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ABSTRACT

Studies to evaluate the therapeutic potential of stem cells in humans would benefit from more
realistic animal models. In veterinary medicine, companion animals naturally develop many dis-
eases that resemble human conditions, therefore, representing a novel source of preclinical
models. To understand how companion animal disease models are being studied for this pur-
pose, we reviewed the literature between 2008 and 2015 for reports on stem cell therapies in
dogs and cats, excluding laboratory animals, induced disease models, cancer, and case reports.
Disease models included osteoarthritis, intervertebral disc degeneration, dilated cardiomyopa-
thy, inflammatory bowel diseases, Crohn’s fistulas, meningoencephalomyelitis (multiple
sclerosis-like), keratoconjunctivitis sicca (Sjogren’s syndrome-like), atopic dermatitis, and chronic
(end-stage) kidney disease. Stem cells evaluated in these studies included mesenchymal stem-
stromal cells (MSC, 17/19 trials), olfactory ensheathing cells (OEC, 1 trial), or neural lineage cells
derived from bone marrow MSC (1 trial), and 16/19 studies were performed in dogs. The
MSC studies (13/17) used adipose tissue-derived MSC from either allogeneic (8/13) or autolo-
gous (5/13) sources. The majority of studies were open label, uncontrolled studies. Endpoints
and protocols were feasible, and the stem cell therapies were reportedly safe and elicited bene-
ficial patient responses in all but two of the trials. In conclusion, companion animals with natu-
rally occurring diseases analogous to human conditions can be recruited into clinical trials and
provide realistic insight into feasibility, safety, and biologic activity of novel stem cell therapies.
However, improvements in the rigor of manufacturing, study design, and regulatory compliance
will be needed to better utilize these models. STEM CELLS 2016; 00:000—000

SIGNIFICANCE STATEMENT

Studies in veterinary medicine which have employed companion animals to evaluate safety and
efficacy of stem cells have not been systematically reviewed for the human medical and bio-
medical research community. The goal of this review is to shed light on examples whereby
companion animal spontaneous disease models (i.e., veterinary patients) were utilized to study
novel stem cell therapies, and to stimulate further discussion on the potential value of these
models in multidisciplinary studies for the dual benefit of human and veterinary medicine.

INTRODUCTION

The health care field is rapidly evolving with
increasing importance placed on disease preven-
tion, early detection, reduced invasiveness, and
personalization of therapies. Fundamental knowl-
edge about disease mechanisms is being unraveled

by increasingly sophisticated technologies, such as

cell reprogramming, gene editing, rapid whole

genome sequencing, and multimodality imaging

methods that were inaccessible only a few years

ago. Evidence is now disseminated across the

globe through vast information channels, increas-

ing its potential influence on health care.
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Many of these trends are impacting veterinary medicine,
particular in the companion animal sector [1–5]. Companion
animal diseases mirror many human conditions with respect
to their symptoms, natural history, pathology, gene associa-
tions, molecular phenotype, environmental risk factors, and
responses to medication [6]. Homology of gene sequences in
healthy tissues and tumors is more extensive between
humans and companion animals (e.g., dogs and cats), than
between humans and rodents [7–12]. The epigenomic behav-
ior (e.g., DNA methylation) of canine and human tumor cells
strongly resembles each other [13–16]. Thus, data from com-
panion animal research have significant potential to illuminate
disease pathogenesis and mechanisms of treatment resist-
ance, while also testing the potential benefits of human-
ready, but untested therapies.

Yet, the inclusion of companion animal disease models in
multidisciplinary studies lags behind steep gains in knowledge
and technology. This may reflect the gradual pace by which
veterinary medicine emerged from its agricultural roots in the
20th century, to become the multifaceted profession of today,
providing health care to companion, laboratory, food and
fiber, and zoo animals, wildlife, and leading efforts in food
safety and public health. While medical research has remained
the domain of human physicians and Ph.D.’s who have
employed experimental animal model systems (including
transgenic animals, injury models, induced infection and
tumor models, and nonhuman primates), the veterinary pro-
fession has developed tremendous knowledge and expertise
in the care and research of companion animals which natu-
rally develop many of the diseases that researchers attempt
to recreate artificially in the laboratory. Thus, while human
and veterinary medical professions have seen tremendous
advances in parallel, they interact more obliquely. This is
exemplified by the fact that veterinary research is principally
found in veterinary focused journals, limiting its dissemina-
tion. The calls for a more multidisciplinary approach to publi-
cation and access to literature are both timely and important
(i.e., “One Health, One Literature”) [17].

Companion animal disease models are compelling based on
their resemblance to human diseases, but their natural com-
plexity runs against the tide of reductionism in science, for
example, “one molecule one target.” Further, companion animal
studies are logistically more byzantine compared to standard
laboratory animal (i.e., rodent-based) research, involving veteri-
narians, owners and their wishes, owner-based observations
and biases, and factors such as cost-containment, insurance,
and euthanasia.

It is, therefore, worth asking the question: can companion
animal disease models replace or strategically supplement
more traditional laboratory studies employing purpose-bred
animals? Likewise, can investments in companion animal spon-
taneous disease research return benefits to human patients?
There is no question that observations and novel therapies
developed from companion animal research have directly influ-
enced human medicine [6, 18]. However, studies in veterinary
medicine which have employed companion animals to evaluate
safety and efficacy of stem cells have not been systematically
reviewed for the human medical and biomedical research com-
munity. The goal of this review, therefore, is to shed light on
examples whereby companion animal spontaneous disease
models (i.e., veterinary patients) were utilized to study novel

stem cell therapies, and to stimulate further discussion on the
role of these models in multidisciplinary studies for the dual
benefit of human and veterinary medicine.

COMPANION ANIMAL ORIGIN AND DEFINITIONS

“Companion animals” are domesticated animals that have a psy-
chological bond with their owners. Dogs, for example, appear to
have been domesticated >15,000 years ago in Central Asia
about the time when dogs and wolves became genetically dis-
tinct [19]. In the process of domestication, humans and dogs
developed mutual cooperation (social tolerance and attentive-
ness), for example, [20]. In the ensuing years, dogs and humans
appear to have undergone convergent evolution, with positive
selection of metabolic, neurologic, and cancer associated genes
in both species concurrently [21]. For example, interactions
between humans and animals have been shown to induce
mutual physiologic benefits, mediated in part through oxytocin
release by both partners in the interaction [22, 23].

Not surprisingly, companion animals are considered family
members by people in the U.S. (66.7% for dogs, 56.1% for
cats, and 34.5% of horses were considered family members in
2011) (https://www.avma.org/KB/Resources/Statistics/Pages/
Market-research-statistics-US-Pet-Ownership-Demographics-
Sourcebook.aspx). This concept is further supported by the
high numbers of pets (one for every two people, or one in
three households in U.S.), the enjoyment people derive from
traveling with pets, on the amount of money people spend
on pets, and the physical risks that people take to rescue
pets. Further underscoring their role as family members,
abuse of companion animals is linked to violence toward chil-
dren, spouses, and the elderly in families [24].

It is the nature of human-animal interactions which defines
the term companion animal, not the animal species itself. To
illustrate, animals raised for production of food and fiber includ-
ing pigs, sheep, goats, chickens, and cattle, are not generally
regarded as companion animals. Animals housed in laboratory
settings or breeding colonies of animals (e.g., with genetic
mutations) that do not have a specific owner or inhabit a house-
hold are excluded from this working definition. Animals that are
raised for the purpose of commercial or noncommercial athletic
competition (e.g., racehorses) while beloved by owners, are not
necessarily considered companion animals or family members.
While many competitive and noncompetitive horses are consid-
ered companion animals by their owners, equine studies are not
considered in this article. Indeed, significant attention has been
paid to stem cell-based therapies for musculoskeletal diseases
in horses, a subject which has been reviewed elsewhere
[25–31].

“BEST IN SHOW” COMPANION ANIMAL DISEASE MODELS

To understand the potential for companion animals to contribute
to the advancement of stem cell therapies, it is useful to estimate
the prevalence of companion animal diseases that best represent
candidates for clinical trials based on similarities to human diseases
(Table 1). In the U.S. alone, there are �70M dogs and �74M cats,
which are cared for by approximately 103,000 veterinarians, 11%
of which are specialists (https://www.avma.org/KB/Resources/
Statistics/Pages/Market-research-statistics-US-veterinarians.aspx)
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(versus 914,000 medical doctors,> 50% of which are specialists
in 2014, http://kff.org/other/state-indicator/total-active-physi-
cians/). Accordingly, millions of companion animals will develop
diseases with close analogy to diseases of humans, including
mitral valve disease (canine model of mitral valve prolapse, many
progressing to congestive heart failure), canine cognitive dysfunc-
tion syndrome (model of Alzheimer’s Disease), canine degenera-
tive myelopathy (model of Amyotropic Lateral Sclerosis [ALS]),
canine atopic dermatitis, keratoconjunctivitis sicca (KCS), feline
chronic kidney disease (CKD), and osteoarthritis (OA; both dogs
and cats) in their lifetime (Table 1). As many as 10,000 to 100,000
companion animals per year will develop epilepsy, intervertebral
disc degeneration (IVDD; with or without disc herniation), or
inflammatory bowel disease. In general, these data are skewed
toward adult-onset diseases, which are prevalent in veterinary
medicine. These statistics can serve as an important reminder of
the significant opportunities for multidisciplinary research with
companion animal disease models.

The prevalence of companion animals with specific diseases
that will fulfill stringent clinical trial eligibility requirements is of
course whittled down by common exclusion criteria that impose
limits on age, body weight, body condition, comorbidities, stage
of disease, or prior therapies, and the willingness of owners to
have their pets participate in studies. In some disease models,
biopsy confirmation is readily available, but in other conditions
it may be challenging to get biopsy confirmation (e.g., in dogs
with West Highland White pulmonary fibrosis syndrome [88]).
Confirmation by specific imaging (magnetic resonance imaging -
MRI, computed tomography - CT, positron emission tomography
- PET) may or may not be accessible or affordable to owners.
Conditions that are expressed at very low life-time prevalence,
thwart their contribution to studies (e.g., idiopathic pulmonary
hypertension in dogs [94]). To overcome these limitations, some
investigators have established breeding colonies of companion
animals with monogenic diseases (e.g., Duchenne Muscular Dys-
trophy [95]). Other companion animal spontaneous diseases are
episodic, posing challenges to recruit animals during these exac-
erbations, leading to the development of laboratory colonies of
animals of same species, for the purpose of reproducing the dis-
ease, for example, feline asthma induced by Bermuda Grass
antigen [96, 97].

For many companion animal diseases, effective standard of
care (SOC) treatment guidelines have been developed. In these
disease models, there is significantly less interest in develop-
ment of alternative therapies. However, a subpopulation of
companion animal patients (based on their disease phenotype
or chronicity) is partially or completely refractory to these SOC
protocols, prompting owners to seek novel therapies such as
stem cells for their animals. Accordingly, many veterinary clinical
trials aim to evaluate stem cells as enhancers (adjuncts) rather
than alternatives to SOC as reviewed below. It is noteworthy
that SOC guidelines in veterinary medicine, not unlike human
medicine, are not immutable; rather, the nature of SOC proto-
cols is constantly evolving and in some instances reflects a vari-
ety of perspectives in veterinary medicine [98, 99]. Thus, when
discussing clinical trial protocols it is important to address these
variances.

In conclusion, companion animal disease models with signifi-
cant potential to contribute to multidisciplinary studies are those
which (1) closely resemble a human disease (symptoms, pathol-
ogy, gene associations, therapeutic responses, and biomarkers),

(2) are sufficiently common to facilitate study recruitment, (3)
have a well-established natural history (disease progression, sur-
vival data), (4) have an established range of SOC or there is no
available treatment, and (5) may be refractory or intolerant to
SOC, or SOC is prohibitively expensive. While this is not an
exhaustive list, the disease models summarized in Table 1 satisfy
most, if not all of these criteria and thus will serve as important
models for stem cell clinical trial purposes in the future.

