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Abstract

Veterinarians and veterinary medicine have been integral to the development of stem cell
therapies. The contributions of large animal experimental models to the development and
refinement of modern hematopoietic stem cell transplantation were noted nearly five decades ago.
More recent advances in adult stem cell/regenerative cell therapies continue to expand knowledge
of the basic biology and clinical applications of stem cells. A relatively liberal legal and ethical
regulation of stem cell research in veterinary medicine has facilitated the development and in
some instances clinical translation of a variety of cell-based therapies involving hematopoietic
(HSC) and mesenchymal stem cells (MSC) as well as other adult regenerative cells and recently
embryonic stem cells (ESC) and induced pluripotent stem cells (iPSC). In fact, many of the
pioneering developments in these fields of stem cell research have been achieved through
collaborations of veterinary and human scientists. This review aims to provide an overview of the
contribution of large animal veterinary models in advancing stem cell therapies for both human
and clinical veterinary applications. Moreover, in the context of the “One Health Initiative”, the
role veterinary patients may play in the future evolution of stem cell therapies for both human and
animal patients will be explored.
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INTRODUCTION

Several centuries ago, prior to the development of medical specialization, physicians treated
both human patients and their animals. More recently, synergy between veterinarians,
physicians and other scientific health and environmental professionals has been promoted in
an initiative known as “One Health” to improve the lives of all species through the
integration of human and veterinary medicine.2 The importance of “One Health” world-wide
strategy is highlighted by its endorsement by such organizations as the American Medical
Association (AMA), the American Veterinary Medical Association (AVMA), the American
Society of Tropical Medicine and Hygiene, the Centers for Disease Control and Prevention
(CDC), the United States Department of Agriculture (USDA), and the U.S. National
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Environmental Health Association (NEHA), as well as similar international organizations.3
This “One Health” initiative promises to efficiently transform medicine for all species,
particularly the field of regenerative medicine which aims to restore cell, tissue or organ
function following damage or loss secondary to injury, disease or aging. Harnessing the
potential of stem cells to efficiently heal injured tissues, while minimizing untoward side
effects of their application, is an area of intense investigation in both veterinary and human
medicine. The fewer regulatory hurdles that exist for veterinary regenerative medical
products, compared to human therapeutics,* has encouraged rapid translation of cell-based
therapies into clinical veterinary practice for a variety of pathologic conditions.

The American Veterinary Medical Association monitors both legal and regulatory issues
relating to the practice of veterinary medicine, including regenerative medicine, at both the
state and federal levels. The products administered during the course of such practice,
however, are regulated by the US Food and Drug Administration (FDA).* Although
regulations on the use of stem cells in humans have been promulgated by the FDA, such
regulations regarding use in veterinary patients have yet to be instituted. It is likely that a
veterinary regulatory scheme will be modeled after that established for human medicine in
the future. However in the meantime, the popular appeal of cell-based therapies, and their
widespread commercialization, has led to their application for many conditions in veterinary
patients for which there are little to no evidence-based preclinical animal studies or even
supporting /n vitro data. Therefore, enthusiasm for stem cell therapies as a powerful
treatment strategy for the repair and regeneration of tissue injury and disease must be
tempered until experimental evidence is sufficient to supersede anecdotal reports. Thus,
evidenced-based clinical trials of stem cell therapies in veterinary patients provide
tremendous opportunities for efficient advancement of regenerative medicine for all species.

Use of companion animal species as translational models

Veterinary patients, including companion (dogs, cats, and horses) and farm animals (cows,
sheep, goats and pigs), are increasingly recognized as critical translational models of human
diseases. Compared to rodents, all are considered large animal models of human disease. It
should be noted that this nomenclature regarding companion animals, such as dogs and cats,
can be confusing because as veterinary patients these animals are considered “small animal”
species (compared to horses, cows and other ruminants). As the focus of this review is in
their utility as translational models, dogs and cats will be referred to as large animal models
whether they are used in studies as clinical (client-owned) patients or in the research setting.

Although the utility of rodents, particularly genetically altered murine models in the
elucidation of pathophysiology and response to therapy for various disease states is
profound, naturally occurring pathologies in large animal models caused by single gene
defects or due to complex interactions between multiple genes and environmental factors
promise to play an important role in the development of clinical advances for a number of
serious diseases. For example, some 292 canine, 163 feline, 142 bovine and 109 equine
genetic diseases are homologous with human genetic defects,® although in some cases the
pathophysiology and resulting phenotype of such mutations may be undefined or may vary
from that in humans. In addition, the basic biochemical and physiological processes in these
large animal models more closely resemble those in humans, compared to rodents.®

Unlike laboratory rodents, companion animal species live longer, are outbred and in a non-
laboratory setting are exposed to external and environmental factors underlying various
disease states, such as obesity, diabetes and cancer. They are also susceptible to traumatic
injuries like those sustained by human patients. Similar to humans and unlike small animal
models, many dogs and horses are expected to resume an athletic career (sport horses and
agility dogs, for example) or a working career (service dogs). As well, imaging and repeated
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biologic sampling that are difficult or impossible in rodent models increase the ability to
detect untoward side effects of novel therapies and minimize both veterinary and human
patient risk.

