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Abstract

Mesenchymal stem cells (MSCs) are multipotent, which is defined by their ability to self-renew while maintaining the
capacity to differentiate into a certain number of cells, presumably from their own germinal layer. MSCs therapy is
based on their anti-inflammatory, immunomodulatory (immunosuppressive), and regenerative potential. This review
aims to provide a clinical overview of the MSCs potential as a therapeutic option for orthopedic diseases in dogs. A
total of 25 clinical studies published in the scientific literature in the last 15 years on various diseases will be presented:
semitendinosus myopathy, supraspinatus tendinopathy, cruciate ligament rupture, bone fractures and defects, and also
osteoarthritis (OA). All articles involved in this study include only diseases that have naturally occurred in canine
patients. MSCs therapy in the veterinary orthopedic field has great potential, especially for OA. All studies presented
promising results. However, MSCs bone healing capacity did not reveal such favorable outcomes in the long term.
Besides, most of these clinical studies did not include immunohistochemistry, immunofluorescence, and histopathology
to confirm that MSCs have differentiated and incorporated into the injured tissues. This review summarizes the current
knowledge of canine MSCs biology, immunology, and clinical application in canine orthopedic diseases. Despite the
positive results in its use, there is still a lack of defined protocols, heterogeneous samples, and concomitant medications
used with MSCs therapy compromising therapeutic effects. Further studies are needed in the hope of overcoming its
limitation in upcoming trials.

Keywords: Bone fractures, Cruciate ligament rupture, Osteoarthritis, Semitendinosus myopathy, Supraspinatus
tendinopathy.

Introduction

Regenerative medicine aims to restore the organism’s
function and structure using its own biological
mechanisms (Bogers, 2018; Dias et al., 2019). Over
the last few years, new and promising biological
therapies have emerged, contributing to the therapeutic
management of orthopedic, inflammatory, and immune
pathologies (Ogliari et al., 2014; Jiménez and Guerrero,
2017; Dias et al., 2019). The main focus of these cellular
therapies is mesenchymal stem cells (MSCs), defined
as multipotent cells of non-hematopoietic origin, with
self-renewal capacity and present in connective tissues

throughout the body (De Witte et al., 2016; Zhao et
al., 2016; Dias et al., 2019). These cells were first
reported in the literature by Friedenstein et al. (1968).
Since then, the interest in their therapeutic potential
has grown, leading to the emergence of innovative
approaches (Friedenstein ef al., 1968).

One alternative source of cells for cartilage, muscle,
tendon, or bone regeneration is MSCs, which are
readily available and harvestable from different tissues,
hold excellent proliferation ability, and can differentiate
into various cell types in the body, such as osteoblast
and chondroblasts (Freitag et al., 2016; Reissis et al.,
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2016). Whereas some tissues can recover their original
or almost original strength and stiffness, other tissues,
such as cartilage, have a poor healing capacity, leading to
the necessity of searching for new alternative therapies
(Carr and Canapp, 2016). Regenerative medicine has
been used to stimulate healing in areas that have not
responded to more conventional treatments, promoting
injured tissue heal to their original or near-original
condition (Carr and Canapp, 2016).

Several authors have studied MSCs therapy alone or in
combination with platelet-rich plasma (PRP), plasma-
rich in growth factors (PRGF) or hyaluronic acid, and
have reported of very satisfactory results in human and
veterinary orthopedic diseases. Moreover, dogs can
serve as experimental or translational clinical study
models for tendons, muscle, cartilage, and bone repair
in humans (Hoffman and Dow, 2016). They naturally
develop diseases that share a close analogy with
human conditions, such as osteoarthritis (OA), making
them good preclinical models and providing valuable
information for human therapies (Sasaki et al., 2019).
This review aims to provide a clinical overview of the
MSCs potential as a therapeutic option for orthopedic
diseases in dogs, particularly in supraspinatus
tendinopathy (ST), semitendinosus myopathy cruciate
ligaments rupture, bone fractures and defects, and also
OA.

Canine MSCs

MSCs biology and immunology

MSCs have a great self-renewal capacity while
maintaining their multipotency (Zhao et al., 2016;
Arnhold et al., 2019; Dias et al., 2019). Their high
proliferative and self-renewal capacity allows obtaining
the number of cells necessary for clinical application
(Paterson et al., 2018; Arnhold et al., 2019). These
cells can be isolated from the embryonic attachments,
and in the adult individual, it can be isolated from a
large variety of tissues, such as bone marrow (BM),
umbilical cord, adipose tissue (AT), placenta, amnion,
dental pulp, periosteum, among others (Kern et al.,
2006; Klingemann et al., 2008; Webster et al., 2012).
MSCs present remarkable pleiotropic properties,
such as anti-apoptosis, angiogenesis, growth factor
production, antifibrosis, and the ability to migrate
toward injury sites through chemotaxis (Arnhold et
al., 2019; Ayala-cuellar et al., 2019; Dias et al., 2019).
In veterinary medicine, they are frequently obtained
from AT and BM (Gongalves et al., 2014; Bogers,
2018; Arnhold et al., 2019). This procedure usually
requires surgical intervention, using general anesthesia
and appropriate aseptic care. Although many of the
alternatives are quite invasive, BM samples’ harvesting
presents a higher technical difficulty (Carvalho et al.,
2012; Sullivan et al., 2016). Some studies have even
demonstrated a higher proliferation ability for MSCs
derived from AT than BM (Kang et al., 2012; Russell
et al., 2016; Sasaki et al., 2019). Other authors suggest
that BM has a more significant osteogenic potential,

making it a better choice (Alves et al., 2014). Further
differences between cells’ sources are described
depending on the donor’s age or the passage number
of MSCs in terms of proliferation capacity (Volk et al.,
2012; Sasaki et al., 2019). To date, there is no evidence
to support the superiority of one source over another in
terms of viability or efficiency of the derived stem cells.
There is still no consensus between authors (Carr and
Canapp, 2016).

Stem cells’ therapy can be autologous or allogeneic,
depending on whether the source of stem cells comes
from the same patient or from a different patient of the
same species. Recent researches with the application
of xenogeneic stem cells from different species have
revealed good and safe results (Tsai et al., 2014;
Requicha et al., 2016; Daems ef al., 2019).