OWNER PARTICIPATION: MUCH MORE THAN

A HUMAN-ANIMAL BOND

Implicit in the relationship between owners and companion
animals is intense mutual attentiveness. The frequent and
detailed observations made by owners of their companion
animals are leveraged to record specific endpoints in clinical
studies. Many owner-based observations are incorporated
into clinical assessment and quality of life scales that have
been validated against more objective endpoints [100–102].
Moreover, observations are made in the environment of the
home, which can add context and insight into mentation (atti-
tude, arousal, fear, aggression, affection), posture, appetite
and eating behaviors, sleeping habits, ambulation (total mobil-
ity, stability, lameness, range of motion [ROM]), navigation,
thermoregulation, elimination behavior, exercise tolerance,
olfactory senses, coughing, vomiting and nausea, visual acuity
(e.g., night, day, around familiar obstacles), and micturition
behavior. The scope of observations by owners is unparalleled
in the laboratory animal world.

Another unique feature of companion animal research is
public visibility. Information about clinical trials involving
client-owned animals is disseminated using publically accessi-
ble web sites and social media. Owners unlike investigators
and institutions are in most cases not asked to sign nondisclo-
sure agreements; therefore, participants are free to interact.
Consent forms contain clauses that allow owners to voluntar-
ily exit a clinical trial at any time, so patients may be lost due
to circumstances beyond the control of the investigators.

Income disparities may also influence participation or com-
pliance in companion animal clinical trials, especially where
incentives are offered. SOC may be financially offset by pet
insurance, but only a minority of pets (1.4 out of 179 million, or
0.78%, https://www.naphia.org/industry/) in the U.S. is insured.
As most treatment costs are paid directly out of pocket, ethically
applied incentives are important to promote participation in
clinical trials.

Pet owners typically make end-of-life decisions for their
companion animals, often in consultation with veterinarians.
Owners elect euthanasia when they perceive their companion
animals are unduly suffering or to contain costs, rather than at
discreet experimental time points. Clinical trial incentives may
absolve the immediacy with which the owner elects euthanasia
for financial reasons, but incentives are not intended to induce
owners to prolong life if they perceive their animal is suffering.
At the same time, pets live naturally �1/5 of the lifespan of
humans, so studies involving survival endpoints are significantly
compressed in time relative to humans. In sum, understanding
the differences between companion and laboratory animals
provides essential context to the design and critical review of
stem cell trials using companion animal studies.
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REVIEW OF RECENT CLINICAL TRIALS OF STEM CELL THERAPIES IN

COMPANION ANIMAL DISEASE MODELS

Several studies have been performed to advance our under-
standing of the therapeutic potential of stem cells in compan-
ion animal disease models. For the purpose of this article,
studies in the English language literature were identified using
PubMed search terms “(canine or dog or feline or cat) and
(stem cell)” between the years 2008-2015, yielding 118 publi-
cations. The search was further refined by omitting citations
concerning laboratory animal studies or any study involving
experimental induction of disease, or those concerning tumors
or cancer (as these are not classically targets for “regenerative
medicine”). Case reports employing mesenchymal stem cells
(MSC) for novel treatment of large open wounds [103], fibro-
cartilaginous emboli and ischemic myelopathy [104], and pem-
phigus foliaceus [105] were identified but left out from
further review because the findings have not been repro-
duced. The remaining studies (n 5 19, Table 2) that were eval-
uated in this review were mostly (12/19) aimed at
establishing feasibility (safety, route of administration, dosage,
biologic responses) or preliminary efficacy of stem cell treat-
ments, that is, the majority were done in an open label, base-
line controlled fashion, and there was no blinding or placebo
(or vehicle) control group. Exceptions include two studies that
were performed as a double blind (owner and investigator
blinded) randomized placebo controlled study [112, 128], one
study as a double blind randomized comparative study [108],
one study as an open label randomized controlled study
[116], one study as a single blinded randomized controlled
study [126], and two studies as double blinded baseline-
controlled studies [106, 107]. In all studies reviewed, it was
noted that study protocols were approved by internal review
boards at the parent institution, and informed consent was
obtained prior to initiation of study protocols. The exact
nature of information contained within the informed consent,
including stated risks of stem cell transplantation and incen-
tives offered to clients were not disclosed in publications.

Stem cells employed were either MSC (17/19 trials), olfac-
tory ensheathing cells (OEC, 1 trial), or neural lineage cells
derived from MSC (1 trial). Sixteen out of 19 studies were
performed in dogs and 3 in cats. Thirteen out of 17 of the
MSC studies used adipose tissue-derived MSC (AD-MSC),
either allogeneic (8/13 trials) or autologous (5/13 trials) AD-
MSC. Characterization of stem cells varied in scope, but those
studies employing MSC followed International Society for Cel-
lular Therapy (ISCT) consensus guidelines [130] including tri-
lineage differentiation (chondrocyte, adipocyte, and osteocyte)
and immunophenotype. Processing and manufacturing to
obtain stem cells was conducted mainly in academic laborato-
ries (non-GMP or GMP-like) with exceptions noted under sub-
heading “Manufacturing” in Table 2.

STUDY DISEASE TARGETS

Osteoarthritis

OA which is one of the most prevalent disease in companion
animals was addressed in several veterinary stem cell-based
clinical trials (Table 1). Four of five stem cell trials focused on
canine hip [106–109] and one on canine elbow [110] OA (lociTa
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of highest prevalence), and all trials employed single injec-
tions of intra-articular AD-MSC. AD-MSC was used alone
[106], or in conjunction with either intra-articular autologous
platelets rich in growth factors (PrP) [107] or hyaluronic acid
(HA) [110] as a chondroprotective agent [131] (Table 2) Com-
parisons were made between cultured AD-MSC plus PrP ver-
sus AD-MSC plus HA [110], or AD-MSC versus fresh stromal
vascular fraction (SVF) [109]. Interestingly, one trial employed
injections at acupuncture points rather than intra-articular
injections [109]. In all of these OA trials, treatments were
evaluated as alternatives to SOC (i.e., analgesics, anti-
inflammatories were “washed out” prior to onset of trial).
The use of AD-MSC (between 2 and 30 million cells per
administration) admixed with PrP resembled a clinical trial
underway to evaluate intra-articular AD-MSC in humans with
OA (e.g., NCT01739504, http://www.clinicaltrials.gov). Clinical
endpoints included canine-modified visual analog scales (VAS)
which assess musculoskeletal pain, ROM, and quality of life
scores (including pain assessment) similar to studies in
humans, or alternatively a subjective clinical assessment
[109]. Blind force plate analysis, considered the gold standard
in objective gait analysis, was performed in two of five of the
canine OA studies [106, 107]. Only one study employed a
double blind randomized controlled study design [108], and
none of the studies employed placebo controls.

The studies consistently demonstrated improved end-
points (pain, ROM, VAS) in dogs treated with AD-MSC,
AD-MSC plus PrP, AD-MSC plus HA, or SVF. One study [108]
demonstrated superiority of AD-MSC over PrP alone at the
6-month time point. Duration of improvement was observed
to be 3-6 months, although animals were not observed
beyond these time points. No adverse events were recorded
for any of the study animals; complete blood counts, serum
chemistries, and lameness evaluations were performed to
evaluate safety informally. These studies demonstrate feasibil-
ity, safety, and preliminary evidence of biological activity of
intra-articular MSC at the dosages employed in severe OA in
dogs. Additional studies to evaluate the feasibility of multiple
intra-articular injections or the additional of systemic injec-
tions for this disease. Clearly, placebo controlled studies will
be important to further establish efficacy of therapies based
on MSC, PrP, and chondroprotective agents either alone or in
combination.

Intervertebral Disc Degeneration

IVDD with or without disc herniation is a common problem in
smaller chondrodystrophic breeds (e.g., Dachshunds). Clinical
features including back pain, paresis or paralysis, or a subclini-
cal course; moreover, histological and biochemical features
resemble human IVDD [47] (Table 1). Canines with IVDD are
the only species that are diagnosed and managed, using both
medical and surgical approaches, in similar ways to humans.
Spinal cord contusion varies in depth, extent, and chronicity
in canine IVDD (akin to humans), unlike the type of contusion
that is experimentally generated to create spinal cord injury
(SCI) in laboratory animals, the latter which also invokes ethi-
cal concerns. For these reasons, canine IVDD is considered a
valuable disease model for human IVDD in the quest for novel
and effective therapies.

Unlike the OA trials described above, patient characteris-
tics, cell sources, routes of administration, and endpoints

were diverse for clinical trials of stem cell therapeutics for
IVDD in dogs (Table 2). In four studies, dogs experienced
severe compressive herniation of the spinal cord and lacked
any deep pain sensation for as long as 42 days, 2, 3, or 6
months prior to the institution of treatments, consistent with
chronic SCI. In one such study of surgically refractory, chronic
IVDD (>60 days) in four dogs [111], investigators delivered
autologous bone marrow MSC (BM-MSC, 53 106 total cells)
intralesionally at five sites during a second laminectomy and
monitored progress using neurologic examination (18 months)
and MRI (12 months) as endpoints. DMSO was administered
to the cord immediately prior to BM-MSC treatments. No
control arm was employed in this study. Treated canines
showed improved pain, ataxia, and reflexes, although MRI
appearance was unchanged. In another study of chronic (>30
days after decompressive laminectomy) IVDD in dogs [114], a
single intralesional injection of allogeneic fetal canine BM-
MSC (13 106 cells) [113] was delivered transcutaneously
under fluoroscopic guidance to all dogs (n 5 6). Blind evalua-
tions led to the conclusion that all patients experienced
degrees of neurologic-locomotory recovery (support of body
weight, small uncoordinated steps, return of tail tone, deep
pain reflexes, defecation, muscle tone) at 90 days after
implantation of cells; however, no changes in MRI were noted
in this study. It is not clear from these data whether there
was any advantage to the use of fetal (vs. adult) BM-MSC.
Besalti et al. [118] evaluated the therapeutic potential of
autologous BM-MSC that were differentiated to neurospheres
(nestinpos), then dispersed and differentiated to neural lineage
cells (NLBM-MSC, expressing CNPase, MAP-2, GFAP, and beta
III tubulin) in dogs (n 5 7) with chronic (>42 days) SCI sec-
ondary to IVDD. Dogs received two percutaneous intraspinal
injections 2 weeks apart starting 42 days after hemilaminec-
tomy. Proprioception and nociception did not improve but
gait improved in one dog at 4 months after final injection. At
8 months, there was 1-2 point improvement in gait, proprio-
ception, and nociception in three of the four dogs which
remained in the study. Change in somatosensory and motor
evoked potentials were minor. The overall conclusion is that
the approach was safe and feasible, but the benefits com-
pared to no stem cell therapy (based on historical controls)
are inconclusive at this stage. In a double blind, randomized
vehicle controlled clinical trial by Granger et al. [112], dogs
with chronic (>3 months) IVDD with no deep pain equivalent
to human ASIA grade A injury, that had not received decom-
pressive surgery were randomized to receive either percuta-
neous autologous enriched OEC or vehicle transplantations.
OEC were isolated by surgical biopsy of olfactory mucosa
within the frontal sinus, enzymatic digestion, and expansion.
Ultimately, they included �50% p75pos cells plus �50% fibro-
nectin (Fn) expressing fibroblastic cells. Dogs received either
53 106 OEC (n 5 25 dogs) or vehicle injections (n 5 11 dogs).
Objective endpoints included kinematic digitized analysis of
gait (fore limb-hind limb coordination, ataxia), as well as
somatosensory evoked potentials and measures of bladder
compliance. At the 6-month time point (end of study), the
OEC-treated group showed significantly better fore-hind limb
temporal coordination than the vehicle treated group,
although there was no effect on long track function (spastic-
ity, bladder function). This study is the first to provide objec-
tive evidence of the feasibility and therapeutic potential of
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intraspinal (nonsurgical) OEC transplantation in chronic spinal
cord injury (SCI). Along with the study of allogeneic fetal
canine BM-MSCs in IVDD [114] and NLBM-MSC [118], this
study demonstrates that use of percutaneous delivery repre-
sents a viable nonsurgical route of administration that has not
been fully appreciated in past studies. Questions remain con-
cerning the method of isolation and characterization of OEC,
given the challenge to access lamina propria tissue from olfac-
tory mucosa; biopsy of olfactory bulb has been proposed as
an alternative source of OEC (in humans) [132]. In the novel
study employing NIBM-MSC, no comparison was made with
undifferentiated BM-MSC [118], so the findings are inconclu-
sive with regard to the specific role and mechanisms of neural
lineage cells in mitigation of SCI due to IVDD and herniation.
Further, one might ask whether the benefits observed of OEC
require a heterogeneous population of p75pos and Fn express-
ing cells. If so, what is the role for each cell type in control-
ling injury or stimulating repair or regeneration? Multiarm
studies in companion animals may be effective in elucidating
this question. Another question is whether OEC were retained
or engrafted into the neuronal population, or acted primarily
as reservoirs of paracrine signals? Cell tracking studies may be
effective in evaluating the fate of OEC and other cell types
transplanted into the spinal cord in companion animals [133],
notwithstanding the challenges to interpret whether signals
arise from viable donor cells or residual labels. Furthermore,
given that autopsy material in companion animals is often not
available, in vivo methods to track injected cells will be an
important area of development.