Furthermore, the increase in demand for sophisticated, state of the art care for animal
companions has led to a surge in clinical trials in veterinary patients. With improved design
of trials to include appropriate controls and outcome assessments, these should provide a
unique opportunity for assessing both efficacy and safety of human adult stem cell therapies
that can be translated to human medicine.” Given the value of companion animal models for
translational studies to advance human medicine, as well as the obvious impact on cutting
edge veterinary therapies, a thorough knowledge of the state of stem cell therapies in
veterinary practice and in translational studies is critical for those interested in advancing the
fields of tissue engineering and regenerative medicine.

STEM CELLS IN VETERINARY MEDICINE

For nearly half a century, companion animals have played a key role in advancing stem cell
therapies. Adult stem cells are prime targets for cell-based therapies as they escape the
ethical issues associated with embryonic stem cells (ESC). The cell types having received
the most attention are hematopoietic stem cells (HSC) and mesenchymal stem cells (MSC).
Although the clinical impact of HSC therapy in veterinary medicine pales in comparison to
its impact in human medicine, the characterization of MSC from various tissues in multiple
species, followed by an increasing number of preclinical translational studies has led to the
relatively widespread use of MSC-based therapies in clinical veterinary medicine. In
addition, other cell-based therapies such as those using adipose derived-stromal vascular
fraction (Ad-SVF) are now routinely used in clinical veterinary patients. Future translational
studies and clinical trials in large animal models (both experimental and clinical veterinary
patients) will continue to yield a significant impact on similar future trials in humans and the
optimization of such therapies for both veterinary and human patients. Finally, the
development and application of ESC and induced pluripotent stem cells (iPSC) from large
animals remains in its infancy but is a rapidly expanding focus which will help define the
safety and efficacy of such cells in regenerative medicine.

ADULT STEM CELL APPLICATIONS IN LARGE ANIMAL MODELS AND
CLINICAL VETERINARY PATIENTS

Hematopoietic stem cells

HSC give rise to all the cellular components of blood. These cells are found in high numbers
within the bone marrow but also can be isolated from umbilical cord blood as well as in
lower numbers from peripheral blood in a mobilized cytokine-induced state. HSC therapies
have become routine for acquired or inherited bone marrow and hematologic disorders in
man, as well as following high dose chemotherapy. Critical to the development of these
therapies are translational studies performed in the preclinical canine model, starting in the
1960s.8 The canine model has continued to be used for the refinement of techniques for
optimizing HSC transplantation in people over the last four decades, with post-
transplantation outcome assessments in dogs accurately predicting outcome in human
patients.? Studies in random-bred dogs have led to improved long-term engraftment and
diminished graft-versus-host disease through the elucidation of the role of histocompatibility
barriers in these processes, as well as improved methods for graft collection and
conditioning regimens for the recipient. The latter have allowed for increased success in
expanded patient populations of increasing age and with multiple comorbidities.10-11
Despite the large body of literature describing HSC transplantation in the preclinical canine
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model, only recently have HSC-based therapies been used for clinical canine patients with
cancer.10.11

Mesenchymal stem cells

MSC therapies have been used to treat a variety of clinical conditions in companion animals
and in pre-translational models of human and companion animal diseases (detailed below).
Extensive efforts have been dedicated to isolation and phenotypic characterization of MSC
from companion animals as well as other farm animal species such as cattle, pigs and sheep
used as preclinical research models. For veterinary applications, the most common harvest
sites for MSC are bone marrow (BM),12-23 adipose (Ad) tissue, 14:17:19.19,.20.23-26 gpq
umbilical cord/placenta,16:27-34 although MSC from other sites including peripheral
blood,1” muscle,3> periosteum,20:35:36 and teeth/periodontal ligament3” have also been
characterized and/or used therapeutically (see Table 1). As with MSC harvested from
laboratory animals or humans, MSC isolated from companion animals are characterized by
their cell surface markers, multipotency and capacity to adhere to plastic. Bone marrow is
harvested from humerus, iliac crest or tibia in dogs and cats while it is most commonly
aspirated from the sternum and fuber coxae in horses. Adipose tissue samples are easily
harvested from inguinal, abdominal, lateral thoracic or caudal scapular regions in dogs and
cats, whereas the pericoccygeal, inguinal, and sternal regions are more common in horses.
Site-specific differences in numbers and differentiation capacity have been noted for both
Ad- and BM-MSC,12:24 which may help direct optimal donor site selection for clinical trials.
Furthermore, species-specific differences have been identified in differentiation
conditions,3® which may have important implications for defining the most appropriate
preclinical models to develop tissue engineering strategies for man.

Despite an increasing knowledge about the basic biology of MSC, it remains unclear which
cell source is most appropriate for individual therapeutic applications. Certainly, the ease of
collection and the increased number of MSC in fat makes Ad-MSC potentially more
attractive compared to BM-MSC; however, most research suggests tissue harvest site
influences MSC differentiation capacity. In particular, in the majority of studies Ad-MSC
are inferior in their ability to differentiate along multiple lineages compared to BM-MSC
given the current understanding of ex vivo inducing (differentiation) conditions.17-39:40
Although these comparisons have largely focused on differentiation capacity, the ability of
cells harvested from these different tissues to produce reparative trophic mediators and,
more importantly, to exert biologic effects /n vivois largely unknown.

