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ABSTRACT

The Effects of Gene Therapy in an Ovine Osteoarthritis Model

by

Crystal Collier, Master of Science
Utah State University, 2020
Major Professor: Jeffery B. Mason, Ph.D.
Department: Animal, Dairy and Veterinary Sciences
Osteoarthritis (OA) is the most common joint disorder in the U.S. It becomes
most prevalent in adults 60+ years of age and causes decreased mobility, discomfort, and
in some cases, excruciating pain. The ovine osteoarthritis model is effective in advancing
the understanding of the disease. In osteoarthritis, aggrecanase enzymes are upregulated
and contribute to the degradation of one of the key proteoglycans of cartilage, aggrecan.
Tissue Inhibitor of Metalloproteinases (TIMPs) inhibit aggrecanases, which maintains the
enzyme activity in balance. The current study focused on the up-regulation of TIMP-3
protein in vivo using viral delivery of a TIMP-3 transgene directly into the stifle joint of
sheep. It was hypothesized that in vivo up-regulation of cell-produced, TIMP-3 protein
would decrease proteoglycan degradation and slow OA progression. We surgically
induced OA in an ovine model using an induced-trauma or hormone-depletion approach,
combined with oblique-angle forced exercise to accelerate OA progression. Mature ewes

underwent ovariectomy (n = 7) or cranial cruciate ligament desmotomy (n = 8) and were



v
exercised at an oblique angle for four months to accelerate induction of osteoarthritis.
The TIMP-3 treatment numerically decreased gait stance time, average osteophytosis
score, and joint widening, but did not significantly affect joint space narrowing. The
injected TIMP-3 transgene also numerically decreased aggrecanase activity and serum
glycosaminoglycan content and increased urine glycosaminoglycan content. This study
demonstrated the positive potential of in vivo gene therapy for the treatment of OA.

(116 pages)



PUBLIC ABSTRACT

The Effects of Gene Therapy in an Ovine Osteoarthritis Model

Crystal Collier

Humans rely on the health of their joints for stability and mobility in daily life. In
a normal, healthy functioning joint, complex processes maintain joint tissues, including
remodeling, lubrication, and immune function among many other tasks. Osteoarthritis
(OA) is the most common joint disorder in the U.S. It becomes most prevalent in adults
60+ years of age and causes decreased mobility, discomfort, and in some cases,
excruciating pain. In the biological processes of osteoarthritis, the metalloproteinase
enzymes responsible for the degeneration of cartilage are upregulated. The inhibitors of
metalloproteinase activity are known as Tissue Inhibitor of Metalloproteinases (TIMPs),
which keep metalloproteinase activity in balance. However, an increased production of
metalloproteinases has been noted in osteoarthritis-influenced cartilage. The current study
focused on the up-regulation of TIMP-3 protein in vivo using the introduction of a 7IMP-
3 transgene. It was hypothesized that up-regulation of cell-produced, TIMP-3 protein
would decrease proteoglycan degradation and slow OA progression in vivo. The use of
sheep as a model has proven an effective technique for characterizing diseased joint
issues and with our demonstrated method of inducing osteoarthritis over a period of
months instead of years, we can make strides in advancing the understanding of the
disease. Our methods involve two groups of surgically altered, mature, female sheep. One

half underwent ovariectomy or removal of both ovaries (# = 7) and the other half, a



vi
Cranial Cruciate Ligament Desmotomy or transection of the cranial cruciate ligament,
similar to the anterior cruciate ligament in humans (n = 8). OA was observed in sheep
with these surgeries that were subjected to forced exercised at an oblique angle for four
months. We found that the 7IMP-3 treatment decreased gait stance time, average
osteophytosis score and joint widening, but did not significantly affect joint space
narrowing. The TIMP-3 transgene also decreased aggrecanase activity and serum
glycosaminoglycan content and had a positive effect on urine glycosaminoglycan
content. Through understanding and utilizing these new methods, we hope to refine our

model to further research in this field and offer a better solution for those affected by OA.
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CHAPTER 1

INTRODUCTION

The normal and healthy function of joints is essential for pain-free daily life.
Synovial joints are comprised of two opposing/articulating surfaces. The major
components include bone, cartilage, synovium and the joint capsule. These tissues have
specialized cells, proteins, and pathways that regulate the remodeling of bones and joints.

The synovial joints are also the joints that are most commonly susceptible to
osteoarthritis (OA). Millions of people suffer from OA, with the majority being women
over the age of 60. Osteoarthritis is a complex disease with various symptoms including
mild to severe pain, loss in the range of motion, and joint stiffness (Z. Li et al., 2019). In
most osteoarthritic joints, an imbalance develops in the normal remodeling homeostasis
within the joint tissues, including articular cartilage. Increased activity in catabolic
enzymes specializing in the degradation of particular components of cartilage often cause
a thinning of cartilage and can include a decrease in joint space. This thinning of cartilage
puts more pressure on the subchondral bone below, spurring the formation of osteophytes
and bone sclerosis. The general mechanisms behind the formation of osteophytes are an
escalation in the formation of new bone and a decrease in bone resorption. Osteoarthritis
can be classified as either primary or secondary OA (Saxon, Finch, &, 1999). Primary
OA occurs without an obvious causative event, that is, from aging or 'wear-and-tear'.
Secondary OA occurs from an underlying condition or causative event such as injury.
Obesity, excessive exercise/overuse and genetics can also play a role in the development

and progression of the disease (Mandl, 2019).



Treatment of OA falls into three main categories: nonpharmacological,
pharmacological, and surgical. If a patient is overweight, it is recommended that diet and
exercise changes be to decrease weight and relieve stress on joints. Another non-
pharmacological approach is the use of physical therapy to keep the joint moving and
alleviate pain. Pharmacological methods include viscosupplementation or treatments
injected into the synovial fluid to decrease the breakdown of cartilage, non-steroidal anti-
inflammatory drugs, and opioids for pain relief. When OA has progressed too far for an
acceptable quality of life, there is the option of surgery through arthroscopy or partial or
total joint replacement. Arthroscopy is a non-invasive, exploratory surgery where a
surgeon can examine the state of the joint more thoroughly and perform minor fixes such
as the removal of loose cartilage, debridement, washing of the joint, and suturing. A
patient can also have a portion, or all of the affected joint removed and replaced often
resulting in a return to relatively normal joint function (Arif, Ahmad, & Arif, 2019).

