
Introduction

Th e revolution in stem cell biology, begun in the early 

’80s with the isolation of mouse embryonic stem cells, 

has opened up the tantalizing possibility of wide-spread 

therapeutic interventions in humans. Various types of 

pluripotent or multipotent cells can potentially be used 

for preclinical or clinical investigations, including embry-

onic stem cells (ESCs), isolated from the inner cell mass 

of blastocysts; stem cells isolated from adult tissues; 

induced pluripotent stem cells (iPSCs), which are adult 

cells reprogrammed to pluripotency; and a variety of 

specialized cells obtained by diff erentiation from the 

above cell sources among others. Th e absence of animal 

models fully refl ecting the target diseases to be 

investigated by using stem cells has prompted some 

investigators to attempt to bypass traditional preclinical 

animal testing when developing stem cell therapies for 

humans. However, such approaches can cause signifi cant 

damage to patients, ineff ective and expensive treatments, 

and a negative eff ect on the future of the practice of 

regenerative medicine. Th e evolutionary conservation of 

stem cell function and homeostasis between humans and 

other mammalian species has facilitated the current 

progress in understanding the behavior of stem cells. It is 

also clear that certain aspects of stem cell biology are 

species-specifi c. Signifi cant eff ort should be devoted to 

understanding these diff erences, which will facilitate use 

of the most appropriate model system for a given 

preclinical study. Further progress requires studies in a 

variety of model organisms as sources of stem cells and as 

hosts for allogeneic and xenogeneic tissue grafts to 

establish proof-of-principle and test the safety of poten-

tial therapies. Th e success of therapeutic approaches 

based on stem cells will require an improvement of 

animal disease models recapitulating human phenotypes, 

including the use of animals that have organs comparable 

in size and physiology to those of humans. Animal stem 

cells also provide new tools to generate genetically 

modifi ed and humanized animals as better models for 

Abstract

The fi eld of regenerative medicine is approaching translation to clinical practice, and signifi cant safety concerns and 

knowledge gaps have become clear as clinical practitioners are considering the potential risks and benefi ts of cell-

based therapy. It is necessary to understand the full spectrum of stem cell actions and preclinical evidence for safety 

and therapeutic effi  cacy. The role of animal models for gaining this information has increased substantially. There is 

an urgent need for novel animal models to expand the range of current studies, most of which have been conducted 

in rodents. Extant models are providing important information but have limitations for a variety of disease categories 

and can have diff erent size and physiology relative to humans. These diff erences can preclude the ability to reproduce 

the results of animal-based preclinical studies in human trials. Larger animal species, such as rabbits, dogs, pigs, sheep, 

goats, and non-human primates, are better predictors of responses in humans than are rodents, but in each case 

it will be necessary to choose the best model for a specifi c application. There is a wide spectrum of potential stem 

cell-based products that can be used for regenerative medicine, including embryonic and induced pluripotent stem 

cells, somatic stem cells, and diff erentiated cellular progeny. The state of knowledge and availability of these cells from 

large animals vary among species. In most cases, signifi cant eff ort is required for establishing and characterizing cell 

lines, comparing behavior to human analogs, and testing potential applications. Stem cell-based therapies present 

signifi cant safety challenges, which cannot be addressed by traditional procedures and require the development of 

new protocols and test systems, for which the rigorous use of larger animal species more closely resembling human 

behavior will be required. In this article, we discuss the current status and challenges of and several major directions 

for the future development of large animal models to facilitate advances in stem cell-based regenerative medicine.

© 2010 BioMed Central Ltd

Large animal models for stem cell therapy
John Harding1, R Michael Roberts2 and Oleg Mirochnitchenko*1

R E V I E W

*Correspondence: oleg.mirochnitchenko@nih.gov
1Division of Comparative Medicine/ORIP/DPCPSI/OD, National Institutes of Health, 

6701 Democracy Boulevard, Suite 943/950, Bethesda, MD 20892, USA

Full list of author information is available at the end of the article

Harding et al. Stem Cell Research & Therapy 2013, 4:23 
http://stemcellres.com/content/4/2/23

© 2013 BioMed Central Ltd



human conditions. Th e purpose of this article is to 

provide a brief overview of the use of large mammalian 

species that can bridge the gap between rodent models 

and humans to accelerate the translation of stem cell 

technology to clinical practice.

