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Abstract

Osteoarthritis (OA) is the leading cause of musculoskeletal disability in people and
Horses. There is a critical need for better understanding of new therapeutics and their effects on
the disease. Orthobiologics are biologically derived products processed and used to promote
repair or regeneration of injured musculoskeletal tissues. The overarching aim of this body of
work was to investigate the use of orthobiologic therapies by equine veterinarians and gain a
better understanding of the effects of certain orthobiologic therapies such as autologous
conditions serum (ACS) and autologous protein solution (APS) compared to corticosteroids

[triamcinolone acetonide (TA)].

The first presented study is a survey sent to national and international equine practitioners
to evaluate their use of orthobiologics. Orthobiologic use has increased among practitioners, with
an observed preference for blood-based, mostly point- of-care products to treat acute joint-
related pathology compared to past years. However, corticosteroids remain the most widely used
intra-articular therapeutic among equine practitioners.

In vitro studies were completed using synovium and cartilage co-culture systems
stimulated with IL-1p. The first presented study evaluated the effects of 10% equine serum
supplementation compared to serum-free media for culture of synovial tissues. Supplementation
of the media with 10% equine serum provided chondroprotective effects more evident over long-
term (> 9 days) culture. Based on the results of the study using serum-free media to study OA in
vitro is recommended.

Using the same in vitro model, the effects of ACS and APS obtained from the same horse

were compared to a common intra-articular treatment, TA. PGE2 concentrations in media were
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significantly reduced following treatment with APS and ACS, while TA did not reduce PGE2
significantly.

The effect of ACS and TA were also compared in a in vivo synovitis model stimulated
with IL-1p. In this study, intra-articular injection of IL-1p with ACS produced the highest total
nucleated cell count within synovial fluid, but surprisingly the lowest lameness scores compared
to IL-1pB alone or IL-1P + TA. The PGE: concentration in synovial fluid was lower after ACS
and TA administration with IL-1 when compared to IL-1p alone. However, TA with IL-13
caused an increase in cartilage metabolism measured by increased glycosaminoglycans in the
synovial fluid compared to PBS, IL-1p alone, ACS alone or in combination with IL-1.

Results provide evidence that orthobiologics may offer an improved strategy for horses
with naturally occurring OA, compared to the standard treatment of TA, by decreasing the

concentration of PGEz2, one of the most important pro-inflammatory proteins in OA disease.
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Chapter 1

INTRODUCTION

Lameness due to joint injury or disease is one of the most prevalent causes of reduced or lost
performance, placing a significant economic hardship on the equine industry.' Osteoarthritis
(OA), is the most common chronic degenerative disease of the joint that affects all mammalian
species.* Treatment of OA makes up the majority of an equine veterinarian’s caseload.> Multiple
tissues such as synovial membrane, articular cartilage, subchondral bone, and peri-articular soft
tissue structures participate in the disease process.®’ Therefore, it is essential that veterinarians
understand joint anatomy and how anatomy contributes to disease progression, to understand the
mechanisms of treatment. Intra-articular therapies aim to control ongoing inflammation while
minimizing the degenerative changes associated with chronic OA. Two categories of intra-
articular therapies are described: symptom-modifying osteoarthritis drugs (SMOAD) and/or
disease-modifying osteoarthritis drugs (DMOAD). SMOAD are drugs that decrease the
inflammatory process, producing an improvement in clinical signs, while DMOAD not only
modulate the inflammatory response but also inhibit or reverse OA progression. Orthobiologics
are biologically derived SMOAD processed, used to promote repair or regeneration of
musculoskeletal tissue. Since the main hallmark of OA is cartilage loss, an ideal DMOAD would
prevent cartilage loss and enhance cartilage regeneration. The studies included here were
undertaken to further understand how equine practitioners use intra-articular therapies, with
particular focus on the use of orthobiologic therapies; and how these therapies modify the
cellular response to protect the synovial environment.

Chapter 2 reviews joint anatomy and pathophysiology of OA, then describes in vitro and

in vivo experimental models of OA. Tools for OA diagnosis and current intra-articular therapies



used in equine medicine are described. Factors that promote inflammation and catabolism that
lead to disease progression are described. Understanding natural progression of disease (OA)
will help to further explain the proposed mechanism by which different intra-articular therapies
treat the disease process. In vitro models of OA are necessary to advance understanding of OA
and to evaluate the effects of treatments on synovial cells and/or tissues. Results from these
various in vitro models allow promising treatments to progress into testing within in vivo
experimental models prior to testing in clinical trials or using in clinical patients. Researchers
have utilized different in vivo experimental models, each model having unique advantages and
disadvantages, which are explained in this chapter. The most common intra-articular therapies
used in horses are described, including corticosteroids, orthobiologics, and synthetic articular
therapies. Orthobiologics are defined as biologic treatments derived from cells and/or tissues of
the body to treat musculoskeletal injury. Orthobiologic therapies are often used to treat soft-
tissue and articular injuries of the musculoskeletal system; however, this review will primarily
focus on the intra-articular effects of commonly used orthobiologics in articular injury of the
horse. The main in vitro and in vivo effects observed in corticosteroids, orthobiologics including
gene therapy, and synthetic scaffolding products are described in this chapter.

Chapter 3 includes a summary of the experimental objectives and hypotheses addressed
in the subsequent experimental chapters. A total of 4 studies consisting of one survey, two in
vitro studies, and one in vivo study were performed to answer the objectives for the body of work
presented.

Chapter 4 includes the results of a survey evaluating practitioner use of non-steroidal
intra-articular therapies to treat joint disease in horses. The number of different orthobiologic

therapies available on the market is increasing, and it seems that these products are gaining



popularity among practitioners and the horse owning public in their use. Although the survey
depended on practitioner opinion and recall versus careful review of medical records, this study
aimed to understand practitioner use and perception of orthobiologic product efficacy for the
treatment of joint disease. Products surveyed for practitioner use data included platelet-rich
plasma (PRP), autologous conditioned serum (ACS), autologous protein solution (APS), cellular
products, and polyacrylamide hydrogel (PAHG).

Chapter 5 includes a study evaluating the effects of serum supplementation or serum-free
media on a long-term (9 days) co-culture model of OA. Co-culture of articular cartilage,
synovium, and subchondral bone has been shown to emulate naturally-occurring OA better than
single cell and/or tissue (explant) culture due to the significant cross-talk these tissues undergo
within the synovial environment with and without disease. Culture media used in in vitro OA
models has not been standardized, and different additives, including serum, could affect how the
tissues respond to induction of OA.

Chapter 6 describes the use of a synovial and cartilage co-culture system stimulated with
interleukin 1 beta (IL-1pB) and evaluated the effects of common intra-articular treatments
triamcinolone acetonide (TA), ACS, and APS. The cellular and cytokine profile of these
biological products was measured, and gene expression of synovial tissues was evaluated using
qPCR. Additionally, prostaglandin E2 (PGE2) was measured in the media to evaluate the degree
of inflammation present after treatment.

Chapter 7 studies the effects of treatment with ACS and TA in an in vivo synovitis model.
Synovitis was induced with recombinant equine IL- in the metacarpo- and metatarsophalangeal
(fetlock) joints of horses. In this study, each horse served as its own control. Horses were

evaluated clinically before and after induction of synovitis to evaluate clinical effects (reduction



in effusion, lameness, etc). Synovial fluid was collected at times 0, 8, 24- and 48-hours post-
injection with IL-1p. Fluid analysis, cytology and cytokine measurement were performed on
synovial samples.

Chapter 8 summarizes the presented body of work and discussing experimental
conclusions of the included studies. Future directions to build on this body of work are briefly

discussed.



Chapter 2

LITERATURE REVIEW

% OSTEOARTHRITIS AND JOINT ANATOMY

A diarthrodial joint consists of hyaline cartilage attached to a subchondral bone plate
constrained by a joint capsule and synovial fluid.® The mechanical integrity and normal cellular
processes that maintain homeostasis of subchondral bone, articular cartilage, synovial
membrane, and peri-articular soft tissues help maintain normal joint function supporting
seamless locomotion (Figure 2.1). Joint disease and, in particular, OA is estimated to be the
cause of lameness in 60% of the horse population.”!° Previously, OA was considered a disease
primarily affecting articular cartilage. However, consideration of the joint as an organ system, in
which multiple tissues communicate to support function, has been well accepted. Therefore, any
of these synovial tissues can be damaged and perpetuate injury and dysfunction in other synovial
tissues.!"!? The Osteoarthritis Research Society International (OARSI) has defined OA as “a
progressive disease of synovial joints that represents failed repair of joint damage that results
from stresses that may be initiated by an abnormality in any of the synovial joint tissues,
including articular cartilage, subchondral bone, ligaments, menisci (when present), periarticular
muscles, peripheral nerves, or synovium”.!® In normal conditions, all joint tissues are in constant
metabolic turnover, finding a balance between anabolic and catabolic pathways. OA breaks this
equilibrium, and the catabolic pathway is increased, ultimately leading to degeneration of
synovial tissues. This could lead to observed clinical signs such as pain, stiffness, lameness, and
loss of function in patients.'! Therefore, it is crucial to understand the role of these structures and
how they participate during the disease process in order to choose the best treatment option

available.
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1.  The role of the articular cartilage in osteoarthritis.

Hyaline articular cartilage is made up of chondrocytes embedded in an extracellular
matrix comprised of water, collagen, and proteoglycans. The primary function of this tissue is to
provide a near friction-less gliding surface and provide shock absorption for pain-free
locomotion. The articular cartilage has low cellularity, composed mainly of chondrocytes (1-

12%) and articular chondroprogenitor cells (ACPCs), which have shown superior chondrogenic



properties compared to bone marrow-derived stem cells (BM-MSCs) in vitro.'* Chondrocytes are
primarily responsible for production of extracellular matrix (ECM).®

Chondrocytes do respond to inflammatory and mechanical stimuli through production of
pro-inflammatory cytokines and enzymatic proteins responsible for initiating and/or perpetuating
the inflammatory, degenerative cascade that depletes the extracellular matrix. The water content
of the extracellular matrix varies with age of an animal and is between 70-80% of the total
weight of cartilage. Approximately 30% of this water is associated with the intrafibrillar space
within the collagen, although a small percentage is contained in the intracellular space. The flow
of water through the cartilage and across the articular surface helps to transport and distribute
nutrients to chondrocytes, in addition to providing lubrication. Additionally, the water flow into
the interfibrillar space creates a mechanism that allows the cartilage to withstand significant
loads."® In early OA, massive loss of proteoglycans (PGs) from the articular cartilage ECM leads
to an increase in the proportion and mobility of free water molecules. However, in late stages,
there is progressive disorganization of collagen fibers, a decrease in water content, and
glycosaminoglycan (GAG) depletion. '

The dry weight of the cartilage is comprised of approximately 50% collagen, 35%
proteoglycans (PGs), 10% glycoproteins (cartilage oligomeric matrix protein [COMP]) 3%
minerals, 1% lipids, and 1% miscellaneous substances.®

Collagen fibers provide structure to the articular cartilage. Collagen is comprised of fibril
-forming collagens (I, I, 111, V, XI) and non-fibril forming collagens.!” The primary collagen of
hyaline (articular) cartilage is type Il collagen (makes up 90-95% of extracellular matrix collagen
fibrils). Collagen is produced by chondrocytes,'® and is critical for the mechanical properties of

articular cartilage. Cartilage presents shear and tensile properties, mainly attributed to the triple



helix structure of type II collagen, which allows cartilage to withstand compressive loads. The
collagen fibers incorporated into articular cartilage also contain collagen types [, IV, V, VI, IX,
and XI contributing to only 5-10% of the total collagen composition. These minor collagens are
important to help form and stabilize the type II collagen fibril network.'®

Proteoglycans (PGs) are another essential component of the extracellular matrix attached
by a link protein to a hyaluronic acid backbone integrated among type II collagen fibrils. PGs are
made up of a core protein, to which glycosaminoglycans (GAGs) bind. The main proteoglycan in
articular cartilage is aggrecan, accounting for around 85% of all proteoglycans. An aggrecan
monomer is comprised of three different GAGs covalently bonded to a core protein through a tri-
saccharide link protein: chondroitin-4-sulfate, chondroitin-6-sulfate and keratan sulfate.'” GAGs
are negatively charged, making them repel one another, but attracting water. The charged
repulsion effect combined with the movement of water into the ECM has been described as
cartilage swelling pressure, which provides resistance to compressive forces on the cartilage.*
The remaining 5% of proteoglycans in articular cartilage consist of smaller, non-aggregating
proteoglycans such as biglycan, decorin, lumican, chondroadherein, and fibromodulin
categorized as small leucine-rich -proteins/proteoglycans (SLRP’s). Although the function of
these proteins is not entirely understood, SLPRP’s play an important role in the regulation and
maintenance of the articular cartilage. For example, chondroadherein, a SLRP, has been shown
to participate in the modulation of inflammation, downregulating pro-inflammatory cytokines
IL-1 and IL-6.%!

Macroscopically, the cartilage appears to be smooth, demonstrating a glass-like surface.
The tissue’s low cellularity and absence of direct vascular, lymphatic, and neural supply makes it

a unique tissue, challenging to repair. Cartilage thickness is dependent on its anatomical location



and function (weight bearing vs. non-weight bearing). The cartilage is divided into four

histological zones’ (Figure 2.2):

1)

2)

3)

4)

Superficial (tangential) zone, which is between 10-20% of the total depth of the cartilage.
This zone has an acellular outermost layer (lamina splendens). Below this, the superficial
zone is characterized by the highest density of chondrocytes. Chondrocytes have a
flattened appearance and their axis is oriented parallel to the joint surface. Collagen fibers
are oriented parallel as well and are densely packed. This zone is characterized by a high
water content and a small amount of PGs.?? The primary function of this zone is to resist
tensile and shear forces.”> Additionally, most of the water flow from the ECM to the
synovial cavity, helping part of the joint lubrication, is produced from this zone. '
Intermediate (transitional) zone is the most voluminous zone of the articular cartilage
(40-60%), characterized by larger, ovoid chondrocytes, lower water content, higher
density of collagen and more PGs.

Deep zone (radiate) (30%). In this zone chondrocytes are larger and organized in columns
oriented perpendicular to the subchondral bone. This zone has the lowest collagen and
water content but the highest concentration of PGs. In conjunction with the intermediate
zone, it is responsible for resistance of cartilage to compression.?’

The calcified zone is formed by mineralized cells and matrix. This zone is unique
because of its matrix composition (higher concentration of type X collagen),
mineralization, presence of vessels and the hypertrophic state of the chondrocytes.?* This
zone contains the tidemark, which refers to the junction of the noncalcified and calcified
cartilage. Histologic studies have shown perforations present along the tidemark that

allow contact (communication) between the non-calcified and calcified zones of hyaline



cartilage and subchondral bone.?* Recently it has been suggested that this communication
between subchondral bone and cartilage could be one of the mechanisms of how

initiation and progression of OA.
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Figure 2.2. Morphology of chondrocytes and orientation of collagen fibrils in healthy articular

cartilage.

In humans, it is well recognized that age is a primary risk factor for the development of
OA and these age-related effects appear to primarily affect articular cartilage. The mechanism by
which aging contributes to an increased prevalence of OA is not wholly understood; however, it
is believed to be related to the accumulation of advanced glycation end products (AGEs). AGEs

accumulate in human articular cartilage with increasing age and affect its biomechanical,
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biochemical, and cellular characteristics. As a result of this accumulation, articular cartilage
becomes stiffer, more brittle, and the synthesis of ECM components decreases.”® AGEs have
also been shown to bind to receptors on chondrocytes causing release of pro-inflammatory
cytokines like MMP-13, IL-6, and 1L-8.27-%8

During OA, cartilage homeostasis is impaired, and catabolism of the extracellular matrix
is upregulated, causing degeneration of articular cartilage with loss of the matrix components

responsible for the joint’s mechanical integrity, such as type II collagen and aggrecan.

I1. The role of the synovial membrane in osteoarthritis.

The synovial membrane (joint capsule) is composed of outer and inner layers. The outer
layer is a thick, fibrous layer with many proprioceptive nerves that tightly connect to peri-
articular soft tissues such as collateral ligaments that help to maintain joint stability. The inner
layer (synovium) is further composed of two layers: an outer subintimal and inner intimal layers.
The subintimal layer is made up of loose connective tissue and is well vascularized and
innervated. The intimal layer (in contact with the synovial fluid) is thin, with only one to four
cell layers and lacks a basement membrane. The lack of basement membrane is critical to
facilitate contact between synoviocytes and blood vessels to filter and diffuse plasma
components into the synovial cavity.® There are three main types of synoviocytes forming the
intimal layer. Type A synoviocytes are macrophage-like cells that participate in phagocytosis
and/or pinocytosis of cell debris and waste in the joint cavity, possessing an antigen-presenting
ability. Type B synoviocytes are fibroblast-like cells, responsible for the secretion of
viscoelastic proteins essential for mechanical lubrication of the articular surface by synovial

fluid.?® A third, but minor synoviocyte type has been described, Type C synoviocytes. However,
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the phenotype and function of these cells is currently undetermined, and they may represent
synoviocytes in phenotypic transition between type A and B.” The synovial membrane is highly
vascularized, acting as a semipermeable membrane that controls the molecular passage of
proteins from the plasma into the synovial space.*

The intimal layer is mainly responsible for the content of the synovial fluid. Synovial
fluid is described as an ultra-filtrate formed by the passage of plasma through the synovium, with
the addition of proteins such as hyaluronan (HA), and lubricin secreted by type B synoviocytes.’!
Synovial fluid provides boundary lubrication to the intra-articular environment and nutrition to
the articular cartilage.® Boundary lubrication is produced when a fluid film (synovial fluid) is in
contact with both joint surfaces allowing frictionless motion to the joint.

Early in the degenerative process of OA, changes in the synovial membrane including
hyperplasia, fibrosis, detritus-rich synovial fluid, and inflammation are observed.*> When the
synovial membrane is inflamed and undergoes hyperplasia, the permeability of the synovial
membrane is altered. This change in permeability contributes to decreased concentrations of HA
and lubricin.’® In general, synovial fluid in OA becomes less viscous because of the decreased
concentration and abnormally low molecular weight of endogenously produced HA.** These
pathologic changes result in dilution and overproduction of synovial fluid resulting in joint
effusion, fragmentation (depolymerization) of hyaluronan by catabolic enzymes, and aberrant
hyaluronan synthesis attribute to phenotypic changes in synoviocytes.

Recently in human medicine, it is well recognized that inflammation of the synovial
space (synovitis) plays a critical first-step and ongoing role in the pathophysiology of OA,3**
similar results have been observed in horses.!'!*® Inflammation of the synovium is an active

component of OA, associated with pain and disease progression. The synovium is the most
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cellular abundant and permeable structure in the joint. During inflammation, macrophages
infiltrate the synovium. These macrophages and synoviocytes produce pro-inflammatory
cytokines and catabolic enzymatic proteins that contribute to articular matrix degradation.
Therefore, alterations in the synovial membrane can result in decreased concentrations of
chondroprotective factors and increased chondro-destructive proteins that contribute to the
degradation of the articular matrix. Besides, molecules from degraded hyaline cartilage released
into the synovial cavity are likely to perpetuate the synovial inflammation in OA and maintain

the disease process (Figure 2.3).
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Figure 2.3. Involvement of the synovial membrane in OA pathophysiology. ©Mathiessen
A, Conaghan PG. Synovitis in osteoarthritis: current understanding with therapeutic
implications. Arthritis Res Ther. 2017;19(1):18. Published 2017 Feb 2. doi:10.1186/s13075-017-
1229-9. Reprinted with permission of Arthritis Research & Therapy.
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I11.

The role of the subchondral bone in osteoarthritis

The subchondral bone is located deep to the articular cartilage and is attached to it by a
layer of calcified cartilage. ® Histologically is composed of cortical bone with the haversian
system (osteons) running parallel to the joint surface, as opposed to diaphyseal bone. The
thickness of the subchondral bone plate can be influenced by pathologic conditions and can vary
by anatomic location. A study evaluating the subchondral bone thickness of the distal tarsal
bones (central tarsal bone, third tarsal bone and proximal aspect of third metatarsal bone)
determined that the normal thickness of the subchondral bone in horses at this location was
observed to be 2 to 4 mm.*” However, this subchondral bone thickness is likely different
depending on the mechanical forces on the bone due to differing joint biomechanics of other
joints in the equid.