Given that ex vivo expansion protocols to achieve clinically relevant numbers of BM- and
Ad-MSC are required following harvest, the use of the Ad-SVF has been advocated to
enable immediate use or use following short-term processing in clinical veterinary patients.
In addition to MSC, SVF also contains a mixture of endothelial progenitor cells and
pericytes known to be involved in angiogenesis, monocytes and macrophages, as well as
fibroblasts and preadipocytes. It is unclear whether this mixture of cells may have a positive
effect and coordinately contribute to therapeutic effects of the SVF, or whether a
heterogeneous mixture of cells may be deleterious therapeutically. Despite the fact that the
majority of basic research and preclinical studies have focused on BM-MSC and to a lesser
extent Ad-MSC, cellular therapies utilizing Ad-SVF represent the major proportion of what
is offered for clinical use by American veterinary practitioners (see Table 2), reflecting a
proactive and successful publicity campaign on the part of its commercial providers.
According to its website, Vet-stem (one commercial provider) has processed SVF from Ad
samples for more than 8,000 companion animal patients since 2004. Although Ad-SVF is
commercially available from multiple vendors and is used by veterinarians for a variety of
clinical applications, to date only two evidenced-based studies defining its effects on
osteoarthritis in canine patients appear in the literature.4142
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Musculoskeletal applications

Tendon—Injuries to the soft tissues of the musculoskeletal system are common in both
humans and animals, particularly athletes, and lead to considerable morbidity in both patient
populations.#344 Healing of damaged tendons and ligaments occurs with the formation of
fibrous scar tissue of inferior biomechanical properties, leading to reduced performance as
well as increased risk of reinjury. Horses and dogs both suffer from clinically significant,
naturally occurring tendinopathies with similar histopathologic, MRI and ultrasonographic
characteristics to those seen in human tendinopathies.#344 Equine superficial digital flexor
tendon (SDFT) strain injuries are common in race and other sport horses.*3 Given the high
rate of injury recurrence, coupled with evidence that MSC can improve the regenerative
response in models such as the rabbit,*° cell-based therapies have been investigated in both
experimental models of and naturally occurring SDFT in the horse to develop improved
therapies.

Preclinical studies to examine efficacy of MSC-based therapy for equine tendinopathy have
primarily focused on /n vitro and experimentally induced models. These studies suggest that
MSC ameliorate tissue composition and organization while improving biomechanics of
injured tendons and ligaments. Initial studies examining efficacy of BM-MSC and Ad-SVF,
alone and as vehicles for gene delivery, have shown significant improvement in healing,
compared to controls, at both the gross and histologic levels. 4647 /n vivo models show that
administered cells persist in lesions, albeit at low numbers, for up to 3 months®® and that
both BM-MSC and Ad-SVF exert a significant anti-inflammatory effect that likely
contributes to improved healing of the tendon.#6:47 While extensive post-mortem
examinations to rule out neoplasia at distant sites are lacking, these experimental models do
provide preliminary evidence that MSC-based therapies do not lead to neoplastic
transformation of transplanted cells.

Clinical studies conducted in equine athletes support the therapeutic efficacy and safety of
MSC for tendon injuries. Initial work by Pacini et al.*8 showed significant clinical recovery
in 9 of 11 racehorses with SDFT injury treated with BM-MSC, compared to none of 15
horses treated with conventional therapy, as assessed by ultrasonography and ability to
return to racing without re-injury. In a recent analysis of 113 racehorses treated with BM-
MSC, the re-injury rate was significantly lower than that seen with other treatment
modalities.# To date, no controlled studies examining Ad-MSC or Ad-SVF in equine
patients with tendinopathy are available; however, a report on the use of allogeneic Ad-MSC
to treat tendonitis in a small group of horses (N=16) suggests that allogeneic culture
expanded Ad-MSC in conjunction with platelet rich plasma (PRP) are also capable of
improving healing of equine tendonitis and allow return to pre-injury function in the
majority (14/16) of horses.53 Despite, the lack of case-controlled clinical trials examining
efficacy of MSC and SVF for equine tendinopathy, improvement in outcome measures such
as return to pre-injury function and reduction in re-injury rates compared to success rates
with conventional therapy suggests that these therapies hold promise.