Advantages and current limitation of the use of 

large animals as models for stem cell research and 

regenerative medicine

Mice have been a species of choice to study stem cell 

biology in mammals. Th ey are relatively inexpensive, 

reproduce quickly, and can be easily manipulated geneti-

cally. However, the ability of mouse experiments to 

predict the eff ectiveness of stem cell-based therapy 

remains controversial. Th e failure of many mouse models 

to precisely recapitulate particular human disease 

phenotypes has compelled investigators to examine 

animal species that may be more predictive of humans. 

Larger animals, such as rabbits, dogs, pigs, goats, sheep, 

and non-human primates, are often better models than 

mice for this purpose. Th ey have a longer life span, which 

facilitates longitudinal studies critical for most stem cell 

applications. Many physiological parameters (for example, 

immune system properties that play an important role in 

the reaction of the host animal to cell transplantation) are 

much closer to humans than are those of rodents. Large 

animals also have signifi cant advantages regarding the 

number and types of stem cells that can be reproducibly 

extracted from a single animal and manipulated in suffi  -

cient quantity for analysis and for various applications.

Large animal species can provide signifi cant advantages 

when modeling specifi c human disease conditions and 

testing stem cell therapies. Th e following are several 

examples. Non-human primates and humans have very 

similar central nervous systems. Non-human primates 

can recapitulate human pathology and behavior in 

experi mental models of a variety of neurological diseases, 

making them the most suitable species for testing stem 

cell therapies for brain diseases [1]. Several issues in the 

use of monkeys, such as the cost of husbandry and the 

specialized care that can be required for long-term 

monitoring, should be considered. Along with cat, dog, 

and non-human primate models, pigs are becoming very 

attractive as models to test stem cells for treating spinal 

cord injury. Advances in experimental surgery allow the 

creation of consistent and predictable defi cits after 

calibrated spinal trauma very similar to human pathology. 

Another advantage is the ability to use equipment and 

techniques developed for human applications for cell 

delivery and monitoring of the animal. Serious limitations 

in understanding the specifi cs of spinal cord injury and 

recovery were discovered recently in rat models [2]. 

Clearly, interpretation of the results of intervention and 

attempts to extrapolate the conclusions to human trials 

will be extremely diffi  cult if based solely on experiments 

in the rat model. Another example of limitations of 

rodent models relates to attempts to test stem cell 

therapies for retinal degeneration. Th e mouse retina does 

not have a macula and it is rod-dominant and anatomi-

cally diff erent from that of humans. Th erefore, the pig is 

the more preferable species to use as a model for this 

particular application [3]. Advantages of using large 

animal species to model several other human disease 

conditions have been reported [4,5].

Large animal species have a signifi cant role in estab-

lish ing the safety of stem cell applications, since the 

dosages of biologics, the route of administration, and 

treatment outcomes can be extrapolated readily to 

humans. Th e same is true for the development of proce-

dures and techniques, such as surgical and visualization 

technologies, which will assist stem cell applications in 

the clinic. Non-invasive monitoring is required to guide 

cell injection; to observe cell survival, activation, and 

diff er entiation; and to evaluate off -target eff ects, cell 

persis tence, and effi  cacy of engraftment. Th is information 

can be obtained by advanced anatomical and functional 

imaging techniques that will improve therapy in animal 

models, leading to clinical applications. Imaging tech-

nology and equipment, such as the micro-PET imaging 

system that provides high sensitivity and spatial resolu-

tion, have been developed for small animals. Th is and 

similar technologies can be applied to large animals and 

humans, although modifi cations and improvements will 

be required. Current progress and available imaging 

tech niques for use in dogs, pigs, sheep, goats, and non-

human primates were recently reviewed [6,7].

Research studies support the importance of the use of 

scaff olds and other homing devices that will instruct and 

control stem cell behavior. Th ese devices should have the 

appropriate size and should be developed and tested in 

an environment suitable for clinical applications, for 

which large animals are a better choice than rodents. 

Large animals also allow a more realistic set of estimates 

of the quality and cost-eff ectiveness of new treatments.