The subchondral bone provides energy-absorption shielding or minimizing transmitted
forces to the articular cartilage. In humans, the haversian construction of subchondral bone
makes it up to 10 fold more deformable than diaphyseal bone.*® Joints can tolerate repetitive
loading because of the deformability of the subchondral bone. Subchondral bone responds
similarly to diaphyseal bone, remodeling in response to loading forces, coordinating activity of
osteoclasts and osteoblasts to remove biomechanically inferior packets of bone and replace it
with new bone.?* During OA, this balance between subchondral bone resorption and generation
breaks down. Osteoclasts reabsorb abnormal or damaged bone faster than osteoblastic precursors
can replace the lost bone with normal bone, leading to a weaker and osteoporotic subchondral
bone plate.* In race horses, it has been shown that training inhibits subchondral bone resorption
compared to horses at rest. However, a balance between training and rest periods is needed to

facilitate subchondral bone repair.*!
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The first change observed to the subchondral bone is sclerosis and thickening of the
subchondral bone, producing a decreased elasticity within the subchondral bone plate and
trabecular bone.*? Changes in the subchondral bone affect the ability of the cartilage to withstand
mechanical loading, producing horizontal clefts in the cartilage’s deep zone.****. These clefts
extend from the deep zone, progressing to the articular surface of the cartilage if mechanical
loading continues, perpetuating the OA changes in the joint by altering the natural biomechanical
properties of cartilage.*>*¢ A study in humans found that in vitro co-culture of chondrocytes
with subchondral osteoblasts obtained from sclerotic subchondral bone changed the
chondrocytes phenotype towards a more hypertrophic phenotype, and stimulated chondrocytes to
produce more MMPs and inhibited the aggrecan production.*’ Neoangiogenesis is one of the
modifications that occur during OA in the subchondral bone. The new vessel formation
penetrates the tidemark and enters into the calcified layer allowing the presence of a higher
concentration of protease, MMPs and osteoblasts, and osteoclasts, increasing the inflammatory
cross-talk to the cartilage layer from the subchondral bone, perpetuating the OA cycle into the

t.4® Supporting this, increased neovascularization in the subchondral bone and a higher

join
number of vessels penetrating the tidemark have been associated with more severe OA cartilage
changes.*3! Osteoclasts during aberrant subchondral bone remodeling in OA produce netrin-1, a
protein responsible for increasing innervation of the subchondral bone, causing enhanced
sensation and pain in OA.>

All these pathologic changes described above explain the importance of the subchondral
bone in the pathogenesis of the OA but also how the synovial components participate in

maintenance of joint health. Understanding the physiology of the subchondral bone could help

veterinarians create appropriate training programs to prevent further changes in the joint.
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IV. The role of periosteum and joint soft tissue associated structures in osteoarthritis

The periosteum is the thin outer layer of cortical bone, consisting of two distinct layers:
an outer layer predominantly formed by fibroblastic cells and the inner cambium layer, which is
highly cellular and is formed primarily by mesenchymal progenitor cells, differentiated
osteogenic progenitor cells, osteoblasts and fibroblasts in a sparse collagenous matrix. A well-
developed nerve and microvascular network exits along the periosteum, which influences the
pain response in OA disease.”® In humans, with OA, focal pain at the area of osteophyte growth
is attributed to the impingement of the richly innervated periosteum by osteophytes.**
Additionally, it has been reported that chondrocyte precursors are located in the inner cambium
layer of the periosteum, which means preserving this tissue could be crucial to maintain joint
health.>

Soft-tissue structures such as peri- and intra-articular ligaments, menisci (if present),
overlying and/or peri-articular inserting musculotendinous units, and the fibrous joint capsule
play a role in the stability of the synovial compartment and changes in stability result in synovial
inflammation.” The contribution of stability to the joint provided by each of these structures
differs according to the joint and it’s anatomic location. The fibrous joint capsule and peri-
articular ligaments are composed mainly of type I collagen and some elastin. These structures are
highly innervated and provide most of the synovial innervation, therefore, changes in these
structures can result in increased pain. The menisci, crescent-shaped fibrocartilage structures
found in the femorotibial joint between the femoral and tibial condyles, can participate in the OA
process within the stifle joint. The menisci provide alignment of incongruent bones and even
load distribution within the articular environment, and in horses with meniscal degeneration, OA

in the stifle has been observed.>®
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Ligamentous or tendinous lesions that produce joint instability and alter normal
biomechanics of the joint can trigger OA.® Although these tissues are not as metabolically active
in OA disease as cartilage, synovium, or subchondral bone, their importance must be considered

in the development of OA.

V. Endogenous cartilage repair

“Cartilage once destroyed never heals”.’” This statement was made by Dr. Hunter in
1743, and despite all the research and growing knowledge of joint disease, this statement remains
partially true. Damage cartilage has a limited capacity to regenerate. As previously mentioned,
cartilage has a reduced endogenous cell population. These cells have a low metabolic rate with
limited capacity for outside influence due to a lack of vascular and/or lymphatic supply.’
Cartilage repair occurs by three mechanisms: 1) intrinsic repair, which depends on the capacity
of the chondrocytes to divide and produce new matrix, 2) extrinsic repair, which depends on the
mesenchymal progenitor elements of the subchondral bone to help form and fill the defect with
fibrocartilaginous tissue, and 3) by producing lips of cartilage from the perimeter of the lesion
that extends into the defect, which is known as matrix flow.%-°

The depth, size, location (weight-bearing or non-weight-bearing areas), patient age, and
concurrent OA could influence endogenous repair.>® In humans, age has been shown to affect
endogenous repair with chondrocytes having reduced ability to synthesize and assemble matrix
molecules declining with age.®® Early research suggested that full-thickness cartilage defects
greater than 9 mm in diameter have minimal capacity for repair.®"%> These lesions heal by

ingrowth of subchondral fibrous tissue and formation of fibrocartilage. Partial-thickness defects

are believed to have minor capacity for healing, and it has been shown that in rabbits, partial-
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thickness cartilage defects present a slightly greater healing capacity by increasing the synthesis
of GAGs and type II collagen.®® How partial-thickness defects heal is not entirely understood ,
but what we know is that when these defects are present in the equine joint do not necessarily
progress or compromise the joint function. Therefore, is no longer recommended to debride these
lesions deep to the subchondral bone and only debride surface fibrillation present.” Currently, no
treatment for full-thickness articular cartilage defects provides reparative tissue similar to hyaline
cartilage nor tissue that is similar or better biomechanically than reparative tissue that fills in
partial-thickness defects.’

Articular cartilage defects are repaired by the formation of fibrocartilage or hypertrophic
cartilage. Hypertrophic cartilage is characterized by enlarged chondrocytes that have stopped
dividing and accumulate glycogen, lipids, and alkaline phosphatase. Hypertrophy occurs at the
expense of ECM production with more type X collagen.®* Fibrocartilaginous repair tissue
contains more type I collagen than type II collagen with reduced aggrecan and chondrocytes
content within the extracellular matrix.%*%® Because of this compositional difference,
fibrocartilage has inferior biomechanical properties, further perpetuating OA disease.*%® In
hypertrophic cartilage repair, a higher number of hypertrophic chondrocytes are present along
with greater amounts of short-chain type X collagen.® Hypertrophic chondrocytes are not able to
produce type II collagen and aggrecan, essential components to maintain the health and
biomechanical properties of the cartilage. Contrary, they produce type X collagen and promote
ECM mineralization by increasing the production of alkaline phosphatase.®’

Healing refers to the restoration of the structural integrity and function of the tissue after
injury or disease, and despite the attempt of the body to heal a lesion affecting cartilage, the

result is still inefficient. Additionally, treatments are lacking that completely modify the disease
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and stop its progression, which opens a possible space for orthobiologic therapies.
Orthobiologics aim to stop or slow down the progression of lesions and enhance cartilage healing
to produce better quality tissue. The healing inefficiency of the body’s natural repair and the
possibility to enhance repair with orthobiologics has created more interest and produced a large

number of studies evaluating the mechanism and efficacy of orthobiologic therapies to treat OA.
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< PATHOPHYSIOLOGY OF OA

The normal integrity of the joint is crucial to maintaining normal joint function: near-
frictionless motion, joint congruency, and force transmission. As mentioned previously, the joint
works similar to an organ-like structure, in which all the tissues participate in one way or another
during the disease process.”

In human OA, the risk factors for development of OA have been classified into two main
mechanisms: abnormal loading on normal cartilage or normal loading on abnormal cartilage.”! In
horses, three mechanisms have been identified as being responsible for the pathogenesis of OA:
1) abnormal biomechanical loading on normal cartilage, 2) abnormal change in the subchondral
bone, and 3) exposure of abnormal cartilage to normal forces.””>7* Cyclic or athletic trauma,
changes in joint congruence (fractures), or loss of joint stability (fractures or ligamentous
lesions) can produce abnormal mechanical loads on normal cartilage or subchondral bone, and
age or osteochondrosis for example can create an abnormal cartilage surface. These events
produce physical cell damage and the joint responds by upregulating pro-inflammatory cytokines
and decreasing ECM synthesis. Clinically, this translates into a breakdown of articular cartilage
and perpetuation of OA. In the same way, exercise activities can lead to inflammation of the soft
tissues as well as remodeling and microfracture formation within the subchondral bone by
overloading the joint structures and creating joint instability, affecting the articular cartilage.
Also, aging or developmental disease such as osteochondrosis can damage the articular cartilage.
Ultimately, abnormal articular cartilage produces more degradative and inflammatory cytokines
and decreased synthesis of ECM components, which clinically translates in a breakdown of the
articular cartilage, and cartilage breakdown products perpetuate synovial inflammation and

disease progression.
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Regardless of a causative factor, the damage that occurs to the articular cartilage causes a

cascade of changes within the joint.>®”> (Figure.2.4)
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Figure 2.4. A) Simplified OA cytokine cascade. B) Cytokine imbalance during OA.

I. Pro-inflammatory cytokines

OA has been described as a chronic degenerative disease, but it is now known
inflammation is present even in the early stages of disease.”®”® In the diseased joint, damaged
chondrocytes, synoviocytes, and monocytes release proinflammatory cytokines, thus causing the

joint to enter an inflammatory or catabolic state. While IL-1p and TNF-a are considered the main
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pro-inflammatory cytokines of OA,*83 other interleukins, proteases, nitric oxide (NO), and
prostaglandin E> (PGE2) participate in the inflammatory cascade.’7!:81:8485

IL-1PB and TNF-a are the key arthritogenic triggers, and it is thought that these cytokines
produce a synergistic effect, enhancing cartilage destruction when combined in vitro.8%8 IL-1p
is more potent, requiring only 0.1-1.0% of the TNF-a dose to achieve the same proteoglycan
synthesis inhibition in chondrocytes.? IL-1p is associated with driving tissue destruction and
TNF-o with inflammation.®!°%°! In all joints, these two cytokines are synthesized by
chondrocytes, osteoblasts, synoviocytes, and mononuclear cells. They exert their effect via
binding to membrane IL-1 receptor (IL-1R)1 in the case of IL-1pB,°*°* and TNF receptor I
(TNFRI) and TNF receptor II (TNFRII) in the case of TNF-a.”*% These cytokines regulate
other catabolic enzyme and inflammatory cytokine gene expression through signal transduction
pathways, such as those regulated by mitogen-activated protein kinases (MAPKs).”® This
pathway also activates the nuclear factor-kappa (NF-kB), which upregulates the release of COX-
2, PGE2, MMPs, and ADAMTS, leading to cellular apoptosis and extracellular matrix

degradation.”” (Figure 2.5)
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Figure 2.5. Representation of the main activations pathways of MAPK and NF-kB participating
in OA.
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IL-1PB and TNF-a stimulate chondrocytes to release catabolic enzymes such as MMPs, in
particular aggrecanases.®! Multiple MMPs have been described and categorized based on the
substrate they tend to degrade, such as collagenases, stromelysins, and gelatinase.”® Collagenases
(MMP-1, 8, -13), gelatinases (MMP-2 and -9), and stromelysins (MMP-3, -10, -11) are all
expressed at low levels in healthy joint tissue. However, their production and release are
significantly increased in arthritic joints.”®!® In OA, IL-1p and TNF-a stimulate the production
of MMP-1 MMP-3 and MMP-13. These proteolytic enzymes are responsible for cleaving type I
collagen and aggrecan. MMPs cleave the three collagen a-chains of the triple helix at 775-776
amino acid residues. This produces articular cartilage depletion interfering with chondrocytes
homeostasis.”®”’

The ADAMTS (a disintegrin-like and metalloproteinase with thrombospondin type 1
motifs) family of proteins include ADAMTS-4 and ADAMTS-5 and are responsible for
aggrecan cleavage. Aggrecanase activity is considered a hallmark of cartilage degradation during
OA.'"9L192 11 _1B8 and TNF-a have been shown to upregulate the production of ADAMTS-4, but
not ADAMTS-5, indicating that gene expression of these aggrecanases might be differentially
regulated.'9-105

Interleukins including IL-6, IL-15, IL-17, IL-18, IL-21, leukemia inhibitor factor (LIF)
and chemokines including IL-8 and CCL5 (also known as RANTES) are produced in response to
IL-1B and TNF-o stimulation during OA disease.”! 8081196107 Thege pro-inflammatory cytokines
and chemokines are intimately related to the upregulation of MMPs and induction of NO or
PGE: production, helping to perpetuate the inflammatory response and cartilage destruction in
an osteoarthritic joint.”"*8! IL-6 and IL-8 are elevated in patients with OA,”®!% but they are not

directly responsible for initiating or maintaining cartilage degradation. IL-6 appears to have a
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dual role in OA, providing some regulation and dampening of the inflammatory process,’”-8%:19°

and IL-8 promotes the release of MMP-13, attracts and activates leukocytes in the synovium, and
induces chondrocyte hypertrophy.!'® IL-6 works synergistically with IL-1'!! to upregulate
expression of MMP-1 and MMP-13 in synoviocytes'!'? and reduce type II collagen expression in
chondrocytes.!'* However, a protective effect of IL-6 has been observed in human synoviocytes
and chondrocytes stimulating the production of a natural inhibitor of MMP-1,2,3 and 8, the
tissue inhibitory of metalloproteinases 1 (TIMP-1).!14

PGE2 is an important inflammatory mediator in OA and is thought to be partially
responsible for joint pain in OA.3*!'> An increased PGE2 concentration has been observed in

116 and this has been related to an increase in the pain response.!!” IL-

horses with inflamed joints,
1B stimulates the production of PGE2 by the synovial tissues by stimulating the activity of the
cyclooxygenase (COX-2).!1%!1° This enzyme simultaneously upregulates the production of NO.”!
Increased concentrations of NO produce chondrocyte apoptosis and matrix degradation.'?* PGE>
and NO have been mainly characterized as pro-inflammatory mediators, enhancing the activation
and production of MMPs and inhibiting the anabolic pathways and production of interleukin 1
receptor antagonist protein (IL-1rap).}! However, some studies have identified a
chondroprotective effects of these mediators.!?!"'?2 In humans, PGE2 was shown to interfere with
IL-1PB and inhibited type I collagen synthesis stimulating type II collagen gene expression.!3124
This dual effect has not been studied in the horses' joints, but in equine MSCs, blocking PGE2
production significantly increased T-cell proliferation, identifying PGE: as one of the main

immunomodulatory protein of MSCs.!%3
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IL-1PB and TNF-a also affect the catabolic pathways of articular cartilage, decreasing the
synthesis of essential ECM proteins produced by chondrocytes. Multiple studies have shown that
chondrocytes stimulated with IL-1B downregulate of type II collagen synthesis.!?*:126:127

In conclusion, this complex inflammatory cascade produces a critical loss of ECM
components, which clinically produces a softening of the cartilage (loss of compressive and

tensile strength) and swelling caused by loss of GAG and absorption of water, resulting in

cartilage fibrillation and full-thickness erosion.>

II. Anti-inflammatory cytokines

IL-4, IL-10, and IL-13 have been classified as inhibitory or anti-inflammatory cytokines
since they decrease the production and/or action of the pro-inflammatory cytokines.’%!9%-128 The
production of IL-4 is related to T cell stimulation and infiltration of the synovium.'?>!* [L-4 is
associated with a robust chondroprotective effect and is able to inhibit degradation of PGs and
secretion of MMPs.!3!"134 In human patients with OA, researchers have found an increased
concentration of soluble IL-4 receptor, suggesting that this protein reduces the availability of IL-
4 and its effect on chondrocytes.'> A synergistic effect has been observed between IL-4 and IL-
10, preventing chondrocyte apoptosis.'** IL-10 also downregulates the production of TNF-a and
its receptor surface expression in synovial fibroblasts and macrophages in vitro. ?%13¢ IL-10

137139 and studies with mice have shown that IL-10

participates in the downregulation of PGEz,
stimulated chondrocyte proliferation and reduced cartilage degeneration.'**!#! IL-13 has been

shown to inhibit the production of proinflammatory cytokines such as IL-1p, IL-6, and IL-8

while increasing IL-1rap production.'*?
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Another anti-inflammatory cytokine in which equine researchers have focused their
efforts is [L-1rap. IL-1rap is a competitive inhibitor that binds to the IL-1 receptor, avoiding
receptor engagement and signal transduction to the cell from IL-1p.!*} In humans, a 10- to 100-
fold increase in the concentration of IL-1rap to IL-1p is needed to sufficiently block IL-1f from
the IL-1 receptor.'* This ratio has not been described in horses. IL-1rap is produced by many of
the same cell types that secrete IL-1, including articular chondrocytes.'!?” In humans, IL-1rap can
block many of the effects observed during the pathological process of OA, including PGE2
synthesis in synovial cells, collagenase production by chondrocytes, and cartilage matrix
degradation.”’

After exposure to an inflammatory insult, T-cells and activated neutrophils are able to
produce soluble TNF- R1 (sTNF-R1), a protein that binds to extracellular TNF-a and blocks its
biological activity.!#"14° In humans, two studies reported positive outcomes after using a
synthetic anti-TNF-a simulating this soluble receptor for treatment.!>%!>! However, there are
currently no clinical veterinary studies looking at the effects of anti-TNF-a therapy.

TIMPs are natural inhibitors of MMPs synthesized by numerous cells that include
chondrocytes and synoviocytes.!'>? These inhibitors bind one-to-one with MMPs to form an
inactive complex and include TIMP-1, 2, 3, and 4. TIMP-1, TIMP-2, and TIMP-3 are three out
the four natural inhibitors described in the literature involved in joint disease.” Although some
research has been done targeting TIMPs as a treatment for OA, total inhibition of the MMPs is
not desirable as it will alter normal turnover, and more research in this field needs to be

done 153,154
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III. Anabolic cytokines

Although cartilage has poor reparative properties in natural conditions or as a response to
an injury or an inflammatory stimulus, production of growth factors by macrophages,
synoviocytes and chondrocytes enhances the anabolic pathway.'>> TGF-B is considered one of
the most important growth factors involved in cartilage repair and pro-inflammatory cytokines
produced during OA can downregulate or reduce the effect of TGF-f, enhancing the catabolic
status within the joint.!>®*!>” TGF-B stimulates chondrocyte proliferation and induces an increased
synthesis of PGs and type II collagen.!31% TGF-p also downregulates MMPs, counteracting the

effect of IL-1pB.'6%-162 In horses, it has been observed that TGF-B increased production of HA.'®?

However, it has been observed in mice that high physiologic levels of TGF-§ can produce
harmful effects such as increased leukocyte infiltration, synovial fibrosis, and osteophyte
formation.!'64

IGF-1 also plays a critical role in cartilage homeostasis and promoting the anabolic
pathway, observing that a decreased level of IGF-1 was correlated with more significant cartilage
degeneration.'% Inflammatory products like NO inhibit the anabolic effects of IGF-1'%® such as
stimulation of ECM production and inhibition of matrix degradation.'®” In horses, a combination
of IL-1rap and IGF-1 gene therapy enhanced the repair of 5 mm full-thickness surgically created
articular defects.!6®

Bone morphogenetic proteins (BMPs) belong to the TGF-f superfamily. BMPs and in
particular BMP-2 and BMP-7, participate in the chondrocyte regulation.'®> BMP-2 protein is
predominantly secreted by osteoblasts, where it has an osteoinductive effect on the subchondral

bone. This protein is up-regulated in osteoarthritic chondrocytes and increases the expression of

ECM genes like type II collagen.'s® Multiple studies suggest that BMP-7 is the most potent of
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the BMP family regarding its matrix protection in OA, increasing the anabolic and anti-catabolic
(stimulates ECM synthesis) activities (decreases MMPS and aggrecanases expression) of
cartilage and subchondral bone.!¢%!17

Research investigating treatments that potentially upregulate the production of these

proteins is ongoing since upregulation of ECM components such as type II collagen and

aggrecan could help produce tissue with better biomechanical properties than fibrocartilage.

