSCs), immune-mediated keratitis (IMMK), intravenous (IV).

Pathology Study Type of MSCs Experimental Design Administration Regime Outcome Considerations
A Oﬁe'tlme m)iectlon m Single case with no control
the jugular vein (125 x * 2 weeks: inflammation and Cells used not expanded and not
Naturally occurring pathology 103 PB-SCs in 5 mL PBS) tear flow decreased; ulcer fully characteriz e% as MSCs
(one case): 20-year-old gelding, and in transverse facial size reduced Afty 7d d licati
with bacterial (Pseudomonas artery (125 x 103 . of 7 days, Eye arop app ication
Spaas et al., Autologous ; . . Yo * 3months: eyeulceralmost 45 stopped because the cell
2011 [43] PB-SCs aerygmosu) ulcerative kera.tltls, PB-MSCs in 5 rpL PBS) invisible and inflammation, suspension appeared cloudy,
resistant for 6 months against + local application (eye pain and irritation robably because of cell death
conventional therapies and drops formulation, 500 disappeared. Better general gtora e}(ljon ditions of drop b ot;cle
surgical intervention. x 103 PB-SCs in 5 mL condition. betwegen administrations E ot
PBS) 3 times/day, 7 specified
days. P '
Case 1:
Naturally occurring pathology (4 e 2 weeks: inflammation and
cases) lacrimation decreased; ulcer
Corneal ulcers o  Case 1: 20-year-old gelding size reduced and stable.
with bacterial (Pseudomonas e 3 months: eye ulcer reduced,
aeruginosa) ulcerative inflammation stable, pain Low number of cases and with
keratitis resistant for 6 and irritation disappeared. corneal ulcers of different origins
month.s against cor}ventional e >3 months: eye ulcer Absence of control group, but
‘theraples‘and surgical . disappeared animals unresponsive to previous
intervention 1-2 systemic Case 2: treatments
Marfe et al., Autologous e  Case2: 7-year-old mare with ~administration (IV) + ) ) Cells used not expanded and not
2012 [40] PB-SCs a corneal ulcer treated for 2 local instillation 2-3/day ~ ® 1 month: no signs of relapse P

weeks and IMKK treated for
a year

o  Case 3: 12-year-old gelding
with traumatic corneal ulcer
treated for 6 months

o  Case 4: 13-year-old gelding
with ERU-derived corneal
ulcer treated for 2 weeks

for 2 weeks.

Case 3:

e 2 weeks: ulcer significantly
reduced

e 1 month: deposit of melanin
(scarring effects)

Case 4:

° 2 months: corneal ulcer
completely disappeared

fully characterized as MSCs
Number of PB-SCs administrated
not stated

Administration route and protocol
unclear at some points
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Table 1. Cont.

Pathology Study Type of MSCs Experimental Design Administration Regime Outcome Considerations
(Noifeuzile};~O7Cfl:er:;floglcll)?rt21?;0gy 2 systemic 1 month: no signs of relapse A single case with no control
Marfe et al., Autologous oorl res‘ or}:sive to tradi ti’onal administration (IV) + 3 months: complete recovery ~ 8roup
2012 [40] PB-SCs poorly resp local instillation 2/day of clinical siens Number of PB-SCs administered
medical treatments for a year g
for 2 weeks not stated
(Case 2 above)
. Subconjunctival injection
Naturally occurring pathology (15 x 10 MSCs in 1 mL
(4 cases): unilateral IMMK poorly PBS) every 34 weeks for 3 .Wt.aekszllmprovement of Low number of cases with no
IMMK responsive to traditional medical 1-5 injections C'hmcfll s1gns '(dec‘:reased ) control group, but selected upon
treatments o Casel:1sinele fibrosis/ opacity, }rregularlty, disease similarities and
e  Case 1: 9-year-old gelding injecti(;n & la\?d Viisculafrlzatlon). . unresponsiveness to medical
with midstromal keratitis e  Case?2: 3 inections 0 relapse for average treatment.
Davis et al., Autologous e  Case 2: 12year-old mare with over 3 40 iv ceks year. ) Variability in the administration
2019 [53] BM-MSCs y Case 1, 2 and 3: Resolution protocol

superficial to midstromal
keratitis

e  Case 3: 9-year-old gelding
with midstromal keratitis

e  Case 4: 10-year-old gelding
with midstromal keratitis

e  Case 3: 3 injections
every 3-6 weeks

e  Case4: 3 injections
every 3 weeks

Cases 2 and 3 received 1
and 2 additional
injections, respectively

of fibrosis and
neovascularization

Case 4: Enucleation due to
disease worsening and
discomfort

Additional topical treatments in
some case in conjunction with the
BM-MSCs (cyclosporine,
bromfenac, diclofenac or flunixin
meglumine)
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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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Table 2. In vivo studies using mesenchymal stem cells in equine reproduction. Endometrial mesenchymal stromal cells (eMSCs), phosphate-buffered saline (PBS), polymorphonuclear

neutrophils (PMNs), bone marrow mesenchymal stem cells (BM-MSCs), anti-Miillerian hormone (AMH), autologous conditioned serum (ACS), lactate ringer (LR), intrauterine (IU),
post-breeding induced endometritis (PBIE), adipose tissue MSCs (AT-MSCs), artificial insemination (Al), fetal bovine serum (FBS), dimethyl sulfoxide (DMSO), interleukin 6 (IL-6), tumor
necrosis factor alpha (TNF«), intracytoplasmic sperm injection (ICSI).

Pathology Study Type of MSCs Experimental Design Administration Regime Outcome Considerations
Intra-uterine administration of Mild inflammatory reaction after
labelled eMSCs and follow-up: infusion was attenuated by
Uterine cytology eMSCs (percentage of PMNs eMSCs intra-uterine
Tracking of eMSCs in lower in eMSC than PBS-infused ~ administration is safe
Safety and peripheral blood 15 x 10° eMSCs in 1 mL or PBS mares at 6h) and cells persist in the
distribution Rink et al., Autologous e  Tracking of eMSCs in uterus  infused into each uterine horn eMSCs detected in the uterine uterine lumen for up to
assays in 2018 [61] eMSCs (lumen and endometrial during early diestrus (day 4 after ~ horn lumen for up to 24 h after 24 h after infusion, but
healthy mares biopsies) ovulation). infusion but did not migrate into ~ do not engraft into
7 healthy cycling mares, 4-7 years healthy endometrium. healthy endometrium at
old.Four of these mares were used eMSCs were not found in the that time.
as controls, two estrous cycles periphera} bl‘?Od at6,12,and 24 h
before the eMSC infusion cycle. after application.
Evaluate the ability of ACS, Experiment 1: 6 mares treated
BM-MSCs or dexamethasone to with an IU infusion of:
modulate the inflammator :
response to spermatozoa a}f]ter : ;8 $L (())ff ﬁiirlr?ef}?a?ol;lzzss BM-MSC and ACS. were able to
breeding (24 h) 0 ZOgm " PBS mgdulate the uterine
12 healthy mares e  Control: 20 mL PBS inflammatory response to Healthy mares (proof of
Experiment 1: Crossover study ) spermatozoa in norrpal I.nare.s concept for
Ferris et al., Allogeneic Experiment 2: Two-way crossover One treatment per estrous in the Decreased ngutrophll mlgratlon PBIE-affected mares).
PBIE 2014 [62] BM-MSCs study same mares (every 3 weeks). into the uterine lumen in response Same mares used for

Administration of treatments,
sperm challenge and follow-up:

e  Ultrasonographic
evaluations

e  Lavages: PMN and cytokine
analysis

Experiment 2: 6 mares treated
with an IU infusion of:

e 20 x 10° allogeneic
BM-MSCs in 20 mL LR
e 20mLPBS

One treatment per estrous in the
same mares (every 3 weeks).

to insemination after BM-MSC
treatment may be due to increased
anti-inflammatory cytokine
IL-1Ra and reduced
proinflammatory mediator IL-1

different treatments.
Age of mares not stated.
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Table 2. Cont.

Pathology Study Type of MSCs Experimental Design Administration Regime Outcome Considerations
Evaluate anti-inflammatory and
engraftment properties of
AT-MSCs and eMSCs from the Both MSC types Signiﬁcantly
same donors in vivo in mares reduced inflammation and ‘ d
Alloseneic with induced PBIE. . 2 x 107 AT-MSCs (1 =3) or eMSCs  showed limited engraftment, \l?i%ei(r)l rrr?zfrfssx?tths;ife ’
Navarrete et al., & 9 healthy mares with induced (n = 3) in 20 mL of NaCl 0.9% detectable after one month of st
PBIE 2020 [63] AT-MSCs and PBIE. C | _a). infusi previously reported
MSCs ontrol group (1 = 3): 20 mL NaCl  infusion . . PBIE (possibility of
¢ Follow-up: 0.9% Decrease in IL-6 and TNF« in p ty
. natural PBIE resistance)
e Lavages: cytokine and gene both MSC-treated groups over
expression analysis control.
e  Uterine biopsies
Evaluate the feasibility and safety
of MSC endometrial injections
16 mares (15-24 years) with . o .
reproductive history of subfertility o Nelther c.hrucal. alteration nor .
and endometrial degeneration 126end0me.tr1al injections of 1 x intrauterine fluid and endometrial Proof of concept for
Alvarenga Autologous Control: baseline values before 10 1;\/[;?: in 0.5. mL PBS, each one eccilerr.la. were observed after MSC safety. Therapeutic
etal, 2016 [67] BM-MSCs endometrial injection at ! erent. sites, 1 cm apart a m1.rustrat1.on. . effects not thoroughly
Follow-up: from one uterlng horn to another ~ No histological worsening assessed.
. (12 x 10 MSCs in total) The results suggest that the
e  Ultrasonographic procedure is safe
evaluations
Endometrosis e  Uterine biopsies
Evaluate the feasibility of an MSC Migration of AT-MSCs to the
delivery system for uterine body and both horns.
endometrosis-affected mares. Engraftment in both glandular
Mambelli et al., 6 mares (6-21 years) with varying 20 x 10° AT-MSCs in 20 mL NaCl and periglandular spaces in three ~ Small control group
2013 [68] Allogeneic degrees of naturally occuring 0.9% inoculated into uterus using  mares. Different degrees of
Mambelli etal,, AT-MSCs endometrosis a technique similar to Al AT-MSCs beneficially modulated ~ endometrosis among
2014 [69] Follow-up: Control (n =2): 20 mL NaC10.9% the expression pattern of secretory ~ recruited mares