Among limitations of the use of large animal species for 

regenerative medicine are a relative absence of stable and 

well-characterized stem cell lines and protocols for their 

maintenance, diff erentiation and monitoring of cell status, 

and limited availability of species-specifi c anti bodies, 

expression microarrays, and other research reagents. 

Techniques to genetically manipulate these species are 

still in an early stage of development.

Stem cells from large animal species

Attempts to create ESCs from swine, cattle, and sheep 

were initiated not long after mouse ESCs were isolated 

[8]. Most importantly, mouse ESCs are readily incorpor-

ated into the inner cell mass of the blastocyst, with the 
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genetic change to be examined in subsequent genera-

tions. A major impetus for producing ESCs from farm 

species was the possibility of conducting similarly target ed 

studies in a large animal, with the goal of improving 

animal health and productivity. Although cell lines 

originating from the inner cell mass or from embryonic 

germ cells have been described [8], it is clear that most 

do not meet the criteria for pluripotency shown by their 

mouse counterparts. Th e subsequent derivation of ESCs 

from primates, which had diff erent culture requirements 

and colony morphologies than mouse ESCs, did not 

improve matters signifi cantly. Indeed, only a few recent 

reports using swine have been suffi  ciently encouraging to 

believe that the barrier to generating pluripotent ESC 

lines from large animals has been overcome [9].

Genetic modifi cation in swine for biomedical research 

has proceeded quite rapidly over the last decade [10,11]. 

Genetically modifi ed pigs will be particularly useful for 

studying the pathophysiology of diseases, such as cystic 

fi brosis [12], in which mice fail to develop the relevant 

symptoms encountered in human patients, and retinitis 

pigmentosa [13], in which the anatomy of the pig eye is 

quite similar to that of the human. Genetically modifi ed 

swine are also being developed as a potential source of 

tissues and organs for xenotransplantation into humans 

by minimizing hyperacute rejection through genetic 

modi fi  cation [14]. However, in none of these examples 

were ESCs used to engineer any of the targeted modifi -

cations. Instead, the mutational change was performed in 

somatic cells, usually fi broblasts derived from embryos. 

Such cells have the ability to continue dividing long 

enough to allow limited selection of clonal colonies 

where homologous recombination has occurred, but they 

are not pluripotent and cannot contribute to chimeras 

and hence cannot be employed to generate chimeric 

off spring. Instead, the modifi ed genome is propagated by 

somatic cell nuclear transfer (SCNT), the same cloning 

technology employed to create Dolly the sheep. Although 

this technology is still not an effi  cient process and often 

results in birth defects, it does enable off spring carrying 

the genetic change in one allele of the targeted gene to be 

created in the F1 generation. However, pluripotent cells 

might still have advantages over somatic cells for SCNT. 

Th eir long life span could, for example, enable multiple 

genetic changes of greater complexity to be introduced, 

and their ‘undiff erentiated’ state may allow greater 

effi  ciency of reprogramming in the oocyte cytoplasm, a 

major limitation of the SCNT technology. Such 

possibilities have yet to be tested.

As an alternative to ESCs, iPSCs have been generated 

from pigs and other agriculturally important ungulates 

[15]. Various combinations of reprogramming genes in a 

variety of vectors have been employed. With a few 

exceptions, most of the resulting lines resemble human 

ESCs, which are dependent on basic fi broblast growth 

factor and Activin/Nodal signaling to maintain their 

pluri potency. Such pluripotent lines are called prime- or 

epiblast-type and are characterized by fl attened colony 

morphology, relative intolerance to passage as single 

cells, and inactivation of one of the X-chromosomes in 

female lines. Th ey are often presumed to represent a 

‘more diff erentiated phenotype’ than that represented by 

the so-called naïve cells, which arise when mouse somatic 

cells are reprogrammed. Th e latter, like the ‘true’ ESCs 

generated from outgrowths of the inner cell mass of 

mouse blastocysts, are dependent on LIF/STAT3 (leu-

kemia inhibitory factor/signal transducer and activator of 

transcription  3) signaling, divide more rapidly than 

prime-type cells, and can be readily propagated from 

dispersed single cells. However, it has proved possible to 

generate such LIF/STAT3-dependent iPSCs from swine 

by applying selective growth procedures immediately 

following reprogramming [8].