IVv. The role of macrophages in osteoarthritis

It has been demonstrated that synovial membrane inflammation can be found in both
early and late stages of OA,**!7!"!73 and macrophages accumulate within the synovial membrane
in patients with synovitis.!”*!76 Recently, some studies have focused on the role these
macrophages play in OA, finding that macrophages are responsible for the induction of
inflammatory mediators, growth factors, and proteinases.!””"!”” Macrophages can polarize and
present different phenotypes and functions depending on the micro-environment.'®° Classically
activated macrophages (M1) are considered to stimulate the inflammatory and catabolic
pathways in the joint, while alternatively activated (M2) macrophages are involved in regulatory

subsets with anti-inflammatory properties (figure 2.6).!81-183
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Figure 2.6. Polarization of the macrophages and function in OA disease.

The balance between M1 and M2 macrophages might be distorted in OA, and the degree

of imbalance could be associated with the severity of the OA disease.!’® These findings have

opened a research pathway in the OA field and possible target to OA treatment.
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< OA MODELS

In humans, OA is the most common joint disease and a leading cause of disability
worldwide, mainly due to pain, the primary symptom of the disease.'**!85 Due to increased life
expectancy, OA most commonly affects the elderly population, being the cause of 94% of hip
and 97% knee replacements.'3!8” In horses, OA compromises the equine industry, not only due
to the costs of treatment, but also as a consequence of a delayed return to athletic performance.
Although it is difficult to estimate the exact incidence of OA in horses accurately, many
epidemiological studies describe a high prevalence (up to 80%), especially in middle-aged to
elder horses.”!*!8818 However, OA has been described in young race horses as well (2- and 3-
year-old), in which 33% of the study population presented with cartilage and bone lesions
consistent with OA..!88

Both in vivo and in vitro animal models of OA have been used in the past to investigate
OA disease progression and treatment effects. The three main points that research aims to cover
are: 1) how to re-establish the balance between anabolic and catabolic pathways of the synovial
environment, 2) how to decrease the inflammatory response and 3) enhance the repair process of
articular cartilage to restore the normal biomechanical function of the joint. In horses, healthy or
naturally-occurring OA tissue can be easily obtained,'*® and the horse provides the closest
approximation to humans in terms of articular cartilage thickness, and this approximation is

considered key in clinical studies evaluating cartilage healing.'""-!%?
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I.

In vitro OA models

The similarities observed between OA pathogenesis in humans and domestic animals means

in vitro OA animal models are commonly used to study OA for within and cross-species

translation of findings.'”® The use of in vitro OA models allow researchers to maintain the 3 R

philosophy of ethical animal use: reduction, refinement, and replacement.'** In vitro models can

be carried out using mono or co-culture of synovial cells or tissues (explants). Cells can be

cultured in monolayer, explant, or seeded into engineered 3D- culture models. Each of these

models has certain advantages and disadvantages for OA research (Table 2.1).

Table. 2.1. Summary of in vitro culture models used to study OA.

In vitro OA
models

Advantages

Easy cellular expansion
Homogenous cellular population
Monolayer ) . o
More straightforward investigation of

individual pathways to OA

Disadvantages

Altered cellular phenotype
Absence of ECM

No influence of tissue environment
Not grown in 3D as in vivo

Simple, economical, and easy
Natural ECM

Tissue explants

Cell death at the cut edge
Fewer replicates than monolayer cultures
Physical attributes may change during culture

Allows cross-talk between cell types

Explant cultures do not disrupt the
Co-culture

natural 3D matrix in which cells are
cells/explants

maintained

Altered cellular phenotype
Different tissues may have different culture
conditions to maintain viability

Possible culture of different cell lines

Allows cross-talk between synovial
tissues

Allows cells to be grown in 3D
environment

3D cell culture

Cells need to be isolated and expanded first
Proliferation rate is slower compared to 2D models
The strength of cultured structure depends on the
type of scaffold used

Monolayer cultures are well established and highly reproducible. Since articular cartilage

has very low cellularity, monolayer chondrocyte cultures allow an increased number of
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chondrocytes to be studied, expanding the cellular response. Monolayer culture studies help to
simplify and gain a better understanding of OA pathways, evaluating individual cellular response
of chondrocytes or synoviocytes to certain stimuli (cytokine, mechanical, etc.) However, it is
essential to consider that cultured chondrocytes and synoviocytes can alter their phenotype in
monolayer culture differing from their in vivo phenotype.'®> In horses, multiple studies have used
monolayer culture of chondrocytes or synoviocytes to evaluate mechanisms of disease and
evaluate various treatments for OA.!96-20

On the other hand, culture of tissue explants in OA studies is an easy and inexpensive
technique, which allows maintenance of cells within their matrix. Some of the disadvantages of
this type of culture include: enhanced cellular death occurring along the cut edge and on the
middle of the explant (depending on the explant thickness), number of explants are limited to the
size of the joint, and tissue variability depends on the joint used.'*> Multiple equine studies have
been carried out using cartilage, synovial membrane, or subchondral bone explants cultured

201-206

individually, or in combination, with these co-culture systems becoming more

popular, 119:207.208
In vitro co-culture models have been used in an attempt to understand the complex
crosstalk present between joint tissues during injury and following therapeutic intervention.
Biological crosstalk between cartilage and synovium has been described in humans and other
species, but the mechanisms behind the interaction of these tissues and the effect of this cross-
talk on ECM turnover are not fully understood. In humans, co-culture studies have proven the
essential role of the synovial membrane in OA pathophysiology. Synovial membrane has been

described as the primary tissue responsible for production of TNF-a and other cytokine

mediators that inhibit chondrocyte GAG production.??*2! Differences in treatment efficacy of
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recombinant IL-1rap has been detected when bovine cartilage was co-cultured with synovial
membrane compared to articular cartilage explant monocultures. In this study, synovium
produced a protective effect, upregulating the release of anti-inflammatory cytokines such as IL-
4 protecting the articular cartilage.?!! In horses, osteochondral explants and synovial membrane
co-culture models have been used to study OA in vitro.''>?7 In long-term co-culture (tissue
cultures maintained for 21 days), co-cultures produced higher MMP-1 production in cartilage
(detected with immunohistochemistry techniques) than monoculture of osteochondral explants.

An increased polarization of synovial macrophages towards the M1 phenotype was also
observed with tissue in co-culture.?’” Byron and Trahan also reported increased MMP-13 in
culture media from osteochondral explants in monoculture compared to co-culture with
synovium. Differences observed between monocultures and co-cultures in these studies could be
biologically relevant and highlights that co-cultures offer a superior and more realistic model in
order to extrapolate to the results of what happens in the joint in vivo. In another study evaluating
co-cultures of IL-1p cartilage with synoviocytes transduced with IGF-1 and IL-1rap genes
compared to untransduced synoviocytes, transduced synoviocytes improved preservation of
proteoglycan content of cartilage explants.?!? These results could indicate that targeting to
change the gene expression of the synovial membrane could be one of the strategies to treat OA
in the future.

Recently, 3D culture systems have become an essential tool in OA research. These
culture systems provide a scaffold for previously isolated and expanded chondrocytes that mimic
the ECM. In humans using a 3D pellet culture system, chondrocytes were able to be expanded

and maintain their chondrogenic phenotype, upregulating their production of type II collagen.?'?
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Similar results have been observed in a 3D model in which equine chondrocytes were seeded
within hydrogels.?'*

Independent of the type of culture used, two methods of cell/tissue induction of OA have
been used in vitro: mechanical, load-based models and cytokine stimulation. Mechanical stimuli
are essential for cartilage to maintain its homeostatic balance between anabolic and catabolic
events in chondrocytes. Mechanical overloading stimulates chondrocytes similar to chondrocyte
stimulation with pro-inflammatory cytokines.?!>2!® Mechanical stimulation through shear or
compressive forces can activate the MAPK and NF-kB pathways, upregulating catabolic
pathways.?!” Mechanical load can influence cytokine production by osteoblasts within the
subchondral bone plate, which plays a significant role in the establishment and perpetuation of
OA. Multiple studies have observed an increased concentration of PGE2 concentration and IL-6
by osteoblasts subjected to mechanical load when maintained in a monolayer culture. 2!8-220

During naturally-occurring OA, synoviocytes, chondrocytes, and macrophages increase
their synthesis of catabolic and pro-inflammatory cytokines.”” As mentioned previously, IL-1j
and TNF-a play crucial roles in OA establishment. Therefore, adding these pro-inflammatory
cytokines to culture systems can induce a similar cellular response in vitro. Although IL-1p3 at a
dose of 10 ng/ml is the most common cytokine used in equine studies,”’**!*?>* TNF-a (10 ng/ml)
or a combination of both have been used by other researchers.!?6207-224225 Although it makes
sense that a combination of both cytokines could mimic the closest scenario to the natural joint
environment, further investigation is required in this area. Besides, some in vitro studies have
studied the effect of co-culturing healthy cartilage with synovial fluid or synovium from patients
with OA, reporting an increase of pro-inflammatory cytokines expression such as IL-1, 6 or 8,

proving that a cross-talk between tissues in the joint exists.?!%226
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As previously mentioned, in vitro study of OA using articular cartilage and synovial
membrane explant co-culture systems offers a superior technique to study the complexity of the
OA cascade, including cross-talk between cartilage and synovial membrane while maintaining
cells in their natural matrix. Effects of co-culture described above could be relevant and more

accurately simulate naturally-occurring OA, requiring further investigation,!1%210-211.221.227

II. Invivo OA models

At present, there is no gold standard animal model used in OA research. Differences in
size, anatomy, histology (cartilage thickness), biomechanics, and physiology make translatability
between animal models and human disease very difficult. Different pathological features of OA,
such as pain, synovitis, cartilage degeneration, and bone remodeling, have been studied in OA
animal models. Using animals such as mice, rats, and rabbits is much easier, quicker, less
expensive, and these species allow for genetic modification unavailable in larger animals. Large
animal models using sheep, goats, pigs, cows, and horses could provide more tissue and similar
biomechanical and anatomic properties to humans.??®??° During experimental design, it is
crucial to consider when each species reaches skeletal maturity when choosing the age range to
be included in the study.?*%?*! Although horses can be difficult and expensive to house, these
animals have been shown to resemble human joint anatomy and articular cartilage thickness
closely.!1192 Besides, equids are used for sport; therefore, research to enhance performance in
the face of joint injury is essential and has a significant economic impact on the industry. In
horses, a wide range of imaging techniques and clinical tests are available, as well as
rehabilitation methods, making it much easier to understand OA disease and therapeutic

mechanisms of action, extrapolating these results to humans.??%22°2*2 The tremendous economic
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hardship that OA creates in the equine industry (cost of therapies, loss of performance/training,

etc.) has promoted research into OA mechanisms and treatments for use on the species and

translation to human disease prevention and treatment.

In humans, the OARSI has created an OA cartilage histopathology grading and staging

system.?*3 This system allows researchers to classify OA lesions more objectively when using in

vivo models, making it easier to compare study results. A similar grading system was developed

for horses by several researchers for both the articular cartilage and synovium.!

73

An ideal OA animal model has the following five properties:***

1)

2)

3)

4)

5)

The model should induce consistently reproducible OA in a reasonably short time
frame time. In humans, naturally occurring OA can vary greatly between individuals
and progression of disease can be a slow process compared to experimental models
such as the established ovine meniscectomy model in which OA changes are
observed within 3 months of induction.

Induced OA changes should progress in a time frame that allows investigation of
early, mid, and late pathophysiologic changes.

Animals used should be mammalian species, which are economically accessible, easy
to house, with well-established and available diagnostic techniques (imagining,
synovial fluid analysis, gene expression, or histology, for example).

The model should closely resemble pathologic changes and disease progression of
human OA, ensuring that all tissues of the synovial “organ” are appropriately
included and evaluated.

Models should also be developed to simultaneously answer questions relating to the

therapeutic modulation effect produced within the different types of joint tissues.
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In horses, in vivo OA models have been classified as spontaneous or experimentally
induced either through mechanical (surgical) or chemical methods (Table 2.2).22® Some
spontaneous models still require human intervention (immobilization of the joint using a cast or
pressure applied to the femoral condyle, genetic modification), but this intervention results in
spontaneous development of OA. Although these models could more closely represent naturally
occurring OA, they require extended periods of time for disease development and result in high
variability of disease manifestation, consuming time and expenses.

Surgically induced models are easily reproduced, generating severe lesions in the
cartilage or soft tissues that could generate generalized joint disease. These models can be
developed in a short and predictable time frame (species dependent), allowing one to study
disease progression and treatment effects on disease progression and/or tissue repair. These
models work by creating joint instability, altering forces of contact on articular surfaces,
resulting in intra-articular inflammation and subsequent matrix degeneration, more closely
representing post-traumatic OA. When choosing surgically induced OA models, one must
understand joint biomechanics and the recruited forces for model creation. In horses, an induced
carpal osteochondral fragment model with controlled post-operative treadmill exercise is the
most commonly cited/used.?*® Briefly, arthroscopy of the middle carpal joint is performed to
allow removal of an osteochondral fragment (chip) from the radial carpal bone with an
osteotome. This creates an 8 mm osteochondral defect on the proximal and distal articular
surface of the radial carpal bone. A motorized arthroscopy burr is used to debride the exposed
subchondral bone between the fragment and parent bone, creating cartilage debris that will
stimulate synovial inflammation along with articular incongruity and instability. The size,

location of the fragment, loss of subchondral bone, and subsequent synovitis mimics naturally
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occurring OA. Horses are exercised using a standardized treadmill for 70 days, starting at two
weeks post-operatively.?33-237

Chemically induced models consist of injecting a chemical product intra-articularly that
produces inflammation, causing direct or indirect extracellular matrix damage and/or
chondrocyte toxicity. These models produce rapid disease progression, while induction methods
are less invasive and likely more accessible to investigators (does not require an equine surgeon,
surgical suite, surgical equipment, etc.). However, chemical models do not entirely correlate with
naturally-occurring OA pathogenesis in humans or veterinary species.?*® Chemicals like filipin or
sodium monoiodoacetate produce fibrillation along the articular cartilage surface.?*24!
However, products like equine recombinant IL-1p and E. coli produce a marked but self-limiting
inflammatory reaction within the joint (synovitis) due to global stimulation of joint-related
tissues, in particular the synovial membrane.?** Currently, it is well recognized that synovitis
plays a crucial role in OA pathogenesis, setting the stage for initiation and progression of early
OA changes.*® Therefore, studies using these models often focus their evaluation methods on
inflammatory mediators in synovial fluids and/or patient assessments (joint effusion and
lameness) rather than more characteristic and chronic changes in OA such as articular cartilage
degeneration (arthroscopy, MRI, histopathology +/- tissue PCR/protein expression), synovial
hypertrophy and/or fibrosis (ultrasonography, histopathology +/- immunohistochemistry, tissue
PCR/protein expression), subchondral bone changes including osteophyte formation

(radiographs, computed tomography, biomechanical testing of subchondral bone plate, tissue

PCR/protein expression).
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Table 2.2. Summary of equine in vivo experimental models of osteoarthritis.

In vivo OA
models

Spontaneous

Surgically
induced

Chemical
induced

Specific name

Naturally-occurring OA **

Lower limb cast immobilization >**

Trauma to the medial femur and
tibia 2%

Advantages

Closer to naturally occurring OA
Less instrumentation required

Disadvantages

Variable in disease manifestation
Time-consuming
Increased cost

Osteochondral fragment and

exercise 235-237,246-249

Metacarpophalangeal ligament

transection >>°

Articular groove model !>

Rapidly progressing OA
Reproducible

Severe lesions
More instrumentation and personnel required
Inappropriate for pathogenesis studies
Increased cost

Filipin (400 pg once a week for 12
weeks)*’

Sodium monoiodoacetate (0.09-
0.16 mg/kg)****!

Amphotericin (25 mg IA once

every other day for 3 treatments)*

E. coli lipopolysaccharide (0.125 -
0.5 Ilg) 242,254,255

IL- ll?) 242,256,257

Polyvinyl alcohol foam particles®®

Carrageenan®’

The most rapidly progressing OA
Less invasive procedures
required
Easy to implement

Inappropriate for pathogenesis studies
Response variability
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Other uncategorized models study the development of spontaneous OA and their
relationship with increased joint loading. In horses, this has been studied mainly in racing
thoroughbreds, where different training regimens are compared with microstructural changes in
articular cartilage and subchondral bone post-mortem,*>-260:261

Although genetic models are not described nor used in horses due to species lifespan,
cost, and ethical concerns, this model is used in more sentinel species (i.e. rodent models) for
studying the role of specific genes in the OA. Genetically modified mice are commonly used in
this type of model. Usually, the desired genetic mutation is designed to protect the synovial
environment and/or animal from OA or make the animal more susceptible to OA progression to

test certain OA treatments. Consequently, these studies have helped to establish the molecular

basis of OA including the effect of proinflammatory cytokines on OA development.?s?
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s DIAGNOSIS OF OA AND MEASUREMENTS OF DISEASE OUTCOME

Clinically OA is characterized by varying levels of pain, expressed as lameness in horses.
The articular cartilage, joint capsule, synovium, peri-articular tendons, peri- or intra-articular
ligaments, periosteum, and bone have all been defined as sources of pain in OA. Nociceptors are
located within these related joint tissues and respond to mechanical and chemical stimuli.?®®
Inflammatory cytokines such as IL-1p, TNF-q, IL-6, IL-17, substance P and PGE2 have all been
shown to contribute to OA-associated pain pathways.3* Often, clinical signs do not directly
correlate with microscopic or macroscopic changes occurring within the joint. Therefore, when
diagnosing OA, more than just clinical assessment should be considered when the clinician
suspects OA. Additional diagnostic tools used by clinicians could include standard and/or
advanced imaging (radiography, ultrasonography, magnetic resonance imaging, computed
tomography, nuclear scintigraphy, etc.), synovial fluid analysis and cytology, synovial biomarker
analysis, tissue histopathology (+/- immunohistochemistry techniques), and/or arthroscopy.

These tools can help clinicians and researchers interpret disease progression and/or efficacy of

OA treatments in clinical cases and research.

1. Clinical parameters

Clinical parameters such a degree of lameness, synovial effusion, soft tissue swelling,
and range of motion (flexion test) are used to characterize the stage of OA in horses. Loss of
performance, lameness, and/or synovial effusion are some of the first clinical signs observed by
owners. Synovial effusion can lead to pain, fibrosis of the synovial membrane, and decreased
range of motion.” After static musculoskeletal examination of the horse, subjective lameness

assessment by a trained equine veterinarian is standard. Most commonly, equine practitioners use
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the American Association of Equine Practitioners (AAEP) grading scale to categorize lameness.
Some studies have demonstrated that subjective lameness evaluation is often biased and can be
inconsistent within and between observers, especially when the lameness is mild.?6+2%¢ For this
reason, researchers and clinicians use objective systems to measure gait asymmetry (presumed
lameness) using kinetic (force plate analysis) and/or kinematics (video capture and/or inertial
sensor systems) for assessment. Systems such as the lameness locator (Equinosis Q with
Lameness locator® inertial sensor system) are more sensitive and consistent in detecting gait
asymmetry in horses than subjective visual lameness evaluation, but these systems still require
an experienced clinician to interpret data accurately;¢’ therefore, a combination of both
subjective and objective assessment leads to the best clinical assessment.?*® Flexion tests are an
essential part of the lameness evaluation, identifying joints with a decreased range of motion or a
painful response after flexion. Additionally, lameness examination can be accompanied by peri-

neural or intra-articular analgesia.’

II. Imaging
Radiography is the most common standard imaging modality used in the diagnosis of OA
in horses.??’ In horses with OA, the main radiological features include osteophytes, joint capsule
distension, joint-space narrowing, subchondral bone sclerosis (with occasional lysis or cyst-like
lesions in the subchondral bone) or osteochondral fragmentation. Although there is modest
correlation between radiographic and clinical signs, radiography is neither sensitive nor specific
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for early OA changes,” allowing the clinician to assess only mid to late-stage OA without direct

visualization of the articular cartilage itself.
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Ultrasonography has been used to assess periarticular soft tissue structures. However, this
tool can also be used to evaluate synovial membrane, articular cartilage thickness in areas that
are accessible via ultrasound, peri- and intra-synovial ligaments (collateral ligaments, menisci,
etc.) as well as the presence of osteophytes and/or enthesiophytes.?’