e  Uterine biopsies 7, 21 and 60
days

proteins and promoted
proliferation of glandular
epithelial cells.
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Table 2. Cont.
Pathology Study Type of MSCs Experimental Design Administration Regime Outcome Considerations
o ) 2 intraovarian injections of 10 x
Determine if intra-ovarian 10® BM-MSCs (different donors) No adver nts after
injection of BM-MSCs improves or  in 1mL (95%FBS and 5%DMSO0) in ;- croc cvens ate
restores ovarian function inaged  foyr different locations per ovary intra-ovarian injections were
mares Aged mares: observed .
8 aged mares (2029 years old) First injection Ooc.yte. recovery on fOlhd?
and 6 young mares (7-12 years aspiration, oocyte maturation, and
old) e Group1l(n=3):BM-MSCs  blastocyst development rates after
Assessment (aged and young from donor A ICSI remained unchanged in the
e  Group 2 (n = 3): BM-MSCs MSC-treated aged mares .
. p g ’
mares): from donor B suggesting no BM-MSCs administered
. Grady et al., Allogeneic Antral follicle count e  Group 3: Control (n = 2): detriment of ovarian function but 1mm<?d1atel'y a'ft'er
Ovarian and th (viabilit t
testicular 2019 [75] BM-MSCs ierum AM?( 4 95%FBS and 5%DMSO neither a beneficial effect. . t;lt‘g él)lg Viabiity no
ssessment (aged mares . -
diseases only): & Second injection: at 6 weeks from  Injection of BM-MSCs not Small size of groups

e Oocyte meiotic and
developmental competence

e Gross and histological
ovarian assessment

e  Gene expression in ovarian
tissue as assessed by RNA
sequencing.

different donor

Young mares:

e  Group 1 (n=2): BM-MSCs
from donor A

e  Group 2 (n =2): BM-MSCs
from donor B

e  Group 3 (n =2): Control
(95% FBS and 5% DMSO)

associated with significant
changes in follicle number in
young mares.

No significant changes in
peripheral AMH concentrations in
aged and young mares observed,
indicating a lack of effect on
growing follicles.
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Table 2. Cont.
Pathology Study Type of MSCs Experimental Design Administration Regime Outcome Considerations
Evaluate the effect of
intratesticular injection of
BM-MSCs in healthy stallions,
and its outcome on seminal
parameters and fertiliFy Experiment 1: No signs of
Experiment 1: 24 stallions (34 Experiment 1: inflammation.
years). : e Intratesticular injection 10 x  No differences on testicular
Experiment 2: 3 stallions (3-10 ) 1 h h icit
years) 106 BM-MSCs in PBS in 5 volume, parenchyma echogenicity,
Assessment: different points (1 mL in testicular blood flow and serum No sperm parameters
> h point) (11 = 12) testosterone levels between evaluated after
Experiment I o Pon treated and control at 24 hand 28 BM-MSCs injection i
. Testicul N e  Same injections with 5 mL reated and control a an ISCs injection in
Ovarian and Papaetal, 2020 Allogeneic ° esticular morphometry, PBS (1 = 12) h. . . experiment 1
testicular [80] BM-MSCs thermography ) ) Experiment 2: no physical Absence of control group
diseases Testosterone concentrations ~ Experiment2 (1 = 3): alterations or changes in sperm in experiment 2
Ultrasonography e Intratesticular injection 20 X  parameters. Satisfactory fertility =~ Small size of group in
Histopathology (after 106 BM-MSCs in PBS in 5 rate (83%; 5/6) after AL experiment 2
orchiectomy) different points (1 mL in The results suggest that MSC

Experiment 2:

) Sperm collection:
concentration, kinetics,
plasma membrane integrity

° Insemination of six healthy
mares (8 & 3.5 years old)

each point)

intra-testicular administration
would be safe and would not
affect testicular function.
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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 (W]J-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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Table 3. In vivo studies using mesenchymal stem cells for integumentary system disorders. Umbilical cord-derived stem cells (UCB-MSCs), transforming growth factor beta (TGF-f3),
cyclooxygenase-2 (COX-2), intravenous (IV), HypoThermosol FRS (HTS-FRS), peripheral blood stem cells (PB-SCs), phosphate-buffered saline (PBS), amniotic fluid MSCs (AF-MSCs),
platelet-rich plasma (PRP), carboxymethylcellulose (CMC), Wharton's jelly MSCs (WJ-MSCs), bone marrow mesenchymal stem cells (BM-MSCs), adipose tissue MSCs (AT-MSCs).

Pathology Study Type MSCs Experimental Design Administration Regime Outcome Considerations
Six horses (3 mares, 3 geldings; o . .
5-19 years) MSFZ administration by either
Induced model: 3 full-thickness 6 ) f:lehvery me.thod was safe and
cutaneous wounds surgically 10-20 X 10° normoxic UCB—MSCS, improved histologic outcomes '
created on each distal forelimb hypoxic UCB-MSCs or controlin1  and reduced wound area over Treatments applied very
Textor et al., Allogeneic Assessment and follow-up (6 mL NaCl 0.9‘?/0 were 1n!ected into Contrc?l . early and in aseptically
2017 [104] UCB-MSCs weeks): woupd margins or ’Eoplcally MSC'-m]ected wounds were created wounds gpro.of of
applied embedded in an consistently smaller than concept for application
° Wound surface area autologous fibrin gel, 1 day after gel-treated or control wounds. in clinical situation)
Traumatic ® Thermography wound creation Hypoxic pre-conditioned MSCs
wounds ° G?ne EXpression did not provide a substantial
e  Histologic scoring advantage
Two 7-year-old mares No clinically adverse effects
Determine adverse reactions after (largest recorded dose of IV Low number of animals
IV MSC administration and assess ~ 1.02 x 108 UCB-MSCs UCB-MSCs) Biopsy collection at the
their engraftment potential into (fluorescently labelled) in 60 mL UCB-MSCs preferentially control sites created
Mund et al,, Allogeneic wounds HTS-FRS via IV administration engrafted into wounds during the  inflammation that may
2020 [105] UCB-MSCs Induced model: standardized Control: 2 wounds were left to acute and early remodeling have influenced homing

cutaneous wounds surgically
created on the left lateral third
metacarpus (7 wounds) and left
hemi-thorax (7 wounds)

heal by second intention (in the
same horses)

phases.Results suggest no
difference in homing potential
between limb and thoracic
wounds

to the sequential control
site (untreated control
not included)
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Table 3. Cont.

Experimental Design

Administration Regime

Outcome

Considerations

4 horses with naturally occurring
traumatic wounds unresponsive
to conventional therapies for at
least 3 months:

e  Case 1 (11-year-old mare):
dorsal surface of the
metatarsal bone infected
with Clostridium spp.

e  Case 2 (16-year-old gelding):
plantar surface of the
metatarsal bone infected
(presence of pus)

o  Case 3 (26-year-old gelding):
deep wound with bone
exposition at the medial
surface of the tibia

o  Case 4 (26-year-old gelding):
wound presenting
non-neoplastic exuberant
granulation tissue on the
plantar surface of the
metatarsal bone. Nodular
proliferative lesions recurred
after resection and tended to
ulcerate.

5 x 10° PB-SCs in 2 mL PBS were
locally (intradermally) injected
into 5-6 different locations at the
wound’s edges and 1.25 x 10°
PB-SCs via IV administration

Granulation tissue began forming
within 4 weeks of the PB-SC
therapy in cases 1, 2 and 3. Crust
formation was achieved within 2
months.

In case 4, the granulation tissue
could be easily removed without
recurrence of the wound.

1 year: no wound recurrence or
other adverse effects

Low number of cases of
varying presentation
with no control group,
but unresponsive to
previous treatments.
Cells used not expanded
and not fully
characterized as MSCs.
In cases with bacterial
infection antibiotic,
administration was
continued.Outcome of
each individual case is
not deeply explained
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Table 3. Cont.
Pathology Study Type MSCs Experimental Design Administration Regime Outcome Considerations
None of the wounds treated
e  Aloe gel every 48 h: Left developed exuberant scar tissue One single case
Allogeneic hock and carpus Healing was faster using Different wound
One septic neonatal foal with e 10 mL PRP gel: right carpus AF-MSCs + PRP. The ulcer treated  locations
lacono et al, AF-MSCs and severe ulcers in fetlocks, carpus 6 & & b this way resulted in a linear scar, Concomitant disease
2012 [110] allogeneic PRP and right stifle P ¢ o AF_MSCS + 10 mb while tl'}lle other lesions roduceci Oral antibiotic thera
gel & PRP gel (twice a week for 2 P ¢ : 13
weeks): right hock star scars . ongoing during ulcers
7 months: ulcer treated with aloe  healing
gel was not fully healed
5 hospitalized neonatal foals e  Group 1: 5 x 105 AF-MSCs Low number of cases
Decubitus (10-15 days old) with a total of 9 in CMC gel applied twice a Sores treated with AF-MSCs in with no substance
ulcers Iacono et al., Allogeneic pressure sores on the carpus (4), week for 2 weeks CMC gel healed quicker vehicle (CMC gel)
2016 [111] AF-MSCs fetlock (2), and hock (3). Sores e Group 2: formosulfathiazole 30 days: no further treatments treated control.
were divided into group 1 (n = 6) ointment every 48 h were needed Variable presentation of
and group 2 (n = 3) treated sores
5 x 10 WJ-MSCs in a CMC gel
were applied every 4 days for 4 No side effects and fast wound
times regression
. . One 6-month-old filly Four days after the last No evident exuberant scar. . .
Lanci et al., Allogeneic hospitalized by the re-injury of a licati further band The hai letelv without One single case with no
2019 [112] WJ-MSCs y jury o application, no further bandages e hair grew completely without '

pressure wound on the left hock

were applied and the wound was
daily cleaned and treated with
hydrotherapy (cold tap water 10
min/day)

changing color80% regression rate
between 8 days and 39 days
No relapse
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Table 3. Cont.