Many animal models have been used in the study of OA to facilitate more in-
depth research than can be done with humans. Common animal models include rodents,
rabbits, dogs, sheep and goats, pigs and horses (Teeple, Jay, Elsaid, & Fleming, 2013).
The dog has often been used because of the frequency of arthritic and joint-injured dogs
being seen by veterinarians. There are several canine anterior cruciate ligament
transection models, but researchers are moving away from companion animal models, as
smaller livestock animals are more readily available with less social controversy and
similar benefits. Sheep are easy to handle and have joints anatomically similar to humans.

The equine model is popular because the equine industry is a large and often lucrative



target industry. There are many orthopedic injuries and diseases in horses, including OA,
which if effectively treated, could have a great economic return due to the horse’s many
uses in sports, work, and leisure.

To model secondary OA, trauma to the joint or other connective tissues is a
reliable method for initiating OA. Common methods of trauma induction include the
transection of major ligaments, excessive or repetitive loading of joints or the direct
damaging of cartilage through mechanical or chemical injury. Another method for OA
induction is the manipulation of hormonal influence on joint tissues. When a woman
enters the menopausal transition, her probability of developing OA increases significantly
(Prieto-Alhambra et al., 2014). Ovariectomy is used to induce these hormonal changes as
a 'menopausal' mode of OA induction. Forced exercise can accelerate the development of
OA due to changes in pressure and impact angle and can increase the damage to joints
already compromised.

The degradation of connective tissues, particularly cartilage, plays a large role in
the pathogenesis of OA. It is within cartilage’s extracellular matrix (ECM) that out-of-
balance remodeling enzymes attack critical proteins and break down critical matrix
architecture. One of the most important proteins degraded is aggrecan, a large
proteoglycan that makes up an extensive percentage of the cartilage matrix and displays
critical water-holding capacity (Fox, Bedi, & Rodeo, 2009). Aggrecan is often used as a
biomarker for the early onset of OA because most clinical signs of the disease do not
appear until later stages. Another biomarker is total glycosaminoglycan (GAG) content

detected either in the serum, urine or remaining in the cartilage tissue.



One of the most common clinical biomarkers of OA is osteophytosis or bone
spurs. This is an overgrowth of bone that appears as small outgrowths on the edges of the
articular surface and commonly appears in moderate to severe OA. Additional skeletal
changes often include a decrease of joint space due to cartilage thinning, an increase in
joint width accompanying osteophytosis, osteopenia or the thinning of bone and sclerosis
or the hardening of bone. Measurements of gait have also been used to assess pain and
joint function in patients with OA. A decrease in speed of gait, stride length, maximum
joint angle, and stance time are all evaluations of gait that can be used in disease
diagnosis (Neogi, 2012).

Within the complex environment of the joint, several genes regulate various
signaling pathways and actions that play a role in the development of OA. The Wnt
signaling pathway is a main driver in the development, repair, and maintenance of joint
tissues (Amrein et al., 2014). One of its inhibitors, Dkk-1, has been shown to help keep
Wnt signaling and bone remodeling in balance (Pinzone et al., 2009). Sclerostin is
another remodeling protein produced by specialized bone cells called osteocytes, which
also inhibits the Wnt pathway (Bonewald & Johnson, 2008).

Gene therapy is a comparatively new treatment for genetic deficiencies. The main
concept is to deliver a specific gene to an organ or specific tissue in the body where the
gene product is deficient or faulty (Cross, 2019). The transgene can up/down-regulate the
production of a gene product and return the altered function back to normal. Some
possible candidates for gene therapy in OA are the tissue inhibitors of metalloproteinase

(TIMPs), as they block enzymes that degrade specific proteins within the ECM. An



especially good candidate for this is 7IMP-3 because the TIMP-3 protein binds firmly to
the ECM and can inhibit specific metalloproteinases (MMPs) that regulate bone
development (Gooz, 2010). Tissue inhibitor of metalloproteinase-3 also prevents the
activation of (tumor necrosis factor-alpha) TNF-a by inactivation of the tumor necrosis
factor-alpha converting enzyme (TACE or ADAM17). This reduces inflammatory
pathway activation, a common occurrence in OA. A problematic aspect of gene therapy
can be in determining an effective vector for the transport of the transgene into the target
cells. Many viral vectors have proven effective in this pursuit due to their excellent
ability to infect cells and integrate their DNA. An adeno-associated virus (AAV) is a
notably safe vector as it is non-integrating (most often remains episomal) with a
decreased chance of insertional mutagenesis and is not associated with any known
pathologies (Tomar, Matta, & Chaudhary, 2003).

The current study aimed to develop a gene therapy approach utilizing viral vectors
to regulate the development/progression of OA. We used surgical induction of OA in an
ovine model with an induced-trauma or hormone-depletion approach, combined with
oblique-angle forced exercise to exacerbate OA progression. The efficacy of the
recombinant adeno-associated viral vector (rAAV) delivery of a TIMP-3 transgene into

the stifle joint of a sheep to influence the development/progression of OA was tested.



CHAPTERII

REVIEW OF LITERATURE

Normal Joint Function

Humans rely on the health of their joints for stability and mobility in daily life. In
a normal, healthy functioning joint, complex processes maintain joint tissues, including
remodeling, lubrication, and immune function among many other tasks. The main tissues
involved in articular joint function are cartilage, bone, synovium and surrounding joint
capsule (Lozada & Diamond, 2020). Each type of tissue is highly specialized to ensure
proper control, smooth movement and regulated interaction among tissue types. There are
three types of joints within the body: fibrous (immovable), cartilaginous (partially
moveable) and synovial (freely moveable). A synovial joint’s purpose is to facilitate
motion using the articulating surfaces of lubricated articular cartilage. These joints often

contain a stabilizing meniscus tissue structure as well.