In the culture, MSCs have a predominantly fusiform
shape and have plastic adhesion ability (Kolf ez al.,
2007). The expression of cell surface markers is one
of the identification criteria for MSCs. To create a
broader consensus on the universal characterization of
MSCs, the International Society for Cellular Therapy
formulated the minimal criteria for defining human
MSCs (Dominici et al., 2006), as shown in Figure 1.
These criteria include the ability to adhere to plastic
under standardized culture conditions; cell surface
expression (>95%) of CD73, CD90, and CD105, as
well as the absence of hematopoietic stem cell markers:
CD45, CD34, CD14 or CD11b, CD79a. (<2% positive)
or CD19, and human leukocyte antigen — DR isotype
(HLA-DR); and the ability to differentiate, under
standardized in vitro conditions, into osteoblasts,
adipocytes, and chondroblasts.

It is known that human MSC markers may not be fully
compatible with those required for canine MSCs due
to interspecies differences. The definitive expression
of surface antigens by canine MSCs has not yet been
recognized (Sasaki et al., 2019).

MSCs mechanism of action

MSCs therapy is based on their anti-inflammatory,
immunomodulatory, and immunosuppressive potential
(Peroni and Borjesson, 2011; Dias et al., 2019), as
shown in Figure 2. These cells can differentiate into the
targeted cell type allowing the repair of the damaged
area. Also, they have a tremendous immunomodulatory
capacity through paracrine effects by secreting various
molecules to adjacent cells (cytokines, growth factors,
and microvesicles capable of carrying a cargo of proteins
and other bioactive molecules) and by cell-to-cell
contact, leading to vascularization, cellular proliferation
in damaged tissues, and reducing inflammation (Dias et
al., 2019; Torres-Torrillas et al., 2019).

Although MSCs mechanism of action is not yet
fully understood, it is known that they are capable of
interacting with various types of immune cells, including
T and B lymphocytes, natural killer (NK) cells, and
macrophages, neutrophils, and monocytes (Peroni and
Borjesson, 2011). MSCs act on the innate immune



http://www.openveterinaryjournal.com
1. E. Dias et al.

Open Veterinary Journal, (2021), Vol. 11(2): 188-202

S

MSCs

l

Plastic adherence

chondroblasts

|

Multipotential
differentiation capacity

osteoblasts

Cell markers
+ CD73, CD90, CD105
- CD45,CD34, CD14, CD11b, CD79q,

CD19, HLA-DR, or MHC-

adipocytes

& T O

Fig. 1. Characterization of mesenchymal stem cells.

L

Adipose tissue
Bone marrow
Peripheral blood
Umbilical cord

2 g

osteoblasts

adipocytes  chondroblasts

. 2
Cytokines and

l
=2 — =

Cell-to-cell contact

growth factors

Vascularization
Celullar proliferation
Reducing inflammation

Fig. 2. Schematic representation of canine mesenchymal stem cells mechanism of action.

system through three different mechanisms. In the first
one, with the presence of MSCs and their secretome
[interleukin-6, prostaglandin E2 (PGE2), transforming
growth factor B (TGF-f), and hepatocyte growth factor
(HGF)], the M1 pro-inflammatory macrophages are
converted into M2 anti-inflammatory macrophages. In
the second one, MSCs inhibit monocytes’ development
into dendritic cells, decreasing their immune response

even more (Maggini et al., 2010; Quimby, 2019).
Finally, through the production of immunomodulatory
mediators [indoleamine 2,3-dioxygenase (IDO), TGF-f,
PGE2] and by cell-to-cell contact, MSCs also inhibit the
proliferation and cytotoxicity of NK cells (Maggini et
al.,2010; Kim and Cho, 2015; Quimby, 2019).

The acquired immune system’s interaction occurs
through the secretion of PGE2, HGF, hemoxygenase,
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nitric oxide (NO), IDO, cyclooxygenase, and by cell-
to-cell contact. MSCs suppress the proliferation of T
cells and modulate their response. They also inhibit
B-cell proliferation through cell-to-cell contact and
through an arrest in the GO/G1 phase of the cell cycle
(Kim and Cho, 2015; Chow et al., 2017). Furthermore,
MSCs show significant immunomodulatory capacity
(Arnhold et al., 2019), making them especially useful
for clinical application since their transplantation does
not require the use of additional immunosuppressive
therapy. This happens due to the lack of major
histocompatibility complex class II (MHC-II)
expression and costimulatory molecules, such as
CD40, CD80, and CD86, since they escape T cells and
NK receptors (Peroni and Borjesson, 2011; Arnhold et
al., 2019; Quimby, 2019).

A recent study suggests that canine MSCs are distinct
from human MSCs in their immune suppressive
pathways. For canine MSCs, T-cell suppression relies
primarily on cyclooxygenase and TGF-f pathways,
instead of NO or IDO-mediated pathways, which occur
in human MSCs (Chow et al., 2017). The mechanisms
of T-cell suppression were also investigated for BM and
AT sources of MSCs in dogs. However, they realized
that both sources were equivalent in suppressing T-cell
activation by using different biochemical pathways.
Adipose-derived mesenchymal stem cells (ASC) utilize
TGF-f signaling pathways and adenosine signaling to
suppress T-cell activation. On the contrary, BM-derived
mesenchymal stem cells (BMSCs) use cyclooxygenase,
TGF-B, and adenosine signaling pathways (Chow et
al.,2017).

Clinical application of canine MSCs

Semitendinosus myopathy

Semitendinosus myopathy is an uncommon disease
in canine patients, documented primarily on German
Shepherd and Belgian Shepherd breeds. Although the
muscle has some intrinsic regeneration capacity to
repair damaged tissue, complete functional recovery of
the muscle after a severe trauma remains a challenge
(Milner et al., 2018; Torres-Torrillas et al., 2019). After
a blunt muscle trauma, secondary fibrosis and muscle
atrophy develop, affecting muscle fiber number, cross-
sectional muscle area, and eventually, muscle force and
function (Torres-Torrillas et al., 2019).