Recently Kim et al. [116] reported the results from a
randomized controlled clinical trial employing a single injec-
tion of intraoperative, intraspinal allogeneic AD-MSC (23 107

cells, n 5 9 patients) versus decompressive surgery alone
(n 5 25 patients) in canine IVDD patients with acute hind limb
paraplegia and absence of deep pain responses. The investiga-
tors found that AD-MSC treated patients had a significantly
higher rate of recovery (full recovery 55.6% vs. surgery alone
16%, p< .05) at 6 months after treatment. The strength of
this study is the randomized control design with sufficient
study power to derive therapeutic endpoints. Potential con-
founding factors in this study included the use of multiple
and varying adjunctive treatment modalities (i.e., electroacu-
puncture, therapeutic laser therapy, physical therapy), and
questions remain concerning the influence of baseline neuro-
logic grade. The study was conducted without blinded evalua-
tions, and the number and expertise of the evaluators was
unclear. However, this is a landmark study demonstrating
both the feasibility, early safety, and therapeutic potential of
AD-MSC in acute IVDD with herniation, paving the way for
further development of allogeneic donor sources, optimization
of intraspinal delivery methods, selection of patients, and
studies which define the mechanisms of action.

Based on these studies in dogs with IVDD, further evalua-
tion of stem-progenitor cells (MSC, OEC, others) in prospec-
tive double blind randomized controlled studies for IVDD is
warranted. Canine IVDD remains a compelling model of acute
or chronic SCI in humans given the similarities of the disease
to humans and anatomical similarities between the human
and canine spinal column. Mechanistic data concerning neuro-
protective effects of OEC and MSC will be crucial to advance
these therapies. Alternative cell sources sought by investiga-

tors include epidermal neural crest cells [134], umbilical
tissue-derived MSC [135, 136], and induced pluripotent stem
cell-derived MSC [131] or neural progenitor cells. In addition
to their added accessibility for manufacturing, these novel cell
types might improve neuroprotection, neuronal regeneration,
and more effectively reduce inflammation.

Atopic Dermatitis

Atopic dermatitis is a condition that afflicts �8.7% dogs [71]
similar to children (10%-20%) and adults (3%-4%) [137], that
is associated with breed predilections, polymorphisms at spe-
cific gene loci (e.g., by genome-wide association study -
GWAS), altered gene expression, and specific allergens (Table
1). The concept behind employing MSC for immunomodula-
tion of atopic dermatitis, led Hall et al. [121] to implement an
open label baseline controlled clinical trial employing a single
dose of autologous AD-MSC (13 106 cells IV) in five canine
patients, using established clinical scores to record the effects
(Table 2). While the injections were found to be safe, no ben-
efits of AD-MSC treatment were observed in this trial. The
dosage of AD-MSC was lower than employed in other studies
reviewed herein, and lower than dosages typically employed
in human studies (�23 106/kg bwt). The selection of dosages
for companion animals has generally been modeled after
human studies, rather than formulated from rodents which
employ significantly higher dosages per kilogram bodyweight.
It is unclear if any preclinical studies were performed to
establish the immune modulatory capacity of the AD-MSC
used in this study. In future studies to increase rigor, it will be
important to establish whether the specific cell lines
employed in veterinary trials have these attributes given the
known variability in MSC quality based on donor and manu-
facturing factors [138].

Perianal Fistulas

In approximately one third of Crohn’s patients, cutaneous or
rectocutaneous fistulas develop which are often relapsing,
unremitting, or resistant to immunosuppressive therapies
[139, 140]. The canine disease “perianal fistulas” (i.e., “anal
furunculosis”) resembles Crohn’s fistulitis with respect to clini-
cal signs, immunopathology, association with certain gene
regions, and therapeutic responses to immunosuppressive
agents (Table 1). As such, the disease serves as a potentially
important model of Crohn’s fistulitis, in particular for the
study of novel intralesional and systemic therapies.

In an open-label, baseline controlled study by Ferrer et al.
[123], dogs with perianal fistulas were treated intralesionally
with human embryonic stem cell-derived MSC (hESC-MSC)
that were extensively characterized, for example, by immuno-
phenotype, immune modulatory capacity by mixed lympho-
cyte assays, cytokine production, and in vivo suppression of
auto-immune diseases in rodent models of lupus and experi-
mental autoimmune encephalitis [141]. The study was an
open label baseline controlled design involving six dogs with
cyclosporine refractory perianal fistulas. Fistulas received a
total of 23 107 hESC-MSC divided over two to four sites,
with sealant placed over the fistula opening to prevent leak-
age of the hESC-MSC dosages. All dogs showed marked pro-
gression toward remission, although one dog relapsed by 6
months. Cyclosporine dosage needed to maintain the dogs in
remission was reduced by �50%. This study demonstrates
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that xenogeneic delivery of MSC can exert potent biological
effects in canine patients, providing feasibility and proof of
principle. The lack of vehicle controls confounds the interpre-
tation of this study, but the patients were refractory to SOC
for a prolonged period prior to MSC administration, so the
paper provides compelling initial data. The results support
recent studies in humans that similarly show the benefits of
intralesional MSC for perianal fistulas [142]. The canine model
will be useful to advance novel medical therapies for perianal
fistulas, including cell sources, formulations, dosages, sched-
ules, and interactions with surgical interventions. A deeper
understanding of the molecular phenotype of canine perianal
fistula will aid in these translational efforts.

Inflammatory Bowel Diseases

Inflammatory bowel disease (IBD) in companion animals (i.e.,
dogs, cats) includes several histopathologic variants, including
lymphocytic-plasmocytic colitis, histiocytic ulcerative colitis
(Boxer dog colitis), eosinophilic colitis, and regional granuloma-
tous colitis [65]. Canine spontaneous lymphocytic-plasmocytic
colitis which is the most common form of this enteropathy has
several histopathologic and cellular-molecular features that
strongly resemble human IBD, including increases in the number
of mast cells, infiltration of lamina propria with CD4pos T cells
and intraepithelial zones with CD3pos T cells, upregulation of NF-
jB [143], decrease in the density of Tregs (FoxP3pos) in duodenal
villi [144], and gene associations including NOD2 [66], TLR4 and
TLR5 [67–69]. Canine and feline companion animal models of
IBD have the potential to overcome some of the major obstacles
to laboratory animal modeling of human IBD, namely the chal-
lenges of simulating the multifactorial pathogenesis of IBD
which is less compelling in rodent models (e.g., dioctyl sodium
sulfosuccinate-induced colitis) [145], understanding stem cell
(i.e., MSC) immune modulation mechanisms, determining dose
equivalence, and the biological effects of stem cell therapies in
refractory IBD (i.e., refractory to corticosteroids or cyclosporine
A in veterinary patients).

In an open label baseline controlled study by Perez-Merino
et al. [124, 125], 12 dogs that were partially tolerant to SOC
with histologically confirmed lymphocytic-plasmocytic IBD,
received a single intravenous injection of 23 106 per kg body
weight (bwt) allogeneic, single donor sourced AD-MSC [101,
102]. These patients were monitored for 42 days after trans-
plantation using two different clinical scoring systems which
incorporated laboratory and clinical observations (including
owner observations of attitude, appetite, stool consistency and
frequency, vomiting, pruritus) along with ascites, peripheral
edema, body weight, and serum albumin as well as biomarkers
folate, cobalamin, and C-reactive protein (CRP). Treatment sig-
nificantly improved clinical scores, serum albumin, and bio-
markers (although not CRP) compared to baseline values. The
absence of a control group obscures our understanding of the
magnitude of effects achieved with AD-MSC, and the open label
design may contribute to observer (owner, veterinarian) bias.
However, these data support the safety and therapeutic activity
of allogeneic AD-MSC in partially refractory canine IBD at the
selected dosage, one that mirrors the dosage range employed in
past human studies (1-23 106/kg bwt). It is noteworthy that
recent ongoing Phase III human trials employing BM-MSC (Pro-
chymal) by Osiris (NCT00482092) employ 600-12003 106 per
patient (for 70 kg patient, this equates to 8.6-17.13 106/kg

bwt), delivered 4 times over 2 weeks [146]. For future studies, it
will be critical to evaluate a dosage and schedules, especially in
refractory IBD to understand the therapeutic potential and
safety of MSC in companion animal disease models.

Questions remain about how IV transplantation of MSC
imparts a local effect on bowel inflammation in this model.
Furthermore, the benefits of allogeneic source which elimi-
nates the potential confounding effect of donor disease on
cell quality, may play an important role in success of clinical
trials. The short duration of study (42 days) leaves unan-
swered the duration of the observed effects. The impact of
single versus multiple injections of allogeneic MSC on the
recipient immune system also needs to be explored. Further,
interpretations of these data established in partly refractory
canine IBD patients after washout of SOC (corticosteroids,
immunosuppressive agents) cannot be generalized to more
refractory patients that are concurrently receiving MSC and
SOC, that is, the effects may be greater or lesser in those
patients.

In feline patients with lymphocytic-plasmocytic enteritis,
Webb and Webb [126] conducted a single blinded (i.e., owner
blinded) randomized placebo controlled study of AD-MSC.
Groups were carefully matched with respect to age, body
weight, body condition score, and fecal consistency score.
Patients continued to receive SOC. Allogeneic AD-MSC
(23 106/kg bwt, two biweekly injections) were observed to
be safely administered, and improved clinical signs in 5/7 ani-
mals, versus 0/4 treated with placebo were recorded at the
2-month follow up time point. These data support the feasibil-
ity, and immune modulatory effects of allogeneic AD-MSC
therapy in feline enteritis at the dosages employed. Further
study in larger numbers of patients will be useful to under-
stand the reproducibility of these findings, dosages, regimens,
and the importance of allogeneic cell source to the outcome.

The studies in IBD thus far have utilized native MSC.
Future studies are warranted which involve cytokine (IFNc,
TNFa, or IL-17) preconditioning of MSC, which is known to
enhance immune modulatory capacity of MSC [147].