When using nuclear scintigraphy for diagnosis of OA, methylene diphosphonate (MDP)
and hydroxy methylene diphosphonate (HDP) are the common radionucleotides to be used.
These compounds are complexed with technetium (*™Tc) and preferentially bind to
hydroxyapatite crystals in the bone during osteoblastic activity, allowing detection of bone
abnormalities. However, increased radiopharmaceutical uptake of the joint in performance
horses may not always reflect pathologic change and can be associated with normal adaptation of
bone during training.?”! 272 Recently, another nuclear medicine modality, positron emission
tomography (PET), has become available for horses. Compared with traditional nuclear
scintigraphy, PET scan offers cross-sectional imaging properties, higher spatial resolution and
can quantify biological function of tissues. In a recent study, early OA changes could be
identified in the fetlock of Thoroughbred horses in training using PET scans, while MRI did not
observe these subtle articular changes in the subchondral bone and proximal sesamoids.>”?

MRI has been considered the gold standard in human medicine to evaluate knee OA
providing 3D information of the peri- and intra-articular joint structures.?’* In horses, this
modality has been used to evaluate cartilage and subchondral bone in clinical and research
cases.?’>2’8 Equipment availability, expenses, and necessity of general anesthesia for high-field
MRI are some of the main disadvantages of this modality in horses. Due to the sheer size and
anatomical composition of our equine patients, not all anatomic locations along the extremities

can be imaged. For example, the stifle joint can be challenging and often inaccessible for proper
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imaging via MRI, despite this joint’s use in osteochondral defect research. Although low-field
MRI is available for standing and recumbent procedures, it does not provide the same quality
image as high field MRI for assessing the articular cartilage.?’”> However, low-field MRI is more
sensitive than radiography and ultrasound when diagnosing advanced OA of the distal
interphalangeal joint.?°

Computed tomography (CT) is becoming more widely available and more commonly
used to diagnose bone and some soft tissue disorders of the horse. CT has been used to
characterize the normal subchondral bone density and patterns of articular cartilage
degeneration.?8"?%2 In humans, when MRI is unavailable, computed tomography arthrography
(CTA) of the knee has provided accurate information to diagnose cruciate ligament, cartilage,
and meniscal injuries.?®* Intra-articular injection of a radiopaque contrast in horses allows
identification of cartilage defects and soft tissue lesions in the stifle and carpus that other
imaging modalities could not detect.?””-*34285 Another CT modality that has been used mainly in
research is high- definition micro-CT systems. This modality can track structural changes in the
subchondral bone and cartilage and has become more popular in equine OA research, but it the
size of the samples that can be evaluated is limited and it has been mainly used studies using
mainly equine limbs ex vivo.28¢-2%7

Arthroscopy evaluation remains the gold standard for defining the degree of osteoarthritic
disease in horses.® Arthroscopy is a more invasive method to evaluate the synovial space and
articular cartilage than the above reference imaging modalities, and the amount of articular
surface that can be evaluated is limited.?”” Most commonly, this procedure is performed under
general anesthesia, although it can be performed using needle arthroscopy understanding

sedation. 288289
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All these imaging modalities present certain limitations individually, but recent publications
have highlighted the importance of using a combination of different imaging modalities to obtain
the maximum information regarding the soft-tissue, cartilage and subchondral bone structure

within the joint.273-277:285.290

III.  Histology

Histologic samples of joint tissues, in conjunction with immunohistochemical staining,
can classify and measure the degree of joint degeneration. A macroscopic and histological
grading system for articular cartilage and synovial membrane was created to quantify OA
changes in horses. Macroscopically, this system evaluates the presence and severity of wear
lines, fibrillation, erosions, and palmar arthrosis of the fetlock.!”> Microscopically in cartilage,
chondrocyte necrosis, clustering, fibrillation/fissuring, focal chondrocyte loss, and safranin O-
fast green (SOFQG) staining have been used for evaluating joint pathology, while in synovial
membrane, cellular infiltration, vascularity, subintimal edema and fibrosis, and intimal
hyperplasia are features commonly graded.!”> SOFG stain is a simple histologic technique used
to detect proteoglycans in cartilage, but more complicated immunohistochemistry techniques to
quantify type II collagen, for example, can be used to evaluate OA in clinical cases and research.

Structural protein (type II collagen or aggrecan), cellular membrane receptors, or
cytokines involved in the OA disease could be detected and quantified in joint tissues using

immunohistochemistry techniques.
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IVv.

Synovial fluid cytology and biomarker analysis

Normal values for cytologic analysis of synovial fluid in the horse and their changes in
joint disease have been reported. Synovial fluid from joints with OA can have greater than 1000
nucleated cells/uL, with less than 15% neutrophils and more than 85% mononuclear cells and a
total protein between 0.8-3.5 g/dL.” Normal synovial fluid is pale yellow, clear, and free of
flocculent debris, and the presence of opacity and flocculent material in the sample indicates joint
inflammation. At the same time, during the acute phase of OA (synovitis), the volume of
synovial fluid increases and the viscosity decreases.?! The viscosity of the synovial fluid is
directly related to the hyaluronan content.””> Most of the synovial fluid parameters indicate the
relative amount of synovitis in the joint but does not necessarily furnish specific information
about the metabolic status of the cartilage.

Biomarkers are defined as is "a characteristic that is objectively measured and evaluated
as an indicator of normal biological processes, pathogenic processes or pharmacological
responses to a therapeutic intervention”.>>> Research into measurement of reliable and accurate
biomarkers for OA has been conducted for years, but more recently, newer techniques and/or
biomarkers are being used to detect OA early in the disease process.?’* Degradation products of
the extracellular matrix have been investigated as biomarkers for OA and can be measured in the
serum and synovial fluid. Biomarkers can provide information regarding catabolic or anabolic
balance in which the synovial environment is, whether inflammation and cartilage destruction is
happening, or the cartilage is attempting to heal. A large number of biomarkers related to OA
have been described, and a comprehensive review describing all biomarkers studied in equine is

not the focus of this literature review, but the ones that are discussed are important because these
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assays are frequently used in OA research, and there are multiple studies in the literature to
which results can be compared.

Measurement of lactate dehydrogenase (LDH) and GAG in synovial fluid or culture
media are frequently used in equine OA research. LDH is a cytosolic enzyme that is released
when the cells die, and its detection has been used to perform cytotoxicity assays.!'!” Previous
studies have reported increased concentrations of this protein in synovial fluid of patients with
OA,*> and the results of another study suggested that LDH originates from chondrocytes.?®
Increase synovial GAG reflects degenerative cartilage changes associated with OA.?°” Dimethyl
methylene blue (DMMB) assay measures GAG concentration via absorbance after conjugation
of 1,9-dimethyl methylene blue to GAGs using chondroitin sulfate as a standard. However, the
DMMB assay is not very specific because it identifies all GAGs present in synovial fluid
regardless of origin.?!

As mentioned previously, PGE: is one of the main inflammatory proteins participating in
OA and is associated with intra-articular pain.®* Previous research suggests that increased PGE>
is due to synovial inflammation, not articular damage.?®® An increased concentration of PGE2 in
the synovial fluid has been observed in lame horses that responded to intra-articular anesthesia,
concluding that there could be a relationship between synovial fluid PGE2 concentrations and
pain.?*® In many studies, the measurement of PGE2 concentration in synovial fluid has been used
to evaluate treatment efficacy regarding a reduction in PGE2 to be related to anti-inflammatory
and analgesic effects within the joint.!!6-300-302

The measurement of more specific anabolic or catabolic cartilage biomarkers is available.
Increased concentration in synovial fluid of carboxy propeptide of type II collagen (CPII) and

chondroitin sulfate (CS) epitopes such as CS-846 indicate synthesis of type II collagen and
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aggrecan, respectively, and this can be interpreted as an attempt of the cartilage to regenerate.
The presence of these markers indicates an activated metabolic state in cleavage and upregulated
repair mechanisms. CPII and CS- 846 have been observed to be elevated in serum and synovial
fluid of horses with experimentally and naturally occurring OA. In synovial fluid, CPII was
increased in early OA disease and decreased in later stages,*>*% and CS-846 levels peaked in
parallel with GAG release after experimental induction of synovitis.*** Type II collagen cleavage
markers such as carboxy-neoepitope of type II collagen that is exposed after collagenase-
cleavage (C2C), carboxy-terminal telopeptide fragments of type II collagen (CTX-II), catabolic
collagenase-cleaved type II collagen epitope (C12C) and Col2-1 and Col2-1NO2 have been
observed to be increased in the synovial fluid of horses with experimentally induced
inflammation or osteochondral fragmentation.>*-307

COMPs are non-collagenous proteins that form part of the ECM of articular cartilage.
Initially, these proteins were thought to be cartilage-specific, but they have been identified in
other musculoskeletal tissues like tendons, ligaments, and synovial membranes. Unique
fragments of COMP have been identified in inflamed cartilage explants of horses,**® and a recent
publication has found that the measurement of COMP neoepitope in the synovial fluid has the
potential to be used as a biomarker for early OA disease.>*

Biomarkers of bone turnover such as osteocalcin, bone-specific alkaline phosphatase, or

type I collagen C-telopeptides (CTX-I) have been used to evaluate the relationship between the

subchondral bone changes and OA disease. 2%*
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<> CURRENT INTRA-ARTICULAR THERAPIES FOR OA IN HORSES

While the diagnosis of OA is mainly based on clinical and radiological features, lameness
represents the first and prevailing symptom that leads owners to seek veterinary advice. OA is a
chronic degenerative disease that cannot be cured.'® The current treatment of OA is based on
symptom management, which is primarily pain control, and relies on the combination of non-
pharmacological (rest and controlled exercise) approaches and symptom-modifying drugs that
are generally tailored to the patient’s needs and risk factors. Systemic nonsteroidal anti-
inflammatory drugs (NSAIDs) and intra-articular corticosteroids are some of the most common
symptom-modifying drugs used by equine practitioners to treat lameness.*!! The ideal treatment
to manage OA should help stop or slow down progression of the lesions as well as enhance
cartilage healing,?!> which is the primary goal of disease-modifying drugs like orthobiologics

therapies.

1. Corticosteroids

Natural corticosteroids participate in diverse cellular functions, including development,
homeostasis, metabolism, cognition, and inflammation.?'> Synthetic corticosteroids have a core
structure of 21-carbon molecules, bonded in four fused rings (three 6-carbon rings and a 5-
carbon ring). These modifications in the chemical structure are responsible for different
pharmacological activities, and researchers have aimed to produce drugs with increased
glucocorticoid activity and decreased mineralocorticoid activity, producing a more potent anti-
inflammatory effect.>!4313

Corticosteroids exert their anti-inflammatory effects through four mechanisms of action:

one genomic and three nongenomic. The genomic mechanism produces modifications of gene

49



expression by binding to the cytosolic glucocorticoid receptor (¢cGR) and migrating into the
nucleus, up-regulating the expression of anti-inflammatory proteins such as lipocortin 1, IL-10,
MAP kinase phosphatase 1; and suppressing the expression of proinflammatory cytokines such
as IL-1, IL-2, IL-3, IL-6, and TNF-0.3!® The three nongenomic mechanisms recognized include
non-specific interaction with the cellular membrane, non-genomic effects mediated by the cGR,
and specific interactions with a membrane-bound glucocorticoid receptor (mGR).3!3!8 These
three mechanisms have been proposed to explain the rapid anti-inflammatory and
immunosuppressive effects of corticosteroids, but their primary effect is related to their genomic
mechanisms. Their pain-relieving properties are related to inhibition of phospholipase A2,
blocking the arachidonic acid cascade, and selectively inhibiting cyclooxygenase-2 (COX-2)
expression.’'? Corticosteroids also can have a dose dependent-effect decreasing MMP activity,
either through direct effects of the corticosteroids on MMPs or via inhibition of cytokines that
up-regulate MMP production.®!” In articular explants of horses, mRNA expression of MMP-1, -3
and -13 are decreased when adding methylprednisolone acetate (MPA) or triamcinolone acetate
(TA) to culture media.>?°

Corticosteroids have a time- and dose-dependent effect on articular cartilage, with
beneficial effects occurring at low doses with short-term treatment periods and detrimental
effects at high doses with long-term treatment periods. Some authors have identified that the
analgesic effect of corticosteroids through dampening of pain could lead to corticosteroid
arthropathy or catastrophic fractures.?!%*21322 Actually, a recent study found an increased hazard
of post-medication fracture within 56 days after the last intra-articular medication with

corticosteroids in horses that received more than three intra-articular corticosteroid injections in
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their life.>?3 This controversy has initiated research into enhancing the understanding of the ideal
dosage and risk-benefit ratio of intra-articular corticosteroids.

In 1955, hydrocortisone was used intra-articularly for the first time horses,*2* but now,
triamcinolone acetonide (TA), betamethasone sulfate (BS), and methylprednisolone acetate
(MPA), either alone or in combination with hyaluronic acid, are the most common
corticosteroids used intra-articularly in horses.*!! Studies carried out in an experimental
osteochondral fragment model previously described, provided compared the intra-articular use of
these three products finding that their treatment effects are not equivalent 243325326

Previous studies in different species indicate that MPA has significant dose-dependent
deleterious effects on cartilage, but lower doses demonstrated beneficial effects downregulating
MMPs and increasing chondrocyte density.3!” The dose recommended for MPA in horses ranges
from 40-120 mg per joint.>?’ Protection of articular cartilage against cytokine-induced matrix
degradation, improved lameness and synovial membrane histology scores, and significantly
reduced PGE:2 concentration in the synovial fluid are some of the beneficial effects of MPA
reported.>**-328 However, in vitro and in vivo studies have observed deleterious effects after
administration of MPA such as decreased GAG content, increased chondrocyte necrosis,
decreased articular cartilage thickness, and more extensive cartilage erosions and
fibrillation.2%3-329-33! These negative effects might have led equine practitioners to use MPA
mainly in low-motion joints since articular cartilage preservation is not as important.®!!-322327

In humans, studies using BS demonstrate time- and dose-dependent deleterious effects on
articular cartilage and chondrocytes.>'’ The dose recommended for BS in horses ranges from 3-
18 mg per joint.*?” In vitro, BS at high concentrations (0.1-100 pg/mL) suppressed proteoglycan

synthesis by chondrocytes, while lower doses (0.001-0.05 pg/mL) did not produce any
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deleterious or beneficial effect.>*? In an osteochondral fragment model, no deleterious effects
were observed after treatment with BS.%2® However, there are not many studies evaluating the
effects of BS.

According to a meta-analysis evaluating the effects of corticosteroids in humans and
other species, TA has shown beneficial and detrimental dose-dependent effects, finding adverse
effects on the cartilage with an 18-mg cumulative dose per joint.>!° The dose recommended for
TA in horses ranges from 6-18 mg per joint.*?” In the osteochondral fragment model, treatment
with TA produced beneficial effects such as improving lameness scores, and increased HA and
GAG concentration in synovial fluid. Synovial membrane collected from horses treated with TA
had significantly less inflammatory cell infiltration, subintimal hyperplasia, and subintimal
fibrosis.>? In addition, no detrimental effects were observed on the subchondral bone after TA
administration.*> The results of these studies could be why equine practitioners would rather use
TA in high-motion joints than MPA *!! However, in studies carried out in vitro TA has had
controversial results. TA in IL-1 stimulated chondrocytes did not present any protective effect
on the inhibition of the gene expression aggrecan and type II collagen produce by IL-1B,** but
TA showed chondroprotective effects in LPS and IL-1pB culture models.*****3 Another study
found TA was comparable to MPA as far as deleterious effects on cartilage metabolism.2* Also,
in vivo TA administration produced an increase of catabolic cartilage biomarkers and

336337 which made researchers think

downregulation of collagen and aggrecan gene expression,
that TA could have detrimental effects when used overtime and recommended judicious use. In
addition, it is critical to think that even though TA is injected intra-articularly, it can affect the

patient systemically. A recent study reported that TA when used intra-articularly improves the

lung function of horses with asthma.?*
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In the literature, some reports have associated intra-articular administration of
corticosteroids with an increased risk of developing laminitis following administration.*?!
However, a more recent retrospective study failed to prove a clear correlation between laminitis
and corticosteroids.**° Bathe reported an incidence of laminitis in 0.15% of horses treated with
corticosteroids, with a higher risk in horses treated with high doses of TA (20-45 mg).34°

The combination of intra-articular corticosteroids with drugs such as HA has been
investigated, aiming to mitigate the previously described harmful effects of corticosteroids in
articular cartilage. In humans, a combination of corticosteroids and HA produced significant
short-term improvement in pain scores compared to each treatment individually.**!34? In horses,
in vitro studies report that a combination of HA and MPA increased PG synthesis,*** and TA and
HA decreased GAG catabolism.*** Clinically, 60% of equine veterinarians reported favorable
outcomes from this combination, but these results were obtained from a survey.*!' More
standardized in vivo studies have found contradictive results, where the combination of
corticosteroids (BS or MPA) and HA reduced proteoglycan breakdown compared to treatment
only with corticosteroids,*** but TA and HA combined seemed to be less effective compared to

horses treated with TA only.>*

II. Hyaluronan

Hyaluronan (HA) is a protein secreted by the synoviocytes that plays a vital role in the
joint. HA works as a boundary lubricant of joint surfaces in synovial fluid and is a major
component of the ECM of articular cartilage.*?’ Effects of HA within the synovial compartment
depend on concentration and molecular weight.??’ It has been observed that a molecular weight

of 500 KDa or greater is necessary for enhancing the synovial environment, improving boundary
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lubrication and increasing endogenous production of HA.>*® The exact mechanism through
which HA exhibits an effect is not known, but curiously, the majority of exogenous hyaluronan
is cleared within 96 hours post-injection.*’ Anti-inflammatory effects and disease-modifying
effects, such as inhibition of chemotaxis, inhibition of phagocytosis by granulocytes and
macrophages, and reduction in the stimulation, proliferation, and migration of lymphocytes, have
been attributed to HA in horses.*?” However, in humans, HA has been categorized as a symptom-
modifying drug.’?’

The use of intra-articular injections of hyaluronan (HA) aims to return the elasticity and
viscosity of the synovial fluid to normal or higher pre-injection levels, and this is known as
viscosupplementation.>*® HA has also been extensively researched in multiple species. In
humans, HA helped preserve cartilage volume and improve clinical signs up to 1 year in patients
with severe knee OA, but these studies were not blinded and lacked controls.>*>% Although a
recent meta-analysis studying medical management of OA found that treatment with HA is
associated with limited improvement in pain and an increased risk of complications.*! As
previously mentioned, a disease-modifying effect of HA has been observed in horses. Frisbie et
al. found a significant improvement in clinical signs and decreased cartilage fibrillation in horses
treated with HA after experimental OA induction, suggesting that HA does alter the disease
course.*? Other in vivo studies have shown weaker disease-modifying effects, mainly finding
improvement only in clinical lameness. /n vivo studies using HA and PSGAG in horses are
summarized in table 2.3.

HA can also be used intravenously, producing beneficial effects in the joint. Using the

carpal osteochondral OA model, intravenous injection of 40 mg HA weekly for 3 treatments

54



Table 2.3. Summary of in vivo studies that evaluate intra-articular use of hyaluronic acid and/or polysulfated glycosaminoglycans in

horses.

Frisbie et
E1R
200932

Mcllwrait
h et al.
1998362
Gaustad
and
Larsen
1995363
Todhunt
eretal.

1993364

Peloso et
al.
1993253
Yovich et
al.
1987365
Auer et
al.
1980%43

Blinded study

N= 24 horses (n=8
HA, n=8 PSGAG and
n= 8 control)
Prospective

N= 140 quarter
horses

Blinded study

N= 77 standardbred

Controlled
Experimental study
N=18 ponies

Blinded
experimental

N= 24 horses
Controlled
Experimental study
N= 8 horses
Experimental study
N= 16 horses

Surgically
induced
osteochondral
fragment
Lameness

Moderate to
severe
lameness

Surgically
induced
osteochondral
fragment
Induced
synovitis with
amphotericin
Induced
synovitis MIA

Surgically
induced
osteochondral
fragment

28 days

9
months

7 weeks

90 days

23 days

8 weeks

2 weeks

Gait and HA 20 mg
histological PSGAG 250 mg
analysis
Lameness HA 40 mg IV
Gait analysis HA 20 mg
PSGAG 250 mg
Gait, SF, PSGAG 250 mg
histological, weekly for 5
GAG analysis  treatments
Gait analysis HA 8 mg, 16 mg
and 32mg
Gait, PSGAG 250 mg
histology weekly for 5
analysis treatments
Gait analysis HA 40 mg
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HA decreased cartilage
fibrillation

PSGAG decreased fibrosis
and vascularity

HA trended to race longer,
higher speed more money
earned

Lameness improvement with
HA and PSGAG compared to
placebo

PSGAG was detrimental
reduced type Il: type |
collagen ratio

No significant difference
PSGAG chondroprotective

effect

Lameness improvement

Small number

Heterogeneous
population

Few outcomes
measured
Heterogeneous
population
Small number

Small number

Small number

No control
Not blinded
Small number

Authors/ Lesion Outcome HA Study Effect
year measures concentration limitations

(+)

(+)

(+)

(-)

(-)

(+)



improved lameness, synovial membrane histology scores and decreased PGE: and protein
concentration in synovial fluid 42 days after the last treatment.>

Despite the positive opinion about the combination of HA and corticosteroids, as
previously described, studies have found contradictory results. A recent publication found that
when the carpal sheath, medial femorotibial, distal intertarsal and tarsometatarsal joints were
treated with MPA and HA, clearance of MPA could be retarded.*>* This needs to be considered

when regarding withdrawal times recommended for regulated competitions.

