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Cartilage repair in terms of replacement, or regeneration of damaged or diseased articular
cartilage with functional tissue, is the ‘holy grail’ of joint surgery. A wide spectrum of
strategies for cartilage repair currently exists and several of these techniques have been
reported to be associated with successful clinical outcomes for appropriately selected
indications. However, based on respective advantages, disadvantages, and limitations, no
single strategy, or even combination of strategies, provides surgeons with viable options for
attaining successful long-term outcomes in the majority of patients. As such, development
of novel techniques and optimisation of current techniques need to be, and are, the focus of
a great deal of research from the basic science level to clinical trials. Translational research
that bridges scientific discoveries to clinical application involves the use of animal models in
order to assess safety and efficacy for regulatory approval for human use. This review article
provides an overview of animal models for cartilage repair.
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History

Animal models have been the mainstay of
cartilage repair research for decades and con-
tinue to be required for regulatory approval
for clinical use of biologics, devices, and
methods."® In vitro models of cartilage repair
have also been developed and can have util-
ity in terms of screening various strategies
prior to in vivo validation using animal
models®'%: however, in vitro models do not
currently provide a direct pathway to clinical
use and are not the subject of this review.

For this review, the senior author (JLC)
searched PubMed (from 1967 to 2013) using
the search terms ‘cartilage’ AND ‘animal’
with a Review Article filter. The reference lists
of articles identified by this search strategy
were then reviewed and studies judged to be
relevant were selected. The reference list was
subsequently modified during the peer-
review process on the basis of comments
from reviewers.

Historically, small animal models includ-
ing rats and rabbits and large animal models
including dogs, sheep, goats and horses
have been most commonly used for investi-
gation of cartilage repair strategies.’® In
each of these models, surgically created
focal defects in the knee (stifle) have been

the typical methodology employed. While
each of these models can be effective in
assessing safety and efficacy of cartilage
repair strategies to some degree, each also
has its limitations.

Rodent and rabbit models are associated
with spontaneous intrinsic healing of carti-
lage not seen in larger animal models and
humans. Rodents retain open physes with con-
tinued endochondral ossification throughout
life." The small size of their joints and very
thin nature of their articular cartilage limit
the types of treatments and outcome
measures that can be used. It is also difficult
to mimic post-operative manipulations such
as bandaging, limited weight-bearing and
physical therapy in mice, rats, and rabbits.
Additionally, gait and movement character-
istics in rats and rabbits are considerably dif-
ferent from that of humans, leading to
differences in cartilage loading patterns.
However, rodent models are cost- and
space-effective, allow for genetic manipula-
tion and use of xenogeneic cells and tissues.
This makes rodent models an efficient
means for determining mechanisms, assess-
ing variables, and screening drugs, bio-
logics, devices and methods for further
investigations in large animal models.
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Although financial costs and public perception of ethi-
cal aspects must be considered, large animal models
address many of the limitations associated with rodent
and rabbit models and are typically required for regula-
tory approval of any cartilage repair strategy. Healing
potential of the cartilage is comparable with that seen in
humans as noted in the numerous research studies using
these models,3>821214 55 well as data from the veteri-
nary clinical literature.’'® The size of the joints and thick-
ness of the articular cartilage in these species are
amenable to clinically relevant manipulations and out-
comes assessments. Post-operative management strate-
gies used for human cartilage repair patients can be
employed in these species — particularly in dogs — in
which bandages, orthotics, limited weight-bearing and
physical therapy are routinely and effectively used in
research and clinical veterinary settings.®121415,17.18
Importantly, client-owned dogs and horses (rather than
research dogs and horses) are also afflicted with cartilage
defects resulting from osteochondrosis, trauma, and ath-
letic injuries with symptomatology and treatment
options that are essentially identical to those in
humans.®'%2° These spontaneously occurring cartilage
defects provide an optimal opportunity for critically
assessing cartilage repair strategies for human applica-
tion, in that the mechanisms of disease are the same as
those seen clinically, all of the articular tissues are
involved, and assessments of efficacy can be based on
clinically relevant measures of return to function.?®