What then is the value of iPSCs from a large animal like 

the pig? Th e possibility that they might be more useful 

than somatic cells for genetic modifi cation and SCNT 

was discussed above. But perhaps their greatest potential 

will be in regenerative medicine. For example, if the cell 

types contemplated for future human use are considered 

to constitute a risk for cancer, analogous porcine cell 

grafts might fi rst be tested in pigs, whose immune system 

is more similar to that of humans than is that of rodents. 

Large animal models will also be needed to perfect the 

surgical techniques needed to introduce stem cell 

derivatives into organs and tissues and to assess whether 

functional grafts form. Many of these procedures could 

be performed with autologous grafts, since it should be 

possible to generate iPSCs from piglets soon after they 

are born and to employ derivatives of these cells to 

establish grafts in the same animal from which they were 

derived. Th us, the pig and other large animals, because of 

their close anatomical and physio logical similarities to 

the human, will fi nd new roles in regenerative medicine.

Chimeric animals and xenotransplantation

Human autologous and allogeneic stem cells and their 

derivatives hold promise for regenerative medicine. Th e 

prediction of potential eff ects of transplanted cells is a 

signifi cant challenge, taking into account the complex 

interactions of stem cells with diff erent organs and the 

requirement of the cellular and molecular microenviron-

ment for proper regulation, maintenance, proliferation, 

and biological function. One of the major obstacles for 

preclinical studies using human cells in animal hosts is 

the host-graft reaction, which can mitigate the benefi cial 

eff ect and complicate the interpretation of results. Several 

approaches are currently used to overcome reactions in 

model organisms, including immunosuppres sion of the 
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host animal, the use of genetically engineered animals 

that are immunodefi cient or do not react to the trans-

planted cells, alterations in the stem cells, which aff ect 

their ability to induce immune responses, and other 

approaches.

An additional method, which has potential not only in 

the study of the plasticity of stem cells, immune tolerance, 

and stem cell diff erentiation but also as a model for 

prenatal treatment of disease, is based on the immune 

incompetence of the developing organism. Th is involves 

injection of human stem cells into the developing fetuses 

of large animal species.

A variety of human stem cell types  – including bone 

marrow-, umbilical cord-, and fetal liver-derived hemato-

poietic stem cells, mesenchymal stem cells (MSCs), renal 

adult stem cells, and neural stem cells – have been used 

for this purpose [16] Cell expansion, long-term 

persistence, and multiple organ engraftment of human 

cells in live-born recipients were reported in rabbits [17], 

dogs, pigs [18], sheep [19], goats [20], and monkeys [21]. 

Procedures were optimized to maximize cell survival and 

tissue targeting using specifi c cell populations. Results of 

the studies revealed advantages and shortcomings of the 

use of the large animals. Th e benefi ts are that fetal 

develop ment is much closer to that of humans. Th e 

gestation period allows long-term studies as well as 

similar sample collection for analysis. Monitoring 

procedures are also adequate for human fetal testing of 

growth and develop ment, delivery techniques can be 

developed and tested, and the dosage and route of 

administration can be optimized. Among limitations are 

some diff erences in pregnancy and fetal development in 

large animals such as sheep, pigs, and goats relative to 

humans as well as the inability to use high-throughput 

approaches for screening and the absence of the 

methodology for easy genetic modifi cation of the host.

Xenotransplantation between animal species was ex-

plored to study immune tolerance, molecular and physio-

logical compatibility, risk of carryover infection, and 

other safety issues. Th ese studies also provided model 

systems for the potential use of animal stem cell products 

in humans. A majority of reports focus on cell products 

from pigs as the most likely sources of cells for trans-

plantation into humans. For example, fetal porcine 

neuroblasts were systematically rejected after intracere-

bral administration for the treatment of neuro degenera-

tive diseases in other animal hosts, especially non-human 

primates [22]. Immunosuppression was required and 

pro duced secondary eff ects. In contrast, xenogeneic 

MSCs or expanded neuronal precursors show long-term 

survival and negligible immune reaction in immuno-

competent animals [1]. Pig neuronal adult stem cells can 

be expanded easily, have immunosuppressive properties, 

and are able to generate all three neural lineages. 