Dilated Cardiomyopathy

Nonischemic cardiac diseases are a relatively underserved area
of investigation in regenerative medicine, with significantly
more attention given to myocardial infarction. While myocardial
infarction is rarely observed as a primary lesion in companion
animals, dogs and cats display a high prevalence of various non-
ischemic cardiac diseases also found in humans, including feline
hypertrophic cardiomyopathy (HCM), and canine dilated cardio-
myopathy (DCM), mitral valve disease-prolapse (MVP), and
arrhythmogenic right ventricular dysplasia/cardiomyopathy
(Table 1). These canine nonischemic cardiac diseases offer
unique opportunities to develop therapeutic interventions that
mitigate cardiac remodeling, progression to heart failure, fatal
arrhythmias, and biomarkers that improve diagnosis and prog-
nostication in these diseases. The only published study to date
employing stem cells in nonischemic heart disease in companion
animals was performed in DCM [120]. Spontaneous DCM has a
similar progression and phenotype in dogs and humans [38].
The study in dogs (n 5 15) with DCM employed an open label
design. The investigators delivered a single retrograde coronary
venous treatment of allogeneic AD-MSC which were transduced
using adenoviral associated virus (AAV subtype 2) to overexpress
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stromal derived factor-1, with the purpose to enhance homing
and engraftment of endogenous MSC to myocardium. While 14
out of 15 dogs were discharged within 24 hours of cell delivery,
1 dog developed malignant ventricular arrhythmias before, dur-
ing, and after the intracoronary treatment and died from cardiac
arrest. With a 2-year follow up, there was no difference in
median survival, echocardiographic progression to congestive
heart failure, ECG, or hematologic indices between treated dogs
and historical controls. Interestingly, dogs did not develop anti-
AAV2 antibodies. Challenges addressed in this study include
safe and effective route of administration, genetic augmenta-
tion of homing and survival mechanisms, and application of spe-
cific AAV. Canine nonischemic heart disease models may be
underutilized for studies in the field of regenerative medicine
given their high prevalence and striking similarities in pathology
with human DCM, HCM, and MVP. It is important at this time to
improve our understanding of the molecular pathology associ-
ated with cardiac remodeling in each model. This will open
doors to improved specificity of therapies based on stem cells
(by way of genetic enhancements), RNA (e.g., miRNA mimics,
RNAi, antagomiR), and DNA (gene therapies).

Keratoconjunctivitis Sicca

Dry eyes and mouth are local manifestations of Sjogren’s syn-
drome in humans, which results from IL-17 mediated immu-
nologic injury to lacrimal and salivary glands and subsequent
loss of exocrine secretory function [148]. Similarly, canine KCS
manifests dry eye which stems from infiltration of lacrimal
and third eyelid glands with B lymphocytes and CD4 and CD8
expressing T helper cells as well as mast cells, cell types
whose infiltration diminishes after cyclosporine A ophthalmic
therapy [82]. One published investigation utilized an open
label protocol to test the effects of a single injection of allo-
geneic AD-MSC transplanted around the lacrimal gland
(53 106 cells) and gland of the third eyelid (33 106 cells) in
12 KCS patients in each eye (totaling 24 eyes) [129]. Patients
were monitored using scores for Schirmer’s tear test, ocular
discharge, hyperemia, and corneal opacity. The average scores
improved significantly compared to baseline, and nadir (best)
scores persisted for �9 months after treatment. It is unlikely
that AD-MSC persisted in the area of the transplantations for
more than 2-3 weeks based on an earlier cell tracking study
[133]. Therefore, it is plausible that MSC exerted a paracrine
effect on the lacrimal gland, comprising immunomodulatory
or trophic (regenerative) effects on the glandular cells, to
improve volume, composition, or rheology of the secretions.
In Sjogren’s syndrome, umbilical cord MSC were recently
found to suppress T cytotoxic cells [149, 150], suggesting that
AD-MSC may be immune modulatory by similar mechanisms
in canine lacrimal and third eyelid glands. Canine KCS may
serve as a useful model for studying novel stem cell-based
approaches to Sjogren’s syndrome given similarities of disease
phenotype, and availability of longitudinal access to ocular
data and biofluids (tears, saliva, blood).

Neuroinflammation: Granulomatous
Meningomyeloencephalitis

Meningoencephalomyelitis of unknown origin encompasses
several noninfectious neuroinflammatory processes in dogs
which appear to have an auto-immune basis. Granulomatous
meningomyeloencephalitis (GME) in particular is characterized

by perivascular infiltration by CD3pos and IL-17 expressing
T lymphocytes and CD163pos glial/macrophages consistent
with a delayed type hypersensitivity [63], and increased C-C
motif ligand 19 (CCL19/MIP3b) levels in cerebrospinal fluid
(CSF) [151] resembling neuroinflammatory changes observed
in people with multiple sclerosis. Neuroinflammation in GME
affects the forebrain, brainstem, and spinal cord, including
white and gray matter (unless chronic, whereby white matter
is affected predominantly) resulting in either diffuse, multifo-
cal, or focal signs, including an ocular form [64] (Table 1). The
acute inflammatory process can be controlled in some
patients by aggressive high dose corticosteroids and immuno-
suppressive agents, but failure of this SOC is common. One
group of investigators explored the use of a single injection of
autologous BM-MSC in dogs with steroid refractory GME
delivered by the intrathecal (IT, 43 106 cells) plus intravenous
(IV, 23 106 cells), or intrathecal (IT, 43 106 cells) plus intra-
carotid artery (IA, 23 106 cells) routes of administration [119]
(Table 2). Follow-up ranged from 6 to 24 months. There were
no adverse events reported other than one transient increase
in body temperature. The authors describe that seven of the
eight dogs survived for the full (2 years) monitoring period,
with progressive improvements in neurologic signs, and disap-
pearance in CSF inflammation (mononuclear pleocytosis) and
MRI lesions. Only two dogs required antiseizure medication,
while the other dogs were free from any medication. While
this was an open label study without placebo controls, the
fact that dogs did not relapse in this study is an important
finding, given the typical refractory and relapsing-remitting
presentation of GME. Furthermore, it demonstrates that BM-
MSC can be transplanted intrathecally and intra-arterially in
dogs with GME without clinically adverse effects; therefore,
the safety of intrathecal injections is consistent with findings
in mice with experimental allergic encephalomyelitis [152]
and in humans with multiple sclerosis [153, 154]. The canine
model of GME is a compelling disease model that can assist
in preclinical evaluation of novel routes of administration and
cell therapy strategies for neuroinflammatory disorders of
humans.

Feline Chronic Kidney Disease (End-Stage
Renal Disease)

CKD is very prevalent in older cats, with estimates that as
many as 85% of cats over the age of 15 have some degree of
renal functional impairment. Pathologically, CKD in cats is
characterized by widespread tubulointerstitial nephritis, with
progressive infiltrates of lymphocytes, plasma cells, and mac-
rophages. Although the etiology of CKD in cats is still poorly
understood, feline CKD resembles in many respects the
inflammatory pathology present in humans with end stage
renal disease (ESRD) from diverse causes, including diabetes
mellitus and tubular nephropathies. Thus, the final common
pathways for renal functional decline appear to converge in
both feline and human ESRD.

Stem cell therapy for feline CKD has been investigated
using both autologous and allogeneic MSC [155]. In the origi-
nal feline CKD study, six cats (two healthy cats and four with
CKD) were injected once by the intrarenal route, with approxi-
mately 13 105 autologous bone marrow or adipose tissue-
derived MSC per injection [156]. In this study, adverse effects
from MSC injection were not noted, and a modest
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improvement in renal function was detected by nuclear scin-
tigraphy in two treated cats with CKD. However, the stress
associated with multiple anesthetic episodes for cell collection
and injection made the intrarenal approach unfeasible and
unsafe option for management of CKD in cats.

A second study of MSC therapy in cats with CKD involved
IV administration of allogeneic AD-MSC. A total of 11 cats
with CKD received three infusions at 2-week intervals of
either 23 106 cells per kg bwt (five cats) or 43 106 cells per
kg bwt (six cats) of cryopreserved AD-MSC [127]. Study cats
in the lower dose group did not experience adverse effects
from the repeated IV administration of MSC, whereas the
majority of cats in the high-dose group experienced rapid
adverse effects, including vomiting, salivation, and dyspnea
which required in some cases supportive therapy. Renal func-
tional parameters were not improved. A third study investi-
gated IV administration of 43 106 AD-MSC per kg bwt (five
cats), but in this case cryopreserved cells that had been
thawed and cultured in vitro for 24 hours prior to administra-
tion. None of these cats developed adverse effects from
repeated IV allogeneic MSC administration. However, they
also did not exhibit signs of improvement in renal function.
These studies were very informative in terms of identifying an
acute reaction syndrome to freshly thawed MSC administered
by the IV route in cats. It is not known if this response is
unique to cats, or a problem that might occur in other spe-
cies as well. Nonetheless, this particular toxicity warrants par-
ticular caution with regards to IV administration of
cryopreserved cells. Interestingly, a relatively brief in vitro cul-
ture period (24 hours) completely eliminated the response,
and it has not been observed in cats repeatedly treated by IV
administered allogeneic MSC for up to nine infusions in cats
with experimental asthma [96].

In a final CKD study in cats, a randomized clinical trial was
conducted in six cats with advanced CKD (four treated, two
placebo-treated, with cross-over)c [128]. Each treated cat
received 43 106 AD-MSC IV every 2 weeks for a total of three
treatments, and effects on renal function were assessed by
routine blood work and glomerular filtration rate by scintigra-
phy. The 6-week study did not detect any significant differen-
ces in renal functional parameters between MSC-treated and
placebo-treated cats in the study. Taken together, these two
allogeneic feline AD-MSC studies suggest that IV administra-
tion of MSC may not be particularly effective for management
of relatively advanced CKD in cats or humans.

Alzheimer’s Disease, Amyotropic Lateral Sclerosis,
and Epilepsy

Three other spontaneous conditions of the CNS found in dogs
strongly resemble human neurologic diseases including ALS
(canine degenerative myelopathy), epilepsy (canine epilepsy),
and Alzheimer’s Disease (Canine Cognitive Dysfunction Syn-
drome) (Table 1). MSC have been shown to mitigate the pro-
gression of human ALS and status epilepticus or chronic
epilepsy [157] and ALS [158]. Therefore, ALS and epilepsy
remain as compelling targets for stem cell based therapies,
and canine models are underutilized for this purpose. Simi-
larly, in Canine Cognitive Dysfunction Syndrome, novel bio-
markers, or interventions (dietary, pharmacologic, cell-based)
to slow the progression of Alzheimer’s disease could be eval-
uated prior to testing in humans.

PARTICIPANT ENGAGEMENT IN COMPANION ANIMAL STUDIES

The majority of these trials reported here were performed in
companion animal disease groups with protracted, refractory,
or incurable conditions. For these animals, veterinarians and
owners are eager to find relief and clinical trials offer a poten-
tial option. While owners may be motivated to participate in
clinical trials, they can be concerned about the risk of compan-
ion animals serving as “guinea pigs.” Education about preclinical
safety data and the benefits of trial participation are critical. A
major disruptor to enrollment in veterinary patient trials is the
owner’s concern about their animal receiving a placebo instead
of stem cell therapy. This is perhaps more evident in stem cell
trials where the public perception exists that they will exert
benefits, and in disease models with life-threatening disease.
These concerns can be partially alleviated by conducting trials
with asymmetric over-assignment to the active treatment arm,
by means of cross-over trials that allow the placebo-treated
groups access to treatment later (i.e., treatment extensions),
and by financial compensation for trial participation. In the
future, it will be important to understand the factors that lead
owners to participate in clinical trials, and how to improve edu-
cation and communication about clinical trials, clinical trial pro-
gress, and the scientific information that is gained from them.