Bone—There is significant clinical need for cell-based therapies to improve bone healing
and outcome for fracture or segmental defect repair, incorporation of implants for total joint
replacement, and arthrodesis in both humans and companion animals, particularly the dog.
Both BM- and Ad-MSC, delivered in a variety of carriers, are effective in improving healing
of segmental defects of long and craniofacial bones as well as of non-union fractures in
experimental large animal models.54-58 Allogeneic BM-MSC were also found to enhance
repair of canine femoral critical-sized segmental defects in a manner equivalent to that seen
with autologous cells, while inducing no significant immune reaction.>® Additional studies
in experimental canine models support the potential for clinical application of MSC-based
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tissue engineering strategies for mandibular reconstruction as well as to reverse alveolar
bone resorption secondary to periodontal disease.5%:61 Furthermore, MSC-based therapies to
enhance osseous healing effectively promote arthrodesis,2 as required for both spinal
fusions and salvage procedures for joint pathology. Finally, MSC-based strategies have also
shown promise for a minimally invasive approach to reverse bone loss associated with
Legg-Calves-Perthes disease, a degenerative condition of the hip joint that affects both
children and young, small breed dogs.>* Together, these studies suggest that MSC-based
therapies can improve bone formation in a variety of clinically relevant conditions for
translation to both human and veterinary applications. Companion animal models, whether
clinical patients with naturally occurring conditions or research subjects with surgically
induced defects, may serve as excellent translational models for the optimization of stem
cell-based therapies for bone repair using improved bioscaffolds and/or gene therapy-
mediated enhancement of the effects of delivered stem cells in randomized, controlled
clinical trials.63

Intraarticular disease—Lameness associated with developmental, acute/traumatic and
chronic acquired intraarticular pathologies is a frequent condition seen by veterinary
practitioners. Canine orthopaedic disorders such as anterior cruciate ligament rupture,
meniscal injury, osteochondrosis, cartilage defects and osteoarthritis (OA) are common
spontaneously occurring clinical conditions. Similarly, young equine athletes and geriatric
leisure horses suffer from intraarticular pathology such as cartilage defects, osteochondrosis
and OA. Similar to humans, current standard of care for canine or equine patients includes a
combination of physical therapy, exercise modification, as well as medical and surgical
therapies. The same regimes can be applied to experimental/research animals of these
species. Clinical trials of disease modifying agents for joint pathology in veterinary patients
present a unique opportunity to improve treatment options of naturally occurring OA and
other intraarticular pathologies in both veterinary and human patients.

Initial interest in the use of MSC for cartilage resurfacing and tissue engineering strategies
for meniscal regeneration stemmed from their ability to differentiate into various
mesenchymal lineages, including chondrocytes. More recently, there is greater appreciation
for the ability of MSC to modulate joint pathology through their ability to secrete various
trophic mediators and to modulate the inflammatory response. Experimental studies
performed in large animal models suggest MSC-based therapies improve reparative
responses in cartilage86° as well as promote meniscal regeneration,%® although evidence
for clinical efficacy has been limited. In the horse, early improvements in histologic and
biochemical parameters of healing in BM-MSC treated full-thickness articular cartilage
defects have been shown; however, improvements are lost in longer term (8 month)
evaluation.54 Comparing the ability of culture expanded BM-MSC and Ad-SVF to alter
progression of early stage OA in an experimental equine model, Frisbie et al showed that
BM-MSC treated joints showed significantly less synovial fluid effusion and prostaglandin
E2 concentrations compared to those treated with Ad-SVF, although neither cell therapy
yielded significant improvements in cartilage biochemistry, histology, synovial fluid
cytology and analysis, or other clinical parameters.18 Clinicopathologic assessment of
intraarticular response to allogeneic and autologous placental-derived MSC also suggests
safety of intraarticular injection of allogeneic MSC.20 It should be noted that in contrast to
humans in which tissue engineered constructs are being sought, it is not possible to prevent
weight bearing to protect sites of equine tissue engineered cartilage in the post-operative
period due to the development of life-threatening laminitis on the other limbs, thereby
making the development of such therapeutic strategies an even greater challenge in the
horse.
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The effect of stem cell therapy for late stage/chronic OA in canine patients has been
assessed in two separate studies. The first, a randomized, blinded, placebo-controlled
clinical trial, examined the effectiveness of Ad-SVF therapy for the treatment of chronic hip
OA.#2 Dogs treated with Ad-SVF had significant improvement in lameness and pain scores,
as well as range of motion compared to control dogs. A subsequent uncontrolled study by
the same authors examining efficacy of these cells for use in chronic OA of the canine
humeroradial (elbow) joint also documented similar significant improvements in those
clinical parameters at six months follow-up.#1 Although these results are promising, it is
clear that larger studies, which optimize the therapeutic efficacy demonstrated in these initial
studies, are needed. Furthermore, it remains unclear how the many different commercially
available “stem cell” products (see Table 2) compare in efficacy for treatment of canine OA.