Additional protection for these cells can be provided by 

using genetically modifi ed animals (for example, α-

galactosyltransferase knockout pigs expressing human 

complement regulatory genes or additional immuno sup-

pres sive genes or both) [23].

Overall, the nature of the immune response after 

xenogeneic MSC transplantation in animal models is not 

known defi nitively. A number of studies using rodent 

MSCs for allotransplantation [24] as well as other animal 

MSCs in rodents reveal immune response in immuno-

com petent animals. A smaller number of reports have 

indicated signifi cant immune response in large animal 

species, including pigs and baboons [25,26]. In the latter 

case, large, multiple dosages were used and there was no 

correlation between MSC survival and the production of 

alloantibodies. Several explanations can be made for 

these discrepancies between reports and animal species, 

including the purity of the cell preparations, the organ of 

origin of the cells, and the extent of cell characterization 

in a given experiment and other experimental conditions 

or their combination. Intrinsic diff erences in the 

properties of MSCs between diff erent species may also 

contribute to the variability of the results. For example, it 

was reported that mouse MSCs, despite having 

immunosuppressive properties in vitro, are much weaker 

in this regard than human MSCs [27]. Clearly, further 

studies in larger animals, especially non-human primates, 

are required to ensure patient safety in clinical trials 

using MSCs. A recent meta-analysis of large animal 

studies using MSCs indicates that in 88 of 94 reports, 

good cell engraftment and functional activity across the 

species barrier were obtained [28]. Th e vast majority of 

studies reported good cell engraftment and functional 

activity across the species barrier. Very few reports 

indicated complications, such as fi brous tissue in the liver 

or signifi cant infl ammatory responses. Owing to the 

signifi  cant number and purity of cells that can be 

obtained, adipose tissue has become the preferred source 

of MSCs in these animals. To ensure that such cells are 

safe to use in clinical practice, additional studies on cell 

survival, effi  cient suppression of the immune response, 

and any adverse eff ects should be conducted.

Testing stem cell therapies for specifi c disease 

conditions using larger animal models

Stem cell applications provide potential opportunities for 

therapy of a wide variety of human acute and chronic 

conditions for which there are no effi  cient surgical or 

pharmacological treatments. Th e choice of the most 

suitable disease condition as a target for intervention is 

determined by many factors, including the availability of 

reproducible and predictable model systems providing 

measurable outcomes that can be applied to human 

trials. Owing to the large number of diseases for which 
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stem cell therapies are currently applied in animal models 

and the limited space in a short review article, we discuss 

here selected examples of testing this approach for 

diseases aff ecting diff erent organ systems in large animal 

species. Th ese were chosen on the basis of successful 

preliminary results, demonstrating advantages of using 

large animals and suggesting that such studies eventually 

will provide the safety and effi  cacy data required for 

clinical trials. In the majority of cases, these applications 

were fi rst examined in rodents as a proof-of-principle 

and moved to larger animals for validation and eventual 

translation to the clinic.

Ocular diseases

Stem cell therapy has attracted signifi cant attention for 

the treatment of irreversible blinding pathologies, such as 

retinitis pigmentosa and macular degeneration, and has 

already resulted in clinical trials. Recent studies have 

shown that many of the results obtained using stem cell 

grafting in rodents are reproducible in larger mammalian 

species, including the cat, dog, and pig [3]. Evidence has 

shown that retinal integration was substantial for 

transplanted cells but that photoreceptor diff erentiation 

was limited. A recent meta-analysis of the xenogeneic 

transplantation of human adipose-derived MSCs showed 

signifi cant improvement in rabbits and dogs that received 

treatment for retinal injury [29]. Human bone marrow 

MSCs and immature dental pulp stem cells have been 

successfully used for ocular reconstruction in the 

chemical burn injury rabbit model [30]. Recently, iPSCs 

were derived from fetal pig fi broblasts as a source of rod 

photoreceptor lineage cells. Th ese cells were able to 

diff erentiate into photoreceptors, integrate into the 

retina, and generate outer segment-like projections [31].