III. Polysulfated glycosaminoglycans (PSGAGS)

The main GAG in commercial PSGAG is chondroitin sulfate (CS), a structural component of the
articular cartilage. Some studies have shown PSGAGs downregulate MMPs and PGE: and to
affect proteoglycan synthesis and degradation.’>>->¢ PSGAGs have been categorized as a
disease-modifying drug, and the therapeutic use of PSGAGs is aimed at preventing or retarding
irreversible cartilage degeneration.>>” Early in vitro study reported that PSGAG increased
collagen synthesis and GAG in both chondrocyte and cartilage explant cultures from normal and
osteoarthritic equine samples.*>® However, another study found a dose-dependent inhibition of
proteoglycan synthesis, a nonsignificant effect on proteoglycan degradation.>’

Several studies have evaluated the effects of PSGAG use intra-articularly, and often this
drug is compared to HA. A summary of the in vivo studies using PSGAG in the horses’ joints is
shown in table 2.3. This medication can be administered intramuscularly and orally as well, but
the beneficial effects have been weakly demonstrated. Trotter et al. did not report significant
benefits after administering 500 mg of PSGAG intra-muscularly every 4 days for 7 treatments

besides an improved histologic score in the GAG staining on the cartilage.?*!
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IVv.

Adverse reactions have also been reported with intra-articular administration of PSGAG.
There is clinical and experimental evidence that PSGAG diminishes the joint's capacity to resist
infection.**® Although this risk has been shown to be avoided by simultaneously administering
amikacin (125 mg) intra-articularly.*®! In the last decade equine practitioners have been more

inclined to use this medication intra-muscularly than in the joint.

Orthobiologics used to treat OA

Orthobiologics therapy refers to the clinical application of biologically derived materials

processed and used to promote repair or regeneration of musculoskeletal tissue.>®

Many studies
have focused on their disease-modifying effects, aiming to gain a better understanding of their
cellular mechanism and possible therapeutic efficacy in clinical cases. Orthobiologics can be
blood or cell derived. Therapies such as platelet-rich plasma (PRP), autologous conditioned
serum (ACS), autologous protein solution (APS), mesenchymal stem cells (MSCs), and bone

marrow concentrates are categorized as orthobiologics. These products are often used not only

intra-articularly but also intra-lesionaly in tendinous and ligamentous injuries.

Platelet-rich plasma (PRP)

Among all blood-derived products available, PRP has been described and used for the
longest.>” PRP refers to a portion of the patient’s blood that has at least 1 million platelets per
uL (two to six-fold more than whole blood) via centrifugation or filtration.>*® These platelets
degranulate after activation, releasing the growth factors (PDGF, TGF-f, VEGF, and IGF-1)
contained in them.>® Increases in cytokines such as IL-1, IL-1ra, IL-4, IL-6, and TNF-a, as well

as PDGF and TGF- have been documented in equine joints treated with PRP.370-372
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PRP can be produced using commercially available systems or manual laboratory
techniques. The cellular and cytokine profiles of PRP have been evaluated, finding high
individual variability and differences between the system of preparation used and platelet
activation.>”>-*7¢ In general, it is thought that platelet plasma products have higher concentrations
of growth factors due to their higher platelet concentrations, but this is not consistently
supported.’”” A recent in vitro study using PRP in tendons reported that it was more important to
reduce the number of leukocytes than increase the platelet count to decrease inflammation and
enhance matrix gene synthesis.>’”® However, this needs to be studied within synovial tissues.

A classification system has been proposed in an attempt to group different PRPs based on
their composition, including four major categories: pure PRP with low WBC and collected with
anticoagulants (P-PRP), leukocyte-rich PRP with high WBC and collected with anticoagulants
(L-PRP), pure platelet-rich fibrin with low WBC and coagulated (PRF), and leukocyte-rich PRF
with high WBC and coagulated (L-PRF). This classification may help to interpret the difference
in the results found in studies using different types of PRP.37>*% Although not included in this
classification, platelet lysate is another PRP product that has recently been studied. Platelet lysate
has shown antibacterial properties.*®! Also, intra-articular injection of platelet lysate in horses
with naturally occurring OA produced a decreased concentration of MMP-9 and ADAMTS-5 in
synovial fluid at 10, 30, and 60 days post-treatment.>*?

In vitro studies evaluating the effects of platelet-derived products on inflamed joints have
shown beneficial effects related to inflammation and matrix catabolism. Multiple studies
reported an anti-inflammatory effect, where PRP downregulated expression of MMP-13,
stimulated endogenous HA production,*? decreased chondrocyte apoptosis,*®* inhibited

chondrocytes NF-«B activity and decreased expression of COX-2% in chondrocytes after
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stimulation with IL-1pB. Chondroprotective effect by increasing chondrocyte production of PGs
and collagen has also been reported.**® In addition, the efficacy of PRP products could vary upon
their cellular (WBC and RBC) concentrations. It has been suggested that the presence of
leukocytes could enhance pro-inflammatory and catabolic enzyme production.*®’ An in vitro
study using human chondrocytes showed that R-PRP produced a better anti-inflammatory effect
than L-PRP.3* However, in patients with knee OA, L-PRP did not produce an upregulation of
pro-inflammatory mediators.*®” In horses, L-PRP had an increased concentration of growth
factors and anti-inflammatory cytokines compared to P-PRP 3%

In vivo, PRP has shown variable improvement in patient-assessed functional outcomes
and objective disease-modifying measures in human OA. Often PRP has been compared to HA,
finding that PRP offers better outcomes than HA, especially for patients with early OA
disease.>*® Symptom-related benefits such as pain or lameness reduction have been weakly
demonstrated in horses with naturally occurring OA and a summary of the studies using PRP
intra-articularly for OA in horses is reflected in table 2.4. A meta-analysis evaluating PRP
studies performed in humans and horses confirmed that biased, poorly designed studies, without
controls or blinding, and not using standardized outcome measurements, favored the observation
of positive results in clinical studies, particularly in equine research.*! In horses, some studies
have evaluated the use of PRP in conjunction with other regenerative therapies such as
chondrocytes, MSCs, BMPs and scaffold materials (gelatin/beta-tricalcium phosphate sponges).
PRP in combination with these products, have demonstrated disease-modifying effects following
intra-articular injection or direct implantation within focal osteochondral defects.?*>*°¢ Currently,

no recommendations on volume, platelet concentration, leukocyte concentration, and frequency
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Table 2.4. Summary of in vivo studies that evaluate intra-articular use of PRP in horses.
Follow

Authors/
year

Smit et al.
2019401

Mirza et
al. 201642

Moraes et
al. 2015403

Pichereau
etal.
2014404

Textor et
al. 2013372

Controlled
cases series
N= 10 horses
(n=50A, n=
5 no OA)
Cohort study
N =12 horses

Control study
N =8 horses
(PRP vs.
Saline)

Case series
N=20
endurance
horses

Blinded
experimental
N= 7 horses

Lesion

Mild to
moderate OA

Moderate to
severe OA

Healthy joint

Refractory
chronic OA

Healthy joints

up

14

months

16 weeks

1 month

months

4 days

Outcome
measures

Gait analysis
SF

Radiographs,
gate analysis
and IA
anesthesia

SF analysis

Gait analysis

SF analysis

Gait analysis
SF analysis

System/
cytology/
activation
method
V-PET system
/6.21 x 10°
platelets/pl
No activation

E-PET system /
5.2 x10*t0 9.5
x 10°
platelets/pL

No activation
Manual double
centrifugation /
423 x 103
platelets/pL/
No activation

Manual double
centrifugation/
P-PRP 560 x
103 platelets/uL
/CacCl,

E-PET/ 542 X
103 Platelets/uL
/ CaCl, and
thrombin

60

Intervention

Single 4 ml
PRP IA
injection

Single 5-10
ml PRP 1A
injection

Single 4 ml
PRP IA
injection

3 PRP
injections
with a 15-
day interval

Single 2 ml
PRP IA
injection

Results

No significant
difference

Significant
improvement
lameness

No differences in
IL-1B, ll-1rap,
TNF-a, self-
limiting
inflammatory
response after
PRP

80% able to
resume work at
the same level,
significant
reduction of IL-13
PDGF and TGF(
higher in PRP
groups, thrombin
increased
inflammatory
cytokines

Study
limitations

Small number
Few outcomes
measured

Small number
No controls

Small number
Healthy joints
No blinding

Small number
No control
No blinding

Small number
Short period
Healthy joints

Effect

(+)

(+)



Authors/
year

Abelanet;
Prades
2009405

Carmona;
Lopez;
Prades
2009406

Carmona
etal.
200747

Controlled
cases series n
=42 sport
horses
Chronic OA
patients,
unresponsive
torest or IA
steroid
therapy (n =
12)

Case series

n =7 horses

Pilot case
series
n =4 horses

12-42
months

Chronic (n =
20) and acute
(n =10) cases
of OA
Healthy (n=
12)

Severe joint 12

disease (OA= months
4 and OC = 3)
Chronic OA 1 year

Outcome
measures

Return to
athletic
performance
rate of
reinjury

Degree of
lameness and
joint

effusion

Gait analysis,
Us, SF
analysis, and
clinical
evaluation

System/

cytology/
activation
method
Manual double
centrifugation

Manual double
centrifugation
259 X103
platelets/pL /
CaCly

Manual double
centrifugation/
250 x 103
platelets/uL /
CaCl,
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Intervention

3 PRPIA
injections

3 PRP IA
injections 2
week-
interval

31A
injections
(20-20 ml)
at 2 week-
intervals

No significant
differences
between PRP and
control groups in
return to athletic
performance. PRP
treated horses
had a lower rate
of reinjury.

Improvement in
lameness degree
and joint effusion
in PRP, more so
after last
treatment

Significant
improvement in
lameness degree
and joint effusion

Study
limitations

Small number (%)
Group

heterogenicity

No placebo

control

Poor PRP
characterization

Small number (+)
Poor study

design

Heterogeneous
population

No blinding

No control

Only clinical

evaluation

Small number (+)
No blinding
Heterogeneity of

lesion treated

No US results

reported

Low platelet

count on PRP



of injection exist, although clinical evidence suggests administration of up to three injections at

2-week intervals should be considered.>®’

Autologous conditioned serum (ACS)

ACS is obtained by aseptic incubation of the patient’s whole blood with borosilicate glass
beads. The result is a cell-free product with an enriched anti-inflammatory cytokine and growth
factor profile (IL-1rap, IL-10, TGF-B, and IGF-1).*’ Leukocyte production of these cytokines
and growth factors are thought to be a result of leukocyte interaction with the beads during a 24-
hour incubation period.>*® The post-incubation product is recovered by a single centrifugation
step and injected into the affected joint. It is believed that ACS exerts its disease-modify effect
primarily due to the high concentration of IL-1rap.**® In humans, in vitro experiments have
established that a 10- to a 1000-fold increase of IL-1rap to IL-1 is necessary to block all of the
available IL-1 receptors that are upregulated during osteoarthritis.!** Although these numbers
have not been confirmed in horses, a recent study found that horses with better clinical outcomes
were injected with ACS that contained higher concentrations of IL-1rap, IGF-1, and TGF-p.4%
Significant variability in the cytokine profile contained in ACS processed using different
commercially available systems has been reported in horses.**” This added to considerable inter-

individual variation observed using the same product,3°7-398:408.409

makes the study of cellular
mechanisms of ACS more challenging. Also, it is essential to consider that surgical stress can
affect cytokine concentration. Fjordbakk et al. studied the impact of surgical stress on cytokine

concentration by correlating serum amyloid A (SAA) concentration with the degree of surgical

stress. Horses classified with ‘marked’ stress (SAA > 200 mg/L) had significantly lower

62



concentrations of IL-1ra, TGF-f, and IGF-1 than horses classified with ‘moderate’ or ‘mild’
stress (SAA < 200mg/L).>*®

It has been shown that IL-1rap progressively increased up to 140-fold with incubation for
up to 24 hours.*' ACS contains not only anti-inflammatory cytokines but also contains pro-
inflammatory cytokines such as TNF-a, IL-1p, and IL-6, and their concentration can be affected
by incubation time and surface.*!! Interestingly, a recent study in horses found that incubation
time of up to 36 hours did not affect the cytokine profile and whole blood incubated in glass
tubes produced a similar cytokine profile to commercial kits.*?® These results suggest that further
investigation using incubated serum should be performed.

The cytokine and growth factor concentration of ACS has been compared to platelet
plasma products, platelet concentrate, and platelet lysate within the horse.*'> ACS had
significantly higher concentrations of TGF-B1, PDGF-BB, and IL-1Ra, but had similar IGF-1
concentrations compared to platelet concentrate. Platelet lysate contained similar concentrations
of PDGF-BB but higher IL-1Ra and lower IGF-1 and TGF-B1 concentrations compared to
ACS.*2

Not many in vitro studies have evaluated the cellular response of joint tissues to ACS
treatment. Interestingly, a study using human cartilage explants obtained from patients with OA
did not find any beneficial effect in proteoglycan metabolism of chondrocytes collected from
patients that previously received ACS treatment.*'* However, articular cartilage explants in this
study were obtained in patients with severe OA that went under total knee arthroplasty, and other
authors have suggested that ACS may be more effective in mild to moderate OA cases.*'? In

horses, similar results were found in another in vitro study, where despite finding a higher
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concentration of IL-1rap in media after treatment with ACS, chondrocyte proteoglycan matrix
metabolism was not improved compared to autologous unconditioned serum.*!*

Although in vitro results have not provided a clear answer into the mechanism of action
for ACS, studies in humans and horses have reported positive clinical effects after ACS
treatment. To obtain more objective information regarding treatment efficacy, blinded, controlled
and randomized studies have been conducted in human medicine, finding that ACS produced a
significant improvement in pain scores, range of motion, and decreased joint effusion in patients
with OA. 144415416 Tn addition, ACS has produced better outcomes compared to other intra-
articular treatments such as betamethasone, HA or PRP in patients with knee OA 415417418 A
recent systematic review in humans concluded that despite limited evidence for ACS use intra-
articularly, this therapy can improve pain and functionality of patients with mild to moderate OA
and may be effective in patients unresponsive to other intra-articular treatment.*'* On the other
hand, a prospective long-term study showed that ACS did not prevent or delay surgical
intervention (knee arthroplasty).*** Similarly, ACS has shown mainly improved functional
outcomes (reduced lameness) in horses, but minimal disease-modifying effects have been
established.?*”*2!"423 An experimental model of induced carpal OA in horses did not observe any
adverse reaction after weekly intra-articular administration of ACS for four consecutive
treatments, showing significant improvement in lameness and histologic scoring of the synovial
membrane to the control (sham) group.?*’

Often different biologic and/or synthetic therapies are combined to manage OA.
Chitosan, a derivative from chitin, is an essential natural polymer that is widely used for cartilage
repair. This polymer has been used in studies as a scaffold material, showing positive effects on

the proliferation and migration of chondrocytes.*** A study in rabbits found that the combination
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of ACS and chitosan promotes repair of osteochondral defects more effectively than either
treatment alone.*?> A recent publication has found that ACS increases chondrogenic
differentiation and immunomodulatory activity in human adipose MSCs.**¢ This could offer an
advantage when injected intra-articularly simultaneously, but further research in vivo is required.

It is important to note that the manufacturer recommends dividing ACS to attain 4 ml
aliquots per syringe, but in a clinical setting, the volume needed can be influenced by joint
pathology, joint volume and clinician preference. Although no standard dose for ACS is
universally accepted, Weinberger reported a treatment protocol based on the type of joint
medicated based on his personal experience (Table 2.5)

Optimum dose and frequency of ACS administration remains to be determined. In
humans, a study noted a strong clinical response in patients with knee OA after intra-articular
injection of 1 mL of ACS weekly for 3 weeks.**” In horses, the most common treatment protocol
recommended for ACS is 3 to 5 intra-articular injections spaced 1 to 2 weeks apart.**#*} This
treatment protocol is based on clinical opinion and experience. Recently, a 2-day injection
interval was found superior to the traditional weekly injection regime, reducing synovial fluid
biomarkers (C12C, CP-II, and CS 846) in horses with natural OA. However, no differences in
clinical signs were observed.*® A summary of studies evaluating ACS use intra-articularly is
presented in table 2.6.

ACS is utilized by many veterinary practitioners when there are no owner economic
restrictions and/or when patients have become refractory to symptomatic treatment with
corticosteroids. The results of a survey distributed to equine veterinarians showed that clinically,
most veterinarians felt that the metacarpal/metatarsal phalangeal joint displayed the best

response to ACS injection (37.3%), followed by the femorotibial joint (21.6%) and distal
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interphalangeal joint (20.3%).*!! In addition to the treatment of OA, equine surgeons have also
used ACS in a prophylactic manner following arthroscopic surgery, aiming to reduce the

inflammation of the joint during the postoperative rehabilitation period.*®’

Table 2.5. ACS treatment protocol recommended by the manufacturer, according the clinical

experience of Weinberger in 262 horses.**

Joint Treatment protocol

Coffin joint Dose: 4 —6 ml Number: 2 — 3 times Interval: 8 — 14 days

Pastern joint Dose: 2 —4 ml Number: 2 — 3 times Interval: 8 — 14 days

Fetlock joint Dose: 4 —6 ml Number: 2 — 3 times Interval: 8 — 14 days

Radiocarpal/ Intercarpal joint Dose: 4 —6 ml Number: 2 — 3 times Interval: 8 — 14 days

Elbow joint Dose: 4 — 6 ml Number: 2 — 3 times Interval: 8 — 14 days

Shoulder joint Dose: 4 — 8 ml Number: 2 — 3 times Interval: 8 — 14 days
Tarsometatarsal and distal intertarsal joint Dose: 1 — 2 ml Number: 2 — 3 times Interval: 8 — 14 day
Tarsocrural joint Dose: 6 — 8 ml Number: 2 — 3 times Interval: 8 — 14 days
Femorotibial and femoropatellar joint Dose: 4 — 8 ml Number: 2 — 3 times Interval: 8 — 14 days

Hip joint Dose: 4 —8 ml Number: 2 — 3 times Interval: 12— 21 days
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Table 2.6. Summary of in vivo studies that evaluate intra-articular use of ACS in horses.

Authors/
year

Marques-
Smith et al.
20204

Lasarzik et
al. 2018408

Schneider
and Veith
2013428

Jostingmeier
et al. 2010%**

Cases series
N= 20 horses

Randomized
study
N =12 horses

Case series
N =36 horses

Randomized
study

N =54

(27 treated
with ACS and
27 with HA and
corticosteroids

Lesion

Mild to
moderate OA

Advance OA

OA in 19 cases
and 18 soft
tissue

OA coffin joint

48 days

42 days

3-6
months

months

Outcome

measures

Gait and SF
analysis

SF analysis

Gait analysis
and clinical
signs

Gait analysis

Protocol

3 1A injection 2-

weeks interval

(1) 3 IA injection

at weekly
intervals

(2) 3 IAinjection

at 2 days
intervals

4 ml IA injection 4

times weekly

2-5 injections
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ACS

/cytokine
analysis
Arthrex/
IL-1rap
IGF-1
TGF-B

Arthrex/
Not
measured

Goldic /
Not
measured

Orthogen/
Not
measured

58% responded
to ACS
treatment with
a higher
concentration
of IL-1rap and
IGF-1

ACS increased
IL-1rap in SF,
decreased of
cartilage
biomarkers

Lameness and
joint effusion
improvement

ACS produced a
stronger
reduction in
lameness

Effect

Study

limitations

Small number (+)
No control

Small number (+)
No controls

Few outcomes
measured

No controls (+)
No blinding

Few outcomes
measured

Few outcomes (+)
measured

No blinded

Few outcomes
measured



Authors/
year

Weinberger
20083

Osterdahl
2008422

Frisbie et al.