Its exact etiology is unknown. However, it occurs with a
higher incidence in working dogs (competition or work-
protecting functions). Regular practice of intense and
excessive exercise in the hamstring muscle group may
culminate in secondary fibrosis and muscle contracture.
Animals present limb lameness with shortened stride,
external rotation of the hock, and internal rotation of
the stifle.

Semitendinosus myopathy has been treated with several
surgical techniques (myotenectomy, myectomy, etc.)
and non-surgical therapies (rest with a combination
of anti-inflammatory medications), resulting in the
recurrence of lameness in 2-9 months. Conventional
therapy has been ineffective at preventing fibrous
tissue formation, leading to the need to search for
alternative therapies. MSCs are a promising option as
recent studies suggest that ASCs promote myoblasts’
proliferation, explaining the regenerative capacity in
vivo (Schaakxs et al., 2013; Forcales, 2015; Lee et al.,
2015).

Brown et al. (2012) reported two cases of working
German Shepherds with acute semitendinosus
myopathy of one or both hind limbs (Table 1),
confirmed by surgeons’ evaluation and ultrasound.
Both dogs were injected with autologous ASCs, one
with a total of 4.7 x 10° cells intralesionally and 4.7
x 109 intravenously (IV); the other received 7.5 x 109
cells intralesionally (for both affected muscles) and 3.8
x 10° IV. Outcome measures for both dogs included
owners and surgeons’ assessments as well as ultrasound
control. The results were very encouraging. Both dogs
returned to their previous training and occupations with
a functional gait and no lameness (Brown et al., 2012).
Gibson et al. (2017) conducted a study with 11 dogs
with semitendinosus myopathy (Table 1), and eight
of them were police dogs. All dogs were treated with
ASCs and retrospectively evaluated. Autologous ASCs
were obtained from falciform ligament. Some of them
were injected intralesionally under ultrasound guidance
and some IV through a previously placed IV catheter
in each patient. One-year post-treatment, every dog
showed improvement in gait analysis, and eight of
them were already classified with a normal gait. Every
police dog used in the study returned to their normal
professional life (Gibson et al., 2017).

Table 1. Preclinical trials carried out with MSCs in canine semitendinosus myopathy.

No of MSC Treatment ObserYatlon Outcome Referener
dogs source period
One dog received 4.7 x 10° Intralesionally and Both dogs presented a Brown et al
2 AT 4.7 x 10° TV autologous ASCs, the other 7.5 x  19-22 weeks functional gait and no 2012 b
10° intralesionally and 3.8 x 10° IV. lameness.
Every dog showed .
11 AT Intralesional and I'V autologous ASCs. 1 year improvement in gait g}(;tl)ion etal,
analysis.

IV = Intravenous; ASC = Adipose-derived mesenchymal stem cells.
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Intralesional injection of MSCs for the treatment
of semitendinosus myopathy in dogs has proved to
be effective in preventing the formation of fibrous
tissue through the regenerative capacity they possess,
demonstrated by clinical improvement and ultrasound
control.

Supraspinatus tendinopathy (ST)

Tendon injuries represent a clinical challenge, as their
natural healing process is slow, inefficient, and poorly
responsive to treatments. The tendon has an inherently
limited healing capacity, as it is a slightly cellular and
poorly vascularized tissue (Schneider et al., 2018;
Torres-Torrillas et al., 2019; Steinmann et al., 2020).
A fibrous scar is formed after a traumatic event,
producing significant dysfunction and joint movement
inability, making it more susceptible to re-rupture
(Schneider et al., 2018; Torres-Torrillas et al., 2019).
ST is a common cause of forelimb lameness in dogs,
especially those with sports functions. This condition is
usually associated with excessive effort and repetitive
movements that do not allow adequate tissue remodeling
(Canapp ef al., 2016a). Inflammation may play a vital
role in triggering ST. However, it does not appear to be
involved in the disease’s progression (Lafuente ef al.,
2009; Canapp et al., 2016a). Histologically speaking,
ST shows minimal inflammation, hypocellularity,
loss of collagen, increase of proteoglycan content,
and lack of neovascularization. The damaged tendon
shows discontinuous and disorganized tendon fibers,
and occasional mineralization. In chronic cases,
calcification may also occur at the site of insertion
(Lafuente et al., 2009; Canapp et al., 2016a).
Conservative therapy includes the use of non-steroidal
anti-inflammatory drugs (NSAIDs), rest, rehabilitation
therapy program with massages and hot therapy,
acupuncture, ultrasound or laser therapy, and also focal
shockwave therapy (Lafuente er al., 2009; Canapp
et al., 2016a). Additionally, surgical management
involves extracting the calcified biological material
or even releasing the tendon at its origin (Lafuente et
al., 2009; Canapp et al., 2016a). Despite these options,
the percentage of therapeutic success, according to
previous studies, is relatively low (Laitinen and Flo,
2000; Canapp et al., 2016a).

Therapy with MSCs has been showing great results for
ST in canine patients due to the secretion of cytokines

Table 2. Preclinical trials carried out with MSCs in canine ST.

and growth factors that reduce inflammation, inhibit
programmed cell death in the cells inside the tissue,
and recruit circulating stem cells to the affected area.
Moreover, it increases the density of collagen fibers,
improves tissue architecture, restores an almost standard
tendon—bone interface, and improves biochemical
strength (Canapp et al., 2016a). Two different studies,
one with BMSC and the other with ASC, have been
published to treat canine ST.

The first study (Table 2) involved 55 dogs with ST
that did not respond to conservative management with
NSAIDs (61.8% with no response) and a rehabilitation
program (45.5% refractory to rehabilitation). ASCs
were obtained from the falciform ligament of each
patient and blood samples for autologous PRP therapy.
Every patient received 1 ml of PRP/ASC per tendon
(containing 5 x 10° ASCs). After ultrasound-guided
injection of PRP/ASC, objective gait analysis was
available in 25 out of the 55 dogs at 90 days after
treatment. On the 90th day, 88% of these 25 available
cases showed no significant difference in the total
pressure index percentage of the injured limb compared
to the contralateral limb (Canapp et al., 2016a).