Neuronal diseases

Th ere is signifi cant enthusiasm for the use of neural stem 

cells for therapy of brain and spinal cord injury and 

neurodegenerative disorders. Non-human primates 

that receive 1-methyl-4-phenyl-1,2,3,6-tetrahydro pyri dine 

(MPTP) develop disease mimicking the sporadic forms of 

Parkinson’s disease, including resting tremor, frontal-

striatal cognitive defi cits, and autonomic disturbances, 

which are not features of the widely used rodent models. 

Non-human primates are also an optimal model for 

preclinical evaluation using technologies requiring intra-

cerebral targeting. In clinical settings, the accuracy of the 

delivery method signifi cantly aff ects the effi  cacy of the 

therapy and should be tested in relevant animal models. 

Owing to the highly inbred nature of rodents often used 

in studies of Parkinson’s disease therapy, stereotaxic brain 

atlases can be relied upon for delivery of the cells, a 

practice which is not suitable for human cases. Non-

human primate anatomical variations and brain 

complexity are much more similar to those of humans 

and therefore are providing a more reliable set of pre-

clinical data [32]. Allotransplantation of fetal monkey 

dopaminergic stem cells or ESC-derived dopaminergic 

neurons was successful and led to studies using human 

neural and adult stem cells introduced into monkeys. 

Th ese cells survived in MPTP-treated animals and 

produced behavioral improvement [33,34]. Human 

neuronal precursor cells alone or cells overexpressing 

glial cell line-derived neurotrophic factor or insulin-like 

growth factor induced behavioral improvement, cell 

survival, and migration [35,36]. Use of dopamine neurons 

diff erentiated from human ESCs resulted in very limited 

cell survival, whereas allographic transplantation pro-

duced a better outcome [37]. Recently, excellent neuronal 

survival and function of human pluripotent and embryo-

derived dopamine neurons in the monkey model have 

been reported, testing the scalability of the approach 

toward use in the clinic [38,39]. A signifi cant advantage 

of the use of large, long-lived animals is the ability to have 

a longer observation time for possible side eff ects as well 

as therapeutic benefi ts. Th e use of non-human primates 

also permitted the evaluation of the potential for 

reconstruction of the full dopaminergic pathway by co-

grafting fetal tissue or growth factors into the striatum 

and substantia nigra at distances similar to those in the 

human brain [40]. Despite these advances in animal 

models, human trials so far have shown very modest and 

variable improvement, indicating that further optimi-

zation of techniques is required to improve effi  cacy 

before clinical use.

Investigations of the therapeutic eff ects of a variety of 

stem cell types for treatment of stroke, most commonly 

conducted in rodent models, demonstrated functional 

improvement and positive outcomes. However, prolifera-

tion or neuralization of the transplanted cells was not 

shown in most studies [1]. Survival of newly generated 

neurons, even when reported, was short-lived. Th ere are 

signifi cant diff erences in vascular, sensory, and motor 

systems in the brain of rodents and humans. Further-

more, rodents spontaneously resolve most of the dys-

functions caused by current procedures within several 

weeks. Th erefore, demonstration of treatment effi  cacy in 

non-human primates would provide greater confi dence 

for clinical trials. Th e use of these animals should address 

practical questions about cell types and dosage, the 

viability of particular routes of administration and thera-

peutic windows, postoperative care, the use of optimal 

approaches to follow the fate of transplanted cells, and 

long-term observation under conditions mimicking 

clinical applications. Relatively few studies have been 

carried out using non-human primates and stroke 

models. Recently, Sasaki and colleagues [41] created an 

improved model for stroke by using infusion of human 
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MSCs into the African green monkey. Th e procedure was 

safe, and a trend toward functional improvement was 

observed. Th e investigators made an important observa-

tion that might infl uence the interpretation of future 

studies and will likely be observed in clinical trials 

because of the outbred nature of the population and the 

anatomical brain peculiarity of primates: variation in 

collateral circulation between individual animals even 

with similar lesions signifi cantly aff ected the outcome. 

Th ese experiments suggest that neuroprotection can be 

achieved by using current types of stem cell treatments. 