Articular Cartilage

The main function of cartilage within a joint is to act as a smooth, lubricated,
articulating surface that can absorb the impact of regular joint movements (Fox et al.,
2009). The cartilage acts to distribute impact/weight over a wide surface to reduce joint
trauma while a person walks, runs, jumps, and dances. It has shock-absorbing and
friction-reducing functions (Lozada & Diamond, 2020). Cartilage tissue lacks direct
blood flow but is supplied with nutrients and disposes of wastes through the synovial

fluid and to a lesser degree, the underlying subchondral bone. The lack of direct blood



supply reduces the healing capacity of the articular cartilage. To maintain the health of
cartilage, its complex architecture needs to be considered.

There are three main types of cartilage in the body: hyaline, fibrous and elastic.
Of these, hyaline cartilage is the most common and is found in the ribs, nose, trachea,
larynx and many surfaces of bones within joints. Hyaline cartilage provides a smooth
surface on which joints can glide. It is meant to reduce pressure on the underlying
subchondral bone (Bhosale & Richardson, 2008). Within the hyaline group is a subgroup
known as articular cartilage, which is located within articular joints (Fox et al., 2009).
Articular cartilage is comprised of chondrocytes and an extracellular matrix (ECM). The
ECM contains water, collagen, proteoglycans, and other non-collagenous proteins and
glycoproteins (Lozada & Diamond, 20120. Water makes up between 65% and 80% of the
ECM in articular cartilage (Fox et al., 2009; Griffin & Guilak, 2005). Chondrocytes are
specialized cells that help to rebuild/remodel the ECM (Tamer, 2013).

Articular cartilage can be typically be divided into four zones: the superficial
zone, middle zone, deep zone, and calcified zone (see Figure 1). The superficial zone is
the first line of defense against stress to the cartilage. This zone is ductile but tough, with
collagen fibers aligned parallel to the articulating surface. The middle or transitional zone
then provides more resistance to impact. It contains less water and more proteoglycans,
with collagen fibers aligned perpendicular to the articulating surface. The deep zone of
articular cartilage is the most compact and has the highest proteoglycan content and
lowest water content. Its purpose is to protect the subchondral bone from the heaviest

forces. Finally, the calcified zone attaches the cartilage to the bone beneath. There are not



many cells within this zone. Collagen fibrils secure themselves to the subchondral bone

(Fox et al., 2009).
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Figure 1. The cellular population and fibril structure of articular cartilage throughout the
zones. A depiction of the cellular population and collagen orientation of articular
cartilage throughout the zones (A). A depiction of the collagen and fibril structure of
articular cartilage throughout the zones (B, Fox et al., 2009; C, unpublished data).

These zones can be further subdivided into three regions: the pericellular region,
territorial region, and interterritorial region. These regions are specifically distinguished
by the way the ECM is structured (different structures in specific regions), the position of
the ECM relevant to chondrocytes, and the organization. Surrounding the chondrocyte,
the pericellular matrix consists of mostly proteoglycans. It also contains glycoproteins
and non-collagenous proteins. The pericellular matrix (lacunae) is enveloped by the
territorial matrix. Much of the composition of the territorial matrix is collagen fibrils that
protect the chondrocytes and other cartilage cells from excess stress. Finally, the

interterritorial matrix is the main contributor to the biomechanical properties of articular

cartilage. This region is the largest and has a generous proteoglycan content (Fox et al.,



2009).

Chondrocytes are the main cells of articular cartilage. They act as maintenance
cells for the ECM. Chondrocytes are rarely involved in intercellular interactions and
predominantly rely on various stimuli within their personalized microenvironment within
the ECM. The chondrocyte must reside in a very specific environment to function
properly and synthesize most of what is needed to maintain homeostasis within the ECM
(Bhosale & Richardson, 2008). Unfortunately, chondrocytes encapsulated within the
dense ECM have limited capacity for functional replication, which contributes to the
limited ability for cartilage to heal (Luria & Chu, 2014).

Glycoproteins are a major component of the articular cartilage matrix.
Cartilaginous collagens occur in multiple types. Of these types, type II collagen is the
major form present (see Figure 2). Other collagens present include type I, II1, IV, V, VI,
IX, X and XI. Their role is to provide supportive links/crosslinks, assist in type II
collagen formation/ orientation and help sustain the network of fibrils and fibers.
Proteoglycans are another type of protein present in articular cartilage. After collagen,
they are the largest group. Proteoglycans are essential for the normal function of
cartilage. Proteoglycans use their inherent osmotic properties to increase the capacity of
articular joints to absorb intense loading. They also assist in the management of fluid and
electrolyte balance within the matrix. One of the largest proteoglycans is aggrecan. There
are also decorin, fibromodulin, and biglycan. These proteins are produced by
chondrocytes and secreted into the ECM. Aggrecan’s structure consists of chondroitin

sulfate and keratin sulfate chains and can interact with hyaluronan and create large
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proteoglycan aggregates. Chondroitin sulfate and keratin sulfate are two major types of
GAGs, which are subunits of proteoglycans. A breakdown and loss of aggrecan have
been repeatedly identified in the degradation and destruction of cartilage (Bhosale &

Richardson, 2008; Fox et al., 2009).

Aggrecan

Fibronectin

3-—Intf-}grln

Biglycan

Decorin == ot/
Type IX collagen

L

/’H
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Figure 2. The main structure and components of the extracellular matrix of articular
cartilage. Illustrated here are the two main proteins within the matrix: collagens and
proteoglycans. (Tamer, 2013)
Subchondral Bone

Each articular joint involves the articulation of at least two separate bones. The

cartilage and synovium are engineered to protect these articulating bones from stress,

strain, and abrasion. Bone is chiefly made up of type I collagen proteins contributing to a
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dense ECM (Javaheri et al., 2016). Key cellular players in the structure and remodeling
of bone include osteoclasts, which degrade bone, osteoblasts, which synthesize bone and
osteocytes, which are bone cells embedded in the matrix that signal osteoclasts and
osteoblasts.

Subchondral bone refers to the part of the bone that is just beneath the cartilage.
Subchondral bone can be further subdivided into two separate categories: the subchondral
bone plate and the subchondral trabecular bone. The subchondral bone plate is very
porous and provides a network for the calcified cartilage layer and subchondral trabecular
bone to interact. The subchondral bone plate allows blood and nerves to travel through it.
Subchondral trabecular bone is even more porous than the subchondral bone plate. It
contains not only blood vessels and nerves but also the bone marrow. Overall,
subchondral bone has a dynamic design and is specialized for the resistance of frequent
and harsh forces taken on by synovial joints. This stress also has the potential to change
the structure of subchondral bone, as it can adapt through bone modeling and remodeling
(G. Lietal., 2013). Trabecular bone in the female is subject to greater remodeling
regulation than in males due to the potential mineral demands during fetal development
and lactation.