The second study (Table 2) involved 41 dogs with
ST treated with a combination of autologous BMSC
and PRP, evaluating the ultrasound evolution with
treatment. This study has proved a significant reduction
in the cross-sectional area of the affected tendon.
On the 45th day post-treatment, the comparison of
the treated limb with the contralateral limb showed
substantial improvements. On the 90th day post-
treatment, in 90.6% of cases, the fiber pattern and
echogenicity improved considerably. Furthermore, in
13.8% of the patients, the fiber pattern and echogenicity
abnormalities were considered resolved (Mcdougall et
al., 2018).

Intratendinous injection of MSCs in addition to
PRP therapy for ST treatment in canine patients has
demonstrated auspicious clinical benefits (Tornero-
Esteban et al., 2015; Canapp et al., 2016a; Mcdougall
et al., 2018). This approach represents a minimally
invasive treatment option, revealing positive
sonographic results. This treatment combination
appears to provide an adequate biologic effect, leading
to tendon healing and improved function (Mcdougall
etal., 2018).

Noof — MSC Treatment ObserYatlon Outcome Reference
dogs  source period
1 ml of intratendinous 88% of 25 cases monitored at 90 days,
55 AT autologous PRP/ASC per 90 davs showed no significant difference of the Canapp et al.,
tendon (containing 5 x 10° Y injured limb compared to the contralateral 2016a
ASCs). limb.
41 Bone Intratendinous autologous 90 davs Improvement in the fiber pattern and McDougall et
marrow BMSC and PRP. 4 echogenicity in 90.6% of cases. al., 2018

PRP = Platelet-rich plasma; ASC = Adipose-derived mesenchymal stem cells; BMSC = Bone marrow-derived mesenchymal stem cells.
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Cruciate ligament rupture

Cranial cruciate ligament (CCL) rupture is one of
the main causes of pelvic limb lameness in dogs.
The etiology occurs primarily due to the progressive
degeneration of unknown cause, leading to a partial
or complete rupture (Ferreira et al., 2019). The
insufficient ligament incites an internal rotation of the
tibia and instability of the knee articulation, leading
to lameness, pain, inflammation, and, in the long
term, OA (Fitzpatrick et al., 2010; Ferreira et al.,
2019). Conservative treatment, including rest, weight
management, and anti-inflammatory drugs, is often
used in small dogs (<15 kg body weight) and presents
acceptable results (Ferreira ef al., 2019). However, this
approach is not consensual between authors. Some
defend the surgical treatment as a first choice in all
patients (Ferreira ef al., 2019). There are many surgical
techniques for CCL rupture, whereas nowadays
extracapsular and osteotomy techniques are often used
(Canapp et al., 2016b; Pinna et al., 2019). However, no
specific surgical procedure has been established as the
gold standard in veterinary medicine.

Muir et al. (2016) conducted a study to investigate
whether the use of MSCs could reduce systemic and
stifle joint inflammatory response in 12 dogs affected
by CCL rupture (Table 3). Admission criteria included
the presence of a total unilateral rupture and a stable
partial rupture in the contralateral knee. BM aspirates
were obtained during surgical resolution of complete
CCL rupture tibial plateau leveling osteotomy (TPLO).
BMSC was cultured and expanded from this material.
Subsequently, stem cells were injected IV (2 x 10°
BMSC/kg) and intra-articularly (5 x 10° BMSC) into
the contralateral stifle joint. The authors reported no
adverse reactions. The results revealed a substantial
improvement in the reduction of inflammation by
assessing circulating T lymphocyte by flow cytometry,
C-reactive protein (CPR), cytokine concentrations in
serum, and synovial fluid by ELISA. Circulating CD8+

T-lymphocytes and CPR in serum and synovial fluid
were lower after BMSC injection, proving the anti-
inflammatory potential of these cells. They also stated
that BMSC may have preventive effects, reducing the
contralateral tendon’s risk of rupture (Muir ez al., 2016).
Canapp et al. (2016b) investigated the use of
autologous BMSC-PRP or ASC-PRP combination
for the treatment of early partial CCL rupture (<50%)
in 36 dogs (Table 3). Intra-articular (IA) injections
of BMSC-PRP or ASC-PRP were carried out in the
affected knee. Anti-inflammatory treatments (NSAIDs,
corticosteroids, etc.) were discontinued 2 weeks
before the injections. A rehabilitation program was
recommended to all owners. Some therapies were
banned due to the unknown effect on MSC/PRP.
Objective gait analysis, diagnostic arthroscopy, and
validated functional questionnaire were carried out on
patients. At 90 days after treatment, stifle arthroscopy
findings were available in 13 of the 36 dogs. In nine
of the 13 dogs, arthroscopy revealed a fully intact
CCL with marked neovascularization and a normal
fiber pattern. One of the 13 dogs showed significant
improvement and received an additional injection. In
the remaining three dogs, TPLO was carried out due
to a >50% CCL rupture. The questionnaires were
completed by 12 owners, who reported a very good or
excellent increase in their dogs’ quality of life. Eight
among these 12 dogs were sport dogs. Seven of them
have ultimately returned to their normal activity life
(Canapp et al., 2016b).

Taroni et al. (2017) compared post-TPLO treatment
with NSAIDs and neonatal canine MSCs therapy (Table
3). Allogeneic neonatal canine MSCs were obtained
from fetal attachments of healthy pregnant bitches. This
pilot study involved 14 dogs with unilateral ruptures
divided into two groups. The first group involved nine
dogs administered intra-articularly with 10 x 10 MSCs
and received an oral placebo for 30 consecutive days.
The second group involved five dogs that received an

Table 3. Preclinical trials carried out with MSCs in canine cruciate ligament rupture.