CONCLUSIONS ABOUT COMPANION ANIMAL DISEASE MODEL

APPLICATIONS

Based on the above review of stem cell trials in companion
animal disease models, there is good evidence that the study
protocols, including enrollment, treatments, dosage, and
measured endpoints, were feasible. This is relevant because
the protocols closely simulate the features of human clinical
trials. Also, treatments with stem cells (including MSC, OEC,
or MSC derived neural lineage cells) reviewed in the compan-
ion animal literature were not associated with significant
adverse events, an observation consistent with laboratory ani-
mal and human studies at equivalent dosages. Only 4 of 19
studies reviewed were randomized controlled clinical trials
(RCT), so it is premature to make broad comparisons between
efficacy results in companion animals versus human or labora-
tory animal studies or to conclude what impact companion
animal studies will have on decision making for human trials.
In two larger scale RCT concerning IVDD reviewed herein,
benefits were observed for autologous intraspinal OCE as a
sole treatment [112], and for allogeneic intraspinal AD-MSC as
an adjunctive treatment to decompressive surgery [116].
These trials suggest that a strategy of intraspinal MSC war-
rants further investigation in compressive lesions of the spinal
cord in humans. In other non-RCT trials, novel applications
and protocols of experimentation were advanced, for exam-
ple, the use of SDF1 overexpression in AD-MSC for DCM,
combined AD-MSC and platelet rich plasma or HA (chondro-
protective agent) for OA, percutaneous intraspinal injections
of fetal BM-MSC for IVDD, neural lineage cells derived from
MSC (NLBM-MSC) for intraspinal treatment of IVDD, intrathe-
cal injections of AD-MSC for neuroinflammation (GME), the
use of embryonic stem cell-derived MSC for intralesional
treatment of perianal fistulas (model of Crohn’s fistulas), and
perilacrimal injections of AD-MSC for KCS (model of Sjogren’s
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syndrome). These studies could not be readily performed in
rodent models due to the complexity of the natural disease
modeled, and the routes of administration.

Given that these protocol were successful at engaging partici-
pants (including owner observations) and show preliminary evi-
dence of safety and benefits (acknowledging limitations of baseline
or historical controls), they should be advanced to more rigorous,
larger scale, double blinded RCT to investigate these novel strat-
egies. Finally, it is important to note that companion animal dis-
eases cannot be manipulated from the perspective of injury
severity, onset, time course, survival endpoints, uncontrolled varia-
bles (e.g., comorbidities), and refractoriness to therapies. There-
fore, treatment failures may be more effective in predicting risk of
failure in human trials (e.g., IV administration of MSC for end-stage
kidney disease in cats) [128]. Given that stem cell trials in rodents
often fail to predict human outcomes, this is a crucial role for com-
panion animal studies in regenerative medicine.

REGULATORY PATHWAY FORWARD FOR STEM CELL CLINICAL

TRIALS IN COMPANION ANIMALS

In accordance with FDA guidance for industry (GFI 218 June 4,
2015), legal marketing of stem cells in companion animals in the
U.S. will require premarket evaluation of safety, effectiveness,
and manufacturing using the New Animal Drug Application
(NADA) mechanism of approval. Specifically, this will require FDA
evaluation of stem cell tumorigenicity, formation of ectopic tis-
sue, immunogenicity, donor selection criteria, transmission of
adventitious agents, survival, toxicity, and biodistribution. While
there may be different requirements for documentation and
reporting between industry and nonindustry (noncommercial)
sponsors, the FDA guidance is equally applicable to all individuals
and institutions involved in development of a stem cell product.
This includes academic centers, private industries, processing and
manufacturing facilities, and veterinary practices. Investigators
can file an investigational exemption through the Investigational
New Drug Application (INAD) mechanism for bona fide research
studies. In this scenario, veterinarians cannot charge for harvest-
ing tissues or cells because this activity is considered by the FDA
to be part of the manufacturing process; however, they can
charge for professional services related to diagnosis, sedation, or
delivery of an investigational product. This is a major paradigm
shift for the veterinary profession, which has operated without
FDA guidance up to this point. This has significant implications
for stem cell manufacturing employed for stem cell trials. Given
that there is no FDA approved product at the time of this writ-
ing, all participants in manufacturing chain must be working
under FDA guidance. It is unclear which if any facilities for com-
mercial production of stem cells are operating under FDA guid-
ance. It is plausible that investigators can file an INAD in
conjunction with a manufacturing site to advance a stem cell
trial. More transparency from veterinary stem cell manufacturers
(including commercial laboratories) is important at this time.

Based on the information in the new FDA guidance and with
respect to scientific diligence, we propose for design of studies
of cell-based therapies in companion animals a comprehensive
“menu” that includes FDA recommendations and related studies
to address scientific questions beyond those strictly recom-
mended by the FDA to verify safety (Fig. 1). This menu of
options is meant to serve as an exhaustive framework, rather

than a one-size-fits-all protocol. In some instances, published
data may satisfy preclinical requirements while in others, new
data will need to be generated. In addition to discussions
between sponsors and investigators to settle on which studies
are appropriate for the specific cell source, species, and applica-
tion to be tested, the current recommendation is to contact the
FDA early in the process to discuss details of clinical studies and
file (INAD or preclinical IND). In addition to receiving timely
advice, filing will permit the FDA to keep records of trial activity
(shipments) and adverse events, ultimately in an effort to
inform and safeguard consumers.

Reflecting on the published clinical trials reviewed here,
(Table 2), all of those studies were performed prior to the
issuance of the new FDA guidance. As the cells employed in
those veterinary trials were almost exclusively involved Type 1
autologous, allogeneic, or xenogeneic cells, rather than Type 2
minimally manipulated autologous cells as defined in the FDA
guidance document, further investigations using such stem
cells, for example, would necessitate FDA filing according to
the published guidance. Only one study [123] summarized in
Table 2, sponsored by industry, was conducted in the spirit of
the current FDA guidance. In that study, it was stated that
parent cells (human embryonic stem cells) passed GMP steril-
ity and mycoplasma testing, karyotype by fluorescent in situ
hybridization (FISH), flow cytometry (to exclude residual hESC
and standard MSC immunophenotype), and in vivo tumorige-
nicity (xenotransplant into NOD/SCID mice). In addition, bio-
logical plausibility was supported by demonstrating immune
modulation in mixed lymphocyte assays, and in cytokine
responses to hESC-MSC in vitro.

In the future, additional iterations of the regulatory guid-
ance can be expected; however, transition to FDA (INAD) filing
of clinical trials of stem cells in companion animals is expected
to persist. It is unclear at present whether these new regula-
tions will have a significant negative impact on the advance-
ment of stem cell trials.

“LETTING OUT THE LEASH” TO SEE WHERE COMPANION ANIMAL

RESEARCH CAN LEAD US

In the 20th century, a “one molecule, one target, one drug”
strategy of drug discovery was born and remains a prevalent
approach to discovery of cures. Bunnage et al. [159] pointed out
that a high rate of attrition of therapies at Phase II is due to our
failure to comprehensively define the biology of these singular
molecular targets. One might ask: are we “barking up the wrong
tree?” For complex diseases, stripping away the dependence on
the “one molecule, one target” paradigm, that is, the acknowl-
edgement of the multiplicity and complexity of molecular targets
and their interaction with other molecules, would lead to a bet-
ter understanding of the static and dynamic nature of molecular
targets and open a window to more comprehensive and person-
alized approaches. Indeed, the drive to develop new therapeutic
approaches to address multiple targets simultaneously has led to
the discipline of theranostics, the exploitation of one’s individual
pharmacogenetic, proteomic, and biomarker repertoire in the
design of a specific therapeutic strategy [160]. It follows that
companion animal research offers a preclinical window into the
feasibility, safety, and effectiveness of therapies in the context of

16 Stem Cell Trials in Companion Animal Diseases

VC AlphaMed Press AlphaMed STEM CELLS



a naturally complex, if not hostile environment that more accu-
rately reflects the human condition.

Companion animal studies can blaze new trails in regener-
ative medicine. These studies can lead us through novel pilot
feasibility (Phase 1), safety and early efficacy (Phase 2), and
major efficacy (Phase 3) studies which are too early or too
expensive to attempt in human patients. These studies will
inform human trials at various levels of comparable develop-
ment, following the example by which canine cancer treat-
ment trials have effectively done so for several years [161].
Specific examples in regenerative medicine, might include the
evaluation of genetically enhanced stem cells, transdifferenti-
ated (lineage specific) stem cells, induced pluripotent stem
cells and derived progeny, organoids, 3D scaffolds impreg-
nated with stem cells, extracellular vesicles and extracellular
RNA, theranostics, and more personalized approaches to
therapies.

FUTURE NEEDS

Based on review of the literature, the utility of companion
animals in stem cell trials is in the very early stages. To facili-
tate expanded development and application of companion
animal disease model research in the future, the following

areas need to be addressed with additional education, com-
munication, and industry and government support:

� Increased collaborations between physicians and veterinar-
ians to address specific disease conditions and models, con-
sistent with the One Health paradigm.

� Increased understanding of the molecular pathology of spe-
cific diseases in companion animals, and detailed compari-
son to human samples and analogous disease processes.

� Greater characterization of companion animal stem cells
and their cellular products.

� The use of more rigorous double blind (owner, investigator)
randomized clinical trial designs whenever possible. Educa-
tion of the public about the value placebo-controlled studies.

� Greater clinical trial infrastructure (personnel, equipment,
specialized instrumentation, and imaging) to support effi-
cient recruitment into clinical trials.

� Central registry of veterinary clinical trials (currently in pro-
gress at the American Veterinary Medical Association).

� Biorepositories and registries of companion animal disease
tissue, biofluids, and nucleic acids or other samples.

� Improved availability of companion animal specific reagents,
in particular probes for protein detection and quantification.

� The application of FDA guidance (NADA, INAD, pre-IND) in
clinical trials involving stem cell treatments in companion
animals (client owned animals).

Figure 1. A comprehensive menu of proposed preclinical and clinical studies based on current FDA guidance and scientific standards
to address feasibility, safety, and efficacy of stem cell products. Investigators considering clinical trials in companion animals may need
to address any or all of the preclinical studies, depending on cell source, species, application, scope of scientific information sought, and
intent to commercialize. Abbreviations: INAD, investigational new drug application; SOC, standard of care.
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While these issues are currently being addressed to vary-
ing degrees, there will need to be a concerted effort in the
biomedical research community to drive further progress in
these areas. Unleashing companion animal studies onto the
field of regenerative medicine is an exciting paradigm that
may increase our understanding of the complexity of molecu-
lar targets in spontaneous diseases, and bring therapies to
humans in a more efficient manner, reducing the cost burden
and failure of future human clinical trials using comparable
cells and technologies. There may also be welcome instances
where the study of companion animal disease models also
reduces the need for purpose bred animals for translational
studies. While the impact of companion animal disease model
research on outcomes for human stem cell therapy remains
untested, it is an innovative and compelling approach that
deserves our attention.

ACKNOWLEDGMENTS

We would like to acknowledge Drs. Daniel Weiss (Vermont
Lung Center, University of Vermont), and Vicky Yang, Elizabeth

McNeil, David Lee-Parritz, and John Berg (Cummings School of
Veterinary Medicine, Tufts University) for providing valuable
feedback on this manuscript. This work was supported by the
Shipley Foundation (A.M.H. and S.W.D.).

AUTHOR CONTRIBUTIONS

A.H.: conception and design, collection and assembly of data,
data analysis and interpretation, and manuscript writing. S.D.:
conception and design, collection and assembly of data, data
analysis and interpretation, and manuscript writing.

CONFLICT OF INTEREST

The authors indicate no potential conflicts of interest.

DISCLAIMERS

None.

REFERENCES

1 Wu H, Wang Y, Zhang Y et al. TALE
nickase-mediated SP110 knockin endows cat-
tle with increased resistance to tuberculosis.
Proc Natl Acad Sci U S A 2015;112:E1530–
E1539.

2 Laible G, Wei J, Wagner S. Improving
livestock for agriculture - Technological pro-
gress from random transgenesis to precision
genome editing heralds a new era. Biotech-
nol J 2015;10:109–120.

3 Paoloni M, Webb C, Mazcko C et al. Pro-
spective molecular profiling of canine cancers
provides a clinically relevant comparative
model for evaluating personalized medicine
(PMed) trials. PLoS One. 2014;9:e90028.

4 Sargent J, Connolly DJ, Watts V et al.
Assessment of mitral regurgitation in dogs:
Comparison of results of echocardiography
with magnetic resonance imaging. J Small
Anim Pract 2015;56:641–650.