Modeling and remodeling within the subchondral bone is a task completed by the
intricate collaboration of osteoclasts, osteoblasts and osteocytes. Osteoblasts, the tissue
builders, cannot work alone to synthesize bone tissue. They work in groups of many
connected cells. In bone remodeling, there is a coordinated effort between osteoblasts,

and osteoclasts to discard biomechanically inferior portions of bone and replace it with
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new bone. When either the osteoblasts or osteoclasts are delayed in their endeavors,
osteoarthritis or osteoporosis can occur. In addition to these two types of bone
remodelers, a third specialized cell is the osteocyte. An osteocyte is formed when an
osteoblast implants into the matrix it has deposited. Osteocytes do not divide but can
survive up to 25 years within the human body. Osteocytes act as signalers for osteoblasts
and osteoclasts telling them when and where to remodel damaged or inferior bone
(Stewart & Kawcak, 2018).

In addition to the three main cell types in bone structure, there are many other
factors in bone organization, assembly, composition, regulation, remodeling, and repair.
The mechanisms involve the Metzincin family of enzymes, which include the matrix
metalloproteinases (MMPs), a disintegrin and metalloproteinase with thrombospondin
motifs (ADAMTs) enzymes, a disintegrin and a metalloproteinase domain (ADAMs)
enzymes, growth factors, other cytokines, and their receptors, and the TIMPs (Javaheri et

al., 2016).

Synovium and Joint Capsule

Synovial joints are those that freely move (Tamer, 2013). The joint capsules
typically enclose the whole of the synovial joint, provide a sterile joint environment, and
are very important in keeping the synovial joint in proper position while the joint is in
motion (Ralphs & Benjamin, 1994). The internal surface is lined with the synovial
membrane (Tamer, 2013). Within the synovial membranes are highly specialized cells
known as synoviocytes. Synoviocytes are very important in the production of synovial

fluid and all its components. They produce synovial fluid through the ultrafiltration of
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blood plasma. They also make hyaluronic acid (HA), which is a major, non-cellular
component of the synovial fluid. Because articular cartilage is avascular, it relies on the
synovium to deliver nutrients and clear wastes (Lozada & Diamond, 2020).

A major function of synovial fluid is to lubricate the joint and to serve as a
biochemical pool where nutrients and regulatory cytokines can travel (Tamer, 2013). The
synovial fluid also contributes to shock absorbance by providing flexibility and viscosity
to the joint (Lozada & Diamond, 2020. Synovial fluid contains molecules that help
provide a low-friction environment including proteoglycan 4, HA, and surface-active
phospholipids. In disease states, the synovium may show significant changes, even before
visible cartilage degeneration has occurred, with infiltration of mononuclear cells,

thickening of the synovial lining layer and production of inflammatory cytokines.

Osteoarthritis

Osteoarthritis is the leading joint disease among humans throughout the world.
According to a review by L. A. Mandl (2019), over 22.7 million Americans suffer
limitations due to the symptoms of OA. The World Health Organization ranks OA as 1 of
the 10 most disabling diseases (Poulet, 2016). Because the world population is aging,
stemming from an increase in human longevity, aged populations are expected to
increase steadily in the coming years. Although age is considered the leading risk factor
for the development of OA, other contributing factors may include obesity, injury,
gender-dependent risk factors (including menopause), and genetics. Osteoarthritis is a
major cause of debilitation and chronic pain within the U.S. and internationally.

Worldwide, it is estimated that knee OA occurs in 3.8% of people and 43.5% of those
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afflicted suffer from limitations in physical activity due to pain and discomfort (Z. Li et
al., 2019). In a study completed by Wallace et al. (2017), it was determined that the
modern, cultural shift toward a decrease in overall physical activity has had a significant
impact on muscles, making them weaker and, therefore, less able to support and control
joint movement. This can lead to a greater susceptibility to OA in the present day,
compared to the average person 100 or more years ago.

Osteoarthritis can be defined as the breakdown of joint tissues and inflammation
within the joint. This can occur over time with constant joint loading, with an increase in
the overall Body Mass Index (BMI) or weight of an individual (adding additional stress
to joints) and through injury, which may disrupt the normal joint environment (Wallace et
al., 2017). A decrease in overall physical activity in the mid to late 20"-century
population has resulted in under-loaded joints with decreased proteoglycan content and
weaker muscles. These factors reduce joint stability and lead to greater wear and an
increased risk of injury (Mandl, 2019).

An osteoarthritic joint differs from a normal healthy joint in that within the
diseased joint, the normal remodeling process is disrupted providing an environment for
excessive cartilage breakdown, excess bone growth/degradation, and inflammation. The
articular cartilage, in particular, experiences significant disruption. Osteoarthritis affects
every aspect of the joint, including cartilage, synovium and subchondral bone (Z. Li et
al., 2019; Roemhildt et al., 2010). Osteoarthritis is most commonly found in weight-
bearing joints, including knees, hips, spine, fingers, and feet (Lozada & Diamond, 2020).

A clinical hallmark of OA is osteophyte growth. Osteophytes are sections of bone growth
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that can occur coincident with the breakdown of cartilage. Sclerosis or bone hardening in
the subchondral bone can occur as well as (and is often preceded by) osteopenia or bone
thinning, synovitis or inflammation of the synovium and capsular fibrosis, which can
interfere with the normal functional architecture and metabolism of the joint (Aziz, Igbal,
Aziz, Shafaat, & Jilani, 2019). Cartilage breakdown often results in pain on impact and a
decrease in joint space that can be viewed radiographically (see Figure 3). Along with

cartilage breakdown, bone incurs lesions and erosion as OA progresses (Lacourt et al.,

2012).