No of MSC source Treatment Obsers.fatlon Outcome Reference
dogs period
IV autologous 2 x . . . .
12 Bone marrow 10°BMSC/kg and A 8 weeks R;(il:;ttlon e g/([)lilé etal,
autologous 5 x 10° BMSC. P ’
Stifle arthroscopy was available in 13
36 Bone marrow  IA autologous BMSC-PRP 3 months dogs. Nine of them revealed fully intact Canapp et
and AT or ASC-PRP. CCL and 12 owners reported great al.,2016b
improvements.
AT REL e The MSC group initially showed a better
14 Neonatal IA 10 x 10° neonatal MSCs 6 months  bone healixgl sci)re conz, A P Taroni et al.,
tissue and 5 dogs received 5 mg/ & ? P 2017

kg PO SID firocoxib.

firocoxib group.

IV = Intravenous; BMSC = Bone marrow-derived mesenchymal stem cells; IA = Intra-articular; PRP = Platelet-rich plasma; ASC = Adipose-
derived mesenchymal stem cells; CCL = Cranial cruciate ligament; PO = Per os (in Latin, orally); SID = Sem ‘el in die (in Latin, once a day).
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IA culture medium and were prescribed 5 mg/kg per
os (PO) sem el in die (SID) firocoxib. One month after
surgery, the dogs of the MSC group showed a better
bone-healing score. At 1, 3, and 6 months after surgery,
no significant differences were detected between the
two groups for clinical signs and gait evaluation (Taroni
etal., 2017).

IA injection of MSCs for the treatment of CCL in
dogs has demonstrated great clinical benefits and
systemic and anti-inflammatory potential by decreasing
CD8 lymphocytes c-reactive protein (CRP) and
inflammatory cytokines in serum and synovial fluid in
canine patients.

Bone fractures and defects

Bone fractures and segmental bone defects are
important causes of patient morbidity and imply
a sizeable economic burden. They are frequently
secondary to trauma, post-tumor resection, or post-
debridement infection (Morcos ef al., 2015; Oryan et
al., 2017; Torres-Torrillas et al., 2019). Conventional
therapy includes autologous bone grafts and distraction
osteogenesis. However, these approaches have some
limitations, such as long periods of immobilization,
muscular atrophy, and surgical complications such as
infection, pain, or hemorrhage (Morcos et al., 2015;
Oryan et al., 2017; Mousaei et al., 2019; Torres-
Torrillas et al., 2019). MSCs have been adopted as an
alternative therapy to promote accelerated bone repair
with successful results.

Crovace et al. (2008) evaluated the use of BM
mononuclear cells and cultured BMSC to treat some
bone defects in 14 dogs (Table 4). In four cases (one
case of non-union of the tibia and three cases of Legg—
Calvé—Perthés disease), a 3D scaffold was used in
combination with BMSCs to treat these bone defects.
Although the treated dogs showed outstanding clinical
and X-ray results, this study compares different dogs
in age, size, and breed, as well as various lesions or
diseases (Crovace et al., 2008).

Another study, by Rocha dos Santos et al. (2018),
applied ASCs in osteotomy repair after tibial tuberosity
advancement (TTA) surgical technique in dogs with
CCL rupture (Table 4). Animals were divided into two
groups: the treated group (TG) and the control group
(CG). All of them were subjected to TTA. In the TG

(five dogs), 15 x 10° of ASCs were implanted at the
osteotomy site after TTA. The CG (four dogs) received
only a cell transport medium at the osteotomy site.
One month after treatment, dogs that received ASCs
had an average ossification of 36.45% higher than
the CG. However, over time, there were no statistical
differences between groups (Rocha dos Santos et al.,
2018).

These studies have demonstrated that the use of MSCs
can be a potential therapy to conventional treatment for
fractures and bone defects. They speed up ossification
allowing faster recovery and avoiding the consequences
of having a patient being immobilized for an extended
period.

Osteoarthritis (OA)

Canine OA is a degenerative disease of all joint tissues,
resulting in the loss of articular cartilage, the release
of inflammatory and regulatory cytokines, causing pain
and lameness (Kalamegam et al., 2018). The cartilage
has inadequate self-healing capacity due to its avascular
nature. After an injury, fibrous tissue is formed with
different functional properties of native hyaline
cartilage, promoting joint degeneration (Bogers,
2018; Kalamegam et al., 2018; Torres-Torrillas et
al., 2019). The OA pathophysiology is multifactorial,
with a robust inflammatory component (Harman ef al.,
2016; Kalamegam et al., 2018). It is often secondary
to anatomical abnormalities or injuries, causing joint
instability. Although it can affect dogs of all breeds and
sizes, it is more prevalent in large animals (Zeira et al.,
2018).

Currently, there is no cure for OA, and most treatment
regimens focus on symptoms management and pain
reduction. Conventional therapy is based on the
long-term usage of NSAIDS drugs, physical therapy,
diet, weight management, and dictary supplements
(Sanderson et al., 2009). Alternatives such as
acupuncture or shockwave therapy have also been
studied (Sanderson et al., 2009). Nevertheless, it is
still necessary to find treatments that relieve pain more
effectively. Surgical therapy such as joint replacement
is available for the hip and elbow joints; however,
surgery is often expensive. Recently, MSCs have
received increasing attention as promising tools for OA
treatment. In vitro studies have demonstrated that ASCs

Table 4. Preclinical trials carried out with MSCs in canine bone fractures and defects.

Noof — MSC Treatment Observation Outcome Reference
dogs source
Bone Four dogs received [A . Improvement in clinical signs Crovace et al.,
14 marrow autologous BMSC and PRP. Not described and x-ray results. 2008
CQG received cell transport
. . . Rocha dos
9(5TG AT medium and TG autologous 120 davs TG had an average ossification Santos et al
and 4 CG) intralesional injection of 15 x Y 36.45% higher than the CG. 2018 ?

10° ASC.