5 Randall E, Loeber S, Kraft S. Physiologic
variants, benign processes, and artifacts from
106 canine and feline FDG-PET/computed
tomography scans. Vet Radiol Ultrasound
2014;55:213–226.

6 Kol A, Arzi B, Athanasiou KA et al. Com-
panion animals: Translational scientist’s new
best friends. Sci Transl Med 2015;7:308ps21.

7 Decker B, Parker HG, Dhawan D et al.
Homologous mutation to human BRAF V600E
is common in naturally occurring canine
bladder cancer—Evidence for a relevant
model system and urine-based diagnostic
test. Mol Cancer Res 2015;13:993–1002.

8 Cadieu E, Ostrander EA. Canine genetics
offers new mechanisms for the study of
human cancer. Cancer Epidemiol Biomarkers
Prev 2007;16:2181–2183.

9 Ostrander EA, Wayne RK. The canine
genome. Genome Res. 2005;15:1706–1716.
10 Shearin AL, Ostrander EA. Leading the
way: Canine models of genomics and dis-
ease. Dis Model Mech 2010;3:27–34.
11 Cekanova M, Fernando RI, Siriwardhana
N et al. BCL-2 family protein, BAD is down-

regulated in breast cancer and inhibits cell
invasion. Exp Cell Res 2015;331:1–10.
12 Cekanova M, Rathore K. Animal models
and therapeutic molecular targets of cancer:
Utility and limitations. Drug Des Devel Ther
2014;8:1911–1921.
13 Bryan JN, Jabbes M, Berent LM et al.
Hypermethylation of the DLC1 CpG island
does not alter gene expression in canine lym-
phoma. BMC Genet 2009;10:73.
14 Ferraresso S, Bresolin S, Arico A et al.
Epigenetic silencing of TFPI-2 in canine dif-
fuse large B-cell lymphoma. PLoS One 2014;
9:e92707.
15 Noguchi S, Mori T, Nakagawa T et al.
DNA methylation contributes toward silenc-
ing of antioncogenic microRNA-203 in human
and canine melanoma cells. Melanoma Res
2015;25:390–398.
16 Tomiyasu H, Goto-Koshino Y, Fujino Y
et al. Epigenetic regulation of the ABCB1
gene in drug-sensitive and drug-resistant
lymphoid tumour cell lines obtained from
canine patients. Vet J 2014;199:103–109.
17 Christopher MM. One health, one litera-
ture: Weaving together veterinary and medi-
cal research. Sci Transl Med 2015;7:303fs36.
18 Harding J, Roberts RM, Mirochnitchenko
O. Large animal models for stem cell therapy.
Stem Cell Res Ther 2013;4:23.
19 Shannon LM, Boyko RH, Castelhano M
et al. Genetic structure in village dogs reveals
a Central Asian domestication origin. Proc
Natl Acad Sci U S A 2015;112:13639–13644.
20 Range F, Viranyi Z. Tracking the evolu-
tionary origins of dog-human cooperation:
The “Canine Cooperation Hypothesis”. Front
Psychol 2014;5:1582.
21 Wang GD, Zhai W, Yang HC et al. The
genomics of selection in dogs and the paral-
lel evolution between dogs and humans. Nat
Commun 2013;4:1860.
22 Beetz A, Uvnas-Moberg K, Julius H et al.
Psychosocial and psychophysiological effects
of human-animal interactions: The possible
role of oxytocin. Front Psychol 2012;3:234.

23 Nagasawa M, Mitsui S, En S et al. Social
evolution. Oxytocin-gaze positive loop and
the coevolution of human-dog bonds. Sci-
ence 2015;348:333–336.
24 Phillips A. Understanding the Link
Between Violence to Animals and People: A
Guidebook for Criminal Justice Professionals.
National District Attorney Association, 2014:
1–84.
25 Marx C, Silveira MD, Beyer Nardi N.
Adipose-derived stem cells in veterinary
medicine: Characterization and therapeutic
applications. Stem Cells Dev 2015;24:803–
813.
26 Broeckx S, Suls M, Beerts C et al. Allo-
genic mesenchymal stem cells as a treatment
for equine degenerative joint disease: A pilot
study. Curr Stem Cell Res Ther 2014;9:497–
503.
27 Broeckx S, Borena BM, Zimmerman M
et al. Intravenous application of allogenic
peripheral blood-derived mesenchymal stem
cells: A safety assessment in 291 equine
recipients. Curr Stem Cell Res Ther 2014;9:
452–457.
28 Van Loon VJ, Scheffer CJ, Genn HJ et al.
Clinical follow-up of horses treated with allo-
geneic equine mesenchymal stem cells
derived from umbilical cord blood for differ-
ent tendon and ligament disorders. Vet Q
2014;34:92–97.
29 De Schauwer C, Van de Walle GR, Van
Soom A et al. Mesenchymal stem cell ther-
apy in horses: Useful beyond orthopedic inju-
ries? Vet Q 2013;33:234–241.
30 Smith RK, Garvican ER, Fortier LA. The
current ‘state of play’ of regenerative medi-
cine in horses: What the horse can tell the
human. Regen Med 2014;9:673–685.
31 Lopez MJ, Jarazo J. State of the art:
Stem cells in equine regenerative medicine.
Equine Vet J 2015;47:145–154.
32 Borgarelli M, Buchanan JW. Historical
review, epidemiology and natural history of
degenerative mitral valve disease. J Vet Car-
diol 2012;14:93–101.

18 Stem Cell Trials in Companion Animal Diseases

VC AlphaMed Press AlphaMed STEM CELLS



33 French AT, Ogden R, Eland C et al.
Genome-wide analysis of mitral valve disease
in Cavalier King Charles Spaniels. Vet J 2012;
193:283–286.
34 Connell PS, Han RI, Grande-Allen KJ. Dif-
ferentiating the aging of the mitral valve
from human and canine myxomatous degen-
eration. J Vet Cardiol 2012;14:31–45.
35 Meurs KM, Stern JA, Reina-Doreste Y
et al. Natural history of arrhythmogenic right
ventricular cardiomyopathy in the boxer dog:
A prospective study. J Vet Intern Med 2014;
28:1214–1220.
36 Oxford EM, Danko CG, Fox PR et al.
Change in beta-catenin localization suggests
involvement of the canonical Wnt pathway
in Boxer dogs with arrhythmogenic right ven-
tricular cardiomyopathy. J Vet Intern Med
2014;28:92–101.
37 Meurs KM, Stern JA, Sisson DD et al.
Association of dilated cardiomyopathy with
the striatin mutation genotype in boxer dogs.
J Vet Intern Med 2013;27:1437–1440.
38 Simpson S, Edwards J, Ferguson-Mignan
TF et al. Genetics of human and canine
dilated cardiomyopathy. Int J Genomics 2015;
2015:204823.
39 Tidholm A, Jonsson L. Histologic charac-
terization of canine dilated cardiomyopathy.
Vet Pathol 2005;42:1–8.
40 Dukes-McEwan J, Borgarelli M, Tidholm
A et al. Proposed guidelines for the diagnosis
of canine idiopathic dilated cardiomyopathy.
J Vet Cardiol 2003;5:7–19.
41 Tidholm A, Haggstrom J, Borgarelli M
et al. Canine idiopathic dilated cardiomyopa-
thy. Part I: Aetiology, clinical characteristics,
epidemiology and pathology. Vet J 2001;162:
92–107.
42 Owczarek-Lipska M, Mausberg TB,
Stephenson H et al. A 16-bp deletion in the
canine PDK4 gene is not associated with
dilated cardiomyopathy in a European cohort
of Doberman Pinschers. Anim Genet 2013;
44:239.
43 Meurs KM, Lahmers S, Keene BW et al.
A splice site mutation in a gene encoding for
PDK4, a mitochondrial protein, is associated
with the development of dilated cardiomyop-
athy in the Doberman pinscher. Hum Genet
2012;131:1319–1325.
44 Liu SK, Roberts WC, Maron BJ. Compari-
son of morphologic findings in spontaneously
occurring hypertrophic cardiomyopathy in
humans, cats and dogs. Am J Cardiol 1993;
72:944–951.
45 Liu SK, Maron BJ, Tilley LP. Feline hyper-
trophic cardiomyopathy: Gross anatomic and
quantitative histologic features. Am J Pathol
1981;102:388–395.
46 Mary J, Chetboul V, Sampedrano CC
et al. Prevalence of the MYBPC3-A31P muta-
tion in a large European feline population
and association with hypertrophic cardiomy-
opathy in the Maine Coon breed. J Vet Car-
diol 2010;12:155–161.
47 Bergknut N, Rutges JP, Kranenburg HJ
et al. The dog as an animal model for inter-
vertebral disc degeneration? Spine (Phila Pa
1976) 2012;37:351–358.
48 Kranenburg HJ, Grinwis GC, Bergknut N
et al. Intervertebral disc disease in dogs -
Part 2: Comparison of clinical, magnetic reso-
nance imaging, and histological findings in 74

surgically treated dogs. Vet J 2013;195:164–
171.
49 Bergknut N, Smolders LA, Grinwis GC
et al. Intervertebral disc degeneration in the
dog. Part 1: Anatomy and physiology of the
intervertebral disc and characteristics of
intervertebral disc degeneration. Vet J 2013;
195:282–291.
50 Hulsmeyer VI, Fischer A, Mandigers PJ
et al. International veterinary epilepsy task
force’s current understanding of idiopathic
epilepsy of genetic or suspected genetic ori-
gin in purebred dogs. BMC Vet Res 2015;11:
175.
51 Berendt M, Farquhar RG, Mandigers PJ
et al. International veterinary epilepsy task
force consensus report on epilepsy definition,
classification and terminology in companion
animals. BMC Vet Res 2015;11:182.
52 Packer RM, Volk HA. Epilepsy beyond
seizures: A review of the impact of epilepsy
and its comorbidities on health-related qual-
ity of life in dogs. Vet Rec 2015;177:306–315.
53 Kearsley-Fleet L, O’Neill DG, Volk HA
et al. Prevalence and risk factors for canine
epilepsy of unknown origin in the UK. Vet
Rec 2013;172:338.
54 Heske L, Nodtvedt A, Jaderlund KH et al.
A cohort study of epilepsy among 665,000
insured dogs: Incidence, mortality and sur-
vival after diagnosis. Vet J 2014;202:471–476.
55 Head E. A canine model of human aging
and Alzheimer’s disease. Biochim Biophys
Acta 2013;1832:1384–1389.
56 Gonzalez-Martinez A, Rosado B, Pesini P
et al. Plasma beta-amyloid peptides in canine
aging and cognitive dysfunction as a model
of Alzheimer’s disease. Exp Gerontol 2011;
46:590–596.
57 Romanucci M, Della Salda L. Oxidative
stress and protein quality control systems in
the aged canine brain as a model for human
neurodegenerative disorders. Oxid Med Cell
Longev 2015;2015:940131.
58 Schutt T, Toft N, Berendt M. Cognitive
function, progression of age-related behav-
ioral changes, biomarkers, and survival in
dogs more than 8 years old. J Vet Intern
Med 2015;29:1569–1577.
59 Zeng R, Coates JR, Johnson GC et al.
Breed distribution of SOD1 alleles previously
associated with canine degenerative myelop-
athy. J Vet Intern Med 2014;28:515–521.
60 Awano T, Johnson GS, Wade CM et al.
Genome-wide association analysis reveals a
SOD1 mutation in canine degenerative mye-
lopathy that resembles amyotrophic lateral
sclerosis. Proc Natl Acad Sci U S A 2009;106:
2794–2799.
61 Morgan BR, Coates JR, Johnson GC et al.
Characterization of thoracic motor and sen-
sory neurons and spinal nerve roots in
canine degenerative myelopathy, a potential
disease model of amyotrophic lateral sclero-
sis. J Neurosci Res 2014;92:531–541.
62 Morgan BR, Coates JR, Johnson GC et al.
Characterization of intercostal muscle pathol-
ogy in canine degenerative myelopathy: A
disease model for amyotrophic lateral sclero-
sis. J Neurosci Res 2013;91:1639–1650.
63 Park ES, Uchida K, Nakayama H. Th1-,
Th2-, and Th17-related cytokine and chemo-
kine receptor mRNA and protein expression
in the brain tissues, T cells, and macrophages