Pathology Study Type MSCs Experimental Design Administration Regime Outcome Considerations
Routine treatments for
laminitis continued

20-25 x 10° UCB-MSCs in NaCl Long-term success rates
. . 12 horses with naturally occurring  0.9% infused by regional 83% of horses with positive still need to be
Morrison, 2011 Allogeneic . L . . . . . . .
chronic laminitis unresponsive to  perfusion (digital vein) every 34  evolution by the time of determined
[118] UCB-MSCs . L I .
other treatments weeks (3 infusions in total per publication. Only clinical follow-up
affected foot) Absence of control group
No age or breed
information stated
21 patients (70%): successful
outcome. Routine treatments for
20-30 x 10° allogeneic UCB-MSCs  Decreased radiologic distance laminitis continued
in NaCl 0.9% infused by regional =~ between the bone and hoof wall
. . - . . Absence of control group
Allogeneic perfusion (digital vein) and Cases receiving MSCs < 30 days Onlv clinical and
Dryden et al., UCB-MSCs 30 horses with naturally occurring  subsequent injections with either  after the onset of laminitis: ra di}; logic follow-u
o 2013 [114] and autologous  chronic laminitis 20-30 x 10° autologous BM-MSCs  success rate was 100%. Variatiog; in thera e}zltic
Laminitis BM-MSCs or allogeneic UCB-MSCs Cases receiving MSCs > 90 days . P
. . o regime among cases.
(4 infusions in total at 1 month after the onset of laminitis:
) o No age or breed
intervals) success rate was 50%. . .
. information stated
Results suggest improved
prognosis in cases treated early.
Clinical and radiologic signs
improved
All the animals returned to
6 . . activity at six months from the
. . 15 x 10° allogeneic AT—MSCS in first treatment. Absence of control group
Allogeneic 9 horses (5 mares, 4 geldings; 15 r'nL autologo'us PR? 'mfuse'd by 12 months: 7 horses still Horses enro.lled
Angelone etal., AT-MSCs 10-21 years) vxflth.severe natur.ally regional perfusm.n.(dl.gltal vgm) performing activity pres.er}t.ed different
2017 [120] and autologous  occurring laminitis unresponsive  and subsequent injections with 24 months: laminitis stages.
AT-MSCs to conventional therapies autologous AT-MSCs (3 infusions . Only clinical and
in total at 1 month intervals) e 2 atnhlme.als ;elap sed and were radiologic follow-up
euthanize

e 3 horses deceased (unrelated
to laminitis)
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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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Table 4. In vivo studies using mesenchymal stem cells in equine neurological disorders. Bone marrow mesenchymal stem cells (BM-MSCs), adipose tissue MSCs (AT-MSCs), cervical

vertebral compressive myelopathy (CVCM), 99m technetium-hexamethyl-propylene-amine-oxyme (99mTc-HMPAO), atlanto-occipital (AO), lumbosacral (LS), recurrent laryngeal
neuropathy (RLN), muscle-derived MSCs (M-MSCs).

Pathology Study Type MSCs Experimental Design Administration Regime Outcome Considerations
10 x 10° BM-MSCs in 1
mL NaCl 0.9% or 1 mL Small size
NaCl 0.9% (control) . . .
Induced model: 3 healthy instilled into the fascia No evidence of nerve regeneration Immediate treatment of
Villaeran mares (9-13 ez;rs old) with surroundine the medial No histological differences between MSC-treated  aseptically created injury
Peripheral otal g201 6 Allogeneic sureicall crgate 4 15-mm nd lateral gt m and control nerve stumps (proof of concept)
nerve injury [ 27j’ BM-MSCs longi s dg’nal incision over the gt ma ¢ i rsanliusps No histological evidence of BM-MSCs or Poor vasculature of the
mmgus communicans coimﬁtiz’ians of each fore primitive cells (e.g., neural or Schwann-cell anatomical region may
limb were harvested 45 progenitors) have influenced the
days after treatment or outcome
control administration
Distribution and safety Healthy horses:
assessment in 6 healthy mares %%ag,}rl_yl\;; Crlsseisr; E]'ﬂ?ﬂi( AO and LS intrathecal injection of relatively high
(6-21 years) and 3 diseased NaCl0.9% were injecteq 905 of AT-MSCs was well tolerated
horses presenting moderate to cither AOO(n “3)o 11 LS (n AT-MSCs apparently distributed more efficiently
severe neurological signs _3). One hoge in cach through the subarachnoid space after AO
Barberini (presumedly CVCM) _r01.1 received 99 injection (suggested as preferred route to deliver =~ Low number of horses
CVCM otal 2018 Allogeneic Assessment: ?nTc—I;{MP AO-labeled MSCs to the cervical area) per group.
[134jl AT-MSCs ° Scintigraphy AT-MSCs. One Diseased horses: Tracking and control
° Detection of N AT-MSCs not found at 15 days after injection at only in one horse
additional horse was y ) y
anti-AT-MSC .. . the site of injury (either did not have time to
injected with free label jury
alloantibody as a control reach the lesion site or did not survive long
e Necropsy (diseased - N enough)
horses) ]1)0165 ?;?&28?5; 1Aog x No horses developed detectable anti-AT-MSC
alloantibodies.
5 healthy mares (ages 10-22) 10 x 10° M-MSCs in 1 No control group
Bl e ol o L vopraten ety a ety of theprocdure suggsed VS T
Sandersen yor oLerng y by absence of functional changes upon . y
AutologousM- by a peri-neural injection to administered into . . thawing
RLN etal., 2018 endoscopic evaluation up to 28 days. .
MSCs the left recurrent laryngeal recurrent laryngeal . . . Composition of
[137] . No signs of adverse events in four out of the five .
nerve in healthy horses by nerve by a nerve cryopreservation

using an electrical nerve
stimulator

stimulator-guided
injection

mares up to 1 year after the injection

(administration) media
not mentioned
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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 x 10° 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.

Author Contributions: Conceptualization, L.B.; methodology, A.C. and C.S.; writing—original
draft preparation, A.C and C.S.; writing—review and editing, L.B. and C.R.; supervision, L.B and
C.R; funding acquisition, C.R. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was funded by Ministerio de Industria, Economia y Competitividad, Spain;
grant number AGL2017-84411-P. Alina Cequier was supported by a PhD fellowship from the Gob-
ierno de Aragoén and co-funded by European Social Fund.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Stewart, M.C,; Stewart, A.A. Mesenchymal stem cells: Characteristics, sources, and mechanisms of action. Vet. Clin. N. Am.
Equine Pract. 2011, 27, 243-261. [CrossRef] [PubMed]

2. Mao, A.S.; Mooney, D.]. Regenerative medicine: Current therapies and future directions. Proc. Natl. Acad. Sci. USA 2015, 112,
14452-14459. [CrossRef] [PubMed]

3. Borjesson, D.L.; Peroni, ].F. The regenerative medicine laboratory: Facilitating stem cell therapy for equine disease. Clin. Lab. Med.
2011, 31, 109-123. [CrossRef] [PubMed]

4. Horseman, S.V.; Buller, H.; Mullan, S.; Whay, H.R. Current welfare problems facing horses in Great Britain as identified by equine
stakeholders. PLoS ONE 2016, 11, e0160269. [CrossRef]

5. Theoret, C.L.; Olutoye, O.0O.; Parnell, L K.S.; Hicks, J. Equine exuberant granulation tissue and human keloids: A comparative
histopathologic study. Vet. Surg. 2013, 42, 783-789. [CrossRef] [PubMed]

6.  Couétil, L.L.; Cardwell, ].M.; Gerber, V,; Lavoie, ].-P.; Léguillette, R.; Richard, E.A. Inflammatory airway disease of horses—Revised
consensus statement. J. Vet. Intern. Med. 2016, 30, 503-515. [CrossRef]

7. Gershwin, L. Veterinary autoimmunity: Autoimmune diseases in domestic animals. Ann. N. Y. Acad. Sci. 2007, 1109, 109-116.
[CrossRef]

8. Hurtig, M.B.; Buschmann, M.D.; Fortier, L.A.; Hoemann, C.D.; Hunziker, E.B,; Jurvelin, ].S.; Mainil-Varlet, P.; McIllwraith, CW.,;
Sah, R.L.; Whiteside, R.A. Preclinical studies for cartilage repair: Recommendations from the International Cartilage Repair
Society. Cartilage 2011, 2, 137-152. [CrossRef]

9. Al Naem, M.; Bourebaba, L.; Kucharczyk, K.; Rocken, M.; Marycz, K. Therapeutic mesenchymal stromal stem cells: Isolation,
characterization and role in equine regenerative medicine and metabolic disorders. Stem Cell Rev. Rep. 2019, 16, 301-322.
[CrossRef]

10. Bullone, M.; Lavoie, ]J.-P. Asthma ‘of horses and men'—How can equine heaves help us better understand human asthma
immunopathology and its functional consequences? Mol. Immunol. 2015, 66, 97-105. [CrossRef]

11.  Smith, RK.W.,; Garvican, E.R,; Fortier, L.A. The current “state of play” of regenerative medicine in horses: What the horse can tell
the human. Regen. Med. 2014, 9, 673-685. [CrossRef] [PubMed]

12.  Colbath, A.C,; Frisbie, D.D.; Dow, S.W.; Kisiday, ].D.; Mcllwraith, C.W.; Goodrich, L.R. Equine models for the investigation of
mesenchymal stem cell therapies in orthopaedic disease. Oper. Tech. Sports Med. 2017, 25, 41-49. [CrossRef]

13. van der Weyden, L.; Brenn, T.; Patton, E.E.; Wood, G.A.; Adams, D.J. Spontaneously occurring melanoma in animals and their
relevance to human melanoma. J. Pathol. 2020, 252, 4-21. [CrossRef]

14. Witkowski, L.; Cywinska, A.; Paschalis-Trela, K.; Crisman, M.; Kita, J. Multiple etiologies of equine recurrent uveitis—A natural
model for human autoimmune uveitis: A brief review. Comp. Immunol. Microbiol. Infect. Dis. 2016, 44, 14-20. [CrossRef]

15. Horohov, D.W. The equine immune responses to infectious and allergic disease: A model for humans? Mol. Immunol. 2015, 66,
89-96. [CrossRef]

16. Carnevale, E.M. The mare model for follicular maturation and reproductive aging in the woman. Theriogenology 2008, 69, 23-30.
[CrossRef]

17.  Fureix, C; Jego, P; Henry, S.; Lansade, L.; Hausberger, M. Towards an ethological animal model of depression? A study on horses.