Soft tissue applications

Neuromuscular injury—Spinal cord disease, leading to functional motor and sensory
dysfunction, is a significant clinical problem in canine patients. Similar to humans, spinal
cord injury in dogs occurs secondary to intervertebral disc disease (IVDD), as well as other
degenerative causes, or traumatic injury and negatively impacts the quality of life of affected
dogs and the owners who must care for them. Several studies suggest that MSC
transplantation may improve functional neurologic recovery in experimental models of
canine spinal cord injury thus prompting further investigation of cell-based approaches for
the treatment of naturally occurring spinal cord disease in human and veterinary patients.
Functional neurologic recovery of dogs with experimentally induced spinal cord injury is
significantly improved following therapy with both autologous and allogeneic MSC
harvested from either BM or umbilical cord.2”:67 Park et al identified optimal timing of
MSC delivery on clinical outcome following spinal cord injury. They established that MSC
transplantation one week after spinal cord injury is superior in ability to improve clinical
neurologic examination scores and neuronal regeneration (reduced fibrosis on histologic
examination) 8 weeks post-transplantation, compared to either 12 hour or 2 week post-injury
administration.68

Cell-based interventions to inhibit progression of IVDD, a major cause of degenerative
spinal cord disease in humans and dogs, have shown promise in experimentally induced
canine models of IVDD.59.70 These studies suggest that both BM-MSC and Ad-SVF
directly injected into the intervertebral disc space may be effective in preserving
intervertebral disc morphology and enhancing disc matrix production, although direct
comparisons of efficacy of these two cell types have yet to be performed. Optimal BM-MSC
dosing (1x108 UC-MSC), established under experimental conditions, provides critical
information for future clinical trials for this use in naturally occurring disease models.®°

In contrast to MSC-induced clinical improvement in experimental studies, a clinical case
series examining efficacy of intralesional BM-MSC injection in dogs with severe, acute
spinal cord injury secondary to fracture and luxation treated with surgical stabilization failed
to reveal improvement in sensory function in any of the 7 dogs treated.”? It is however
important to note that an absence of complications (including infection, neuropathic pain,
worsening of neurologic function) along with long-term follow-up (29-62 months), suggests
feasibility and safety of such therapy in this preliminary study. Nonetheless, given the small
sample size and severity of injury in this clinical assessment, it is prudent that further
examination of the ability of MSC therapies to mediate recovery following spinal cord
injury be performed in a larger cohort of canine patients before conclusions regarding
experimental efficacy are drawn, given the significant improvement in experimental animals
and preliminary safety data.
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In addition to their potential for treatment of spinal cord injury, data suggests MSC may also
be effective in the treatment of other neuromuscular pathologies. BM-MSC have also shown
promise for promoting peripheral nerve regeneration and functional recovery in sciatic nerve
gaps of dogs.”? Several canine studies also suggest that MSC may prove effective for both
the treatment of muscular pathologies, such as Duchenne muscular dystrophy.’3
Furthermore, clinical use for acute traumatic muscular injuries in working dogs has met with
anecdotal success.”#

Another major target for cell-based therapies in humans is cardiovascular disease, given the
fact that heart disease and vascular dysfunction are the leading cause of death in developed
countries.”® A meta-analysis of studies examining cell-based therapies for ischemic heart
disease in large animal experimental models (pig, sheep and dog) confirmed the validity of
such models to predict the outcome of clinical trials.’® In addition, approximately 10% of
pet dogs develop cardiac disease,’” including chronic valvular disease as well as dilated
cardiomyopathy, which underscores the need to develop alternative cell-based strategies to
treat these veterinary patients. Although the ability of MSC to transdifferentiate into
cardiomyocytes is controversial, MSC have been shown to significantly improve cardiac
function and survival in several experimental animal models including the dog.”8:79
Additional studies suggest MSC may do this through the production of trophic mediators
which protect resident cells and promote neovascularization of ischemic tissues.8°
Subsequent studies have sought to optimize MSC-based therapies by establishing superior
pre-delivery conditioning (such as pre-treatment with growth factors to induce
cardiomyogenic specification prior to transplant)8! as well as delivery methods.82 Newer
data suggest that MSC are not only capable of improving myocardial dysfunction, but also
conduction deficits. Preliminary studies using a canine model suggest that MSC-based
therapies may be a promising new strategy to improve care in patients with cardiac
arrhythmias (complete atrioventricular block), as evidenced by their ability to promote atrial
and ventricular myocardial fusion and conductivity in conjunction with surgery, over
surgery alone.83

Rejuvenation of healing in impaired and chronic wounds by therapeutic application of adult
stem cells has received considerable attention, particularly in murine models of impaired
wound healing as well as in clinical human use.84 Despite the utility of rodent models in the
initial dissection of mechanisms of action and advantages of mice and rats with respect to
strains available, cost, and ethics compared to experimental large animal models, accurate
assessment of translatability is of concern since naturally-occurring chronic wounds do not
exist in these species. While chronic wounds in client-owned companion animals (dogs, cats
and horses) occur naturally, these clinical models have yet to be utilized in studies
examining adult stem cell therapies. A single case report detailing the treatment of severe
decubital ulcers in a septic neonatal foal with MSC plus platelet rich plasma (PRP), PRP
alone or aloe gel showed that healing was fastest in the wound treated with MSC plus
PRP.85 Although this case report in itself fails to contribute definitive evidence for the use of
stem cells for decubital ulcers in horses, it does offer one example of MSC use in clinical
veterinary wound management.