of dogs with necrotizing and granulomatous
meningoencephalitis. Vet Pathol 2013;50:
1127–1134.
64 Coates JR, Jeffery ND. Perspectives on
meningoencephalomyelitis of unknown ori-
gin. Vet Clin North Am Small Anim Pract
2014;44:1157–1185.
65 Washabau RJ, Day MJ, Willard MD et al.
Endoscopic, biopsy, and histopathologic
guidelines for the evaluation of gastrointesti-
nal inflammation in companion animals.
J Vet Intern Med 2010;24:10–26.
66 Kathrani A, Lee H, White C et al. Associ-
ation between nucleotide oligomerisation
domain two (Nod2) gene polymorphisms and
canine inflammatory bowel disease. Vet
Immunol Immunopathol 2014;161:32–41.
67 Kathrani A, Holder A, Catchpole B et al.
TLR5 risk-associated haplotype for canine
inflammatory bowel disease confers hyper-
responsiveness to flagellin. PLoS One 2012;7:
e30117.
68 Kathrani A, House A, Catchpole B et al.
Breed-independent toll-like receptor 5 poly-
morphisms show association with canine
inflammatory bowel disease. Tissue Antigens
2011;78:94–101.
69 Kathrani A, House A, Catchpole B et al.
Polymorphisms in the TLR4 and TLR5 gene
are significantly associated with inflammatory
bowel disease in German shepherd dogs.
PLoS One 2010;5:e15740.
70 Kathrani A, Werling D, Allenspach K.
Canine breeds at high risk of developing
inflammatory bowel disease in the south-
eastern UK. Vet Rec 2011;169:635.
71 Hillier A, Griffin CE. The ACVD task force
on canine atopic dermatitis (I): Incidence and
prevalence. Vet Immunol Immunopathol
2001;81:147–151.
72 Olivry T, Saridomichelakis M, Nuttall T
et al. Validation of the Canine Atopic Derma-
titis Extent and Severity Index (CADESI)-4, a
simplified severity scale for assessing skin
lesions of atopic dermatitis in dogs. Vet Der-
matol 2014;25:77–85, e25.
73 Tengvall K, Kierczak M, Bergvall K et al.
Genome-wide analysis in German shepherd
dogs reveals association of a locus on CFA 27
with atopic dermatitis. PLoS Genet 2013;9:
e1003475.
74 Roque JB, O’Leary CA, Duffy DL et al.
Atopic dermatitis in West Highland White
Terriers is associated with a 1.3-Mb region
on CFA 17. Immunogenetics 2012;64:209–
217.
75 Pucheu-Haston CM, Bizikova P, Marsella
R et al. Review: Lymphocytes, cytokines, che-
mokines and the T-helper 1-T-helper 2 bal-
ance in canine atopic dermatitis. Vet
Dermatol 2015;26:124-e32.
76 Bizikova P, Pucheu-Haston CM,
Eisenschenk MN et al. Review: Role of genet-
ics and the environment in the pathogenesis
of canine atopic dermatitis. Vet Dermatol
2015;26:95-e26.
77 Bizikova P, Santoro D, Marsella R et al.
Review: Clinical and histological manifesta-
tions of canine atopic dermatitis. Vet Derma-
tol 2015;26:79-e24.
78 Massey J, Short AD, Catchpole B et al.
Genetics of canine anal furunculosis in the
German shepherd dog. Immunogenetics
2014;66:311–324.

Hoffman, Dow 19

www.StemCells.com VC AlphaMed Press AlphaMed



79 Day M. Immunopathology of anal furun-
culosis in the dog. J Small Anim Pract 1993;
34:381–389.
80 Vaughan DF, Clay Hodgin E, Hosgood GL
et al. Clinical and histopathological features
of pemphigus foliaceus with and without
eosinophilic infiltrates: A retrospective evalu-
ation of 40 dogs. Vet Dermatol 2010;21:166–
174.
81 Bizikova P, Dean GA, Hashimoto T et al.
Cloning and establishment of canine
desmocollin-1 as a major autoantigen in
canine pemphigus foliaceus. Vet Immunol
Immunopathol 2012;149:197–207.
82 Izci C, Celik I, Alkan F et al. Clinical and
light microscopic studies of the conjunctival
tissues of dogs with bilateral keratoconjuncti-
vitis sicca before and after treatment with
topical 2% cyclosporine. Biotech Histochem
2015;90:223–230.
83 Hartley C, Barnett KC, Pettitt L et al.
Congenital keratoconjunctivitis sicca and ich-
thyosiform dermatosis in Cavalier King
Charles spaniel dogs. Part II: Candidate gene
study. Vet Ophthalmol 2012;15:327–332.
84 Barabino S, Dana MR. Animal models of
dry eye: A critical assessment of opportuni-
ties and limitations. Invest Ophthalmol Vis
Sci 2004;45:1641–1646.
85 Sanchez-Molano E, Woolliams JA, Pong-
Wong R et al. Quantitative trait loci mapping
for canine hip dysplasia and its related traits
in UK Labrador Retrievers. BMC Genomics
2014;15:833.
86 Cook JL, Kuroki K, Visco D et al. The
OARSI histopathology initiative - Recommen-
dations for histological assessments of osteo-
arthritis in the dog. Osteoarthritis Cartilage
2010;18(suppl 3):S66–S79.
87 Goldhammer MA, Smith SH, Fitzpatrick
N et al. A comparison of radiographic,
arthroscopic and histological measures of
articular pathology in the canine elbow joint.
Vet J 2010;186:96–103.
88 Syrja P, Heikkila HP, Lilja-Maula L et al.
The histopathology of idiopathic pulmonary
fibrosis in West Highland White Terriers
shares features of both non-specific intersti-
tial pneumonia and usual interstitial pneu-
monia in man. J Comp Pathol 2013;149:303–
313.
89 Heikkila HP, Lappalainen AK, Day MJ
et al. Clinical, bronchoscopic, histopathologic,
diagnostic imaging, and arterial oxygenation
findings in West Highland White Terriers with
idiopathic pulmonary fibrosis. J Vet Intern
Med 2011;25:433–439.
90 Masseau I, Banuelos A, Dodam J et al.
Comparison of lung attenuation and hetero-
geneity between cats with experimentally
induced allergic asthma, naturally occurring
asthma and normal cats. Vet Radiol Ultra-
sound 2015;56:595–601.
91 Trzil JE, Reinero CR. Update on feline
asthma. Vet Clin North Am Small Anim Pract
2014;44:91–105.
92 Reinero CR. Advances in the under-
standing of pathogenesis, and diagnostics
and therapeutics for feline allergic asthma.
Vet J 2011;190:28–33.
93 Shibly S, Klang A, Galler A et al. Archi-
tecture and inflammatory cell composition of
the feline lung with special consideration of

eosinophil counts. J Comp Pathol 2014;150:
408–415.
94 Zabka TS, Campbell FE, Wilson DW. Pul-
monary arteriopathy and idiopathic pulmo-
nary arterial hypertension in six dogs. Vet
Pathol 2006;43:510–522.
95 McGreevy JW, Hakim CH, McIntosh MA
et al. Animal models of Duchenne muscular
dystrophy: From basic mechanisms to gene
therapy. Dis Model Mech 2015;8:195–213.
96 Trzil JE, Masseau I, Webb TL et al. Long-
term evaluation of mesenchymal stem cell
therapy in a feline model of chronic allergic
asthma. Clin Exp Allergy 2014;44:1546–1557.
97 Trzil JE, Masseau I, Webb TL et al. Intra-
venous adipose-derived mesenchymal stem
cell therapy for the treatment of feline
asthma: A pilot study. J Feline Med Surg
2015;10.1177/1098612X15604351.
98 Rishniw M, Pion PD. Is treatment of
feline hypertrophic cardiomyopathy based in
science or faith?. A survey of cardiologists
and a literature search. J Feline Med Surg.
2011;13:487–497.
99 Davies T, Everitt S, Cobb M. Variation in
the management of congestive cardiac failure
in dogs. Vet Rec 2015;176:435.
100 Hudson JT, Slater MR, Taylor L et al.
Assessing repeatability and validity of a visual
analogue scale questionnaire for use in
assessing pain and lameness in dogs. Am J
Vet Res 2004;65:1634–1643.
101 Allenspach K, Wieland B, Grone A et al.
Chronic enteropathies in dogs: Evaluation of
risk factors for negative outcome. J Vet
Intern Med 2007;21:700–708.
102 Jergens AE, Schreiner CA, Frank DE
et al. A scoring index for disease activity in
canine inflammatory bowel disease. J Vet
Intern Med 2003;17:291–297.
103 Zubin E, Conti V, Leonardi F et al.
Regenerative therapy for the management of
a large skin wound in a dog. Clin Case Rep
2015;3:598–603.
104 Chung WH, Park SA, Lee JH et al. Per-
cutaneous transplantation of human umbili-
cal cord-derived mesenchymal stem cells in a
dog suspected to have fibrocartilaginous
embolic myelopathy. J Vet Sci 2013;14:495–
497.
105 Han SM, Kim HT, Kim KW et al. CTLA4
overexpressing adipose tissue-derived mesen-
chymal stem cell therapy in a dog with
steroid-refractory pemphigus foliaceus. BMC
Vet Res 2015;11:49.
106 Vilar JM, Batista M, Morales M et al.
Assessment of the effect of intraarticular
injection of autologous adipose-derived mes-
enchymal stem cells in osteoarthritic dogs
using a double blinded force platform analy-
sis. BMC Vet Res 2014;10:143.
107 Vilar JM, Morales M, Santana A et al.
Controlled, blinded force platform analysis of
the effect of intraarticular injection of auto-
logous adipose-derived mesenchymal stem
cells associated to PRGF-Endoret in osteoar-
thritic dogs. BMC Vet Res 2013;9:131.
108 Cuervo B, Rubio M, Sopena J et al. Hip
osteoarthritis in dogs: A randomized study
using mesenchymal stem cells from adipose
tissue and plasma rich in growth factors. Int
J Mol Sci 2014;15:13437–13460.
109 Marx C, Silveira MD, Selbach I et al.
Acupoint injection of autologous stromal vas-