PLoS ONE 2012, 7, €39280. [CrossRef] [PubMed]


http://doi.org/10.1016/j.cveq.2011.06.004
http://www.ncbi.nlm.nih.gov/pubmed/21872757
http://doi.org/10.1073/pnas.1508520112
http://www.ncbi.nlm.nih.gov/pubmed/26598661
http://doi.org/10.1016/j.cll.2010.12.001
http://www.ncbi.nlm.nih.gov/pubmed/21295725
http://doi.org/10.1371/journal.pone.0160269
http://doi.org/10.1111/j.1532-950X.2013.12055.x
http://www.ncbi.nlm.nih.gov/pubmed/24015864
http://doi.org/10.1111/jvim.13824
http://doi.org/10.1196/annals.1398.013
http://doi.org/10.1177/1947603511401905
http://doi.org/10.1007/s12015-019-09932-0
http://doi.org/10.1016/j.molimm.2014.12.005
http://doi.org/10.2217/rme.14.42
http://www.ncbi.nlm.nih.gov/pubmed/25372081
http://doi.org/10.1053/j.otsm.2016.12.007
http://doi.org/10.1002/path.5505
http://doi.org/10.1016/j.cimid.2015.11.004
http://doi.org/10.1016/j.molimm.2014.09.020
http://doi.org/10.1016/j.theriogenology.2007.09.011
http://doi.org/10.1371/journal.pone.0039280
http://www.ncbi.nlm.nih.gov/pubmed/22761752

Animals 2021, 11, 931 24 of 28

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Danek, M.; Danek, J.; Araszkiewicz, A. Large animal as a potential models of humans mental and behavioral disorders. Psychiatr.
Pol. 2017, 51, 1009-1027. [CrossRef] [PubMed]

Fortier, L.A.; Goodrich, L.R; Ribitsch, I.; Schnabel, L.V.; Shepard, D.O.; Watts, A.E.; Smith, R K.W. One health in regenerative
medicine: Report on the second Havemeyer symposium on regenerative medicine in horses. Regen. Med. 2020, 15, 1775-1787.
[CrossRef] [PubMed]

Ribitsch, I.; Baptista, PM.; Lange-Consiglio, A.; Melotti, L.; Patruno, M.; Jenner, F.; Schnabl-Feichter, E.; Dutton, L.C.; Connolly,
D.J.; van Steenbeek, FE.G.; et al. Large animal models in regenerative medicine and tissue engineering: To do or not to do. Front.
Bioeng. Biotechnol. 2020, 8. [CrossRef] [PubMed]

Wang, S.; Zhao, R.C. A historical overview and concepts of mesenchymal stem cells. In Essentials of Mesenchymal Stem Cell Biology
and Its Clinical Translation; Zhao, R.C., Ed.; Springer: Heidelberg, Germany, 2013; pp. 3-15. ISBN 9789400767164.

Dominici, M.; Le Blanc, K.; Mueller, I.; Slaper-Cortenbach, I.; Marini, EC.; Krause, D.S.; Deans, R.J.; Keating, A.; Prockop, D.J.;
Horwitz, E.M. Minimal criteria for defining multipotent mesenchymal stromal cells. The International Society for Cellular
Therapy position statement. Cytotherapy 2006, 8, 315-317. [CrossRef]

Radcliffe, C.H.; Flaminio, M.].B.E,; Fortier, L.A. Temporal analysis of equine bone marrow aspirate during establishment of
putative mesenchymal progenitor cell populations. Stem Cells Dev. 2010, 19, 269-282. [CrossRef]

Ranera, B.; Lyahyai, J.; Romero, A.; Vazquez, FJ.; Remacha, A.R.; Bernal, M.L.; Zaragoza, P.; Rodellar, C.; Martin-Burriel, I.
Immunophenotype and gene expression profiles of cell surface markers of mesenchymal stem cells derived from equine bone
marrow and adipose tissue. Vet. Immunol. Immunopathol. 2011, 144, 147-154. [CrossRef] [PubMed]

da Silva Meirelles, L.; 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] [PubMed]

Gugjoo, M.B.; Amarpal; Makhdoomi, D.M.; Sharma, G.T. Equine mesenchymal stem cells: Properties, sources, characterization,
and potential therapeutic applications. J. Equine Vet. Sci. 2019, 72, 16-27. [CrossRef]

Fortier, L.A.; Travis, A.J. Stem cells in veterinary medicine. Stem Cell Res. Ther. 2011, 2, 1-9. [CrossRef] [PubMed]

Gnecchi, M.; Danieli, P.; Malpasso, G.; Ciuffreda, M.C. Paracrine mechanisms of mesenchymal stem cells in tissue repair. Methods
Mol. Biol. 2016, 1416, 123-146. [CrossRef] [PubMed]

Martinet, L.; Fleury-Cappellesso, S.; Gadelorge, M.; Dietrich, G.; Bourin, P,; Fournie, J.J.; Poupot, R. A regulatory cross-talk
between Vy9V62 T lymphocytes and mesenchymal stem cells. Eur. ]. Immunol. 2009, 39, 752-762. [CrossRef]

Rasmusson, I.; Uhlin, M.; Le Blanc, K.; Levitsky, V. Mesenchymal stem cells fail to trigger effector functions of cytotoxic T
lymphocytes. J. Leukoc. Biol. 2007, 82, 887-893. [CrossRef]

Sotiropoulou, P.A.; Perez, S.A.; Gritzapis, A.D.; Baxevanis, C.N.; Papamichail, M. Interactions between human mesenchymal
stem cells and natural killer cells. Stem Cells 2006, 24, 74-85. [CrossRef]

Nemeth, K.; Keane-Myers, A.; Brown, ].M.; Metcalfe, D.D.; Gorham, J.D.; Bundoc, V.G.; Hodges, M.G.; Jelinek, I.; Madala, S.;
Karpati, S.; et al. Bone marrow stromal cells use TGF-f to suppress allergic responses in a mouse model of ragweed-induced
asthma. Proc. Natl. Acad. Sci. USA 2010, 107, 5652-5657. [CrossRef] [PubMed]

Asari, S,; Itakura, S.; Ferreri, K,; Liu, C.; Kuroda, Y.; Kandeel, F.; Mullen, Y. Mesenchymal stem cells suppress B-cell terminal
differentiation. Exp. Hematol. 2009, 37, 604—615. [CrossRef] [PubMed]

Jiang, T.S.; Cai, L.; Ji, W.Y.; Hui, Y.N.; Wang, Y.S.; Hu, D.; Zhu, ]. Reconstruction of the corneal epithelium with induced marrow
mesenchymal stem cells in rats. Mol. Vis. 2010, 16, 1304-1316. [PubMed]

Gu, S.; Xing, C,; Han, J.; Mark, O.M.T.; Hong, J. Differentiation of rabbit bone marrow mesenchymalstem cells into corneal
epithelial cells in vivo and ex vivo. Mol. Vis. 2009, 15, 99-107. [PubMed]

Cejka, C.; Holan, V,; Trosan, P; Zajicova, A.; Javorkova, E.; Cejkova, J. The favorable effect of mesenchymal stem cell treatment on
the antioxidant protective mechanism in the corneal epithelium and renewal of corneal optical properties changed after Alkali
Burns. Oxid. Med. Cell. Longev. 2016, 2016, 1-12. [CrossRef] [PubMed]

Cejkova, J.; Trosan, P.; Cejka, C.; Lencova, A.; Zajicova, A.; Javorkova, E.; Kubinova, S.; Sykova, E.; Holan, V. Suppression of
alkali-induced oxidative injury in the cornea by mesenchymal stem cells growing on nanofiber scaffolds and transferred onto the
damaged corneal surface. Exp. Eye Res. 2013, 116, 312-323. [CrossRef]

Clode, A.B. Diseases and surgery of the cornea. In Equine Ophthalmology; Gilger, B.C., Ed.; John Wiley & Sons, Inc.: Hoboken, NJ,
USA, 2011; pp. 181-266. ISBN 9781437708462.

Greenberg, S. Ulcerative keratitis and keratomalacia in horses: Medical management and surgical considerations. Equine Vet.
Educ. 2017, 31, 179-182. [CrossRef]

Marfe, G.; Massaro-Giordano, M.; Ranalli, M.; Cozzoli, E.; Di Stefano, C.; Malafoglia, V.; Polettini, M.; Gambacurta, A. Blood
derived stem cells: An ameliorative therapy in veterinary ophthalmology. J. Cell. Physiol. 2012, 227, 1250-1256. [CrossRef]
Brooks, D.E.; Matthews, A.; Clode, A.B. Diseases of the cornea. In Equine Ophthalmology; Gilger, B.C., Ed.; John Wiley & Sons, Inc.:
Hoboken, NJ, USA, 2016; pp. 252-368. ISBN 9781119047919.