Figure 3. A caudal-cranial radiograph of the femorotibial joint without (A) and with OA
(B) revealing migration of the femur and tibia closer together (A1 to B1). There is also
visible osteophytosis (B2-B5) (Altman & Gold, 2007).
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Osteoarthritis is normally slowly progressive over time, but it is also a very active
process (Arif et al., 2019). Age is a major risk factor for OA and younger patients
normally heal better than older subjects (Bhosale & Richardson, 2008; Griffin & Guilak,
2005). With increasing age, hydration of the ECM is decreased, and the symptoms of OA
can be more severe (Fox et al., 2009).

The most commonly described symptoms of osteoarthritis include pain (mild
discomfort to severely debilitating), a loss in range of motion, stiffness, and inflammation
(Z. Lietal., 2019). Joint stiffness often occurs after a patient has been at rest for extended
periods, including overnight (Lozada & Diamond, 2020). Aching joint pain is common
and often exacerbated by overuse. The underlying mechanisms are still being studied.

In a study published by Chen et al. (2019) at the Wan Fang College of Medicine
in Taiwan, it was determined that both severe and stable joint pain is associated with
anxiety and depression, especially in older patients. As OA commonly affects middle-
aged to older people, these psychological impairments are often associated with physical
limitations and pain (Chen et al., 2019). Of all the symptoms of OA, it has been reported
that impairment of function is the most distressing to patients. Impairment of function is
manifest in various ways, such as a limit on the distance a patient can walk, limping,
difficulty using stairs and difficulty performing normal daily activities. Another symptom
of OA is boney crepitus (the grinding of joints) and sarcopenia due to OA-associated
impairment or disability. Patients suffering from OA often experience acute flares, as
well as periods of remission (Aziz et al., 2019).

OA s often classified as non-inflammatory arthritis. However, there is increasing
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evidence of inflammatory involvement (Lozada & Diamond, 2020). In an osteoarthritic
environment, there is often increased cytokine production, cellular infiltration, and
inflammatory activation in articular tissues (Lieberthal, Sambamurthy, & Scanzello,
2015). Inflammatory cytokines are critical regulators in the production of enzymes that
can disrupt cartilage (Figure 4). In a study published by Bigoni et al. (2012), the
concentration of various interleukins was recorded post-anterior cruciate ligament (ACL)
injury in male human patients. Data were gathered from synovial samples collected at
different time points and demonstrated a significant increase in specific groups of anti-

inflammatory molecules.

OA: Global Joint Pathology

Cartilage: proteoglycan loss, chondrocyte
Normall 04 death, erosion

Subchondral bone: increased turnover,
thickening, neovascularization.

Joint margin: osteophytes

Synovium and fat pad: inflammation (lining
hyperplasia, inflammatory cell infiltration,
neovascularization), fibrosis

Joint capsule: fibrosis, enthesopathy.
Intra-articular ligaments & menisci:
degeneration and tears.

Muscle: atrophy, fat infiltration

OA: Sources of Joint Pain
Direct (contain nociceptors):
Subchondral bone remaodeling
Synovitis (including fat pad)
*+ outer meniscus, ligament insertion,
joint capsule, osteophytes
Indirect {source of inflammatory catabolites,
cytokines, chemokines, neuropeptides):
Cartilage, inner meniscus, ligaments

Figure 4. A depiction of the complex, multi-faceted, dynamic pathology of osteoarthritis.
The pathology of the disease has been studied, but the exact mechanisms have not been
determined (Malfait & Little, 2015).
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Z. Lietal. (2019) reported that OA is polygenic. The process of thinning

cartilage is hypothesized to stem from an imbalance in remodeling enzymes, specifically
MMP enzymes and TIMP enzymes. In the above-mentioned study (Z. Li et al., 2019), a
dataset including 22 knee OA patients and 22 control patients was used to discover
differentially expressed genes (DEGs), where 229 genes were identified as differentially
expressed. The top 10 up-regulated genes functioned in inflammatory and immune
pathways, chemokine activity and cytokine activity (Z. Li et al., 2019). Although many
genes participate in the pathology of OA, some have been determined to have a particular
impact on the progression of the disease. In a study published by Karlsson et al. (2010),
11 genes displayed increased expression in osteoarthritic cartilage, compared with
healthy cartilage. These genes (CLEC3B, CDH11, GPNMB, CLEC3A, CHSTI11, MSX1,
MSX2, COL13A1, COL14A1, COL15A1, and COL8A?2) are involved in bone and
collagen formation (Karlsson et al., 2010).

Rheumatoid arthritis (RA) is an autoimmune disease that is characterized by the
body’s immune system attacking its own joints resulting in major inflammation, joint
stiffness, pain, and fatigue. Rheumatoid Arthritis contrasts with OA in a few ways.
Rheumatoid Arthritis is considered a systemic condition whereas OA is considered to be
localized to one or more individual joints (Saxon et al., 1999). Chronic joint
inflammation is the most prominent symptom of RA and is hypothesized to be caused by
antigen-stimulated T cells infiltrating the synovial membrane. Although inflammation is
a prominent symptom in OA, it is temporal in nature and is not the primary defining

characteristic, as it is in RA. Other symptoms of RA include tissue destruction in the
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joint. Rheumatoid Arthritis destroys cartilage. However, inflammation decreases once the
cartilage is destroyed or surgically removed (Forre, Haugen, M., & Hassfeld, 2000).
Because RA is an autoimmune disease, there are different measures in creating an animal
model for this disease, whereas OA can be induced surgically, hormonally, and through

joint loading.

Current Treatments

Goals for the treatment of OA include the reduction of pain and functional
impairment, improvement of joint mobility and reduction in the progression of the
disease (Chen et al., 2019). Because OA is such a prevalent and debilitating disease,
many and various therapies have been researched and tested to alleviate the pain and
disability it can create.

The medical management of OA is currently divided into three general phases.
The first is non-pharmacological management such as weight loss through proper diet
and exercise and physical therapy. The second is pharmacological management using
analgesics such as nonsteroidal anti-inflammatory drugs (NSAIDs), opioid analgesics,
viscosupplementation, corticosteroid injections, and intra-articular HA (Arif et al., 2019).
The third phase is the use of surgical management such as total joint replacement surgery
in the hip or knee (Aziz et al., 2019). All these treatments for OA do not prevent
suffering, they only alleviate the pain that has already manifested itself enough to warrant
a trip to the doctor (Mastbergen et al., 2006).