Other animal models have been used to examine the ability of MSC-based therapies to
improve quality of repair as well as rejuvenate impaired cutaneous wound healing.
Autologous BM-MSC have been shown to improve healing of excisional wounds in a rabbit
model86:87  with effects similar to those seen using allogeneic BM-MSC.87 MSC isolated
from Wharton’s jelly of caprine umbilical cord also improved quality of repair of excisional
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wounds in goats by accelerating reepithelialization and diminishing scar tissue formation.88
The ischemic rabbit ear model has been used to establish efficacy of both BM-MSC and Ad-
MSC in a model of impaired wound healing.1%2> BM-MSC were shown to improve
reepithelialization, neovascularization and granulation tissue formation in this model°,
while in another study Ad-MSC positively influenced granulation tissue formation but did
not improve reepithelialization.2> Finally, Ad-MSC have been shown to reduce scarring of
excisional wounds in Yorkshire pigs9, while several studies suggest autologous BM- and
Ad-MSC positively influence healing in a minipig model of cutaneous radiation
syndrome.?%:91 However their effects in healing excisional wounds in irradiated skin appear
less robust since autologous Ad-MSC were found to improve healing only when delivered
with PRP while allogeneic Ad-MSC showed no effect.92

Several translational studies have investigated the use of MSC to improve health of the
urinary system in companion animals. Because of the commonality that exists between
canine, feline and human renal disease, translational studies aimed at improving clinical
outcomes in these animal models have important implications for similar therapies in human
patients. As chronic kidney disease is a significant cause of morbidity and mortality in cats,
Quimby et al?3 examined the effect of autologous intrarenal MSC therapy in a small number
of cats with chronic renal disease. The authors concluded that, while feasible and moderately
effective in improving renal function in two of the four cats, alternative cell sources and
delivery strategies require optimization prior to recommendation of their further use in a
clinical setting. Although cats with chronic renal failure did not show any immediate or late
adverse effects to intrarenal MSC therapy, delivery of BM-MSC into the renal artery of dogs
induced inflammation, tubular necrosis and mineralization in two healthy dogs, prompting
caution in widespread use until additional safety studies are pursued.* Given the
tremendous potential to impact both veterinary and human renal patient care, further
investigation in larger case controlled clinical trials is warranted to determine safety and
efficacy of stem cell based therapies for chronic and acute renal disease. In addition to its
application for renal disease, tissue engineering strategies to promote bladder regeneration
using BM-MSC-seeded small intestinal submucosal scaffolds in a canine cystectomy model
suggest alternative clinical urologic applications for veterinary and human patients.%

FUTURE DIRECTIONS: EMBRYONIC STEM CELL AND INDUCED
PLURIPOTENT STEM CELL APPLICATIONS IN LARGE ANIMAL MODELS
AND THEIR ROLE IN TRANSLATIONAL MEDICINE

While cell-based therapies possess great potential for the treatment of several degenerative
diseases, the ideal cell type has yet to be determined. Depending on the differentiation
potential, stem cells can be classified as toti-, pluri-, multi-, and uni- potent cells. The
multipotent adult mesenchymal stem cells discussed thus far have the ability to differentiate
into osteoblasts, adipocytes and chondrocytes. Embryonic stem cells (ESC), on the other
hand, are considered by some to have superior potential in regenerative medicine due not
only to their capacity for self-renewal but also to their ability to differentiate into cells of all
three germ layers (endoderm, mesoderm and ectoderm). As such, they theoretically can
develop into any cell in the body. In addition, ESC represent a powerful tool for studying
cell fate determination, epigenetic regulation, and disease. Pluripotent ESC were established
from mice in 1981,% in non-human primates by veterinarian James Thomson in 199597 and
finally, in humans (also by Thomson) in 1998.98 However, ethical and legislative issues
associated with the harvest from embryonic sources have hindered investigations for human
applications. Moreover, ESC present several problems for cell transplant therapy including
the possibility of contamination from mouse feeder layers or animal serum-supplemented
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medium with pathogens or xenogens that might trigger host immune reactions; the
possibility of teratoma formation because current protocols produce differentiated cell
populations that are no more than 80% pure; and epigenetic instability due to a vulnerability
to environmental or culture conditions.% Therefore, translational studies which successfully
capitalize on the advantages of ESC while establishing strategies to promote their safe use in
large animal models have tremendous potential to improve both human and veterinary
health.

Paramount to the development of such studies is the ability to establish ESC from non-
rodent or non-human primate veterinary species; however, this milestone has proven elusive
in spite of decades of intense trials. Putative ESC lines have been derived from both
companion and farm animals (Table 1) including the dog,10 cat,101 rabbit,192 horse, 103,104
pig,105:106 cow,107.108 ang sheep;109 however, the common problem faced by laboratories
worldwide is loss of pluripotency over a relatively short number of passages and /in vivo.
Moreover, none of these ES-like cell lines has been definitively proven to be ESC, because
of the paucity of appropriate species-specific markers.119 However, researchers working
with large animal species now have new resources (e.g. gene banks, BAC libraries,
microarrays and quantitative real-time PCR) which, along with the rapid advances being
made in mouse and human stem cell biology, should aid in identifying specific markers of
pluripotency.111 Finally, no ES-like cell line from farm animals has been used successfully
as a biological reagent in a manner similar to the use of human, monkey or mouse ESC (i.e.
directed pluripotent /n vitro differentiation or as a means of genetically engineering a
mammal through embyonic chimera formation).11! The identification of appropriate stem
cell markers, functional cytokine pathways, and key pluripotency-maintaining factors along
with the release of more comprehensive genomes of veterinary species, provide
encouragement for establishment of nonmurine, non-primate ESC lines in the near future 111