Sherman, A.B.; Gilger, B.C.; Berglund, A.K.; Schnabel, L.V. Effect of bone marrow-derived mesenchymal stem cells and stem cell
supernatant on equine corneal wound healing in vitro. Stem Cell Res. Ther. 2017, 8, 120. [CrossRef]

Spaas, J.H.; Gambacurta, A.; Polettini, M.; Broeckx, S.; Van Hoeck, E; De Schauwer, C.; Van De Walle, G.R.; Van Soom, A.
Purification and expansion of stem cells from equine peripheral blood, with clinical applications. Vlaams Diergeneeskd. Tijdschr.
2011, 80, 129-135.


http://doi.org/10.12740/PP/74304
http://www.ncbi.nlm.nih.gov/pubmed/29432500
http://doi.org/10.2217/rme-2019-0143
http://www.ncbi.nlm.nih.gov/pubmed/32808582
http://doi.org/10.3389/fbioe.2020.00972
http://www.ncbi.nlm.nih.gov/pubmed/32903631
http://doi.org/10.1080/14653240600855905
http://doi.org/10.1089/scd.2009.0091
http://doi.org/10.1016/j.vetimm.2011.06.033
http://www.ncbi.nlm.nih.gov/pubmed/21782255
http://doi.org/10.1016/j.cytogfr.2009.10.002
http://www.ncbi.nlm.nih.gov/pubmed/19926330
http://doi.org/10.1016/j.jevs.2018.10.007
http://doi.org/10.1186/scrt50
http://www.ncbi.nlm.nih.gov/pubmed/21371354
http://doi.org/10.1007/978-1-4939-3584-0_7
http://www.ncbi.nlm.nih.gov/pubmed/27236669
http://doi.org/10.1002/eji.200838812
http://doi.org/10.1189/jlb.0307140
http://doi.org/10.1634/stemcells.2004-0359
http://doi.org/10.1073/pnas.0910720107
http://www.ncbi.nlm.nih.gov/pubmed/20231466
http://doi.org/10.1016/j.exphem.2009.01.005
http://www.ncbi.nlm.nih.gov/pubmed/19375651
http://www.ncbi.nlm.nih.gov/pubmed/20664793
http://www.ncbi.nlm.nih.gov/pubmed/19156227
http://doi.org/10.1155/2016/5843809
http://www.ncbi.nlm.nih.gov/pubmed/27057279
http://doi.org/10.1016/j.exer.2013.10.002
http://doi.org/10.1111/eve.12808
http://doi.org/10.1002/jcp.22953
http://doi.org/10.1186/s13287-017-0577-3

Animals 2021, 11, 931 25 of 28

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Gilger, B.C.; Hollingsworth, S.R. Diseases of the uvea, uveitis, and recurrent uveitis. In Equine Ophthalmology; Gilger, B., Ed.; John
Wiley & Sons, Inc.: Hoboken, NJ, USA, 2016; pp. 369—415. ISBN 9781119047919.

Sauvage, A.C.; Monclin, S.J.; Elansary, M.; Hansen, P.; Grauwels, M.E. Detection of intraocular Leptospira spp. by real-time
polymerase chain reaction in horses with recurrent uveitis in Belgium. Equine Vet. ]. 2019, 51, 299-303. [CrossRef]

Regan, D.P,; Aarnio, M.C.; Davis, W.S.; Carmichael, K.P.; Vandenplas, M.L.; Lauderdale, ].D.; Moore, P.A. Characterization of
cytokines associated with Th17 cells in the eyes of horses with recurrent uveitis. Vet. Ophthalmol. 2012, 15, 145-152. [CrossRef]
Kol, A.; Walker, N.J.; Nordstrom, M.; Borjesson, D.L. Th17 pathway as a target for multipotent stromal cell therapy in dogs:
Implications for translational research. PLoS ONE 2016, 11, €0148568. [CrossRef] [PubMed]

Arzi, B.; Mills-Ko, E.; Verstraete, F.J.M.; Kol, A.; Walker, N.J.; Badgley, M.R.; Fazel, N.; Murphy, W.J.; Vapniarsky, N.; Borjesson,
D.L. Therapeutic efficacy of fresh, autologous mesenchymal stem cells for severe refractory gingivostomatitis in cats. Stem Cells
Transl. Med. 2016, 5, 75-86. [CrossRef]

Holt, D.D.C.; Wood, J.A.; Granick, J.L.; Walker, N.J.; Clark, K.C.; Borjesson, D.L. Equine mesenchymal stem cells inhibit T cell
proliferation through different mechanisms depending on tissue source. Stem Cells Dev. 2014, 23, 1258-1265. [CrossRef] [PubMed]
Saldinger, L.K.; Nelson, S.G.; Bellone, R.R.; Lassaline, M.; Mack, M.; Walker, N.J.; Borjesson, D.L. Horses with equine recurrent
uveitis have an activated CD4+ T-cell phenotype that can be modulated by mesenchymal stem cells in vitro. Vet. Ophthalmol.
2020, 23, 160-170. [CrossRef] [PubMed]

Malalana, E.; Stylianides, A.; McGowan, C. Equine recurrent uveitis: Human and equine perspectives. Vet. J. 2015, 206, 22-29.
[CrossRef]

Matthews, A.; Gilger, B. Equine immune-mediated keratopathies. Equine Vet. J. 2010, 42, 31-37. [CrossRef]

Davis, A.B.; Schnabel, L.V.; Gilger, B.C. Subconjunctival bone marrow-derived mesenchymal stem cell therapy as a novel
treatment alternative for equine immune-mediated keratitis: A case series. Vet. Ophthalmol. 2019, 22, 674-682. [CrossRef]
[PubMed]

Dwyer, A.E. Practical general field ophthalmology. In Equine Ophthalmology; Gilger, B.C., Ed.; John Wiley & Sons, Inc.: Hoboken,
NJ, USA, 2016; pp. 71-111. ISBN 9781119047919.

Lin, H.-B.; Li, W.-L.; Zhuo, X.; He, A.-Q. Application effect of soft corneal contact lens on corneal limbal stem cell transplantation
in elderly patients with pterygium. Int. ]. Ophthalmol. 2019, 19, 329-331.

Zhao, ].; Zhang, Q.; Wang, Y.; Li, Y. Uterine infusion with bone marrow mesenchymal stem cells improves endometrium thickness
in a rat model of thin endometrium. Reprod. Sci. 2015, 22, 181-188. [CrossRef]

Canisso, L.E.; Segabinazzi, L.G.T.M.; Fedorka, C.E. Persistent breeding-induced endometritis in mares—A multifaceted challenge:
From clinical aspects to immunopathogenesis and pathobiology. Int. J. Mol. Sci. 2020, 21, 1432. [CrossRef] [PubMed]

LeBlanc, M.M.; Causey, R.C. Clinical and subclinical endometritis in the mare: Both threats to fertility. Reprod. Domest. Anim.
2009, 44, 10-22. [CrossRef] [PubMed]

Woodward, E.M.; Troedsson, M.H. Equine breeding-induced endometritis: A review. ]. Equine Vet. Sci. 2013, 33, 673—682.
[CrossRef]

Canisso, L.E; Stewart, J.; da Silva, M.A.C. Endometritis: Managing persistent post-breeding endometritis. Vet. Clin. N. Am. Equine
Pract. 2016, 32, 465-480. [CrossRef] [PubMed]

Rink, B.E.; Beyer, T.; French, H.M.; Watson, E.; Aurich, C.; Donadeu, FX. The fate of autologous endometrial mesenchymal
stromal cells after application in the healthy equine uterus. Stem Cells Dev. 2018, 27, 1046-1052. [CrossRef]

Ferris, R.A.; Frisbie, D.D.; McCue, PM. Use of mesenchymal stem cells or autologous conditioned serum to modulate the
inflammatory response to spermatozoa in mares. Theriogenology 2014, 82, 36—42. [CrossRef]

Navarrete, F; Saravia, F.; Cisterna, G.; Rojas, F.; Silva, P.P.; Rodriguez-Alvarez, L.; Rojas, D.; Cabezas, J.; Manganares, A.C.F;
Castro, FO. Assessment of the anti-inflammatory and engraftment potential of horse endometrial and adipose mesenchymal
stem cells in an in vivo model of post breeding induced endometritis. Theriogenology 2020, 155, 33—42. [CrossRef]

Hoffmann, C.; Ellenberger, C.; Mattos, R.C.; Aupperle, H.; Dhein, S.; Stief, B.; Schoon, H.-A. The equine endometrosis: New
insights into the pathogenesis. Anim. Reprod. Sci. 2009, 111, 261-278. [CrossRef]

Buczkowska, J.; Kozdrowski, R.; Nowak, M.; Ra$, A.; Mrowiec, ]. Endometrosis—Significance for horse reproduction, pathogene-
sis, diagnosis, and proposed therapeutic methods. Pol. J. Vet. Sci. 2014, 17, 547-554. [CrossRef]

Falomo, M.E.; Ferroni, L.; Tocco, I.; Gardin, C.; Zavan, B. Immunomodulatory role of adipose-derived stem cells on equine
endometriosis. Biomed Res. Int. 2015, 2015, 1-6. [CrossRef] [PubMed]

Alvarenga, M.A.; do Carmo, M.T.; Segabinazzi, L.G.; Guastali, M.D.; Maia, L.; Landim-Alvarenga, F.C. Feasibility and safety of
endometrial injection of autologous bone marrow mesenchymal stem cells in mares. J. Equine Vet. Sci. 2016, 42, 12-18. [CrossRef]
Mambelli, L.I; Winter, G.H.Z.; Kerkis, A.; Malschitzky, E.; Mattos, R.C.; Kerkis, I. A novel strategy of mesenchymal stem cells
delivery in the uterus of mares with endometrosis. Theriogenology 2013, 79, 744-750. [CrossRef]

Mambelli, L.I.; Mattos, R.C.; Winter, G.H.Z.; Madeiro, D.S.; Morais, B.P.; Malschitzky, E.; Miglino, M. A.; Kerkis, A.; Kerkis,
I. Changes in expression pattern of selected endometrial proteins following mesenchymal stem cells infusion in mares with
endometrosis. PLoS ONE 2014, 9, €97889. [CrossRef] [PubMed]