ASTM and FDA guidelines

In 2010, the American Society for Testing and Materials
(ASTM) published the Standard Guide for in vivo Assessment
of Implantable Devices Intended to Repair or Regenerate
Articular Cartilage,? which included descriptions and ratio-
nale for various animal models. This guide distinguished
cartilage regeneration (the formation of articular-like carti-
lage that has histologic, biochemical and mechanical prop-
erties similar to that of native articular cartilage) from
cartilage repair (the process of healing injured cartilage or
its replacement through cell proliferation and synthesis of
new extracellular matrix) and fibrocartilage (disorganised
cartilaginous tissue with an abnormally high content of
type | collagen). A critical size defect is defined as the min-
imum defect dimension (in diameter) that the animal is
incapable of repairing without intervention. For the femo-
ral condyle — which was the primary location recom-
mended — ASTM suggested that defect size should not
exceed 15% to 20% of the articulating surface, or 50% to
60% of the condylar width, with depth varying from 1 mm
to 10 mm depending on intended purpose, animal model,
indication, and controls and cohorts used in the study
design.? While methods for reducing joint movement and
load are acceptable, the joint should be restored to normal
activity and unrestricced movement for an appropriate
time prior to final assessment. At the time of sacrifice,

outcome measures including gross (synovial fluid,
synovium, repair site, surrounding and apposing articular
cartilage, surrounding bone, osteophytes),’® histologic
(validated scoring systems),?! biochemical (quantity and
quality of collagen and proteoglycans) and biomechanical
assessments (aggregate modulus, Poisson’s ratio, permea-
bility using confined compression creep testing and/or
creep indentation)??3! along with appropriate statistical
analyses, should be performed.?

In December 2011, the United States Food and Drug
Administration (FDA) issued a Guidance for Industry
regarding the requirements for approval of drugs, biolog-
ics, devices or combination products intended to repair or
replace cartilage in the knee.! While the FDA’s guidance
documents do not establish legally enforceable responsi-
bilities, the recommendations provided are typically con-
sidered to be the best ‘road map’ for gaining approval for
clinical use of a given technology. In this document, the
FDA outlined the components of translational (animal
model) research that were suggested for applications for
conducting clinical studies in the United States for carti-
lage repair or replacement in the knee, such as

Nonclinical data should establish scientific support for
clinical investigation of the product by demonstrating an
acceptable safety profile in the anticipated performance
of the product, which can be derived from animal studies,
mechanical testing, or a combination of both. Ideally, ani-
mal and mechanical testing should be combined in single
studies.

Animal studies are used to assess biological responses
(proof of concept for clinical efficacy and safety data),
durability (time for repair, wear resistance, degradation
and withstanding loads over time), toxicology (local and
systemic), dose response, lesion size and location (loca-
tion analogous to intended use in humans), appropriate
endpoints (should mirror eventual clinical study) and use
of arthroscopic and/or MRI evaluations (to allow for lon-
gitudinal, interim assessments before sacrifice).

At the time of each sacrifice, gross examination and
mechanical integrity of the cartilage should be assessed.
Mechanical testing should address the ability of the
implant to withstand expected in vivo static and dynamic
loading, analysis of fixation method and strength of inte-
gration, and propensity to generate wear debris.

Large animal models are recommended and research-
ers should carefully consider the model’s ability to reflect
the intended clinical use of the product and the ASTM’s
Standard Guide.?

In general, pivotal animal studies that are a minimum
of one year in length are necessary; however, pilot studies
designed to confirm the suitability of a specific animal
model are recommended.

For cell-based therapies, the use of analogous cellular
products from the animal species used for testing are rec-
ommended to avoid the need for immunosuppressive
agents or rejection.
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Table I. Comparison of common currently used animal models for articular cartilage repair

91

Post-operative

Cartilage Defect type/ management Outcomes

Species Joint(s) thickness (mm)” size Primary use capabilities assessments’

Rat Knee ~0.1% Surgically created Mechanisms of action; Laboratory rat caging. MRI if 7T or greater
0.75 mm to 3 mm use of xenogeneic Running wheel. capabilities, microCT.
chondral/osteo- cells or tissues; screen- Hindlimb suspension  Gross. Histology. Bio-
chondral. ing of treatments for chemical. Biomechani-
Critical size = pivotal study in large cal
unknown animal model

Rabbit Knee, shoulder 0.21t0 0.56 Surgically created Mechanisms of action; Laboratory rabbit MRI if 7T or greater
2mmto4 mm (3 mm screening of treat- caging capabilities, microCT.
most common) chon- ments for pivotal Gross. Histology. Bio-
dral/osteochondral. study in large animal chemical. Biomechani-
Critical size =3 mm model cal

Sheep/Goat Knee 0.4to 1.5 Surgically created Pivotal studies using Stall/pasture. MRI, CT, radiography.
4 mmto 15 mm surgically created Schroeder-Thomas Subjective function.
chondral/osteochon-  defects for which post- splint Gross. India ink stain-
dral. Impact injury. operative manage- ing. Histology.