IA = Intra-articular; BMSC = Bone marrow-derived mesenchymal stem cells; PRP = Platelet-rich plasma; CG = Control group; TG = Treated

group; ASC = Adipose-derived mesenchymal stem cells.
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can differentiate toward chondrocytes when they are
cultured alone or in combination with growth factors
(such as insulin-like growth factor (IGF-1 or TGF-f),
making them interesting for OA therapy (Longobardi et
al.,2006; Sun et al., 2018; Torres-Torrillas et al., 2019).
Elbow joint 0OA

Several studies have demonstrated remarkable results
with intra-articular administration of ASCs for the
treatment of canine elbow OA, with improvements in
lameness, pain, range of motion, functional disability,
and owners’ questionnaires (Black ez al., 2008; Guercio
et al., 2012; Kriston-pal ef al., 2017), as described in
Table 5. Some studies have associated stem cells
treatment with PRP or hyaluronic acid, reaching similar
good results. Kriston-Pal et al. (2017) have even
demonstrated that in one of the dogs that underwent
control arthroscopy, the cartilage had fully regenerated.
Another study by Olsen et al. (2019) uses a different
approach, choosing the IV route instead of the local
administration (Table 5). This study included 13 dogs
with elbow OA that received three IV injections (1-2 x
109 cells/kg body weight) of allogeneic ASCs, 2 weeks
apart. No acute adverse effects were observed, and a
significant improvement in clinical signs and owner’s
perception was noted. However, synovial fluid OA
biomarkers did not change after MSCs administration.
Despite  subjective  outcomes  showing  good
improvements, such as the dog’s clinical signs, objective
outcome measures did not confirm similar results,
such as reducing the OA biomarkers measurement in
synovial fluid. Larger sample sizes and CGs are needed
to interpret these findings (Olsen et al., 2019).

Daems et al. (2019), unlike the previous studies,
used xenogeneic peripheral blood-derived equine

chondrogenically induced MSCs (ciMSCs) for the
treatment of six dogs with elbow OA (Table 5). After
orthopedic examination, pressure plate analysis,
radiographs, and general clinical examinations, a
placebo control (0.9% saline solution) was intra-
articularly administered to all dogs. After 6 weeks,
all tests were repeated, and equine ciMSCs were
administered to the same joints. The six dogs received
cimicoxib (2 mg/kg PO once daily for 7 days) in both
intra-articular administrations. After another 6 weeks,
dogs returned for a final follow-up, with no severe
adverse reactions during the study. Two adverse events
were observed (vomiting and diarrhea), both in the same
dog, one after placebo treatment and the other after
ciMSCs treatment, probably due to the concomitant
NSAID administration. Although there were no
significant differences in the orthopedic examination,
radiographs, synovial fluid sampling, and pressure
plate analysis between MSCs treatment compared
to placebo treatment, all dogs showed a reduction in
lameness and pain after MSCs therapy, according to the
owner’s evaluation (Daems et al., 2019).

Stifle joint OA

Similar to Daems et al.’s (2019) study, another study
conducted by Tsai ef al. (2014) reported the use of
xenogeneic MSCs to treat canine OA with success
(Table 6). They used porcine ASCs to treat stifle joints
OA in three dogs. A total of 5 x 10° ASCs were injected
into each dog’s diseased joint and orthopedic controls,
owners’ questionnaires, radiographs, and force-plate
gait analysis were carried out. The authors reported
no adverse effects of ASCs therapy. Two of the three
dogs improved in the orthopedic evaluation. All dogs
showed decreased pain and improvement in force-plate

Table 5. Preclinical trials carried out with MSCs in canine elbow OA.

Noof — MSC Treatment ObserYatlon Outcome Reference
dogs source period
Improvement in lameness, pain,
Between 3 x 10°and 5 x 10° TA range of motion, functional Black et al.,
14 AT autologous ASCs. L disability, and owners’ 2008
questionnaires.
Between 3 x 10°and 5 x 10° TA Improvement in lameness, pain, Guercio ef al
4 AT autologous ASCs in combination 1 month functional disability, and owner- ?
. . 2012
with PRP or hyaluronic acid. assessed outcomes.
6 + 6 3
12 l(.) . 3.' 2 107IA allqgenelc All dogs showed a decrease in Kriston-Pal et
30 AT ASCs/injection suspended in 1 year
. . lameness. al., 2017
0.5% hyaluronic acid.
3 injections of 1-2 x 10° IV Improvement in clinical signs. Olsen et al
13 AT allogeneic ASCs/kg with 2 weeks 6 months However, OA biomarkers in erdt
. S 2019
apart. synovial fluid did not change.
p L
Peripheral 1 10°1A Xenogeneie ciMSCs Owners reported a decrease in Daems et al.,
6 and 2mg/kg cimicoxib PO for 7 12 weeks .
blood lameness and pain. 2019

days.

TA = Intra-articular; ASC = Adipose-derived mesenchymal stem cells; PRP = Platelet-rich plasma; IV = Intravenous; OA = Osteoarthritis; ciMSCs
= Chondrogenic-induced mesenchymal stem cells; PO = Per os (in Latin, orally).
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Table 6. Preclinical trials carried out with MSCs in canine stifle OA.

Noof — MSC Treatment Obser\.fatlon Outcome Reference
dogs  source period
3 AT 5 x 10° IA xenogeneic 12 weeks Improvement in orthopedic evaluation, owners’ Tsai et al.,
porcine ASCs. W questionnaires, and force-plate analysis. 2014
IV = Intravenous; ASC = Adipose-derived mesenchymal stem cells.
Table 7. Preclinical trials carried out with MSCs in canine hip OA.
No of MSC Treatment Obs.ervatlon Outcome Reference
dogs source period
TG improved lameness, pain, Black et al.,
21 AT 4.2-5 x 10° TA ASCs. 90 days and range of motion, compared
. 2007
with CG.
Four dogs received autologous All dogs showefi improvement
. in range of motion, lameness Marx et al.
9 AT stromal vascular fraction and five 30 days . . .
dogs ASCs in acupuncture points and pain on manipulation, 2014
& p p ’ except 1 dog of ASCs group.
19 received autologous [A .
39 AT ASCs injection and 20 received 6 months i?lifsgroup bt g(l)l le ;VO CHCE:
autologous IA PRP injection. ’
CG received placebo and TG TG demonstrated better results .
;13 d(§ "(f:CGi AT autologous IA injection of ASC 180 days than CG and improved beyond ;/(1)1121 3r etal.,
with PRGF. 6 months.
TG improved during the first
94 TG AT CG received placebo and TG 180 davs month, although this effect Vilar et al.,
and 5 CG) autologous IA injection of ASC. Y decreased between 1 and 3 2014
months.
15 (10TG AT CG received placebo and TG 180 davs ;l};g clill?rl; r:;:ﬁi?gll: iﬁn(r:::\?:ﬁlzlrlltt Vilar et al.,
and 5CG autologous IA injection of ASC. Y P 2016

was inferior to 6 months.