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, €111324. [CrossRef] [PubMed]


http://doi.org/10.1111/evj.13012
http://doi.org/10.1111/j.1463-5224.2011.00951.x
http://doi.org/10.1371/journal.pone.0148568
http://www.ncbi.nlm.nih.gov/pubmed/26872054
http://doi.org/10.5966/sctm.2015-0127
http://doi.org/10.1089/scd.2013.0537
http://www.ncbi.nlm.nih.gov/pubmed/24438346
http://doi.org/10.1111/vop.12704
http://www.ncbi.nlm.nih.gov/pubmed/31441218
http://doi.org/10.1016/j.tvjl.2015.06.017
http://doi.org/10.1111/j.2042-3306.2010.tb05632.x
http://doi.org/10.1111/vop.12641
http://www.ncbi.nlm.nih.gov/pubmed/30715781
http://doi.org/10.1177/1933719114537715
http://doi.org/10.3390/ijms21041432
http://www.ncbi.nlm.nih.gov/pubmed/32093296
http://doi.org/10.1111/j.1439-0531.2009.01485.x
http://www.ncbi.nlm.nih.gov/pubmed/19660076
http://doi.org/10.1016/j.jevs.2012.11.010
http://doi.org/10.1016/j.cveq.2016.08.004
http://www.ncbi.nlm.nih.gov/pubmed/27810036
http://doi.org/10.1089/scd.2018.0056
http://doi.org/10.1016/j.theriogenology.2014.02.015
http://doi.org/10.1016/j.theriogenology.2020.06.010
http://doi.org/10.1016/j.anireprosci.2008.03.019
http://doi.org/10.2478/pjvs-2014-0083
http://doi.org/10.1155/2015/141485
http://www.ncbi.nlm.nih.gov/pubmed/26180781
http://doi.org/10.1016/j.jevs.2016.03.002
http://doi.org/10.1016/j.theriogenology.2012.11.030
http://doi.org/10.1371/journal.pone.0097889
http://www.ncbi.nlm.nih.gov/pubmed/24901368
http://doi.org/10.1371/journal.pone.0111324
http://www.ncbi.nlm.nih.gov/pubmed/25360561

Animals 2021, 11, 931 26 of 28

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.
90.

91.

92.

93.

94.

Rink, B.E.; Amilon, K.R.; Esteves, C.L.; French, H.M.; Watson, E.; Aurich, C.; Donadeu, F.X. Isolation and characterization of
equine endometrial mesenchymal stromal cells. Stern Cell Res. Ther. 2017, 8. [CrossRef]

Cortés-Araya, Y.; Amilon, K,; Rink, B.E.; Black, G.; Lisowski, Z.; Donadeu, EX.; Esteves, C.L. Comparison of antibacterial and
immunological properties of mesenchymal stem/stromal cells from equine bone marrow, endometrium, and adipose tissue. Stem
Cells Dev. 2018, 27, 1518-1525. [CrossRef]

Cabezas, J.; Rojas, D.; Navarrete, F,; Ortiz, R.; Rivera, G.; Saravia, F.; Rodriguez-Alvarez, L.; Castro, F.O. Equine mesenchymal
stem cells derived from endometrial or adipose tissue share significant biological properties, but have distinctive pattern of
surface markers and migration. Theriogenology 2018, 106, 93-102. [CrossRef]

Snider, T.A.; Sepoy, C.; Holyoak, G.R. Equine endometrial biopsy reviewed: Observation, interpretation and application of
histopathologic data. Theriogenology 2011, 75, 1567-1581. [CrossRef]

Grady, S.T.; Watts, A.E.; Thompson, J.A.; Penedo, M.C.T; Konganti, K.; Hinrichs, K. Effect of intra-ovarian injection of mesenchy-
mal stem cells in aged mares. |. Assist. Reprod. Genet. 2019, 36, 543-556. [CrossRef]

Takehara, Y.; Yabuuchi, A.; Ezoe, K.; Kuroda, T.; Yamadera, R.; Sano, C.; Murata, N.; Aida, T.; Nakama, K.; Aono, F,; et al. The
restorative effects of adipose-derived mesenchymal stem cells on damaged ovarian function. Lab. Investig. 2013, 93, 181-193.
[CrossRef] [PubMed]

Wang, S.; Yu, L.; Sun, M.; Mu, S.; Wang, C.; Wang, D.; Yao, Y. The therapeutic potential of bone marrow mesenchymal stem cells
in premature ovarian failure. Stem Cell Res. Ther. 2018, 9. [CrossRef]

Oristaglio Turner, R.M.O. Pathogenesis, diagnosis, and management of testicular degeneration in stallions. Clin. Tech. Equine
Pract. 2007, 6, 278-284. [CrossRef]

Hsiao, C.; Ji, A.; Chang, C.; Cheng, C.; Lee, L.; Ho, ]. Local injection of mesenchymal stem cells protects testicular torsion-induced
germ cell injury. Stem Cell Res. Ther. 2015, 6, 113. [CrossRef] [PubMed]

de Papa, PM.; Guasti, PN.; De Vita, B.; Nakazato, N.G.; Maia, L.; de Freitas Dell’Aqua, C.P.; da Scheeren, V.E.C.; Segabinazzi,
L.G.TM.; de Andrade Junior, L.R.P; Silva, LEM.C,; et al. Clinical safety of intratesticular transplantation of allogeneic bone
marrow multipotent stromal cells in stallions. Reprod. Domest. Anim. 2020, 55, 429-437. [CrossRef] [PubMed]

Frank, N.; Geor, R.J.; Bailey, S.R.; Durham, A.E.; Johnson, P.J. Equine metabolic syndrome. J. Vet. Intern. Med. 2010, 24, 467-475.
[CrossRef]

Marycz, K.; Michalak, I.; Kornicka, K. Advanced nutritional and stem cells approaches to prevent equine metabolic syndrome.
Res. Vet. Sci. 2018, 118, 115-125. [CrossRef]

Fiorina, P.,; Jurewicz, M.; Augello, A.; Vergani, A.; Dada, S.; La Rosa, S.; Selig, M.; Godwin, J.; Law, K.; Placidi, C.; et al.
Immunomodulatory function of bone marrow-derived mesenchymal stem cells in experimental autoimmune type 1 diabetes. J.
Immunol. 2009, 183, 993-1004. [CrossRef] [PubMed]

Lee, R.H.; Seo, M.].; Reger, R.L.; Spees, J.L.; Pulin, A.A.; Olson, S.D.; Prockop, D.J. Multipotent stromal cells from human marrow
home to and promote repair of pancreatic islets and renal glomeruli in diabetic NOD/scid mice. Proc. Natl. Acad. Sci. USA 2006,
103, 17438-17443. [CrossRef]

Lin, G.; Wang, G,; Liu, G.; Yang, L.-].; Chang, L.-J.; Lue, T.E,; Lin, C.-S. Treatment of type 1 diabetes with adipose tissue-derived
stem cells expressing pancreatic duodenal homeobox 1. Stem Cells Dev. 2009, 18, 1399-1406. [CrossRef]

Zhu, S.; Lu, Y;; Zhu, J.; Xu, J.; Huang, H.; Zhu, M.; Chen, Y.; Zhou, Y.; Fan, X.; Wang, Z. Effects of intrahepatic bone-derived
mesenchymal stem cells autotransplantation on the diabetic Beagle dogs. J. Surg. Res. 2011, 168, 213-223. [CrossRef]

Berman, D.M.; Willman, M.A.; Han, D.; Kleiner, G.; Kenyon, N.M.; Cabrera, O.; Karl, J.A.; Wiseman, R.W.; Connor, D.H.;
Bartholomew, A.M.; et al. Mesenchymal stem cells enhance allogeneic islet rngraftment in nonhuman primates. Diabetes 2010, 59,
2558-2568. [CrossRef] [PubMed]

Bhansali, A.; Upreti, V.; Khandelwal, N.; Marwaha, N.; Gupta, V.; Sachdeva, N.; Sharma, R.R.; Saluja, K.; Dutta, P.; Walia, R.; et al.
Efficacy of autologous bone marrow-derived stem cell transplantation in patients with type 2 diabetes mellitus. Stem Cells Dev.
2009, 18, 1407-1416. [CrossRef] [PubMed]

Pileggi, A. Mesenchymal stem cells for the treatment of diabetes. Diabetes 2012, 61, 1355-1356. [CrossRef]

Marycz, K.; Kornicka, K.; Markedziak, M.; Golonka, P.; Nicpor, ]J. Equine metabolic syndrome impairs adipose stem cells
osteogenic differentiation by predominance of autophagy over selective mitophagy. J. Cell. Mol. Med. 2016, 20, 2384-2404.
[CrossRef]

Marycz, K.; Kornicka, K.; Grzesiak, J.; Smieszek, A.; Sztapka, J. Macroautophagy and selective mitophagy ameliorate chondrogenic
differentiation potential in adipose stem cells of equine metabolic syndrome: New findings in the field of progenitor cells
differentiation. Oxid. Med. Cell. Longev. 2016, 2016, 1-18. [CrossRef]

Marycz, K.; Kornicka, K.; Basinska, K.; Czyrek, A. Equine metabolic syndrome affects viability, senescence, and stress factors of
equine adipose-derived mesenchymal stromal stem cells: New insight into EQASCs isolated from EMS horses in the context of
their aging. Oxid. Med. Cell. Longev. 2016, 2016. [CrossRef]

Marycz, K.; Sztapka-Kosarzewska, J.; Geburek, F.; Kornicka-Garbowska, K. Systemic sdministration of rejuvenated adipose-
derived mesenchymal stem cells improves liver metabolism in equine metabolic syndrome (EMS)—New approach in veterinary
regenerative medicine. Stem Cell Rev. Rep. 2019, 15, 842-850. [CrossRef]