However, signifi cant eff orts should be directed toward 

improving approaches targeting proliferation, replace-

ment, and integration of neuronal cells in large animal 

models before moving to human preclinical studies.

Musculoskeletal diseases

Stem cell therapies for the treatment of musculoskeletal 

tissue pathologies include transplantation of tissue-

forming cells, application of bioactive matrix materials, 

and delivery of bioactive molecules to sites of injury and 

repair. As for a number of other disease conditions, 

rodent models have been used widely for proof-of-

concept studies of osteoarthritis. However, thin cartilage, 

inadequate size and volume of the defects, intrinsic 

healing of the rodent models, and the inability to conduct 

long-term studies make rodents less useful than larger 

animal models for preclinical studies. Successful treat-

ment of osteoarthritis in dogs, goats, and sheep has been 

reported using bone marrow- and adipose-derived MSCs 

[42]. Autologous MSCs were used with positive results in 

dogs and rabbits for the treatment of experimentally 

induced chondral defects and bone regeneration. 

Minipigs and horses are currently considered the most 

promising models for future studies (reviewed in [43]). 

Overall, despite the positive eff ects, the osteogenic 

potential was not consis tent, suggesting that enriching 

the pure osteogenic population of MSCs before 

application may be benefi cial.

Th erapy for skeletal loss was tested in golden retriever 

muscular dystrophy dogs, one of the best models of the 

human disease. Clinical features of the Duchenne 

muscular dystrophy phenotype in dogs are more severe 

than in mdx mice. Dogs are therefore more predictive for 

characterizing the disease and for testing treatments. 

Human and canine umbilical MSCs were safe and 

engrafted well but did not diff erentiate into muscle cells, 

whereas human adipose-derived MSCs were able to 

engraft and express human dystrophin in the host muscle 

for a prolonged time (up to 6 months) and were healthy 

after 3 to 4  years of observation [44]. Studies using the 

dog model also indicated that multiple injections with 

intervals of up to 6 months may be required to maintain 

the proper level of exogenous dystrophin.

Cardiovascular diseases

Most of the information regarding cardiovascular biology 

has been generated using rodents. However, there are 

signifi cant diff erences between cardiac characteristics in 

mice and humans, including heart rate, coronary archi-

tecture, capillary density, and mechanical properties of 

the myocardium, which limit the extrapolation of studies 

to clinical therapy. Among larger animal species, dogs, 

pigs, and sheep are useful models. Echocardiography and 

cardiac magnetic resonance imaging techniques used in 

humans can be applied to these species. Improvement of 

cardiac function was reported in rabbits, dogs, sheep, 

and pigs by using a variety of cells, including skeletal 

myoblasts, bone marrow- and adipose tissue-derived 

stem cells, cardiac stem cells, and endothelial adult stem 

cells [45-47]. A recent meta-analysis of the 52 published 

preclinical studies involving large animals that received 

cardiac stem cells as therapy for ischemic heart disease 

concluded that these models can predict the outcome of 

clinical trials and that treatments are safe [48]. Th ese 

studies potentially can address a variety of important 

issues before clinical trials can be conducted, including 

determining the optimal cell type and delivery method, 

time of adminis tration, and type of clinical condition for 

which a treat ment can be benefi cial. It should be noted 

that the study concluded that the cell treatment led to 

improve ment in left ventricular ejection fraction but did 

not prevent ventrical remodeling, at least for over the 

short term of about 4  months. Also, signifi cant hetero-

geneity and inconsistency among data sets were 

observed. Variability of the results was not correlated 

with the type of cells used, species of animals, or model 

of infarction. Higher cell numbers, late injections, use of 

MSCs, and therapy aimed at the ischemic/reperfusion 

myocardial infarction model show the most benefi cial 

eff ects in comparison with other treatment regimens and 

the application of bone marrow mononuclear cells and 

chronic infarct model. Most importantly, results of 

preclinical studies in large animals clearly showed that 

repeated intramyocardial injections of high doses of 

MSCs were safe and had no adverse eff ects [49,50]. Th e 

studies suggested strategies to obtain a sustained eff ect, 

including optimizing the number of cells, time of 

delivery, and cell type. Reports using mouse MSCs have 

raised concerns about tumor formation, whereas none of 

the large animal studies displayed these problems. Future 

studies should continue safety experiments for longer 

time periods and should focus on improving established 

protocols to increase treatment effi  cacy. Other types of 

stem cell should also be tested.