IA = Intra-articular; ASC = Adipose-derived mesenchymal stem cells; TG = Treated group; CG = Control group; PRP = Platelet-rich plasma.

analysis. However, they found no radiographic changes
before and after treatment (Tsai et al., 2014).

Hip joint OA

Regarding the OA of the hip joint, Black ez al. (2007)
conducted a study on 21 dogs with chronic hip OA (for
at least more than 6 months), as described in Table 7.
Dogs treated with intra-articular autologous ASCs had
significantly improved scores for lameness, pain, and
range of motion when compared with the CG (Black
etal.,2007).

Marx et al. (2014) used a totally different administration
route than the previous studies, combining acupuncture
with stem cells therapy (Table 7). This study evaluated
the effect of autologous stromal vascular fraction, and
allogeneic ASCs injected into acupuncture points in
dogs with hip dysplasia. After 30 days of treatment,
all dogs showed improvement in range of motion,
lameness, and pain on manipulation, except one dog of
the ASC group (Marx et al., 2014).

Another study by Cuervo et al. (2014) compared
the efficacy of autologous ASCs versus PRGF as a
treatment for hip OA (Table 7). This study included 39

dogs with hip OA, divided into two groups: 19 dogs
received an intra-articular injection of ASCs and 12
dogs received an intra-articular injection of PRGF.
The results showed that ASCs and PRGF are a safe
and effective therapeutic option, as they significantly
reduced the dogs’ pain and improved physical function
at 1, 3, and 6 months post-treatment. The ASCs group
obtained better results at 6 months post-treatment. In
all cases, owners reported positive results to therapy
(Cuervo et al., 2014).

The majority of the studies used subjective methods to
evaluate therapy improvement, such as lameness, pain,
and range of motion scores, and owners’ questionnaires.
Three studies have used a much more objective method
with gait analysis using a force platform to demonstrate
the efficacy of a single IA injection of ASCs (Table 7). In
the first study, Vilar et al. (2013) showed how the effect
of the association of ASCs with PRGF was prolonged
beyond 6 months. On the contrary, in the second study,
Vilar et al. (2014) showed that dogs treated with
ASCs alone seemed to improve during the first month
after treatment with reductions in pain and lameness.
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However, this effect decreased progressively between
1 and 3 months (Vilar et al., 2014). In 2016, these
authors compared pain scales with the use of a force
platform with the same animals during 6 months after
ASCs therapy. They realized that using pain assessment
scales to measure lameness associated with OA did not
show great accuracy and agreement compared to the
quantitative force platform gait analysis (Vilar et al.,
2016).

Multiple joint OA

Some studies have been published regarding the
treatment with ASCs in canine OA of multiple joints:
elbow, stifle, hip, or shoulder (Table 8). These studies
have proved the effectiveness and safety of ASCs intra-
articular injection in canine OA (Harman et al., 2016;
Srzenti¢ Drazilov et al., 2018).

Shah et al. (2018) used allogeneic ASCs in 203 dogs
diagnosed with OA and other joint defects (Table 8).
These dogs were divided into three groups: 128 dogs
received IA injections of allogeneic ASCs, 65 dogs
received IV injections of allogeneic ASCs, and ten dogs
received intra-articular and IV injections of allogeneic
ASCs. In the first group (128 dogs), 114 dogs were
reported to have good to excellent improvement. In the
second group (65 dogs), 25 dogs showed remarkable
improvement and 25 of the animals good improvement.
In the third group (ten dogs), due to the small sample
size, statistical analysis could not be carried out.
However, nine of the ten dogs were reported to have
either good or excellent improvement. Of the 203 dogs,
only one showed worsening of the symptoms at the end
of the 10-week study. This study supports the safety
and efficacy of allogeneic ASCs, with promising results
using the intra-articular route of administration (Shah
etal.,2018).

Cabon et al. (2019) studied the use of allogeneic
neonatal MSCs for the treatment of 22 dogs with OA in

one or more joints (Table 8). All dogs discontinued anti-
inflammatory therapy at least 1 week before treatment.
Every dog received an intra-articular injection of
at least 10 x 10° viable neonatal MSCs (obtained
from fetal attachments). Clinical evaluation showed
significant improvements up to 6 months after MSCs
administration. Eight dogs were re-injected 6 months
after the first injection, offering clinical benefits for up
to 1 year. The owners’ evaluation was obtained up to 2
years after treatment, with 75% reporting satisfactory
results. This study also measured the humoral response
against cellular therapy by flow cytometric cross-match
analysis. The absence of alloantibodies after one or two
IA injections of neonatal allogeneic MSC suggests that
this therapeutic approach is well tolerated and can be
repeated if necessary (Cabon et al., 2019).

Discussion

The aim of this review was to provide a clinical
overview of the therapeutic potential of MSCs for
orthopedic diseases in dogs. A total of 25 studies
published in the last 15 years were reviewed, with
applications for musculoskeletal systems: muscle,
ligament, tendon, and bone, to evaluate these therapies
in the veterinary orthopedic field. All studies have
shown positive results when using MSCs therapy.
However, MSCs bone-healing capacity did not reveal
such promising outcomes in the long term (Rocha
dos Santos et al., 2018). MSCs immunomodulatory
properties, anti-inflammatory potential, and the ability
to differentiate toward adipocytes, osteocytes, and
chondrocytes make them a unique cell type capable
of repairing injured tissues. These cells are a safer
alternative to embryonic or induced pluripotent stem
cells, which can present a risk of tumorigenesis if
complete reprogramming is not achieved (Gibson et
al., 2017). Nevertheless, there are still concerns about

Table 8. Preclinical trials carried out with MSCs in canine multiple joints OA.