Usually, the first step in the prevention and management of OA is a
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nonpharmacological approach. The increased stress caused by being overweight is a large
factor in the etiology of some patient’s disease. Obesity increases the potential for
developing OA, especially in the knee (Saxon et al., 1999). Subsequent to the effects of
obesity, diabetes, decreased estrogen production and increased high-density lipoprotein
cholesterol may also play roles in the development of OA. Compounding on these factors
is the positive correlation between body weight and aging, as metabolism and physical
activity tend to slow down (Christensen et al., 2017). Aging is a commonly accepted
factor in OA progression and the side effects can contribute to a cascade of related
morbidities, including obesity. Weight gain and being sedentary after an injury are
common contributing factors in the development of OA. In a study on rats that underwent
an anterior cruciate ligament transection plus medial collateral ligament transection
(ACLT + MCLT), there was significant weight gain noted in injured rats as opposed to
controls (Sudirman, Ong, Chang, & Kong, 2018). With the escalating factors of pain due
to injury, pain due to OA and even pain due to other age-related diseases, it is difficult for
those suffering from OA to address these issues through physical exercise.

In a study by Bliddal, Leeds, and Christensen (2014), change in physical function
was measured against weight loss or gain. There was a distinct decrease in the physical
function of those individuals who gained weight compared to those who lost or remained
the same. A review by Gill et al. (2011) explored the results of many studies involving
bariatric surgery as a weight-loss tool and the subsequent improvement of OA. Overall,
positive results suggested that bariatric surgery, due to the common weight loss effect, is

positively correlated with the improvement of OA.
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Another nonpharmacological treatment for osteoarthritis is physical therapy
including physical examination, intervention, and rehabilitation to improve a patient’s
physical function. Modalities of physical therapy include manual therapy, balance and
perturbation therapy, strength training, aquatic therapy, shockwave therapy,
thermotherapy, laser therapy, therapeutic massage, and therapeutic ultrasound. In manual
physical therapy, there is a focus on keeping the joint in motion rather than immobilizing
it. It has been reported that this is an effective procedure for healing injured joints, as it
can increase the flow of nutrients and growth factors to the articular cartilage and can
stimulate the mechanical activation of tissue remodeling pathways (Saxon et al., 1999).
In a study by Deyle et al. (2000), significant improvements were apparent in physical
therapy groups, compared with placebo groups regarding walk times and Western
Ontario and McMaster Universities Osteoarthritis Index (WOMAC) scores. The
WOMAC Osteoarthritis Index is a commonly used index for the evaluation of hip and
knee stiffness, pain and physical function in OA. Another study published by Fitzgerald
et al. (2011) investigated the effectiveness of physical therapy balance and perturbation
therapy. This study produced positive improvements in WOMAC scores and self-
reported pain and stability scores. Finally, in a study evaluating aquatic physical therapy
(Hinman, Heywood, & Day, 2007), 71 volunteers with hip or knee OA underwent 6
weeks of aquatic physical therapy. There were significant improvements in pain and
physical function in over 2/3 of the treated patients, compared to less than 1/5 of the
control patients displaying significant improvement.

Pharmacological management approaches of OA often include NSAIDs, opioid
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analgesics and viscosupplementation. Aziz et al. (2019) compared the use of NSAIDs
with or without supplementation and intra-articular hyaluronic acid injection
(viscosupplementation), for the alleviation of pain in OA knee patients. In an
osteoarthritic joint, both synovial fluid integrity and viscosity are negatively affected.
Because many patients experience side effects while taking NSAIDs, based on their
history, some were given additional supplementation such as gastro-protectants or
cardiovascular protectants (gastrointestinal protective agents are commonly included with
long-term NSAID therapy). The group concluded that intra-articular hyaluronic acid
injection proved more effective in pain relief than both NSAID treatment groups (Aziz et
al., 2019).

Corticosteroids are one of the more popular pain management treatments for
patients with OA. McAlindon et al. (2017) tested the use of corticosteroid injections
within the articular cartilage as a treatment for OA. It was hypothesized that these
corticosteroids could treat synovitis, which is known to be associated with OA, and slow
disease progression. At the end of the study, it was determined that the intra-articular
steroids did not prevent the disease but accelerated the degradation of cartilage; patients
receiving steroid treatments had less measured cartilage than the control group (Mandl,
2019). In a double-blind study, patients with knee OA were given one injection of an
extended-release formulation of triamcinolone (a corticosteroid) or placebo and asked to
score their pain over 12 weeks. There was a significant improvement in pain scores in the
treated group for the foremost weeks of the study and a gradual decrease in this

improvement after 12 weeks, which led to the conclusion that this injection was effective
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for quick, short-term pain relief (Conaghan et al., 2017). Another study compared three
specific types of corticosteroid injections, methylprednisolone, betamethasone, and
triamcinolone. The results of the study concluded that methylprednisolone and
betamethasone were more effective treatments overall (Datta & Upadhyay, 2011). Intra-
articular corticosteroids inhibit prostaglandin synthesis to reduce pain and control
inflammation by down-regulating collagenase enzymes. They are relatively inexpensive
compared to their surgical counterparts and are easy to administer in an outpatient setting,
making them a popular choice for patients. These pharmacological treatments, although
effective, do not repair damage to joints or prevent the damage from occurring in the first
place. They are preferred as the last solution before surgical intervention in most cases
(Arif et al., 2019). Additionally, older people with OA may benefit less from injections
than younger individuals (Chen et al., 2019).

Surgical intervention is often thought of as a last resort for those suffering from
OA. Methods of surgical intervention for OA include arthroscopy and total or partial joint
replacement surgeries. Arthroscopy is an outpatient procedure during which an
arthroscope, a small tool that has a camera and light, is inserted to less-invasively assess
the joint issue. Debridement, suturing, flushing inflammation-inducing debris and
crystals, resection of over-proliferative synovium, cutting away and removal of articular
cartilage chips/fragments, and grinding down of osteophytes. can be accomplished during
an arthroscopy (Felson, 2010). Sterile fluid is also pumped into the joint to widen it and
make diagnosis and procedures easier. In a study involving 122 patients with knee OA

who underwent arthroscopy concluded, using the Knee Society pain score, which is a
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worldwide measure of pain in the knee, there was an average increase of 11.9 out of 50
points. This study did advocate arthroscopy as having a role in the therapy of OA. Two
randomized clinical trials (RCTs) have shown no additional benefit to arthroscopic
debridement over nonsurgical management in patients with moderate to severe knee OA
(Kirkley et al., 2008; Moseley et al., 2002).