Conclusions

Current progress in stem cell biology and the results of 

preclinical investigations of stem cell-based therapy 
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provide new prospects for regenerative medicine. Animal 

models off er the ‘whole organism’ environment for 

testing feasibility, safety, and effi  cacy of this new class of 

therapeutics. Most of the information regarding stem cell 

behavior and the potential to mitigate disease has been 

obtained using mice. For a variety of disease conditions, 

these models have signifi cant limitations that can 

potentially be overcome by the complementary use of large 

animal models for preclinical validation. Th e creation of a 

more informative set of animal models for stem cell-based 

therapies will require solving several problems.

1. Th ere is a paucity of well-characterized stem cell lines 

from larger animals and protocols for their manipu-

lation and characterization. In parallel, there is a lack 

of centralized resources to characterize and perform 

quality control of standardized cells and distribute 

them to investigators. Th ere are very limited data 

regarding the similarity of large animal stem cells to 

human cells. Th erefore, comparative studies are of 

primary importance.

2. Low levels of cell engraftment and low effi  ciency of 

diff erentiation are signifi cant limitations for practical 

applications of stem cells. New approaches should be 

developed to increase retention of transplanted cells in 

the host. Techniques to monitor cell behavior in vivo 

should be further developed in order to elucidate the 

precise mechanism of stem cell action and to monitor 

properties in animal models.

3. Th e absence of models for disease conditions precisely 

recapitulating the human phenotype with comparable 

organ sizes and physiologies can be a signifi cant 

limitation. Careful and rigorous selection of the best 

animal models for specifi c diseases is critical. Th e cost, 

availability of animals and genetic tools, and appro pri-

ate infrastructure are important factors when choosing 

the optimal model. Concerted breeding eff orts might 

provide the most economical approach in this regard. 

Large animal models will present new opportunities to 

study chronic diseases with complex genetic and 

environment interactions.

4. Young, healthy animals are usually used in stem cell-

based experiments, whereas the human population is 

very complex, with ill patients of various ages. 

Conditions may have been already treated with drugs 

and other interventions. Owing to cost, sample sizes 

for large animal studies must often be minimized, 

potentially leading to underpowered experiments. 

Long-term monitoring may also be limited by the cost 

of maintaining animals. Variability among individuals, 

common in large, out bred animal species, must also be 

considered. Signifi  cant statistical considerations in the 

plan for large animal studies include research design 

that requires blinded experiments, randomization, and 

dose escala tion studies.

5. Th ere have been some successes in making transgenic 

animals, although technologies are not nearly as well 

developed for large animals as they are for mice. 

Humanized animal models, particularly mice, have 

reached signifi cant milestones, including allowing the 

reconstruction of human hematopoiesis and immunity 

and recapitulating some human disease conditions. An 

important step will be the creation and use of 

humanized large animal models such as pigs and non-

human primates, which will complement mice and 

may have greater predictive capability.

6. Th e discussion of the use of animals as model systems 

will not be complete without serious attention to regu-

latory and ethical issues. Th ere is a need for further 

develop ment of the regulatory requirements for large 

animal studies to ensure effi  cacy and safety of stem 

cell-based product applications for human thera-

peutics. Th e use of large animals, among which are 

companion animals as well as non-human primates, 

raises societal con cerns because of their psychosocial 

awareness and privi leged status in the human commu-

nity. We emphasize that the husbandry of animals, 

both large and small, is highly regulated and scrutin-

ized by multi ple government and non-government 

entities. Compli ance with high standards of care, re-

fi ne ment of research methodology, and husbandry 

techniques should be seriously considered before plan-

ning any experiments with these animals. Additional 

research is required to understand the distress 

mechanisms upon cell transplantation, espe cially in 

attempts to cure diseases for which these therapeutic 

approaches have not been previously considered. For 

certain applications, it still may be more economical to 

conduct preliminary testing in small animals followed 

by use of larger animals that are more similar morpho-

logically and physiologically to humans.
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