Critical size=6 mmto ment variables are not Biochemical. Biome-
7 mm critical chanical
Dog Knee, shoulder, 0.95t0 1.3 Surgically created Pivotal studies using Kennel/run/group Arthroscopic scoring.
elbow, hip, ankle 3 mmto 12 mm surgically created or housed. Bandages, MRI, CT, radiography.
chondral/osteochon-  spontaneous defects;  casts, splints, orth- VAS for pain, func-
dral. Impact injury. post-operative assess-  otics, external skeletal  tion, effusion and
Osteochondrosis. Sec- ments and manage- fixators, non-weight-  QoL. ROM. Muscle
ondary osteoarthritis.  ment most closely bearing slings. mass. Kinetics and kin-
Elbow dysplasia. mimic human Dedicated exercise. ematics. Gross. India
Critical size =4 mm Physical therapy ink staining. Histology.
Biochemical. Bio-
mechanical
Horse Knee, carpus, ankle 1.5t02.0 Surgically created Pivotal studies using Stall/pasture. Arthroscopic scoring.

6 mm to 20 mm

chondral/osteochon-
dral. Chip fracture.

Osteochondrosis.

Critical size =9 mm

surgically created or Dedicated exercise
spontaneous defects;

cartilage thickness and

cartilage bio-

mechanics most

closely resemble

human

MRI and CT if special
capabilities, radiogra-
phy. Subjective func-
tion. Kinetics and
kinematics. Gross.
India ink staining. His-
tology. Biochemical.
Biomechanical

* human range 2.2 to 2.5 mm>™

T MRI, magnetic resonance imaging; CT, computed tomography; VAS, visual analogue scale; QoL, quality of life; ROM, range of movement

} ~ indicates approximation

Complete reports of animal studies should be provided
and include, at a minimum: 1) the purpose of the study;
2) the rationale for the animal model; 3) detailed meth-
ods; 4) the period of immobilisation; 5) gait analysis
reports; 6) all tested parameters from bullet point two
(page 90); and 7) pathological, histological and radiolog-
ical evaluations. In addition, any differences between the
product used in animal studies and the product proposed
for clinical use should be explicitly described, and a state-
ment regarding Good Laboratory Practice (GLP) compli-
ance provided.

The FDA recognised that there is no perfect animal
model of articular cartilage injury and recommended con-
tacting them prior to nonclinical testing in order to best
determine and define specific study design components.

Comparison of current models
Table | provides a comparison of common currently used
animal models for articular cartilage repair.

Recommendations
In addition to addressing the FDA and ASTM guidelines, it is
critical to involve a team of professionals during the earliest

stages of study design in order to optimise the results of the
research and ensure the most ethical and effective use of
animals. Key members of the team include a biostatistician
to determine required animal numbers and data handling,
a veterinarian and laboratory animal personnel to optimise
animal care and use, experts in biomechanical testing, mus-
culoskeletal histology and diagnostic imaging, and an
orthopaedic surgeon who is very familiar with cartilage sur-
gery. It would also be ideal to include regulatory experts
and representatives from any industry partners from the
onset to ensure feasibility for approval and clinical applica-
tion. A pre-investigational device exemption (IDE) or pre-
investigational new drug (IND) meeting and/or submission
should be performed with the appropriate FDA agency well
in advance of any pivotal study.

Researchers must weigh the needs for using a small or
large animal study model with their outcome goals.
Rodent and rabbit models are recommended for ‘mecha-
nism’ or ‘proof of principle’ studies when data regarding
toxicity, formulation, dose response and/or safety are
needed before further pivotal studies. Large animal models
are necessary for truly translational research aimed at gain-
ing regulatory approval for clinical use in humans.
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Fig. 1

Corresponding arthroscopic (top), radiological, histologic (toluidine
blue stain) and biomechanical (Young’s Modulus) assessments of two
different focal (10 mm) osteochondral defect treatments in the femo-
ral condyles of dogs at six months after implantation. The defect on
the left was treated with an osteochondral allograft that was pre-
served such that chondrocyte viability was < 70% at the time of
implantation. The defect on the right was treated with an osteochon-
dral allograft that was preserved such that chondrocyte viability was
> 90% at the time of implantation.