Clinical use of these cells is currently being investigated as a superior cell-based therapy for
the treatment of experimentally-induced equine tendon lesions.>%:51 In a small blinded,
placebo-controlled, short-term study, Watts and colleagues showed clinical improvement
following intra-lesional injection of fetal-derived ES-like cells into an experimental model
of SDFT injury, providing compelling evidence for further development of pluripotent cell-
based therapies for equine tendon injuries.?! Anecdotal evidence from several hundred
equine patients treated with ES-like cells suggests that this is a promising and safe therapy
for equine tendinopathy, although there currently are no published data in such a
population.>2 Randomized, controlled studies comparing clinical efficacy of Ad-SVF, BM-
and Ad-MSC and putative ESC in naturally occurring tendon injuries is warranted to
determine superior cell source and timing of delivery for maximal clinical benefit.

The pioneering work by the Yamanaka group which identified four transcription factors
capable of reprogramming somatic mouse cells into induced pluripotent stem cells (iPSC)
allowed for generation of pluripotent cells while circumventing the controversial use of
embryos.112 The potential value of iPSC derives from their characteristics of infinite
expansion, clonal isolation, differentiation into any cell type in the body /n vitroand in vivo,
and incorporation into the germline of chimeric animals.® These features allow the knock-in
or knock-out of numerous genes, the creation of homogeneous populations of altered cells,
and the engineering of cell lines and animals that have desirable characteristics previously
obtainable only in the mouse. Because iPSC can be developed from a patient’s own somatic
cells, it is theorized that this will prevent any immunogenic responses, though Zhao et al
have recently challenged this assumption13,

Breakthroughs in the generation of iPSC raise the hope that it will one day be possible to
screen patients for a genetic cause of disease, develop autologous cell lines, reprogram them

Wound Repair Regen. Author manuscript; available in PMC 2014 May 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Volk and Theoret

Page 11

back to iPSC and finally differentiate them into the cell types that develop the disease, to
study its process. That being said, a number of challenges must be addressed in order to
effectively use these cell lines for disease modeling. These include the low efficiency of
iPSC generation without genetic alterations, the possibility of tumor formation /in vivo, the
random integration of retroviral-based delivery vectors into the genome and unregulated
growth of the remaining cells that are partially reprogrammed and refractory to
differentiation.114 Moreover, to one day apply iPSC-based therapies to the clinical setting,
preclinical evaluations using large animal models are indispensable for evaluation of
feasibility and safety.

Fundamental groundwork for translational studies of iPSC applications in large animal
models (both companion and farm animals) include the development of canine, equine,
porcine, ovine and bovine iPSC. Canine iPSC were first generated from canine embryonic
fibroblasts11® and shortly thereafter, using canine adult fibroblasts!1® and adipose stromal
cells, 117 with validation of their /n vivo fate following autologous transplantation into canine
hearts. The clinical potential of these canine iPSC was demonstrated by generating
endothelial cells from the iPSC which were then used to treat immunodeficient murine
models of myocardial infarction and hindlimb ischemia.11’ To date, there are no published
reports characterizing feline iPSC. In contrast, two groups have reported successful
generation of equine iPSC, including Khodadadi et al who generated equine iPSC by
retroviral-mediated transduction of adult equine fibroblasts.118:119 Canine and equine iPSC
lines generated from adult cells hold the promise of developing a whole new range of
autologous stem cell-based regenerative therapies in companion animal medicine as well as
aiding the development of preclinical models for human applications. The successful
generation of iPSC from pigs,120-122 cows,123.124 and sheep2’ has also paved the way for
the use of iPSC for biotechnological and agricultural purposes.

OPTIMIZATION OF STEM CELL THERAPIES IN COMPANION ANIMALS

As detailed above, both experimental studies in large animal models and clinical trials in
companion animals provide evidence that cell-based treatments represent an effective
alternative to traditional medical options. Considering the mainstream media coverage and
the hype associated with the real, and perceived, hope of veterinary stem cell therapies,
thousands of pet owners and their veterinarians have turned to such treatment options. In
contrast to the slower translation of such therapies in human medicine, cell-based veterinary
therapies have been rapidly translated from experimental models (in the same or different
species) to mainstream clinical practice due to the current, comparatively liberal legal and
regulatory environment for such therapies. Unfortunately, this rapid commercialization and
utilization of veterinary cell-based therapies has occurred without appropriate evidence-
based clinical veterinary studies.