Bond, S.; Léguillette, R.; Richard, E.A.; Couetil, L.; Lavoie, J.-P.; Martin, J.G.; Pirie, R.S. Equine asthma: Integrative biologic
relevance of a recently proposed nomenclature. . Vet. Intern. Med. 2018, 32, 2088-2098. [CrossRef]


http://doi.org/10.1186/s13287-017-0616-0
http://doi.org/10.1089/scd.2017.0241
http://doi.org/10.1016/j.theriogenology.2017.09.035
http://doi.org/10.1016/j.theriogenology.2010.12.013
http://doi.org/10.1007/s10815-018-1371-6
http://doi.org/10.1038/labinvest.2012.167
http://www.ncbi.nlm.nih.gov/pubmed/23212100
http://doi.org/10.1186/s13287-018-1008-9
http://doi.org/10.1053/j.ctep.2007.09.006
http://doi.org/10.1186/s13287-015-0079-0
http://www.ncbi.nlm.nih.gov/pubmed/26025454
http://doi.org/10.1111/rda.13624
http://www.ncbi.nlm.nih.gov/pubmed/31916315
http://doi.org/10.1111/j.1939-1676.2010.0503.x
http://doi.org/10.1016/j.rvsc.2018.01.015
http://doi.org/10.4049/jimmunol.0900803
http://www.ncbi.nlm.nih.gov/pubmed/19561093
http://doi.org/10.1073/pnas.0608249103
http://doi.org/10.1089/scd.2009.0010
http://doi.org/10.1016/j.jss.2009.10.008
http://doi.org/10.2337/db10-0136
http://www.ncbi.nlm.nih.gov/pubmed/20622174
http://doi.org/10.1089/scd.2009.0164
http://www.ncbi.nlm.nih.gov/pubmed/19686048
http://doi.org/10.2337/db12-0355
http://doi.org/10.1111/jcmm.12932
http://doi.org/10.1155/2016/3718468
http://doi.org/10.1155/2016/4710326
http://doi.org/10.1007/s12015-019-09913-3
http://doi.org/10.1111/jvim.15302

Animals 2021, 11, 931 27 of 28

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.
108.

109.

110.

111.

112.

113.

114.
115.

116.

117.

118.

119.

Urbanek, K.; De Angelis, A.; Spaziano, G.; Piegari, E.; Matteis, M.; Cappetta, D.; Esposito, G.; Russo, R.; Tartaglione, G.; De Palma,
R.; et al. Intratracheal administration of mesenchymal stem cells modulates tachykinin system, suppresses airway remodeling
and reduces airway hyperresponsiveness in an animal model. PLoS ONE 2016, 11, e0158746. [CrossRef] [PubMed]

Bonfield, T.L.; Koloze, M.; Lennon, D.P,; Zuchowski, B.; Yang, S.E.; Caplan, A.I. Human mesenchymal stem cells suppress chronic
airway inflammation in the murine ovalbumin asthma model. Am. ]. Physiol. Lung Cell. Mol. Physiol. 2010, 299, L760-L770.
[CrossRef] [PubMed]

Zucca, E.; Corsini, E.; Galbiati, V.; Lange-Consiglio, A.; Ferrucci, F. Evaluation of amniotic mesenchymal cell derivatives on
cytokine production in equine alveolar macrophages: An in vitro approach to lung inflammation. Stem Cell Res. Ther. 2016, 7, 137.
[CrossRef] [PubMed]

Barussi, FC.M.; Bastos, F.Z.; Leite, L.M.B.; Fragoso, F.Y.I.; Senegaglia, A.C.; Brofman, PR.S.; Nishiyama, A.; Pimpao, C.T.;
Michelotto, P.V. Intratracheal therapy with autologous bone marrow-derived mononuclear cells reduces airway inflammation in
horses with recurrent airway obstruction. Respir. Physiol. Neurobiol. 2016, 232, 35-42. [CrossRef] [PubMed]

Theoret, C.L.; Wilmink, ].M. Aberrant wound healing in the horse: Naturally occurring conditions reminiscent of those observed
in man. Wound Repair. Regen. 2013, 21, 365-371. [CrossRef] [PubMed]

Sole, A.; Bolwell, C.; Riley, C.; Theoret, C. Descriptive survey of wounds in horses presented to Australian veterinarians. Austral
Equine Vet. 2015, 34, 68-74.

Theoret, C.L.; Bolwell, C.E; Riley, C.B. A cross-sectional survey on wounds in horses in New Zealand. N. Z. Vet. ]. 2016, 64, 90-94.
[CrossRef]

Deschene, K.; Céleste, C.; Boerboom, D.; Theoret, C.L. Hypoxia regulates the expression of extracellular matrix associated proteins
in equine dermal fibroblasts via HIF1. J. Dermatol. Sci. 2012, 65, 12-18. [CrossRef] [PubMed]

Bussche, L.; Harman, R.M.; Syracuse, B.A.; Plante, E.L.; Lu, Y.-C.; Curtis, TM.; Ma, M.; de Walle, G.R. Van Microencapsulated
equine mesenchymal stromal cells promote cutaneous wound healing in vitro. Stem Cell Res. Ther. 2015, 6, 1-15. [CrossRef]
[PubMed]

Textor, J.A.; Clark, K.C.; Walker, N.J.; Aristizobal, F.A.; Kol, A.; LeJeune, S.S.; Bledsoe, A.; Davidyan, A.; Gray, S.N.; Bohannon-
Worsley, L.K.; et al. Allogeneic stem cells alter gene expression and improve healing of distal limb wounds in horses. Stem Cells
Transl. Med. 2018, 7, 98-108. [CrossRef] [PubMed]

Mund, S.J.K.; Kawamura, E.; Awang-Junaidi, A.H.; Campbell, J.; Wobeser, B.; MacPhee, D.J.; Honaramooz, A.; Barber, S. Homing
and engraftment of intravenously administered equine cord blood-derived multipotent mesenchymal stromal cells to surgically
created cutaneous wound in horses: A pilot project. Cells 2020, 9, 1162. [CrossRef] [PubMed]

Spaas, ].H.; Broeckx, S.; Van De Walle, G.R.; Polettini, M. The effects of equine peripheral blood stem cells on cutaneous wound
healing: A clinical evaluation in four horses. Clin. Exp. Dermatol. 2013, 38, 280-284. [CrossRef]

Agrawal, K.; Chauhan, N. Pressure ulcers: Back to the basics. Indian J. Plast. Surg. 2012, 45, 244-254. [CrossRef] [PubMed]
Knottenbelt, D. Pascoe’s Principles and Practice of Equine Dermatology, 2nd ed.; Saunders Ltd.: Philadelphia, PA, USA, 2009; ISBN
9780702042515.

Chen, M.; Przyborowski, M.; Berthiaume, F. Stem cells for skin tissue engineering and wound healing. Crit. Rev. Biomed Eng.
2009, 37, 399-421. [CrossRef]

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]

Iacono, E.; Lanci, A.; Merlo, B.; Ricci, F; Pirrone, A.; Antonelli, C.; Mariella, J.; Castagnetti, C. Effects of amniotic fluid
mesenchymal stem cells in carboxymethyl cellulose gel on healing of spontaneous pressure sores: Clinical outcome in seven
hospitalized neonatal foals. Turkish ]. Biol. 2016, 40, 484—492. [CrossRef]

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] [PubMed]

Katz, L.M.; Bailey, S.R. A review of recent advances and current hypotheses on the pathogenesis of acute laminitis. Equine Vet. |.
2012, 44, 752-761. [CrossRef] [PubMed]

Dryden, V.C.; Morrison, S.; Bras, R.; Morrell, S.A. Using stem cells in clinical cases. J. Equine Vet. Sci. 2013, 33, 872-873. [CrossRef]
Engiles, ].B. Pathology of the distal phalanx in equine laminitis: More than just skin deep. Vet. Clin. N. Am. Equine Pract. 2010, 26,
155-165. [CrossRef]

Pollitt, C.C. The anatomy and physiology of the suspensory apparatus of the distal phalanx. Vet. Clin. N. Am. Equine Pract. 2010,
26, 29-49. [CrossRef]

Carter, R.A.; Engiles, ].B.; Megee, S.O.; Senoo, M.; Galantino-Homer, H.L. Decreased expression of p63, a regulator of epidermal
stem cells, in the chronic laminitic equine hoof. Equine Vet. J. 2011, 43, 543-551. [CrossRef]

Morrison, S. Successful use of allogenic umbilical cord-derived stem cells in nonresponsive chronic laminitic cases. J. Equine Vet.
Sci. 2011, 31, 603. [CrossRef]

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


http://doi.org/10.1371/journal.pone.0158746
http://www.ncbi.nlm.nih.gov/pubmed/27434719
http://doi.org/10.1152/ajplung.00182.2009
http://www.ncbi.nlm.nih.gov/pubmed/20817776
http://doi.org/10.1186/s13287-016-0398-9
http://www.ncbi.nlm.nih.gov/pubmed/27651133
http://doi.org/10.1016/j.resp.2016.07.002
http://www.ncbi.nlm.nih.gov/pubmed/27396936
http://doi.org/10.1111/wrr.12018
http://www.ncbi.nlm.nih.gov/pubmed/23441750
http://doi.org/10.1080/00480169.2015.1091396
http://doi.org/10.1016/j.jdermsci.2011.09.006
http://www.ncbi.nlm.nih.gov/pubmed/21999945
http://doi.org/10.1186/s13287-015-0037-x
http://www.ncbi.nlm.nih.gov/pubmed/25889766
http://doi.org/10.1002/sctm.17-0071
http://www.ncbi.nlm.nih.gov/pubmed/29063737
http://doi.org/10.3390/cells9051162
http://www.ncbi.nlm.nih.gov/pubmed/32397125
http://doi.org/10.1111/ced.12068
http://doi.org/10.4103/0970-0358.101287
http://www.ncbi.nlm.nih.gov/pubmed/23162223
http://doi.org/10.1615/CritRevBiomedEng.v37.i4-5.50
http://doi.org/10.1016/j.rvsc.2012.04.008
http://www.ncbi.nlm.nih.gov/pubmed/22579411
http://doi.org/10.3906/biy-1507-147
http://doi.org/10.3389/fvets.2019.00009
http://www.ncbi.nlm.nih.gov/pubmed/30761313
http://doi.org/10.1111/j.2042-3306.2012.00664.x
http://www.ncbi.nlm.nih.gov/pubmed/23106629
http://doi.org/10.1016/j.jevs.2013.08.057
http://doi.org/10.1016/j.cveq.2009.12.001
http://doi.org/10.1016/j.cveq.2010.01.005
http://doi.org/10.1111/j.2042-3306.2010.00325.x
http://doi.org/10.1016/j.jevs.2011.09.053
http://doi.org/10.1111/j.2042-3306.2011.00530.x
http://www.ncbi.nlm.nih.gov/pubmed/22212017

Animals 2021, 11, 931 28 of 28

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

Angelone, M.; Conti, V.; Biacca, C.; Battaglia, B.; Pecorari, L.; Piana, F.; Gnudi, G.; Leonardi, F.; Ramoni, R.; Basini, G.; et al.
The contribution of adipose tissue-derived mesenchymal stem cells and platelet-rich plasma to the treatment of chronic equine
laminitis: A proof of concept. Int. J. Mol. Sci. 2017, 18, 2122. [CrossRef] [PubMed]

Cole, C.; Bentz, B. Treatment of equine nervous system disorders. In Equine Pharmacology; Maxwell, L., Ed.; John Wiley & Sons,
Inc.: Hoboken, NJ, USA, 2014; pp. 192-217. ISBN 9780813822624.