2007%7

Case series
N =262

Case series
N= 20 horses

Blinded
randomized
experimental
study

N = 16 horses

OA Lameness
unresponsive
to IA corticoid
or HA

Refractory
chronic OA
unresponsive
to IA PSGAG or
HA

Surgically
induced
osteochondral
fragment
model

Outcome
measures

6-12 Gait analysis

weeks

3 Gait analysis

months

70 days Gait,
radiography,
SF,
histological
and GAG
analysis

Protocol

2-3 injections 8-

14 days intervals

Joint dependent
(table 2.6)

2-3 injections 8-
14 days

6 ml4IA

injections weekly

68

ACS
/cytokine

ELELAN

Orthokine/
Not
measured

Orthokine/
Not
measured

Orthokine/
IL-1rap

Lameness
resolution in
221 at 6 weeks
and 178 at 12
weeks

Lameness
resolution in all
PSGAG failures
and 7/10 HA
failures
Lameness and
histology scores
improvement

Study
limitations

Heterogenous
population
and treatment
No blinded

No control
Few outcomes
measured

Small number
No control
No blinding
Heterogenous
population
Small number

(+)

(+)

(+)



Autologous protein solution (APS)

APS is a newer biologic that combines the beneficial effects of ACS (anti-inflammatory
cytokines) and PRP (growth factors). APS preparation is relatively simple and requires 52 ml of
peripheral blood added to 8 ml of anticoagulant (ACD-A) followed by a double centrifugation
process. The first centrifugation produces platelet-rich plasma using the APS separator device.
The product is then transferred to the APS Concentrator device containing polyacrylamide beads
that stimulate leukocyte production of anti-inflammatory cytokines (Figure 2.7). APS has an
elevated (concentrated) leukocyte count 12.1x and platelet count 1.6x higher than whole blood
in horses.** In contrast to ACS, this product does not require incubation, making this intra-

articular biologic more convenient for equine practitioners.
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Figure 2.7. Illustration demonstrating the relative composition changes in blood
components before and after processing whole blood using the separator and concentrator APS
devices. © Muir, S. M., Reisbig, N., Baria, M., Kaeding, C., & Bertone, A. L. (2019). The
Concentration of Plasma Provides Additional Bioactive Proteins in Platelet and Autologous
Protein Solutions. The American Journal of Sports Medicine, 47(8), 1955-1963.
https://doi.org/10.1177/0363546519849671. Reprinted with permission of the American Journal

of Sports Medicine.
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The cytokine profile of APS has been studied in humans more extensively. An increased
concentration of anti-inflammatory cytokines (IL-1rap, sIL-1RII, sSTNF-RI, and sTNF-RII), pro-
inflammatory cytokines (IL-1pB, IL-6, and IL-8), and growth factors (PDGF-AB, PDGF-BB,
IGF-1, EGF, TGF-B1) have been measured compared to whole blood in humans. APS obtained
from patients with OA produced an increased concentration of anti-inflammatory cytokines
compared to pro-inflammatory cytokines.**° In horses, an increased concentration compared to
whole blood of IL-1rap, IL-10, sSTNF-RI, TGF-B, TNF-a, and IL-1p has been measured.!%+?°
One study compared the cytokine profiles of APS to ACS, finding similar profiles despite a
significant increase in the concentration of TGF-B in APS.!”° Another study found that there was
a positive correlation between the WBC concentration and the ratio of IL-1rap: IL-1p in APS.
This ratio was positively correlated with the improvement of pain scores in patients with OA.*!
A recent study where APS and PRP were compared in healthy humans and horses found that the
concentrator device containing polyacrylamide beads was more efficient at increasing IGF-1
concentration, resulting in a higher concentration in APS than PRP. Although APS from humans
and horses had an increased concentration of IGF-1, TGF-B, and IL-1rap; interestingly, the
concentrations were always higher in humans than horses.**?

APS has been shown to have certain disease-modifying effects in vitro. In bovine
articular cartilage explants, APS was more effective than recombinant antagonists (IL-1rap and
soluble TNF receptor I) in preventing cartilage matrix degradation. APS reduced the SOFG
staining and enhanced chondrocyte cellularity and cell division.*** In humans chondrocytes, APS
also was able to downregulate the MMP-13 concentration in media after stimulation with IL-13
and TNF-a. In unstimulated chondrocytes, APS stimulated chondrocytes to produce MMP-13.88

In a co-culture model using human articular cartilage and synovial membrane obtained from
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patients undergoing knee replacement, APS showed chondroprotective effects against apoptosis
and destructive chondrocyte clustering, a reduction in cartilage matrix degradation, and produces
a temporary anti-inflammatory effect, that could help to mitigate OA disease progression. In the
same study, the authors also reported that a double dose of APS six days apart seemed to produce
a more significant chondroprotective effect than a single dose.*** APS has not only shown
cellular modification in joint tissues but also in the macrophages. Culture macrophages with IL-
1B resulted in an increased production of IL-8, and APS treatment downregulated the production
of IL-8 and TNF-a and increased the concentration of IL-1rap and STNF-RI in media.**® In
horses, only one in vitro study has been conducted until the present work, where APS-treated
chondrocytes had increased concentrations of chondroprotective (IL-1rap and IL-10) and
modulatory (IL-6) cytokines. In this study, ACS and APS profile was also compared. Although

TGF-B concentration was significantly higher, ACS and APS presented a very similar cytokine

profile.!?

Looking at clinical data, in humans, APS has been shown to be a safe therapy that could
improve the pain scores after intra-articular treatment.*1#36437 However, these studies lack
controls and are not blinded or randomized. More recently, a pilot multicenter, double-blind,
randomized, saline-controlled trial was conducted to assess clinical outcomes of APS at a 1-year
follow-up. This study reported significant improvement in pain scores and MRI evaluation,
between 6 to 12 months post-treatment.**® Another prospective human study found that patients
with moderate synovitis on baseline MRI appeared to have better response to the APS treatment
showing increased functional improvement and better pain relief. In addition, they reported that
moderate temporary flares can be expected without affecting clinical outcomes.** In horses,

improved functional outcomes have been demonstrated following patient assessed long-term
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follow-up (12 months) in naturally occurring OA.**° This study did not report any complications
after treatment to APS, but to the authors' knowledge and experience, APS can produce a self-
limiting flare that most commonly resolves with NSAID administration in horses as it does in

humans.

Cellular therapies: Mesenchymal stem cells (MSCs) and cellular concentrates

Currently, there are different cellular therapeutic options in the market to treat OA in
horses. Cellular therapeutics can be differentiated into the following categories: 1) cells
(stem/stromal and/or progenitor) contained within tissue particles, which are typically shipped
directly from the company, 2) progenitor and stem/stromal cell concentrates, which are obtained
after harvesting tissue (adipose or bone marrow) and concentration of the cells from the tissue
via centrifugation with or without prior tissue digestion (i.e., adipose-derived stromal vascular
fraction or bone marrow aspirate concentrate), and 3) cultured cells, which are obtained after
harvesting tissue (adipose, bone marrow, blood, etc.) and sending the tissues to a commercial
laboratory for culture. The cultured cells would then be shipped back to the practitioner for
injection at least two weeks or more after the tissue harvest.

Bone marrow aspirate concentrates (BMAC) and an adipose-derived stromal vascular
fraction (ADSVF) are a slightly more straightforward technique to obtain a high concentration of
MSCs without the requirement of cell culture techniques. BMAC contains a concentrated
mononuclear cell population, in which MSCs are present in a very small proportion (0.001-
0.01%). Human BMAC has been shown to be a source of high concentration of growth factors,
PDGF, TGF-B, and bone morphogenetic proteins 2 and 7.** PRP has been shown to have a

higher TGF-B1 and PDGF-BB, but similar IGF-1 concentration compared to BMAC.*!
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However, this same laboratory showed similar concentrations of TGF-1 and PDGF-BB
between PRP and BMAC using the same processing and assay methodology, but different
horses, highlighting the role of patient variability in comparing these products between
studies.**? In a model where 6 microfractures were surgically created with an awl in the lateral
trochlear ridge of horses, treatment of the defect with direct implantation of BMAC increased the
type II collagen content of the repair tissue (making the repair tissue more like hyaline cartilage)
and improved collagen fiber orientation of the repair tissue compared to the sham-operated
contralateral limb.*** This same group of investigators has reported similar positive results after a
year follow-up where larger osteochondral defects were created.*** ADSVF contains
heterogeneous cell populations such as mesenchymal progenitor/stem cells, preadipocytes,
endothelial cells, pericytes, T cells, and M2 macrophages.**>*¢ A study comparing the use of
ADSVF to MSCs in surgically created osteochondral defects reported the MSCs reduced
lameness, PGE2 concentration and synovial effusion more efficiently than ADSVF.*’
Mesenchymal stem cells are multipotent adult stem cells that are present in multiple
tissues, including umbilical cord, bone marrow and fat tissue. Mesenchymal stem cells can self-
renew by dividing and can differentiate into multiple tissues including bone, cartilage, muscle
and fat cells, and connective tissue.**® Cultured mesenchymal stem cells (MSCs) have been
applied in the attempted management of several joint conditions and the initial goal of restoring
damaged/lost tissues due to their unique tri-lineage differentiation properties (osteogenesis,
chondrogenesis, and adipogenesis).**° In an in vivo study with mice, MSCs have shown an
affinity for damaged joint tissue homing and participating in the repair of cruciate ligaments,
menisci, and cartilage lesions.*® Considering that MSCs can differentiate to chondrocytes, the

initial hope for research in this area was that MSCs could be injected into the damaged tissue and
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then engraft, differentiate to chondrocytes, and restore the cartilage lesion and joint surface. This
outcome has not come to pass despite years of research on MSCs therapy for various orthopedic
conditions. One reason may be differences in the capacity to chondrogenically differentiate
among MSCs derived from different patients and tissue sources, cells can tend to hypertrophy
during differentiation, and the phenotypic stability of mature chondrocytes remains challenging
to ensure.*’! Lately, several equine studies have focused on understanding which source of
MSC:s could provide better chondrogenic differentiation and whether it is better to let these cells
differentiate within the injured microenvironment or be stimulated to differentiate prior to tissue
implantation to enhance tissue repair.*32-3

Equine MSCs have been established from tissues including bone marrow, adipose tissue,
peripheral blood, umbilical cord, amniotic membrane, tendon, synovial fluid and membrane, and
the mammary gland.***#35-4>% Bone marrow and adipose tissue are easily collected, and MSCs
from these tissues can be used as nonexpanded cells or can be cultured and expanded.*®” When
MSC:s are cultured and expanded, the cultured product contains less heterogenic populations than
uncultured cells obtained from the same tissue with higher therapeutic cell dosages (10 to 50
million in a 10 to 50 mL joint),*° requiring a minimum of 2 to 3 weeks for expansion.

Though MSCs maintain the ability to differentiate into various mesenchymal phenotypes,
MSCs also exert a paracrine effect on cells within the joint, especially macrophages.**%46! MSCs
express a variety of chemokines and cytokines that aid in repairing degraded tissue, restoration
of normal tissue metabolism, and, most importantly, counteract inflammation.*> Still, it is not
completely clear when MSCs should be injected. In an inflammatory environment, MSCs
upregulate their production of anti-inflammatory and immunomodulatory mediators, but during

acute and severe inflammation, MSCs can be overwhelmed, reducing their chondrogenic
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capacity. According to some experimental and clinical animal models, MSCs injected 1-week
post-injury, following resolution of the acute inflammatory response is recommended.**

In the last two decades, extensive research has been performed to evaluate MSC
treatment of OA. In vitro, experimental in vivo, studies and clinical trials have been evaluated
their use. In horses, MSCs research has also represented a point of interest in the scientific
community and many studies have been produced to understand their effect on treating OA.

Equine MSCs have been chondrogenically differentiated in vitro, finding differences in
chondrogenesis between the two main tissue sources of horse MSCs. Studies have observed that
bone marrow-derived MSCs (BM-MSCs) may have higher chondrogenic capacity (greater
matrix protein production) compared to adipose-derived MSCs (AD-MSCs).**#%* These
observed differences may be due to different methods of cellular expansion. TGF-3 induces
chondrogenesis in BM-MSCs, while to induce chondrogenic activity in AD-MSCs, it is
necessary to be cultured with both TGF-B and BMP-6.4%* Another in vitro study found that AD-
MSCs primed with interferon-gamma (IFNy) were able to suppress T-cell proliferation showing
enhanced immunomodulatory capacity, and this priming enhanced the chondroprotective effect
of these MSCs on stimulated cartilage explants.*®3

Multiple studies have been carried out to evaluate the effect of MSCs used intra-
articularly to treat OA. Multiple factors can affect the isolation and proliferation of MSCs in
vitro, such as individual variability, age, or type of culture. Studies have shown that some horses
could not be suitable donors since MSCs isolated from these patients did not proliferate or
presented little to no osteogenic and chondrogenic potential.*® Therefore, the possibility of
creating an allogeneic MSC (different donor than the recipient) bank has powered some research

in the last years. In an in vitro study, autologous and allogenic equine studies demonstrate that

75



autologous and allogeneic MSCs injected into healthy joints can induce mild, transient
inflammation consistent with a joint flare.*”4¢” Two in vivo studies found no difference in this
post-injection inflammatory reaction when using autologous or allogeneic MSCs,*’%#’! but other
studies have observed more significant post-injection inflammatory reaction when using
allogeneic MSCs.*°#2 Schnabel et al. reported that allogenic MSCs expressing major
histocompatibility complex type II (MHC-II) produced an increased inflammatory response in
the host post-injection recommending that MHC II negative MSCs should be used for allogeneic
applications.*” The results of this study could potentially explain the diversity in the
inflammatory response between autologous and allogenic in horses, but unfortunately, MHC-II
expression in MSCs was not measured in many of these studies. A recent publication
corroborates the importance of MHC expression, reporting that re-exposure to allogenic MSCs
produces antibodies that target MSCs expressing MHC-I1.47*

Intra-articular injection of scaffold-free and MSCs within scaffolds have been
investigated for treatment of both experimental and naturally occurring OA, paying particular
attention to the type of tissue created to repair cartilage defects.*”#7>-48! Most of these studies
reported beneficial effects attributed to MSC therapy on OA of patients, primarily within the
acute treatment period, improving clinical signs and showing limited, but improved cartilage
healing. A recent study evaluated the effect of the combination of BM-MSCs with PRP. PRP
alone produced a thicker repair tissue compared to the combination with BM-MSCs, and BM-
MSCs stimulated bone formation in some cartilage defects.**! A summary of the studies
performed in horses using intra-articular MSCs or BMAC is in table 2.7.

In general, both in horses and humans, despite the beneficial results shown, many authors

agree that studies evaluating use of MSCs for treatment of OA are not well-designed to obtain
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objective conclusions. This problem is also observed in the study of many other orthobiologic
therapies. Many of the studies we have available present a high risk of bias and a lack of
consistency regarding MSCs preparations, and thus a lack of reproducibility of the reported
outcomes.**? This should move the scientific community to aim for control, blinded,

standardized prospective studies that will provide more objective and reliable results.

V. Svynthetic scaffolding joint therapies

Numerous synthetic scaffolding agents have been used to augment cellular implantation
or improve frictional or mechanical properties of the cartilage surface, such as polymers or
collagen-based scaffolds. In particular, polyacrylamide hydrogel (PAHG) is a synthetic scaffold
that is currently often used by equine practitioners to treat OA. PAHG is a synthetic material
consisting of 97.5% sterile water and 2.5% cross-linked polyacrylamide, which has been used for
years in human medicine for soft-tissue augmentation.**3-*35 PAHG is a biocompatible,
nonimmunogenic, non-toxic polymer gel with a permanent and stable augmentative effect due to
constant molecular water exchange with its host tissue.*®® Previous studies have shown that
PAHG allows cellular ingrowth and integrates into the soft-tissues, producing minimal foreign
body reaction.*84:483487

Viscosupplementation with hyaluronic acid therapy is a widespread practice to treat
osteoarthritis (OA) in humans and horses.*!! Results of the viscosupplementation therapy are
expected to depend upon the rheological properties and molecular weight of the hyaluronan

preparation.*®® Initially, PAHG was created as a prosthetic device for supplementing,

augmenting, or replacing cartilage within the joint.*®® PAHG presents similar viscoelastic
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Table 2.7. Summary of in vivo studies that evaluate intra-articular use of MSCs or BMAC in horses.

Authors/ year Lesion Outcome Study Effect
measures limitations

Colbath et al.
2020471

Barranchina et
al. 201842

Chu et al.

20184

Goodrich et al.
2016

N=8 horses

N=18 horses

N=8 horses

N=12
horses

Experimental
synovitis IL-1

Experimental
synovitis
amphotericin B

Surgically
induced
osteochondral
fragment model

Surgically
induced
osteochondral
fragment model

7 weeks

6 months

12
months

12
months

Clinical
assessment, gait
and SF analysis

Clinical
assessment,
radiographic, US
and MRI, SF,
histological
analysis and
gene expression

Arthroscopy,
MRI, histological
analysis

Arthroscopy,
MRI, histological
analysis
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Allogeneic and
autologous BM-
MSCs

Allogeneic BM-
MSCs single and
repeated IA
injection

SmartPrep 2
BMAC

PRP
autologous BM-
MSCs

Ineffective in reducing
the inflammatory
response

Improvement of clinical
signs, upregulation
type Il collagen
downregulation
inflammatory cytokines

Improvement of
cartilage healing and
subchondral changes

PRP produced thicker
repair tissue and BM-
MSC stimulated bone
formation

Small number
Severe synovitis
produced by IL-

1B

MHC-matching (+)
was not

assessed

between donors

and receptors

Small number (+)

No control (+)



Authors/ year | Horses Lesion Follow up | Outcome Product Results Study Effect
measures limitations

WIETGHYEIEIN N=6 horses Experimental 72 hours Clinical Allogeneic Decreased Small number (+)

2016%6° synovitis LPS assessment, gait umbilical cord inflammation Short term
and SF analysis MSCs synovitis
Broeckx et al. N =165 Chronic OA 18 weeks  Returntowork  Allogenic PRP+  1.8% synovitis in the No control (%)
2014477 horses peripheral first week, improved Heterogenous
blood MSCs return to work at 18 population
With or without ~weeks chondrogenic Few outcomes
chondrogenic MSCs resulted in a measured
induction higher return to work
in distal limb
Ferris et al. N= 33 Stifle lameness 6-63 Return to work Autologous BM- Increased return to No control (+)
201440 horses OA or meniscal months MSCs work than horses with Heterogenous
injuries only arthroscopic population Few
debridement outcomes
measured
\EINELEXIE- IR N=8 horses Surgically 150 days Gait, SF, Autologous AD-  No clinical Small number (+)
2013475 induced histological MSCs improvement but MSCs
osteochondral analysis decreased PGE; and
fragment model improved repair tissue
Nicpon et al. N= 16 Tarsometatarsal 180 days Gait and SF Autologous AD- No change in lameness  Short term (%)
201343 horses and distal analysis MSCs at 30 days but reduced  evaluation Few
intertarsal OA at 60 and 180 days outcomes
measured
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Authors/ year

Follow up

Outcome
measures

Product

Study
limitations

Mcllwraith et
al. 2011478

Fortier et al.
2010%3

Frisbie et al.
2009%7

Wilke et al.
200744

N=10
horses

N=12
horses

N=24
horses

N= 6 horse

Surgically 12
induced months
osteochondral

fragment model

Surgically 8 months
induced

microfractures

Surgically 70 days
induced
osteochondral

fragment model

Surgically 8 months
induced
osteochondral

fragment model

Gait, MRI, SF,
histological
analysis

Arthroscopy,
histological
Analysis,
standard MRI
and MRI
analysis of GAG
and Collagen

Gait, SF and
histological
analysis

Arthroscopy, SF
and histological
analysis
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Autologous BM-
MSCs

SmartPrep 2
BMAC

AD-MSCs or
ADSVF

Autologous BM-
MSCs

No clinical or
histological
improvement signs but
increased aggrecan
content and tissue
firmness

Improvement of
cartilage healing
increased type Il
collagen and improved
collagen architecture

No significant
improvements, MSCs
decreased PGE, more
than PGE;

Improved early
chondrogenesis,
arthroscopic scores,
type Il collagen

No control (+)
Small number

Small number (+)
No blinding (-)
Small number (+)



properties to the normal synovial fluid and hyaluronic acid,*”° has longer-lasting viscous
effects, and is a non-degradable material.**!