It is clear that regenerative medicine has immense potential for the treatment of a variety of
naturally occurring diseases shared by both companion animals and humans, however,
additional veterinary clinical trials are needed to provide evidence for purported benefits that
have yet to be substantiated, as well as optimization of therapies for which evidence of use
has already been supported through studies. Continued basic research focused on stem cells
of companion animals, particularly ESC and iPSC is needed. Furthermore, blinded,
randomized and controlled clinical trials to determine efficacy of cell-based therapies in
clinical veterinary patients are needed, although challenges with enrollment in such
randomized, placebo controlled studies may slow such progress. Such studies remain critical
to determining efficacy for unsubstantiated therapeutic applications as well as optimizing
therapies for which stem cells have already been proven efficacious.
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Optimization of therapies is required at several levels, including defining donor cell
characteristics (such as age of donor or site of harvest), pre-delivery strategies (isolation,
enrichment or pre-delivery conditioning) and delivery (timing of and route of delivery,
biomaterial delivery and recipient characteristics) associated with maximal therapeutic
response (see Figure 1). Future studies and collaborative efforts of investigators to promote
evidence-based practice of regenerative medical therapies will be critical to establish which
interventions should be promoted and optimized. Critical to achieving these goals has been
the formation of several key organizations, including the North American Veterinary
Regenerative Medicine Association (NAVRMA) and the International Veterinary
Regenerative Medicine Society (IVRMS) that aim to foster exchange and distribution of
scientific information and its clinical applications between research investigators, veterinary
practitioners and industry.

CONCLUSIONS

It is an extremely exciting time for veterinary regenerative medicine, as companion animals
are able to receive cutting edge therapies that are often not yet available to their human
counterparts. However, in the current state, it is unclear whether some therapies offered
clinically are truly efficacious. Companion animals suffer from a wide variety of naturally
occurring pathologic conditions that lack effective therapies and for which regenerative
medicine may provide superior options to those that currently exist. Adult stem cell
therapies are currently being used by primary care veterinarians, particularly for orthopaedic
conditions. A large proportion of the pet owning population is looking towards regenerative
medicine and these veterinary patients will be a critical component of future clinical trials.
Establishment of confirmed ESC and iPSC in companion animals is required to provide
insight into their potential clinical application in veterinary and human medicine. Although
the use of stem cell-based therapies has tremendous potential for advancing treatment
options for companion animals, further evidence-based studies in clinical patients are
warranted to substantiate their efficacy. Such clinical trials will also be critical in predicting
efficacy and optimizing therapy for human patients, when appropriate and clinically relevant
veterinary models have been identified.
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Figure 1. Schematic illustration of strategiesfor optimization of cell-based therapiesin
veterinary regenerative medicine

Optimization of stem cell therapies to maximize therapeutic potential may involve
identification of superior donor cell populations and characteristics, pre-delivery cell
expansion/differentiation protocols, and methods for delivery. Clinical trials involving
companion animals as large animal translational models will provide important
contributions in identifying under what circumstances allogenic or autologous MSC-based
therapies are preferred as well as the optimal site from which to harvest these cells.
Elucidation of pre-delivery strategies which improve isolation and enrichment of cells or
“prime” desired responses of delivered cells through in vitro manipulation with extracellular
matrix components (ECM), growth factors or genetic manipulation may further enhance
therapeutic efficacy. Finally, the full potential of cell based therapies can only be realized
with identification of appropriate recipient populations, optimal timing and route of delivery,
as well as biomaterials that may enhance proregenerative activities of delivered stem cells.
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Commercial sources of “regenerative cells” available for companion animals in North America.

Company/I nstitution

Website

Species

Product

Processing
timefrom
patient
tissue
harvest

Advanced Regenerative Therapies

http://www.art4dvm.com/

Equine, Canine

BM-MSC

2-3 week
expansion
protocol;
cryostorage
available

Celavet

http://www.celavet.com

Equine

ESC (allogeneic)

Equstem

http://www.equstem.com

Equine

UCB-MSC, BM-MSC

2 week
expansion
protocol;
cryostorage
available

Lifelife labs

http://www.lifelinelabsllc.com

Equine

UCB-MSC

Medivet

http://www.medivet-america.com/

Equine, Canine, Feline

Ad-SVF

2-3 days
for
processing/
shipment;
in-practice
processing
kits
available

Renovocyte

http://renovocyte.com/

Equine, Canine,
Feline, Lapine

Teeth, reproductive
organ or placenta-
derived MSC

week
expansion
protocol;
cryostorage
available

laboratory

Rood and Riddle Stem Cell

http://www.roodandriddle.com/stemcell.html

Equine

UCB-MSC, BM-MSC

2-3 week
expansion
protocol

Stemlogix

https://www.stemlogix.com/

Equine, Canine, Feline

Ad-SVF and BM-
derived stem cells;
Ad- and BM-MSC

In-practice
processing;
culture
expanded
processing;
cryostorage
available

Laboratory

UC Davis Regenerative Medicine

http://www.vetmed.ucdavis.edu/vmth/regen_med

Equine, Canine

Ad-SVF, BM-MSC,
UCB/Cord tissue-
MSC (equine)

Ad-SVF:
2-3 days
for
processing/
shipment;
cryostorage
available

VetCell

http://www.vetcell.com/

Equine

BM-MSC

2-3 week
expansion
protocol;
cryostorage
available

VetStem

https://www.vet-stem.com

Equine, Canine, Feline

Ad-SVF

2-3 days
for
processing/
shipment;
cryostorage
available
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