When deciding between large animal models, impor-
tant factors to consider are those outlined above and in
Table 1, including feasible joints, cartilage thickness,
defect type, size and location, post-operative manage-
ment capabilities and availability and validated outcomes
measures. In addition, it is important to consider the age
of skeletal maturity and cartilage maturity of the animals
chosen, the gastrointestinal physiology of the species,
and involvement of all articular tissues that comprise the
diarthrodial joint organ.

As outlined in the recommendations of the Interna-
tional Cartilage Repair Society (ICRS),’ cartilage maturity
is thought to be a more important consideration than
skeletal maturity (age at which the epiphyseal plates are
fused). Cartilage maturity is typically determined by a
well-defined zonal architecture, with an intact calcified
cartilage layer (tidemark) and a fully-formed subchondral

bone plate that is minimally vascularised. This helps to
ensure that the articular cartilage has the appropriate
cellular, biochemical, biomechanical and healing charac-
teristics for relevant human clinical application. Gastro-
intestinal physiology has important ramifications for any
studies that involve the use of pharmaceuticals, nutra-
ceuticals, or other substances delivered via enteral
absorption or uptake. Because goats and sheep are rumi-
nants and horses and rabbits are hindgut fermenters,
important differences in uptake, absorption, efficacy and
side effects can occur in these species when compared
with monogastrics such as dogs and humans.

Lastly, consideration of all articular tissues with respect
to treatment of cartilage pathology is vitally important, but
often overlooked. The joint is an organ and even early focal
cartilage defects are associated with pathology of perile-
sional and apposing articular cartilage, subchondral bone
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and synovium, as well as other tissues such as meniscus,
intra-articular ligaments, and labrum in respective joints. If
the whole joint is not taken into consideration when devel-
oping and assessing cartilage repair strategies, clinical
applicability of the data will be severely limited, especially
with respect to pain relief, level of function attained and
effects on disease progression. To this point, chronic defect
models or spontaneously occurring disease in clinical vet-
erinary patients are preferred and arthroscopic, MRI, gross
and histologic outcome measures should include whole-
joint assessments.'""16

In balancing all factors for optimising the translational
potential of an animal model for testing cartilage repair
strategies, the following are considered key characteristics
for pivotal studies'®16:32:33;

1. Large animal model (dog, sheep, goat or horse) at age
of skeletal and cartilage maturity, appropriately powered.

2. Critical size chondral or osteochondral defect (pro-
tection or violation of calcified layer verified arthroscopi-
cally and/or histologically).

3. Inclusion of a relevant control and/or cohort group.

4. Study duration = six months.

5. Include diagnostic imaging (arthroscopy, MRI), clin-
ically relevant (pain, effusion, muscle mass), functional
(subjective with blinding and/or objective gait analysis,
range of movement [ROM]), gross, biomechanical and
histologic outcomes measures at a minimum.

6. Good Laboratory Practices (GLP)-level documenta-
tion.

In our research centre, these characteristics are
addressed best by implementing canine models using
adult (> 18 months old) purpose-bred hounds (> 20 kg
body weight) of both genders. Types of defects include
surgically-created critical size (= 5 mm) chondral or osteo-
chondral defects in the knee, shoulder, elbow or hip,
osteochondrosis lesions of the femoral condyle or medial
humeral condyle, or ICRS grade 3 or 43* femoral condylar
lesions occurring secondary to impact injury or meniscal
release.>>3® Controls include the contralateral normal
joint and/or untreated defects and cohorts are one or
more relevant standard-of-care treatments such as micro-
fracture, osteochondral autografts or allografts, or scaf-
fold-only implants based on intended indication for the
technology being evaluated. Dogs are evaluated longitu-
dinally using clinical (pain, effusion, muscle mass, quality
of life), functional (subjective and/or objective gait analy-
sis, ROM), and diagnostic imaging (arthroscopy, radio-
graphy and/or MRI) assessments and at study endpoint
(= six months) using gross, biomechanical, histologic and
biochemical outcome measures (Fig. 1).

Conclusions

Cartilage repair is a critical area of research for which
translational animal models provide an essential compo-
nent to safe and effective clinical use of new treatment
strategies. While no perfect animal model exists, several

good resources for optimising animal care and use within
a sound experimental design are available.'® ¢33 Adopt-
ing a team approach that includes basic scientists, veteri-
narians and laboratory animal personnel, physicians and
industry representatives with the guidance of regulatory
bodies, is highly recommended.
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