Recently, two experimental studies in horses have investigated tissue distribution and
intra-articular effects of PAHG in healthy and OA joints of horses, observing that PAHG initially
incorporated within the interstitial space of the synovium and is then incorporated within
synoviocytes by 14 to 30 days post-injection, forming a sub-synovial layer without deleterious
effects.*>4% Following injection, these studies report an increased viscosity of synovial fluid
after injection with PAHG. However, this was macroscopically assessed by subjective
assessment and no objective measurements were done. Currently, there are no in vitro or in vivo
studies that evaluate alterations in synovial fluid composition and mechanical properties
following incorporation of PAHG into the synovial membrane. It is speculated that
incorporation of PAHG into the synovial membrane creates an added synovial layer that acts as
an immune barrier. Potentially, this could decrease cross-talk between the synovium and the
cartilage during OA progression, slowing down the propagation of inflammation. However, no
studies have identified which cellular mechanism are modified by the treatment with PAHG to
reduce the cellular inflammatory response.

Certain disease-modifying effects have been attributed to PAHG treatment after
evaluating results of a caprine OA model.*’ In this study, transection of the medial collateral
ligament, bisection of the medial meniscus, and partial-thickness cartilage defects of the medial
tibial plateau were performed on 6 goats bilaterally. One of the joints was injected with PAHG
and the contralateral with saline working as a control. Histological analysis seven months after
treatment revealed that the synovial membrane from joints treated with PAHG was thickened

due to increased angiogenesis, collagen and synovial cells. Harvested synovial membrane from
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joints with PAHG was more elastic, and the MRI results showed progression of OA compared to
the saline group.*’

Despite the lack of scientific evidence regarding the exact mechanism of PAHG,*® intra-
articular use of PAHG has been reported in humans and horses.***~% In horses with naturally-
occurring OA, PAHG treatment produced an improvement of lameness and decreased joint
effusion in some cases up to 24 months with a single injection.’® However, it is essential to note
that no controlled clinical trials have been performed. Recommended by the manufacturer doses
depending on the joint injected are presented in table 2.8 and a summary of the studies
evaluating PAGH in horses intra-articularly is reflected in table 2.9.°%> Although no adverse
reactions have been reported in horses; in humans, there is a case report where PAHG produced
an acute, severe inflammation consistent with a foreign body immune response that required

arthroscopic debridement, resulting in significant patient morbidity.*%

Table 2.8. PAHG treatment protocol that is recommended in the literature.’%

Joint Treatment protocol

Coffin/pastern joint Dose: 1-2 ml
Fetlock joint Dose: 2 ml
Radiocarpal/ Intercarpal joint Dose: 2 ml
Tarsometatarsal and distal intertarsal joint Dose: 1 ml
Tarsocrural joint Dose: 2 ml

Stifle per compartment Dose: 3-4 ml

Hip joint Dose: 3-4 ml

Vertebral joints Dose: 1 ml cervical/ 0.5 ml thoracic and lumbar

Temporomandibular joint Dose: 1 ml
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Table 2.9. Summary of in vivo studies that evaluate intra-articular use of PAHG in horses.

Authors/ year

de Clifford et al.

2019°%

McClure and
Wang 2017°%

Tnibar et al.
201559

Tnibar et al.
2014507

Janssen et al.

201250

Horses/ PAHG

N= 49 horses
Arthramid

N= 28 horses/
Noltrex

N= 43 horse

Arthramid

N= 40 horses

Arthramid

N=12 horse

Arthramid

Lesion

Mild to
severe OA

Chronic OA

Chronic OA

OA fetlock

Refractory
OA

24 weeks

90 days

24 months

6 months

3 months

Outcome

measures

Gait and
radiographic
analysis

Gait analysis

Gait and
clinical
evaluation

Gait analysis

Gait analysis
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Significant lameness
improvement at 1, 12
and 24 weeks

Significant lameness
improvement

Significant lameness
improvement

Significant lameness
improvement
compared to HA and TA
group

Significant lameness
improvement

Study limitation

No control
No blinded
Heterogenous population
Few outcomes measured
No control
No blinded
Short-term
Heterogenous population
Few outcomes measured
No control
Heterogenous population
Few outcomes measured

No control groups
Few outcomes measured

No control
No blinded
Heterogenous population
Few outcomes measured

Effect

(+)

(+)

(+)

(+)

(+)



VI

Gene therapy

Gene therapy offers novel approaches to medical management of OA. Researchers are
testing several approaches to gene therapy, including replacing a mutated gene that causes
disease with a healthy copy of the gene, inactivating, or “knocking out” a mutated gene that is
malfunctioning or introducing a new gene into the body to help fight a disease. This last
approach is the most commonly investigated to treat OA. Gene transfer can be used to modify
the intra-articular environment by transferring genes encoding therapeutic molecules to intra-
articular tissues to become endogenous sites of therapeutic protein synthesis.

Briefly, the sequences of cDNA in which genes encoding potential therapeutic products
are included within a viral plasmid.>*® This viral plasmid can be used to transduce chondrocytes
or synoviocytes in vitro and inject the cells intra-articularly, or the viral plasmid can be injected
directly into the joint and modify the cells in vivo. Regardless of the technique used, the final
goal would be to obtain genetically modified cells that are directed to overproduce and
continuously secrete the transgenic protein into the synovial fluid and surrounding tissue. In this
manner, the diseased joint becomes an endogenous site of sustained, elevated drug production,
eliminating the need for a repeated application while providing the greatest concentration of the
protein specifically at the site of disease. Some in vitro studies have shown that chondrocytes are
efficiently transduced with growth factor genes, but their protected position in the extracellular
matrix makes a lot more challenging gene transduction in vivo.’® Therefore, synoviocytes have
become an easier and more effective cellular targets of gene therapy in vivo, which seems a wise

direction to move forward considering the crucial role of the synovium in the OA pathogenesis.
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Many genes have a therapeutic potential in OA, including IL-1Ra, TNF soluble receptors,

IL-4, IL-10, IGF-1, TGF-B, or type II collagen or COMP.*!? Basically, two strategies can be used

in gene therapy: 1) chondroprotection by blocking inflammatory cytokines, and 2) stimulate
cartilage repair and regeneration. Genes can be readily transferred to the synoviocytes or
chondrocytes in vivo or ex vivo using a variety of different viral and non-viral vectors. This
technique is what is called genetic transduction. Various viral vectors have been utilized for
intra-articular gene therapy, including adenovirus, retrovirus, lentivirus and adeno-associated
virus (AAV).>!! The adenoviral vector does not require mitosis to transduce cells in situ
successfully, and it has resulted in significant elevations of protein IL-1rap or IGF-1 for 14-21
days in horses.’'?>!* However, adenoviral vectors can cause significant inflammation due to
immunogenic stimulation. Ideally, the vector and genetically modified cells must avoid
recognition and elimination by the receptor immune system to produce a long-term effect.>!
AAV is a nonpathogenic, non-enveloped, single-stranded DNA parvovirus that has become
increasingly popular in horses due to its small size, small immunogenic presentation, and lack of
initiating viral-based diseases.’!!

The clinical benefits of IL-1rap have been previously demonstrated by administering

recombinant IL-1ra protein in multiple species,?!!>16-317

and gene therapy in horses targeting IL-
Irap has shown promising results (Table 2.10). Administration of adenovirus as a vector with
equine IL-1rap gene produced dose-dependent increases in IL-1rap levels in synovial fluid.
However, the highest viral dose tested, 5 x 10!! viral particles, induced a more marked acute
synovitis.’'> Most of the studies produced in horses using gene therapy have investigated the

effects of IL-1rap and IGF-1 genes either by direct intra-articular injection of the vector or by

injecting transduced chondrocytes. One of these studies has shown that most of the transgene
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expression is originated from the fibroblast in the synovial lining by using fluorescent tagged
genes.’'® A recent publication achieved increased concentrations of IL-10 maintained for up to
84 days. IL-10 has the potential to modulate the articular inflammatory response, thereby
protecting cartilage from degradation and osteoarthritis.’'

Gene therapy could potentially play an essential role in the treatment of OA in the future.
However, the large number of interacting loci participating during OA and patient variability

observed make immensely challenging the clinical application of gene therapy.
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Table 2.10. Summary of in vivo studies that evaluate intra-articular use of gene therapy in horses.

Authors/ Horses/ vector Lesion Outcome measures Study
year and gene limitation

Moss et al.
20205%°

Nixon et al.
2018°2°

Watson et
al. 2018518

Goodrich et
al. 2015°%

Ortved et
al. 2014522

Controlled
experimental
study

N= 12 horses
AAV5-IL-10
Controlled
experimental

study

N=4
HdAd-IL-1rap
Controlled
experimental
study

N= 20 horses

AAV2.5- EqlL-1rap

Controlled
experimental
study

N=6 horses
scAAIL-Eglra

Controlled
experimental
study

N=8 horses
rAAV5-1GF-1
modified
chondrocytes

Healthy

Surgically
induced
osteochondral
fragment
model
Surgically
induced
osteochondral
fragment
model
Surgically
induced
osteochondral
fragment
model

Surgically
induced
osteochondral
fragment
model

84 days

72 days

12 weeks

276 days

8 months

Clinical, lameness, SF Significantly increased in

and histological IL-10 concentration in SF

analysis

Clinical, lameness, SF Improved lameness and

and histological histological scores but not
analysis significantly increased in
IL-1rap concentration
Clinical, lameness, SF, Increased IL-1rap
arthroscopy, MRl and concentration in SF and
histological analysis improvement lameness
histologic scores
Clinical, lameness, SF, Increased IL-1rap
arthroscopy, and concentration in SF

histological analysis

SF, arthroscopy, and Better histological scores

histological analysis more chondrocytes and

type Il collagen
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Use in healthy
joints
Small number

Small number

Small number

Small number

Small number

(+)

(+)

(+)

(+)



Authors/
year

Menendez
etal.
201153

Goodrich et
al. 20075

Goodrich et

al. 2006°13

Morisset et
al. 2007168

Frisbie et al.

200252

Horses/ vector
and gene

Controlled
experimental
study

N=5 horses
Ad-BMP-2
Ad-BMP-6
Controlled
experimental
study

N=6 horses
adIGF-1 modified
chondrocytes

Controlled
experimental
study

N=14 horses
adIGF-1 different
concentrations
Controlled
experimental
study

N=8 horses
adEq-IGF-1
adEg-IL-1rap
Control
experimental
study

N= 16 horses
Ad-EqlL-1rap

Lesion

Surgically
induced
osteochondral
fragment
model

Surgically
induced
osteochondral
fragment
model

Healthy joints

Surgically
induced
osteochondral
fragment
model

Surgically
induced
osteochondral
fragment
model

54 weeks

8 months

28 days

16 weeks

70 days

Outcome measures

CT, quantitative MR,
PCR and histological
analysis

Clinical, lameness, SF,
arthroscopy, and
histological analysis

Clinical, lameness, SF,
arthroscopy, and
histological analysis

SF and histological
analysis

Clinical, lameness, SF,
and histological
analysis
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BMP-6 produced a higher
concentration of GAG in
the repair at 52 weeks but
not clear long-term effects
evidence

Improved early cartilage
healing (four to nine
weeks) and to a lesser
degree in a long-term

Direct injection of 20 and
50 x 1010 AdIGF-I resulted
in significant elevations of
IGF-I in synovial fluid for
approximately 21 days

increased proteoglycan
and type Il collagen and
increased concentration of
IL-1rap in SF during the
first 3 weeks

Increased IL-1rap for 28
days, improved lameness
and histologic scores

Study

limitation

Small number

No blinding
Small number

No blinding
Small number
Use in healthy
joints

Small number
No blinding
Few outcomes

Small number

Effect

(+)

(+)

(+)

(+)



Chapter 3

STATEMENT OF OBJECTIVES

The general purpose of this body of work was to further investigate if equine
veterinarians use orthobiologics therapies for the treatment of intra-articular joint disease, report
their clinical experience with orthobiologic therapy and gain a better understanding of their
cellular mechanism compared to more traditional treatments as corticosteroids. The use of
orthobiologics in veterinary medicine has become more popular in the last decade. However,
there is a lack of objective information regarding their in vitro and in vivo effects. Differences
between products could help determine in which musculoskeletal injuries certain treatments may
be more effective and, which treatment protocols are ideal for varying synovial pathology (acute
vs. chronic, ideal dosage or treatment repetitions). Currently, there are no clear guidelines
available for equine practitioners. The specific objectives were to understand use of
orthobiologics by practitioners and objectively evaluate treatment effects of commonly used

orthobiologics compared to standard treatments such as corticosteroids.

+»+ Specific objective 1: To investigate how equine practitioners use nonsteroidal intra-articular
therapies (NSIATSs), specifically PRP, ACS, APS, cellular products, and PAHG, through a
survey sent to national and international equine practitioners. The survey provides information
about the use of NSIATS, subjective clinical efficacy of these products, treatment protocols
commonly employed, and complications associated with product use. The hypothesis was that
NSIATSs are more frequently used by equine practitioners than previously reported in the

literature.
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K/

¢ Specific objective 2: To develop an in vitro synovial membrane and articular cartilage co-
culture system to be used for long-term culture (9 days). This model would mimic OA through
stimulation of the tissues with equine recombinant IL-1f stimulation. Evaluation of the
maintenance of tissues in culture with two different media, serum-free media and media with
10% equine serum was performed. Tissue viability and histologic (structural changes) were
analyzed and compared. The hypotheses were that tissues would maintain their viability in long-
term co-culture and that serum would have a protective effect on stimulated inflammatory and
catabolic gene expression. If equine serum offers a chondroprotective effect, but tissue viability
is maintained, eliminating serum from OA co-culture would be recommended to investigate

treatment effects.

K/

¢ Specific objective 3: Evaluate horse differences in cellular composition and concentration of
important cytokines and growth factors of ACS and APS. Currently, only one study has directly
compared the compositional profile of ACS and APS. Identified differences in composition
could help understand differences in identified treatment effects. The hypothesis was that ACS

and APS obtained from the same horse would have different cellular and cytokine profiles.

+» Specific objective 4: To investigate the effects of ACS, APS, and TA on inflammatory and
catabolic gene expression in an IL-1f stimulated cartilage and synovial membrane co-culture
model of OA and to investigate differences in the effect of different concentrations of ACS and
APS (25% v/v vs. 50% v/v). Although some studies have evaluated the effect of different
orthobiologics in vitro, none has compared their effects on traditional treatment of
corticosteroids. Corticosteroids and in particular TA, are the most commonly used intra-articular
treatment used by equine practitioners. Finding differences in their treatment effects may help to

better understand their clinical use. The hypotheses were that IL-1 would produce an
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inflammatory response in the co-cultured articular cartilage and synovial tissue and TA would
reduce expression and production of inflammatory proteins more effectively than orthobiologics
(ACS and APS). However, orthobiologics would protect matrix gene expression more effectively
than TA. Another hypothesis was that 50% v/v concentration would produce a more marked

chondroprotective effect compared to 25% v/v in the ACS and APS treatments.

K/

¢ Specific objective 5: To investigate the use of equine recombinant IL-1p intra-articularly in
the horses’ fetlock to stimulate a mild, self-limiting synovitis. This protein has been used in other
synovitis models such as the middle carpal and tarsocrural joints, but no reports using IL-1f in
the fetlock are available. Clinical signs and cellular characteristics of synovial fluid were
evaluated to assess the degree of inflammation produced. The hypothesis was that IL-1p will be
able to induce synovitis in normal metacarpi/metatarsi phalangeal joints (MC/ MTPJ). This will
be a moderate, self-limiting synovitis showing a maximum effect at 8 hours post-injection

resolving within 24-36 hours post-injection.

+»+ Specific objective 6: To compare the clinical and biochemical effects of TA and ACS in an in
vivo synovitis model stimulated with equine recombinant IL-1. It is clearly accepted that the
synovial membrane plays a crucial role in the pathogenesis of OA. Finding a therapeutic option
that helps to control early synovitis could offer advantages in the early stages of OA. The
hypotheses were that ACS and TA would improve the clinical signs (decrease heat, joint
circumference, pain upon passive flexion and lameness) of synovitis to the same degree.
However, administration of ACS will cause a significant reduction of inflammatory mediators

and catabolic enzymes in synovial fluid compared to administration of TA.
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Chapter 4

Survey: Clinical usage of non-steroidal intra-articular therapeutics

by equine practitioners

Manuscript accepted for publication in Frontiers in Veterinary Science 2020.
DOI:10.3389/fvets.2020.579967

Authors: Ana Velloso Alvarez, Lindsey Boone, Amy Poulin, Jenifer Taintor, Fred Caldwell,
James Wright, and Anne Wooldridge.
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Abstract

There are several non-steroidal intra-articular therapeutics (NSIATs) available for use by
equine practitioners for the treatment of performance-limiting joint-related pathology.
Information is limited on perceived clinical efficacy, recommended treatment protocols, and

associated complications.

Our objective with this cross-sectional survey was to investigate the current clinical usage
of NSIATs by equine practitioners. An electronic cross-sectional convenience survey inquiring
about the use of steroidal and NSIATS (platelet-rich plasma, autologous conditioned serum,
autologous protein solution, cellular therapies, and polyacrylamide hydrogel) was distributed
internationally to equine practitioners. A total of 353 surveys were completed. NSIATs were
used by 87.5% of the participants. Corticosteroids and hyaluronic acid remain the intra-articular
therapeutic of choice among practitioners, followed by autologous conditioned serum, platelet-
rich plasma and autologous conditioned protein. Polyacrylamide hydrogel was the least used.
Practitioners were more likely to use NSIATS if their caseload was greater than 50% equine (P
<0.001), they treated more than 10 horses intra-articularly per month (P < 0.001), and horses
treated were considered English sport horses (P=0.02). Years in practice and practice location
did not influence the use of NSIATs. One of the most common reasons why NSIATs were
chosen was to treat acute articular pathologies. As survey limitations, answers to questions
regarding clinical response and complication rates were based on subjective estimation and

practitioners recall, not clinical records.

In conclusion, corticosteroids remain the most widely used intra-articular therapeutic.

Among the NSIATSs, blood-based products are more commonly used by practitioners, followed
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by cellular and synthetic products. Equine practitioners frequently use NSIATS, choosing to treat

acute joint pathology more than previously reported.

Introduction

Within the equine industry, lameness as a result of musculoskeletal pain, particularly
osteoarthritis (OA), has a significant economic impact and is one of the top reasons for
veterinary evaluation and treatment."!®® Several different intra-articular medications are
available to equine practitioners to help alleviate musculoskeletal pain, especially when initial
rest and systemic anti-inflammatory therapy is unsuccessful.?!

Currently, the mainstay of intra-articular therapy is modification of disease symptoms
through transient reduction of inflammation via administration of corticosteroids with or without
hyaluronic acid.’!! Recently, non-steroidal intra-articular therapies (NSIATSs), such as biological
and synthetic products, have become more popular. NSIATs have been shown to possess limited
disease-modifying properties, such as slowing down disease progression and enhancing the
quality of repair tissue,196:237,312:429.447.477.524

Equine practitioners have used NSIATSs for years, °* and currently, there are many
options available on the market. In the literature, there is limited information regarding the
clinical experience of practitioners with these products, such as their product preference and
treatment protocol. 3!1°2° This survey was not a hypothesis-driven study. The objectives of this
study were: 1) to explore how equine practitioners use NSIATs, specifically autologous
conditioned plasma (also known as platelet-rich plasma, PRP), autologous conditioned serum

(ACS), autologous protein solution (APS), cellular products (i.e., stem/stromal/progenitor cell

therapy), and polyacrylamide hydrogel, and 2) to observe if NSIATs are more frequently used by

94



equine practitioners than previously reported in the literature. The survey would provide
information as to which NSIATSs are more commonly used by equine practitioners as well as
subjective clinical efficacy, treatment protocols commonly employed, and complications

associated with product use.

Material and Methods

The project was reviewed and approved by the Institutional Review Board for the
Protection of Human Subjects in Research (18-486 EX 1811). An electronic questionnaire
(Qualtrics XM software, Provo, Utah, USA) inquiring about the use of 5 different NSIATs was
distributed internationally to equine practitioners between January 2019 and October 2019. The
survey was distributed to an estimated 10,000 equine practitioners. The questionnaire link was
distributed to members of the American Association of Equine Practitioners through the Spur of
the Moment Newsletter. The link was also distributed by the European College of Veterinary
Surgeons to their Diplomats. Equine practitioners at 26 of 30 USA veterinary schools were
contacted by email addresses obtained through university websites. Through a collaboration with
Zoetis, the survey link was also distributed to equine customers in the USA who purchased pain
and sedation products commonly used for lameness workup, diagnosis, and treatment. Lastly,
the questionnaire was distributed through equine practitioner groups on social media (Facebook
groups: Equine Vet-2-Vet and Equine lameness vets). Each participant was given a unique
identifier based on email and IP address, to avoid duplication of answers. The survey
additionally collected demographic information about each practitioner’s practice and experience
(geographic location, primary equine discipline treated, years in practice, frequency of intra-

articular injection).
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The survey contained a total 59 questions, with a combination of multiple-choice and
rank questions, inquiring about PRP, ACS, APS, cellular therapies and polyacrylamide hydrogel.
Within the survey, brief descriptions of each NSIAT were provided before specific questions
(Table 1). If the practitioner did not use a product, product questions were eliminated from the
survey. Questions regarding the use of NSIATs included: rank and justification of product
preference, clinical usage, subjective assessment of clinical efficacy, treatment protocol used,
and frequency of an observed inflammatory response (joint flare) after intra-articular
administration. A copy of the survey has been provided, supplementary item 1. Before
distributing the survey to the public, it was tested and evaluated by ten individuals that did not

include the investigators. Answers from these individuals were not included in the results.