Schaakxs, D.; Kalbermatten, D.E; Raffoul, W.; Wiberg, M.; Kingham, P.J. Regenerative cell injection in denervated muscle reduces
atrophy and enhances recovery following nerve repair. Muscle Nerve 2013, 47, 691-701. [CrossRef]

Wright, K.T.; El Masri, W.; Osman, A.; Chowdhury, J.; Johnson, W.E.B. Concise Review: Bone marrow for the treatment of spinal
cord injury: Mechanisms and clinical applications. Stem Cells 2011, 29, 169-178. [CrossRef]

Sadan, O.; Melamed, E.; Offen, D. Bone-marrow-derived mesenchymal stem cell therapy for neurodegenerative diseases. Expert
Opin. Biol. Ther. 2009, 9, 1487-1497. [CrossRef]

Jamnig, A.; Lepperdinger, G. From tendon to nerve: An MSC for all seasons. Can. ]. Physiol. Pharmacol. 2012, 90, 295-306.
[CrossRef]

James, FM.; Engiles, ].B.; Beech, J. Meningitis, cranial neuritis, and radiculoneuritis associated with Borrelia burgdorferi infection
in a horse. J. Am. Vet. Med. Assoc. 2010, 237, 1180-1185. [CrossRef]

Villagran, C.C.; Schumacher, J.; Donnell, R.; Dhar, M.S. A novel model for acute peripheral nerve injury in the horse and
evaluation of the effect of mesenchymal stromal cells applied in situ on nerve regeneration: A preliminary study. Front. Vet. Sci.
2016, 3, 80. [CrossRef]

Kuffler, D.P. An assessment of current techniques for inducing axon regeneration and neurological recovery following peripheral
nerve trauma. Prog. Neurobiol. 2014, 116, 1-12. [CrossRef]

Villagran, C.C.; Amelse, L.; Neilsen, N.; Dunlap, J.; Dhar, M. Differentiation of equine mesenchymal stromal cells into cells of
neural lineage: Potential for clinical applications. Stem Cells Int. 2014, 2014, 13-18. [CrossRef]

Reed, S.M. Medical aspects of traumatic brain injury. In Equine Fracture Repair; Nixon, A.J., Ed.; John Wiley & Sons, Ltd.: Hoboken,
NJ, USA, 2019; pp. 800-803. ISBN 9781119108757.

Casanias, J.; de la Torre, J.; Soler, F,; Garcia, F.; Rodellar, C.; Pumarola, M.; Climent, J.; Soler, R.; Orozco, L. Peripheral nerve
regeneration after experimental section in ovine radial and tibial nerves using synthetic nerve grafts, including expanded bone
marrow mesenchymal cells: Morphological and neurophysiological results. Injury 2014, 45, S2-S6. [CrossRef]

Johnson, A.; Reed, S. Cervical vertebral stenotic myelopathy. In Equine Neurology; Reed, S., Furr, M., Eds.; John Wiley & Sons, Inc.:
Hoboken, NJ, USA, 2015; pp. 349-367. ISBN 9781118993712.

Maia, L.; da Cruz Landim-Alvarenga, F.; Taffarel, M.O.; de Moraes, C.N.; Machado, G.E; Melo, G.D.; Amorim, R.M. Feasibility
and safety of intrathecal transplantation of autologous bone marrow mesenchymal stem cells in horses. BMC Vet. Res. 2015, 11,
63. [CrossRef] [PubMed]

Barberini, D.J.; Aleman, M.; Aristizabal, F.; Spriet, M.; Clark, K.C.; Walker, N.J.; Galuppo, L.D.; Amorim, R.M.; Woolard, K.D.;
Borjesson, D.L. Safety and tracking of intrathecal allogeneic mesenchymal stem cell transplantation in healthy and diseased
horses. Stem Cell Res. Ther. 2018, 9, 96. [CrossRef] [PubMed]

Draper, A.C.E.; Piercy, R.J. Pathological classification of equine recurrent laryngeal neuropathy. J. Vet. Intern. Med. 2018, 32,
1397-1409. [CrossRef] [PubMed]

Biasutti, S.; Dart, A.].; Jeffcott, L.B. A review of recent developments in the clinical application of prosthetic laryngoplasty for
recurrent laryngeal neuropathy: Indications, complications and outcome. Equine Vet. Educ. 2016, 29, 337-345. [CrossRef]
Sandersen, C.; Ceusters, J.; Fourez, A.; Tosi, I.; Graide, H.; Lejeune, J.P.; Serteyn, D. Nerve stimulator-guided injection of
autologous stem cells near the equine left recurrent laryngeal nerve. J. Vis. Exp. 2018, 2018, 58023. [CrossRef]

Sheats, M.K. A comparative review of equine SIRS, sepsis, and neutrophils. Front. Vet. Sci. 2019, 6, 69. [CrossRef]

Roy, M.F,; Kwong, G.P.S.; Lambert, J.; Massie, S.; Lockhart, S. Prognostic value and development of a scoring system in horses
with systemic inflammatory response syndrome. J. Vet. Intern. Med. 2017, 31, 582-592. [CrossRef]

Lalu, M.M,; Sullivan, K.J.; Mei, S.H.J.; Moher, D.; Straus, A.; Fergusson, D.A.; Stewart, D.].; Jazi, M.; Macleod, M.; Winston, B.;
et al. Evaluating mesenchymal stem cell therapy for sepsis with preclinical meta-analyses prior to initiating a first-in-human trial.
Elife 2016, 5, 1-28. [CrossRef] [PubMed]

Kilcoyne, I.; Nieto, J.E.; Watson, J.L.; Galuppo, L.D.; Borjesson, D.L. Do allogeneic bone marrow derived mesenchymal stem cells
diminish the inflammatory response to lipopolysaccharide infusion in horses? A pilot study. Vet. Immunol. Immunopathol. 2021,
231,110146. [CrossRef] [PubMed]

Karagianni, A.E.; Lisowski, Z.M.; Hume, D.A.; Scott Pirie, R. The equine mononuclear phagocyte system: The relevance of the
horse as a model for understanding human innate immunity. Equine Vet. J. 2021, 53, 231-249. [CrossRef] [PubMed]


http://doi.org/10.3390/ijms18102122
http://www.ncbi.nlm.nih.gov/pubmed/29019941
http://doi.org/10.1002/mus.23662
http://doi.org/10.1002/stem.570
http://doi.org/10.1517/14712590903321439
http://doi.org/10.1139/y11-109
http://doi.org/10.2460/javma.237.10.1180
http://doi.org/10.3389/fvets.2016.00080
http://doi.org/10.1016/j.pneurobio.2013.12.004
http://doi.org/10.1155/2014/891518
http://doi.org/10.1016/S0020-1383(14)70003-8
http://doi.org/10.1186/s12917-015-0361-5
http://www.ncbi.nlm.nih.gov/pubmed/25879519
http://doi.org/10.1186/s13287-018-0849-6
http://www.ncbi.nlm.nih.gov/pubmed/29631634
http://doi.org/10.1111/jvim.15142
http://www.ncbi.nlm.nih.gov/pubmed/29691904
http://doi.org/10.1111/eve.12553
http://doi.org/10.3791/58023
http://doi.org/10.3389/fvets.2019.00069
http://doi.org/10.1111/jvim.14670
http://doi.org/10.7554/eLife.17850
http://www.ncbi.nlm.nih.gov/pubmed/27870924
http://doi.org/10.1016/j.vetimm.2020.110146
http://www.ncbi.nlm.nih.gov/pubmed/33221572
http://doi.org/10.1111/evj.13341
http://www.ncbi.nlm.nih.gov/pubmed/32881079

	Introduction 
	“One Medicine, One Health”: The Role of the Horse 
	Properties of Mesenchymal Stem Cells 

	Applications of Equine MSCs in Ophthalmology 
	Corneal Ulcers and Ulcerative Keratitis 
	Equine Recurrent Uveitis 
	Equine Immune Mediated Keratitis 

	Applications of Equine MSCs in Reproduction 
	Endometritis 
	Equine Persistent Breeding-Induced Endometritis 
	Endometrosis 

	Ovarian Diseases 
	Testicular Diseases 

	Application of Equine MSCs in Metabolic Disorders 
	Application of Equine MSCs in the Respiratory System 
	Application of Equine MSCs in Disorders of the Integumentary System 
	Wounds 
	Decubitus Ulcers 
	Laminitis 

	Application of Equine MSCs in Neurological Disorders 
	Peripheral Nerve Injury 
	Wobblers Syndrome 
	Laryngeal Hemiplegia or Left Recurrent Laryngeal Neuropathy 

	Application of Equine MSCs in Endotoxemia 
	Conclusions and Future Perspectives 
	References