Total and partial replacement surgeries can be accomplished on most joints
affected by OA. Complete joint reconstruction or replacement surgery is also known as
arthroplasty. The total hip replacement surgery was the first successful joint replacement
surgery and was pioneered by Sir John Charnley in 1967 at Wrightington Hospital in
Lancashire, UK. During a total joint replacement surgery, parts of the damaged or
arthritic joint are replaced with a prosthesis that is cemented to the healthy portion of the
bone (Waugh, 1990).

A study by March et al. (1999) compared the quality of life in patients before and
after joint replacement surgery. This study demonstrated improvement for patient’s post-
surgery, particularly in function and pain. Another study also compared pre- and post-
operative outcomes using WOMAC scores, with a reduction in pain of 71% and 53%, a
reduction in stiffness of 55% and 43% and an enhancement in physical function of 68%
and 43% in the knee and hip OA patients, respectively (Bachmeier et al., 2000).

OA is a multi-factorial condition within the musculoskeletal system.
Mesenchymal stromal cell (MSC) treatment has been considered by various scientists to
be a possible solution for repair of damaged tissues because the MSCs can potentially

differentiate into specific tissue types, including musculoskeletal tissues (Harrison-Brown
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et al., 2019). Mesenchymal stromal cells can be obtained from bone marrow, umbilical
cord blood, adipose tissue, peripheral blood, synovium, and periosteum. The cells are
then cultured for isolation and expansion of the desired mesenchymal cell-types through
environmental manipulation. They are a minimally invasive alternative to surgery for the
remedy of degraded cartilage and damaged bone. Mesenchymal stromal cells have also
been shown to have immunomodulatory properties making them a prime option for
research into OA treatment. There have been many studies published using various
models for MSC research in OA patients. These include horses, goats, sheep, rats,
rabbits, pigs, guinea pigs, and mice. Mesenchymal stromal cells have an advantage over
many other forms of treatment because, in addition to pain relief and increased joint
mobility, they can potentially contribute to cartilage and meniscus tissue growth. As of
now, there have been no serious side effects of MSCs published. The immunomodulatory
effects of transplanted MSCs are well documented. However, very little is known about
any direct contribution of transplanted MSCs to tissue regeneration. (Harrison-Brown et

al., 2019).

Models

Animal models are used in preclinical research to observe disease pathogenesis in
real-time and to test various routes of disease prevention, deceleration, and treatment.
Many factors contribute to the selection of an animal model for the disease. This can
include relative size, reproductive rate, anatomical similarities to humans, genetics, the

type of experiment/study, husbandry costs, social concerns (most commonly with
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companion animals), and ease of handling. Within the discipline of OA research, many
types of models have been used to further the understanding of the disease and

treatments. These include the mouse, rat, guinea pig, rabbit, dog, sheep, goat, pig, and

horse (Teeple et al., 2013).

Rodents and Other Small Mammals

Many studies have used rodents and other small mammal models for OA research
due to the shorter lifespan and therefore quicker aging and maturity development,
availability of specialized strains, ease of handling due to small size, and low-cost
(Poulet, 2016). These animals are often used as surgically induced models of OA, with
increased rates of disease progression (Teeple et al., 2013). Data from these animal trials
can provide a foundation for research to be done in larger animal models and even
humans. However, a common concern when using rodent and other small mammal
models is the significant differences in anatomy and physiology from humans and other
models. Some of the more widely used small mammal models include ligament
transection and meniscectomy in the mouse, partial menisci resection model in rabbits,
ACLT and medial meniscal manipulation in rats and guinea pigs, and genetically

modified mice (Ameye & Young, 2006; Bendele, 2001).

Canine Model
The canine model is often used in orthopedic research. The canine ACLT model
is very popular among joint-disorder researchers. Other models include the canine groove

model, in which grooves are surgically made in the articular cartilage to induce disease,
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the trans-articular impact model that induces subchondral bone trauma and partial or total
meniscectomy (Ameye & Young, 2006; Bendele, 2001). The beagle breed is commonly
used due to its thick cartilage and gives a better opportunity to histologically measure the
depth of lesions (Bendele, 2001). One issue noted by Dr. Bendele in an ACLT, was the
dog’s tendency to carry an ACLT limb and it was assumed that this was due to a
perceived instability factor inherent to the dog. This could be a factor in the decreased
appearance of lesions in those favored joints due to the decrease in load-bearing of the
treated joint.

One of the most prevalent issues in using dogs in any form of research is the
emotional and legal aspects. Over time, many researchers have come to agree that,
although appearing often in a clinical setting, dogs are not necessarily the best models for
orthopedic research and their advantages are analogous with more accessible models such

as sheep and goats (Martini, Fini, Giavaresi, Giardino, 2001).

Sheep Model

Sheep are a popular alternative to dogs in orthopedic research. They are docile
and easy to handle due to their optimal size. They are used in orthopedic research for
many kinds of disorders such as fractures, osteoporosis, limb lengthening, ligament
repair, and OA. Sheep are large enough to allow for frequent sampling, unlike smaller
models, and are robust enough to undergo multiple experimental procedures. Sheep reach
sexual maturity within a year of birth, but their skeletal system continues to grow and
develop after puberty. In many breeds of sheep, the growth of the iliac crest does not

close until five years of age (Martini et al., 2001).
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The ovine femoropatellar or stifle joint is, in many aspects very similar to the
human knee. It is a complex joint including three bones and functions in a complete six
degrees of freedom (Rosvold et al., 2016). This means the joint is free to move forward/
backward, up/down, and left/right. The major bones involved are the femur, patella, and
tibia. The stifle is a synovial joint and is often the largest in the body. It is the most
commonly injured joint in sheep and a good model for osteoarthritis.