cular fraction and allogeneic adipose-derived
stem cells to treat hip dysplasia in dogs.
Stem Cells Int 2014;2014:391274.
110 Guercio A, Di Marco P, Casella S et al.
Production of canine mesenchymal stem cells
from adipose tissue and their application in
dogs with chronic osteoarthritis of the
humeroradial joints. Cell Biol Int 2012;36:
189–194.
111 Penha EM, Meira CS, Guimaraes ET
et al. Use of autologous mesenchymal stem
cells derived from bone marrow for the
treatment of naturally injured spinal cord in
dogs. Stem Cells Int 2014;2014:437521.
112 Granger N, Blamires H, Franklin RJ
et al. Autologous olfactory mucosal cell
transplants in clinical spinal cord injury: A
randomized double-blinded trial in a canine
translational model. Brain 2012;135(Pt 11):
3227–3237.
113 Wenceslau CV, Miglino MA, Martins DS
et al. Mesenchymal progenitor cells from
canine fetal tissues: Yolk sac, liver, and bone
marrow. Tissue Eng Part A 2011;17:2165–
2176.
114 Sarmento CA, Rodrigues MN, Bocabello
RZ et al. Pilot study: Bone marrow stem cells
as a treatment for dogs with chronic spinal
cord injury. Regen Med Res 2014;2:9.
115 Ryu HH, Lim JH, Byeon YE et al. Func-
tional recovery and neural differentiation
after transplantation of allogenic adipose-
derived stem cells in a canine model of acute
spinal cord injury. J Vet Sci 2009;10:273–284.
116 Kim Y, Lee SH, Kim WH et al. Transplan-
tation of adipose derived mesenchymal stem
cells for acute thoracolumbar disc disease
with no deep pain perception in dogs. J Vet
Sci. 2016;17:123–126.
117 Lim JH, Boozer L, Mariani CL et al.
Generation and characterization of neuro-
spheres from canine adipose tissue-derived
stromal cells. Cell Reprogram 2010;12:417–
425.
118 Besalti O, Can P, Akpinar E et al. Intra-
spinal transplantation of autologous
neurogenically-induced bone marrow-derived
mesenchymal stem cells in the treatment of
paraplegic dogs without deep pain percep-
tion secondary to intervertebral disk disease.
Turk Neurosurg 2015;25:625–632.
119 Zeira O, Asiag N, Aralla M et al. Adult
autologous mesenchymal stem cells for the
treatment of suspected non-infectious
inflammatory diseases of the canine central
nervous system: Safety, feasibility and prelim-
inary clinical findings. J Neuroinflammation
2015;12:181.
120 Pogue B, Estrada AH, Sosa-Samper I
et al. Stem-cell therapy for dilated cardiomy-
opathy: A pilot study evaluating retrograde
coronary venous delivery. J Small Anim Pract
2013;54:361–366.
121 Hall MN, Rosenkrantz WS, Hong JH
et al. Evaluation of the potential use of
adipose-derived mesenchymal stromal cells
in the treatment of canine atopic dermatitis:
A pilot study. Vet Ther 2010;11:E1–E14.
122 Klimanskaya I, Chung Y, Becker S et al.
Human embryonic stem cell lines derived
from single blastomeres. Nature 2006;444:
481–485.
123 Ferrer L, Kimbrel EA, Lam A et al.
Treatment of perianal fistulas with human

20 Stem Cell Trials in Companion Animal Diseases

VC AlphaMed Press AlphaMed STEM CELLS

info:doi/10.1177/1098612X15604351


embryonic stem cell-derived MSCs: A canine
model of human fistulizing Crohn’s disease.
Regen Med 2016;11:33–43.
124 Perez-Merino EM, Uson-Casaus JM,
Duque-Carrasco J et al. Safety and efficacy of
allogeneic adipose tissue-derived mesenchy-
mal stem cells for treatment of dogs with
inflammatory bowel disease: Endoscopic and
histological outcomes. Vet J 2016;206:391–
397.
125 Perez-Merino EM, Uson-Casaus JM,
Zaragoza-Bayle C et al. Safety and efficacy of
allogeneic adipose tissue-derived mesenchy-
mal stem cells for treatment of dogs with
inflammatory bowel disease: Clinical and lab-
oratory outcomes. Vet J. 2015;206:385–390.
126 Webb TL, Webb CB. Stem cell therapy
in cats with chronic enteropathy: A proof-of-
concept study. J Feline Med Surg 2015;17:
901–908.
127 Quimby JM, Webb TL, Habenicht LM
et al. Safety and efficacy of intravenous infu-
sion of allogeneic cryopreserved mesenchy-
mal stem cells for treatment of chronic
kidney disease in cats: Results of three
sequential pilot studies. Stem Cell Res Ther
2013;4:48.
128 Quimby JM, Webb TL, Randall E et al.
Assessment of intravenous adipose-derived
allogeneic mesenchymal stem cells for the
treatment of feline chronic kidney disease: A
randomized, placebo-controlled clinical trial
in eight cats. J Feline Med Surg 2016;18:165–
171.
129 Villatoro AJ, Fernandez V, Claros S
et al. Use of adipose-derived mesenchymal
stem cells in keratoconjunctivitis sicca in a
canine model. Biomed Res Int 2015;2015:
527926.
130 Dominici M, Le Blanc K, Mueller I et al.
Minimal criteria for defining multipotent
mesenchymal stromal cells. The International
Society for Cellular Therapy position state-
ment. Cytotherapy 2006;8:315–317.
131 Whitworth DJ, Frith JE, Frith TJ et al.
Derivation of mesenchymal stromal cells
from canine induced pluripotent stem cells
by inhibition of the TGFbeta/activin signaling
pathway. Stem Cells Dev 2014;23:3021–3033.
132 Czyz M, Tabakow P, Hernandez-Sanchez
I et al. Obtaining the olfactory bulb as a
source of olfactory ensheathing cells with
the use of minimally invasive
neuroendoscopy-assisted supraorbital keyhole
approach—Cadaveric feasibility study. Br J
Neurosurg 2015;29:362–370.
133 Wood JA, Chung DJ, Park SA et al. Peri-
ocular and intra-articular injection of canine
adipose-derived mesenchymal stem cells: An
in vivo imaging and migration study. J Ocul
Pharmacol Ther 2012;28:307–317.
134 Gericota B, Anderson JS, Mitchell G
et al. Canine epidermal neural crest stem
cells: Characterization and potential as ther-
apy candidate for a large animal model of

spinal cord injury. Stem Cells Transl Med
2014;3:334–345.
135 Seo MS, Park SB, Kang KS. Isolation
and characterization of canine Wharton’s
jelly-derived mesenchymal stem cells. Cell
Transplant 2012;21:1493–1502.
136 Ryu HH, Kang BJ, Park SS et al. Com-
parison of mesenchymal stem cells derived
from fat, bone marrow, Wharton’s jelly, and
umbilical cord blood for treating spinal cord
injuries in dogs. J Vet Med Sci 2012;74:1617–
1630.
137 Watson W, Kapur S. Atopic dermatitis.
Allergy Asthma Clin Immunol 2011;7(suppl
1):S4.
138 Menard C, Pacelli L, Bassi G et al. Clini-
cal-grade mesenchymal stromal cells pro-
duced under various good manufacturing
practice processes differ in their immunomo-
dulatory properties: Standardization of
immune quality controls. Stem Cells Dev
2013;22:1789–1801.
139 Tozer P, Borowski DW, Gupta A et al.
Managing perianal Crohn’s fistula in the anti-
TNFalpha era. Tech Coloproctol 2015;19:673–
678.
140 Tozer PJ, Rayment N, Hart AL et al.
What role do bacteria play in persisting fis-
tula formation in idiopathic and Crohn’s anal
fistula? Colorectal Dis 2015;17:235–241.
141 Kimbrel EA, Kouris NA, Yavanian GJ
et al. Mesenchymal stem cell population
derived from human pluripotent stem cells
displays potent immunomodulatory and ther-
apeutic properties. Stem Cells Dev 2014;23:
1611–1624.
142 Cho YB, Park KJ, Yoon SN et al. Long-
term results of adipose-derived stem cell
therapy for the treatment of Crohn’s fistula.
Stem Cells Transl Med 2015;4:532–537.
143 Cerquetella M, Spaterna A, Laus F
et al. Inflammatory bowel disease in the dog:
Differences and similarities with humans.
World J Gastroenterol 2010;16:1050–1056.
144 Junginger J, Schwittlick U, Lemensieck
F et al. Immunohistochemical investigation of
Foxp3 expression in the intestine in healthy
and diseased dogs. Vet Res 2012;43:23.
145 Chinnadurai R, Ng S, Velu V et al. Chal-
lenges in animal modelling of mesenchymal
stromal cell therapy for inflammatory bowel
disease. World J Gastroenterol 2015;21:4779–
4787.
146 Algeri M, Conforti A, Pitisci A et al.
Mesenchymal stromal cells and chronic
inflammatory bowel disease. Immunol Lett
2015;168:191–200.
147 Han X, Yang Q, Lin L et al. Interleukin-
17 enhances immunosuppression by mesen-
chymal stem cells. Cell Death Differ 2014;21:
1758–1768.
148 Brandt JE, Priori R, Valesini G et al. Sex
differences in Sjogren’s syndrome: A compre-
hensive review of immune mechanisms. Biol
Sex Differ 2015;6:19.

149 Alunno A, Montanucci P, Bistoni O
et al. In vitro immunomodulatory effects of
microencapsulated umbilical cord Wharton
jelly-derived mesenchymal stem cells in pri-
mary Sjogren’s syndrome. Rheumatology
(Oxford) 2015;54:163–168.
150 Liu R, Su D, Zhou M et al. Umbilical
cord mesenchymal stem cells inhibit the dif-
ferentiation of circulating T follicular helper
cells in patients with primary Sjogren’s syn-
drome through the secretion of indoleamine
2,3-dioxygenase. Rheumatology (Oxford)
2015;54:332–342.
151 Bartels J, Darrow BG, Schatzberg SJ
et al. MIP-3beta/CCL19 is associated with the
intrathecal invasion of mononuclear cells in
neuroinflammatory and non-
neuroinflammatory CNS diseases in dogs.
BMC Vet Res 2014;10:157.
152 Harris VK, Yan QJ, Vyshkina T et al. Clin-
ical and pathological effects of intrathecal
injection of mesenchymal stem cell-derived
neural progenitors in an experimental model
of multiple sclerosis. J Neurol Sci 2012;313:
167–177.
153 Yamout B, Hourani R, Salti H et al.
Bone marrow mesenchymal stem cell trans-
plantation in patients with multiple sclerosis:
A pilot study. J Neuroimmunol 2010;227:
185–189.
154 Mohyeddin Bonab M, Mohajeri M,
Sahraian MA et al. Evaluation of cytokines in
multiple sclerosis patients treated with mes-
enchymal stem cells. Arch Med Res 2013;44:
266–272.
155 Quimby JM, Dow SW. Novel treatment
strategies for feline chronic kidney disease: A
critical look at the potential of mesenchymal
stem cell therapy. Vet J 2015;204:241–246.
156 Quimby JM, Webb TL, Gibbons DS
et al. Evaluation of intrarenal mesenchymal
stem cell injection for treatment of chronic
kidney disease in cats: A pilot study. J Feline
Med Surg 2011;13:418–426.
157 Agadi S, Shetty AK. Concise review:
Prospects of bone marrow mononuclear cells
and mesenchymal stem cells for treating sta-
tus epilepticus and chronic epilepsy. Stem
Cells 2015;33:2093–2103.
158 Thomsen GM, Gowing G, Svendsen S
et al. The past, present and future of stem
cell clinical trials for ALS. Exp Neurol 2014;
262(Pt B):127–137.
159 Bunnage ME, Gilbert AM, Jones LH
et al. Know your target, know your molecule.
Nat Chem Biol 2015;11:368–372.
160 Jeelani S, Reddy RC, Maheswaran T
et al. Theranostics: A treasured tailor for
tomorrow. J Pharm Bioallied Sci 2014;6(suppl
1):S6–S8.
161 Gordon I, Paoloni M, Mazcko C et al.
The comparative oncology trials consortium:
Using spontaneously occurring cancers in
dogs to inform the cancer drug development
pathway. PLoS Med 2009;6:e1000161.

Hoffman, Dow 21

www.StemCells.com VC AlphaMed Press AlphaMed



SGML and CITI Use Only
DO NOT PRINT

Companion animal diseases (reviewed in Table 1) have the potential to serve as
realistic models of human disease, as they more closely approximate the natural
history, symptoms, pathology, biomarkers, therapeutic responses, tolerance to
therapies, and survival characteristics of analogous human conditions. Stem cell
trials in companion animal disease models are, therefore, of interest as transla-
tional systems in regenerative medicine. We reviewed the study design, manufac-
turing, endpoints, safety, and efficacy data from stem cell trials in dogs and cats
between the years of 2008-2015 (n 5 19) (Table 2). Most clinical trials were open
label design involving MSC (see Cells Evaluated), informing safety, route of
administration, feasibility of protocols with modest power to evaluate efficacy.
Overall safety was excellent, and patients showed responses that exceeded
expectations based on baseline, historical, or interventional (placebo) controls.
Companion animal disease models have potential to inform hypotheses concern-
ing stem cell trials in humans. Improved rigor in study design and manufacturing
will unmask the full potential of this approach to benefit humans and animals.