No of dogs MSC Treatment Obs.ervatlon Outcome Reference
source period
74 (38 TG ¢G recelve.dhplaf:ebo and TG improved in all evaluation scores, Harman et
and 36 CG) AT TG, an IA injection of 12 60 days compared to the CG al., 2016
10° allogeneic ASC. p ’ ?
All dogs received [A 90 days to 4 L . . Srzenti¢
L . Significant improvement in all .
10 AT injection of autologous years in five RS Drazilov et
ASCs. dogs ’ al., 2018
.1 2.8 dggs recelvgd .IA . The majority had good to excellent
injection, 65 IV injections, . . . Shah et al.,
203 AT T . 10 weeks improvements, with better results with
and 10 IA and IV injections . . 2018
. the IA route of administration.
of allogeneic ASCs.
T Improvement in veterinary and
29 Fetal StriZaosrt tlvz)oxl?oléni Tlcot IZIII;;::f 2 vears clinical evaluation. 75% of owners Cabon et al.,
adnexa & Y reported satisfactory results 2 years 2019

neonatal MSCs

post-treatment.

TG = Treated group; CG = Control group; IA = Intra-articular; ASC = Adipose-derived mesenchymal stem cells; IV = Intravenous.
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the source of cells, administration route, and additional
therapy, such as PRP or PRGF.

Regarding MSCs source, the most commonly used in
veterinary medicine are AT and BM. None of these
studies has demonstrated the superiority of one cell
source over another. However, stem cells derived
from AT were the most used by the authors, probably
due to their easier extraction, namely in elective
ovariohysterectomy. MSCs therapy can be autologous/
allogeneic or xenogeneic depending on whether stem
cells are obtained, respectively, from the same animal,
same species donor or from different species. Two
studies regarding canine OA treatment have used
xenogeneic MSCs from porcine or horses, reporting
excellent results with no severe adverse effects in none
of the dogs (Tsai et al., 2014; Daems et al., 2019).
Regarding the routes of administration, the one that
is preferentially selected is the injection of MSCs
directly at the injury site. Experimental studies support
the greater effectiveness of the intralesional route of
administration when comparing to others. Intra-articular
injection of ASCs is the most commonly reported route
to deliver cells into the damaged cartilage; however,
in most cases, it requires anesthesia or sedation, and
synovial fluid from arthritic joints is reported to be
cytotoxic to cultured MSCs (Kiefer et al., 2015).
Therefore, new protocols with the intravenous route
have been developed. The intravenous administration
of MSCs promotes a better interaction with the immune
system, which may lead to systemic anti-inflammatory
effects and reduce pain at multiple sites. However,
despite the attraction of MSCs to the injured areas by
the intravenous route, its effectiveness was reported to
be low in some studies (Eggenhofer et al., 2014; De
Becker and Van Riet, 2016). Shah et al. (2018) compared
ASC therapy by different administration routes in dogs
with OA. They realized that the intra-articular way had
better improvements than the intravenous one. Olsen
et al. (2019) studied the effect of ASCs by intravenous
route in dogs with OA. Despite the improvement in
clinical outcome, subjective outcome measures (such
as OA biomarkers in synovial fluid) did not confirm
similar progress. These results reveal the need for
larger samples sizes and CGs to interpret the outcomes
and more research before intravenous MSCs becomes a
therapeutic option for dogs with OA. It is necessary to
increase our knowledge of the MSC migration process
to improve it.

According to previous studies, it has been reported that
treatment with ASC or BMSC in combination with PRP
or PRGF improves clinical signs, reducing lameness and
providing notable recovery of previous limited sports
activities (Cuervo et al., 2014). The effect of PRP is
due to the behavior of the platelet concentrate, acting as
a scaffold which, through the release of growth factors
(such as TGF-f, fibroblast growth factor and IGF-1),
promotes the stimulation of chondrogenesis, increases
hyaluronic acid production, promotes angiogenesis, and

differentiation of the existing cells in the treated area
(Cuervo et al., 2014; Upchurch et al., 2016). The PRGF
is considered a better choice by some authors due to the
optimal concentration of platelets and absence of white
blood cells (Nishiyama et al., 2016). Cuervo et al.
(2014) demonstrated that a single IA injection of ASCs
is significantly more effective than one IA injection
of PRGF. Therapy with PRGF alone showed similar
improvements as ASC in the first month post-treatment.
However, better results were observed in the long term
in patients with ASCs. Other studies had great results
in the combination therapy: MSCs with PRP or PRGF
(Cuervo et al., 2014; Canapp et al., 2016¢; Mcdougall
etal., 2018).

MSCs therapy with specific concomitant medication
proved detrimental to treatment, particularly with
NSAIDs, generally used for these conditions. Shah et
al. (2018) studied allogeneic ASC therapy in dogs with
OA, reporting only one case that did not respond to the
treatment and had shown worsening of the condition.
This dog was the only one receiving NSAIDs therapy
at the same time as MSCs therapy.

Most studies did not include immunohistochemistry,
immunofluorescence, and histopathology to confirm
that MSCs have differentiated and/or incorporated
into the injured tissues. Further studies will be needed
to definitely prove stem cell differentiation and
engraftment. However, their initial cell-to-cell contact
and cytokine release effect seems to be the most
significant therapeutic impact of these cells.

Conclusion

MSCs have been shown to have an excellent potential
for orthopedic therapy in dogs, especially for OA,
where all studies presented promising results. This
therapy has shown no evident adverse effects, even
with its allogeneic administration, making them a safe
and promising therapeutic option.

The main obstacles to this therapy are the inconsistency
of protocols applied to date, the small samples used for
clinical trials, patient variability, and the follow-up
time of cases after therapy. Besides, it should be noted
that cell therapies in veterinary patients are not strictly
supervised by regulatory agencies in most countries.
There is an urgent need for health agencies, national and
across borders, such as European Medicines Agency
(EMA), to define and regulate the standardization and
criteria for the safe and efficient application of these
therapeutic approaches.

Future trials should have more homogeneous and larger
samples, predefined standardized stem cell protocols
for treatment groups, presence of CGs, and continue
data collection for more extended periods (more than
6 months) for appropriate long-term conclusions.
Currently, therapy based on MSCs requires, more than
ever before, a thorough analysis and consideration in
the hope of overcoming its limitation in upcoming
trials.
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