The sheep stifle has an intricate network of tendons, ligaments, and cartilaginous
surfaces (Figures 5 and 6). There are two major condyles, the medial femoral and lateral
femoral condyle. In general, the lateral femoral condyle is the larger of the two condyles.

However, the medial condyle resides deeper than the lateral (Allen, Houlton, Adams, &
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Digitorum
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Figure 5. Schematic illustrations of the lateral view of the stifle joint. The (P) popliteal
tendon passes deep to the (L) lateral collateral ligament and inserts on the craniolateral
aspect of the lateral femoral condyle (Allen et al., 1998).
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Figure 6. Schematic illustration of the caudal stifle joint. The (L) meniscofemoral
ligament originates on the (LM) lateral meniscus, passes caudal to the (CaCL) caudal
cruciate ligament, and inserts on the (MF) medial femoral condyle (Allen et al., 1998).

Rushton, 1998). These condyles lie at the end of the femur and articulate with the
cartilage-covered medial and lateral tibial plateau. The medial tibial plateau is the first
and main site of damage in most stifle joints. It is often a main site observed to detect
boney changes due to orthopedic disease (Holland et al., 2013). These articulating
surfaces, along with the patellar periphery are the sites where signs of OA are most
commonly found.

The major ligaments in the stifle include two cruciate ligaments (cranial and
caudal), two menisci (medial and lateral), two meniscotibial ligaments (cranial and

caudal), the transverse ligament of the stifle, and the meniscofemoral ligament. The

29
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cranial (CrCL) and caudal cruciate ligaments (CaCL) mirror each other originating from
opposing condyles—the CrCL from the lateral femoral and the CaCL from the medial
femoral. These ligaments play a crucial role in the stability and function of the stifle joint.
The two menisci function as fibrocartilaginous pads around the articular cartilage that
inhabit the space between the femoral condyles and the tibial plateau. The menisci have
various secondary tendons and ligaments which provide additional support to the joint.
The medial collateral ligament attaches to the medial meniscus and the popliteal tendon
crosses in between the lateral meniscus and lateral collateral ligament (Allen et al., 1998).
The meniscofemoral ligament originates from the femur and passes between the two
adjacent condyles to secure to the lateral meniscus. Anatomy and procedures commonly
targeted for induction of OA include transection of the CrCL, transection of the medial

collateral ligament, and partial or total meniscal meniscectomy/injury (Little et al., 2010).

Other Large Animal Models

In addition to the ovine model, other large animal models such as the goat, pig,
and horse have been used in orthopedic research. The pig, although similar in some
aspects of physiology, has proven less ideal of a model due to quick body growth and
excessive weight and issues in handling (Martini et al., 2001). If one chose to use the
porcine model, one could purchase smaller models (minipigs, etc.), However, they are
more expensive and still can present handling issues.

Horses are popular in orthopedic research, but not necessarily for application in
human disease. The equine sport, work, and recreational industry can be, in and of itself,

an end goal in orthopedic research. Injuries and disorders common in equine medicine,
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such as OA, are popular areas of research due to the potential economic return on an
effective treatment or cure. Although still used as a model for human research, the horse
is more commonly used as a model for equine disease. Horses are an expensive large
animal model. Their orthopedic anatomy is similar to humans, but they are difficult to
manage due to their large size. They can be trained, but from the perspective of a
researcher, this takes increased time and money as well. There are also social/cultural
concerns when using horses as they are often (but not always) considered a companion
animal species. There are benefits to many of the various models used in orthopedic
research. Ease of handling, body size, similarities to human anatomy and robustness of

sheep set them apart as an ideal candidate.

Trauma Effect

When an articular joint is subjected to trauma, there are various compromising
effects. These consequences may include chondrocyte death, accumulation of blood
within the joint, and initiation of an inflammatory process (Lieberthal et al., 2015). Joint
trauma can disrupt the specialized collagen matrix within the ECM and can lead to the
fissuring of cartilage and the condensation of subchondral bone (Bhosale & Richardson,
2008). As the cartilage erodes, the bone beneath erodes as well (Lacourt et al., 2012). In
addition, intense trauma can inhibit proteoglycan production from chondrocytes and often

results in a very fibrous collagen type 1 repair of the injury.

Sports and Osteoarthritis

Although sports participation has many health benefits such as preventing obesity,
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depression, and other chronic diseases, there are risks as well (Sandmark & Vingéard,
2007; Saxon et al., 1999; Tran et al., 2016). Many experts argue that elite sports are the
only type of sports that pose significant orthopedic risk to the participant, while others
say it depends on the amount of time spent and still others disagree that there isn’t any
significantly increased risk for athletes in the development of OA (Poulet, 2016). In a
meta-analysis and review published by Tran et al., the increased risk for the development
of OA did not come from simply participating in sports, but for those that were injured
while participating in sports (Tran et al., 2016). This is particularly true among women
(Spector et al., 1996). Further research revealed that retired professional male football
players had a 2 to 3 times higher likelihood of having knee pain, radiographic knee OA
and a total knee replacement, compared with males in the general population (Fernandes
et al., 2017). In a similar study, active males with high exposure to sports had a 4.5 times
higher likelihood of developing OA in the hip, compared with randomly selected, age-
matched controls (Vingard, Alfredsson, Goldie, & Hogstedt, 1993).

Joint injuries, with and without surgical intervention (sport-related and nonsports
related) increase the risk of developing OA (Saxon et al., 1999; Simon, Grooms, &
Docherty, 2019). Sudden and intense impact or repetitive damaging impact can cause
lesions in articular cartilage, leading to the degeneration and death of cells (Bhosale &
Richardson, 2008). If the injury affects the subchondral bone, peri-articular soft tissues or
the articulating function of the joint, it can decrease the capability of the joint to dissipate
impact forces. These shifts in joint capability can lead to the initiation of OA symptoms,

including cartilage damage, sclerosis of the subchondral bone and the formation of cysts
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and osteophytes (Saxon et al., 1999). Some of the most frequently reported orthopedic
injuries are anterior cruciate ligament (ACL) tears or ruptures. In the U.S., greater than
100,000 cases occur every year (Wang, Mitroo, Chen, Lu, & Doty, 2006). These injuries
are also the most likely injuries to increase the risk for OA, compared with other c