Statistical analysis

Survey data were summarized and reported using percentages and/or rankings. Chi-Square
analyses (Qualtrix XM software)* were conducted to evaluate the influence of practitioner
geographic location (USA vs. non-USA), years of experience, lameness caseload, number of
horses injected intra-articularly on a monthly and yearly basis, and primary discipline
treated. Effect of allogenic or autologous cell therapy on flare rate and the practitioner's
geographic location (USA vs. non-USA) with use of polyacrylamide hydrogel was evaluated using
a chi-square analysis as well. Significance was set at P < 0.05. For questions in which practitioners
were asked to rank responses, the response with the lowest average number (ranked as 1) was
reported as the preferred choice, followed in descending order to the least preferred response.
Participants were required to rank at least 3 options, the median and the interquartile range were

calculated for each NSIAT and reported.
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Table 4.1. Brief description of each NSIATs provided to practitioners prior to questioning.

NSIAT NSIAT Description

Autologous PRP is a product obtained from the horse’s blood. The blood is filtered or
Conditioned Plasma centrifuged to obtain plasma with an increased number of platelets rich in
(ACP) growth factors.

Autologous ACS, also known as IRAP (Orthokine® vet irap 10 or 60, IRAP II™ System),
Conditioned Serum is obtained from the horses’ blood following collection into specialized
(ACS) syringes and whole blood incubation. The serum is then collected and

administered, or aliquots are frozen for subsequent injection.

Autologous Protein
Solution (APS):

APS (i.e., Pro-Stride™ APS) is an autologous product obtained from the
horse’s blood. The blood is first processed using a kit and centrifugation to
obtain plasma with concentrated platelets. This plasma is then harvested and
processed in a kit that allows exposure of the cellular components of the
plasma to polyacrylamide beads, enhancing their production of anti-
inflammatory proteins during a second centrifugation cycle.

Cellular Therapeutic

Cellular therapeutics would include the following products:

o Cells (stem/stromal and/or progenitor) contained within tissue
particles (i.e., Pulpcyte® Vet Graft). These products are typically
shipped directly from the company.

o Progenitor and stem/stromal cell concentrates. These products are
obtained after harvesting tissue (adipose or bone marrow) and
concentration of the cells from the tissue via centrifugation with or
without prior tissue digestion (i.e., Adipose-derived stromal vascular
fraction or bone marrow aspirate concentrate).

. Cultured cellular therapy. These products are obtained after
harvesting tissue (adipose, bone marrow, blood, etc.) and sending the
tissues to a commercial laboratory for culture. The cultured cells
would then be shipped back to the practitioner for injection at least
two weeks or more after the tissue harvest.

Polyacrylamide
Hydrogel

Polyacrylamide Hydrogel (PAHG, Noltrex™ Vet, or Arthramid®Vet,
Aquamid®) is a synthetic product injected intra-articularly. It is incorporated

into the synovial lining and provides enhanced viscoelasticity to the synovial
fluid.
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Results
A total of 473 equine practitioners participated. Three hundred fifty-three surveys were
completed, and 120 surveys were partially completed. Three hundred fifty-three completed

surveys were included in the results (75%).

Demographics

The majority of participants indicated that their caseload was greater than 75% equine
(315/353; [89.2%]), 27/353 [7.7%] reported having a caseload between 25-75% equine, and the
remainder 11/353 [3.1%] reported having a caseload less than 25% equine. From these answers,
87/353 [24.6%] participant caseload consisted of 75-100% lameness, 113/353 [32%] 50-75%
lameness; 103/353 [29.2%] 25-50% lameness, and 50/353 [14.2%] < 25% lameness. Participants
whose caseload consisted of more than 50% lameness were more likely to use NSIATs compared
to practitioners with a lameness caseload less than 50% (P < 0.001).

English sport horses were more commonly treated by participants, followed by recreational
riding horses, western performance horses, racehorses, endurance horses, and other disciplines
such as gaited, draft, retired, and geriatric horses. English sport horse practitioners were more
likely to use NSIATs compared to other disciplines (P = 0.02). Participants treating pleasure horses
were less likely to use NSIATSs (P = 0.04) than participants that practiced on other disciplines.

The majority of survey participants practiced in the USA (293/353[83%]; 80/353 [22.6%]
southeastern USA; 54/353 [15.3%] northeast USA.; 65/353 [18.4%] midwestern USA.; and
94/353 [26.6%] western USA). The remainder of participants (60/353 [17%)] practiced

internationally, including Europe, Canada, Australia, and the Middle East (Figure 4.1).

98



Northeast United States = | 54

Practice outside the United States 60
Midwestern United States 65
Southeast United States 80
Western United States = |94
1 1 1 ] 1
0 20 40 60 80 100
Number of participants

Figure 4.1. Histogram showing the geographic distribution from a total of 353 equine

practitioners that answered the survey.

The majority of participants had been in practice for greater than 20 years (143/353
[40.5%]), with 96/353 [27.2%] between 10 to 20 years, 75/353 [21.3%] between 5 to 10 years,
and 39/353[11.1%] practicing less than five years. The use of NSIATs was not affected by
participants’ geographic location (USA residents vs. non-USA residents) (P =0.6) or years of

experience (P = 0.1).

Injection Frequency

Participants were asked to estimate the number of horses in which they perform joint
injections (steroidal and non-steroidal products) per month (Figure 4.2). Seventeen/353 [4.8%]
did not perform joint injections, 69/353 [19.5%] injected less than 5 horses/month, 80/353
[22.7%] injected between 5 to 10 horses/month, 85/353 [24.1%] injected between 10 to 20

horses/month, 65/353 [18.4%] injected 20 to 50 horses/month, and 37/353 [10.5%] injected more
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than 50 horses in a month. Participants that treated more than 10 horses intra-articularly per

month were more likely to use NSIATs (P =0.001).

50 horses or more

l

20 to 50 horses = | =

10 to 20 horses

*

5 to 10 horses = |

Less than 5 horses

None = I
| | 1 1 1 1

0 20 40 60 80 100

Number of participants

Figure 4.2. Response count of the number of horses injected per month by participants. *

Denotes a significant difference between participants using NSAITs (P < 0.001).

Use of NSIATs

Of 336 participants who perform intra-articular injections, 291 used NSIATS in their
practice (291/336 [87.5%]), while 42/336 participants [12.5%] did not use these products. Of the
participants who did not use NSIATS, 22/42 [52.4%] did not have the product or equipment for
processing available in their practice. Twenty/42 [47.6%] did not use NSIATs, no reason was
given. Participants that injected 10 or more horses per month were more likely to use NSIATs
compared to participants that performed intra-articular injections in less than 10 horses per
month (P <0.001).

Thirty-eight / 291 [12.9%)] participants that used NSIATs estimated that they injected less
than 5 horses per year with NSIATs, 39/291 [13.4%] used NSIATs in less than 10 horses per

year, 83/291 [28.5%] used NSIATSs in 10-20 patients per year, 66/291 [22.5%] used NSIATs to
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inject between 20-50 horses per year, and 65/291 [22.3%] used NSIATs in more than 50 patients
a year., and 66/291 [22.5%] used NSIATs to inject between 20-50 horses per year.

The participants were asked to rank at least three products in order of their preferences but
were instructed no to rank products that they did not use. The three most popular therapies chosen
by the participants were corticosteroids (210/291 [72.2%]), hyaluronic acid (195/291 [67%]), and
ACS (90/291 [30.9%]). According to the median value of rank, intra-articular therapies were
preferred by participants in the following order (reported as median rank + interquartile range):
Corticosteroids (1 + 1), hyaluronic acid (2 = 0), ACS (4 £ 2), APS (4 + 2), PRP (4 + 2), cellular

therapies (5 £ 2), and polyacrylamide hydrogel (6 + 3) (Figure 4.3 and table 4.2).

Rank
Polyacrylamide hydrogel- = = =
Cellular therapies— ———
Autologous protein solution (APS)- —e—H
Autologous conditioned serum (ACS)— %
Platelet-rich plasma (PRP)- ——
Hyaluronic acid— u
Corticosteroids— *—
T T T 1
0 2 4 6 8

Rank position

Figure 4.3. Ranking of the most preferred intra-articular therapy by 291 participants. Symbols
are representing the median and the whiskers the interquartile range (IQR) of the ranking

obtained from each intra-articular therapy.
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Table 4.2. A total of 291 participants ranked NSIATSs according to their preferences. The table
indicates the number of practitioners that ranked a product from 1 to 7, the median obtained, and

the number of times the product was ranked.

Rank Total times
Product 1 2 3 4 5 6 7 Median product was
ranked
Corticosteroids 210 | 41 15 3 3 6 20 1 291
Hyaluronic acid 44 | 195 | 20 3 8 18 5 2 289
Autologous conditioned
plasma (PRP) 4 11 56 75 51 25 15 4 237
Autologous conditioned
e 7 8 90 72 46 23 4 4 250
Autologous protein
solution (APS) 10 12 76 31 36 28 25 4 218
Cellular therapies 4 16 13 45 48 52 31 5 209
Polyacrylamide 2| 8 |21 | 28|28 |33 | 68 | 6 200
hydrogel

The three most common reasons for the use of NSIATs were scientific data and articles
published regarding product safety and efficacy (105/291 [36.1%]), personal experience with the
product (80/291 [27.5%]), and specific conditions being treated (49/291 [16.8%]).

When participants were asked to rank which NSIAT they preferred regardless of client
preference or product availability, ACS (96/291 [33%]) and APS (91/291 [31.3%]) were the top
choices, followed by PRP (35/291 [12%]), cellular therapies (22/291 [7.6%]), and
polyacrylamide gel (17/291 [5.8%]). Thirteen /291 [4.4%] selected other therapies as their first
option, indicating a preference to use polyglycan and/or polysulfated glycosaminoglycans
(Adequan®). For polyglycan and polysulfated glycosaminoglycans (Adequan®), practitioners
did not specify if they were used intra-articularly or systemically. Although this was not

specifically asked, in the comment section, participants explained that the main reasons not to
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choose NSIATs were economic constraints and lack of standardized studies with results
regarding product efficacy. Participants with a reduced lameness caseload reported economic
difficulties in purchasing equipment to provide NSIATs, preferring to send these cases to a

referral institution to be treated with these products.

Autologous Conditioned Plasma or Platelet-rich plasma (PRP)

Survey results for PRP are summarized in table 3. From the 291 participants that used
NSIATsS, 225 (77.3%) used PRP, while 66 (22.7%) did not. One hundred and eighty/ 224
[80.4%] participants used commercial kits processed by centrifugation, 18/224 [8%] processed
PRP using commercial filtration kits, 17/224 [7.6%] processed PRP by manual centrifugation,
and 9/224 [4%] sent out their blood samples to an outside laboratory or referral center to process
PRP.

Arthrex ACP® Double Syringe System (69/224 [30.8%] and Restigen PRP® (62/224
[27.7%]) were the commercial kits most commonly used by participants, followed by Harvest®
SmartPrep® System (22/224 [9.8%]), E-PET™ Equine Platelet Enhancement Therapy (19/224
[8.5%]), Magellan® Autologous Platelet Separator System (19/224 [8.5%]), and GPS® III
Platelet Concentration System (5/224 [2.2%]). Regarding the activation method, 177/224 [79%]
of the participants did not activate their PRP before administration, 18/224 [8%] activated
platelets with calcium chloride, 9/224 [4%] activated platelets with extracorporeal shockwave
therapy, and 9/224 [4%] activated platelets with freeze/thaw cycle(s).

The three most common reasons participants chose PRP were the treatment of ligament
or tendon lesions (150/224 [67%]), acute articular pathology 25/224 [11.2%], and chronic

articular pathology (23/224 [10.3%)]).
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One hundred and twenty-one / 224 [54%] of participants used systemic anti-
inflammatory medication (flunixin meglumine or phenylbutazone) when administering PRP,
while 103/224 [46%] did not use any of these medications simultaneously. Ninety-nine/224
[44.2%] participants ensured that the horse was not currently receiving a long-term sedative such
as reserpine before collecting and processing PRP, while 125/224 [55.8%] did not ask about this
regularly.

The majority of participants did not combine PRP with other intra-articular medications
or products (161/224 [71.9%]). Twenty-three/224 of participants [10.3%] used antibiotics such
as amikacin with PRP, 9/224 [4%] combined PRP with hyaluronic acid, 9/224 [4%] combined
PRP with other cellular therapies, and 4/224 [1.8%] combined PRP with corticosteroids. Twenty-
eight /224 [12.5%] of participants did not use PRP intra-articularly.

Regarding intra-articular treatment protocols, 61/196 [31.1%] of participants repeated
injections based on short-term clinical response, 56/196 [28.6%] used PRP as a one-time
injection, 42/196 [21.4%] repeated injections every 1-2 weeks for a total of 3 treatments, 22/196
[11.2%] repeated injections based on long term clinical response, and the remainder of
participants 15/196 [7.7%] used different personalized protocols (Figure 4.4 A).

When evaluating the subjective assessment of clinical response to PRP, thirteen / 196
[6.6%] estimated that their patients had a 90% or greater improvement, 64/196 [32.7%]
participants reported 75-90% improvement in their patients, 90/196 [45.9%] estimated 50-75%
improvement in their patients, and 29/196 [14.8%] reported less than 50% improvement (Figure
4.4 B).

Participants were asked about their impression regarding the incidence of acute joint

flares after intra-articular PRP treatment. Eighty-eight of 196 [44.9%] participants reported no
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incidence of joint flare in their patients, 76/196 [38.8%] participants observed joint flare in less
than 1 horse per 50 injected (2%), 18/196 [9.2%] participants estimated joint flare in less than 1
horse per 20 horses injected (5%), 11/196 [5.6%] participants estimated joint flare in less than 1
horse per 10 horses injected (10%), and 3/196 [1.5%] observed joint flare in more than 1 horse

per ten horses injected (Figure 4.4 C).

Autologous conditioned serum (ACS)

Survey results for ACS are summarized in table 3. From the 291 participants using
NSIATS, two hundred (68.73%) used ACS, while 91 (31.27%) did not use ACS in their patients.
The commercial kits most commonly used by equine participants were the Orthokine® vet
IRAP (87/200 [43.5%] and Arthrex-IRAP II™ System (94/200 [47%]), while MediVet ACS was
minimally used (5/200 [2.5%]), and the rest of the participants did not specify a kit used (14/200
[7%]).

The three most common reasons for participants to choose ACS were for treatment of
acute articular pathology (71/200 [35.5%]), treatment of chronic articular pathology (70/200
[35%]), or for post-operative therapy (28/200 [14%]).

Regarding combinations of ACS with other therapies, 147/200 [73.5%] participants did
not combine ACS with any other product; while 25/200 [12.5%] combined ACS with antibiotics
like amikacin, 17/200 [8.5%] combined with hyaluronic acid, 7/200 [3.5%] combined with other
NSIATSs and 4/200 [2%] combined with corticosteroids.

The most common ACS intra-articular treatment protocol was repeated injection every 1-
2 weeks for 3 treatments (152/200 [76%]). The next most frequent treatment protocols in

descending order were: repeated injections within 3 months based on short-term clinical
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response (28/200 [14%]), repeated injections within 6 months to a year based on long-term
clinical response (9/200 [4.5%]), and one-time injection or various diverse protocols based on
disease 11/200 [5.5%] (Figure 4.4 A).

Overall subjective clinical outcome assessment for ACS, 30/200 [15%] participants
observed a 90% or more clinical improvement after treatment, 93/200 [46.5%] observed 75-90%
improvement in their patients, 58/200 [29%] observed 50-75% improvement, and 18/200 [9.5%]
considered that improvement was 50% or less improvement (Figure 4.4 B).

Regarding the incidence of joint flare post-ACS administration, 103/200 [51.5%]
reported no observed flare after ACS treatment, 77/200 [38.5%] observed joint flare in 1 per 50
horses injected, 12/200 [6%] observed joint flare in less than 1 horse per 20 horses injected,
3/200 [1.5%] observed joint flare in less than 1 horse per 10 horses injected, and 5/200 [2.5%]

observed joint flare in more than 1 horse per 10 horses injected (Figure 4.4 C).

Autologous protein solution (APS)

Survey results for APS are summarized in table 3. A total of 137/291 (47.1%)
participants that used NSIATs used APS, while 154/291 (52.9%) did not use APS. During the
time the survey was done, Pro-Stride® was the only brand available on the market for processing
APS in horses.

The three most common reasons for the use of APS were the treatment of acute articular
pathology (54/137 [39.4%]), treatment of chronic articular pathology (51/137 [37.1%]), and for
other unspecific disease processes (13/137 [9.5%)]).

APS was mainly used alone (119/137 [86.9%]), but 13/137 [9.5%] of participants

combined APS with antibiotics like amikacin, and 5/137 [3.6%] combined APS with hyaluronic
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acid. All the participants that used APS intra-articularly processed one kit for small volume
synovial structures such as coffin, fetlock, or tarsometatarsal joint. For large volume synovial
structures, such as the stifle, 77/137 [56.2%] processed 1 kit, 52/137 [37.9%] processed 2 kits,
2/137 [1.5%] processed more than 2 kits, and 6/137 [4.4%] indicated that they do not use APS
for this purpose.

Eighty-eight / 137 [64.2%] participants used systemic anti-inflammatory medications
when administering APS, while 49/137 [36.8%] did not. Eighty-four / 137 [61.3%] did not check
with clients to see if the horse was or had been on long-term sedatives, while 53/137 [38.7%]
ensured horses were not receiving these drugs before collecting blood to process APS.

Regarding intra-articular treatment protocols for APS, 56/137 [40.9%] respondents
repeated injections within 6 months to a year based on a long-term clinical response, 45/137
[32.8%] used APS as a one-time injection, 28/137 [20.4%] repeated injections within 3 months
based on short-term clinical response, and 5/137 [3.7%] used APS as a repeat injection every 1-2
weeks for a total of 3 treatments. The remainder of participants (3/137 [2.2%]) varied the
protocol depending on the disease (Figure 4.4 A).

Overall subjective clinical outcome assessment for APS, 40/137 [29.2%] participants
observed greater than 90% improvement, 68/137 [49.6%] observed 75-90% improvement,
23/137 [16.8%] observed 50-75% improvement, and 6/137 [4.4%] observed less than 50%
improvement (Figure 4.4 B).

Eighty-two/137 [59.8%] participants had not observed acute joint flare after treatment
with APS, 4/137 [29.2%] observed joint flare in less than 1 horse per 50 injected, 11/137 [8%]
observed joint flare in less than 1 horse per 20 injected, and 4/137 [3%] observed joint flare in

less than 1 per 10 horses injected (Figure 4.4 C).
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Cellular therapies

Survey results for cellular therapies are summarized in table 3. From the 291 participants
using NSIATs, 142 (48.8%) used cellular therapies, while 149 (51.2%) do not. One hundred and
fifteen / 142 [81%] of participants preferred to use autologous cells/tissues, while 24/142 [19%]
used allogenic cells/tissues. Eighty-nine/ 142 [62.7%] participants obtained cells from bone
marrow, 28/142 [19.7%] from adipose tissue, 21/142 [14.8%] from umbilical cord, 3/142 [2.1%]
peripheral blood, and 1/142 [0.7%] from synovial tissue.

The three most common reasons participants used cellular therapies were the treatment of
ligament or tendon lesions (71/142 [50%]), treatment of acute articular pathologies (25/142
[17.6%]), and for post-operative treatment (21/142 [14.8%]).

Seventy-nine/142 [55.6%] practitioners did not combine cellular therapies with other products,
26/142 [18.3%] used cellular therapies in combination with hyaluronic acid, 20/142 [14.1%)]
used cellular therapies with PRP, 6/142 [4.2%] used cellular therapies with ACS, 7/142 [4.9%]
used cellular therapies with antibiotics, and 5/142 [3.52%] did not use cellular therapies intra-
articularly.

The cellular intra-articular treatment protocol most commonly used by participants was a
one-time injection (72/137 [52.6%]). This protocol was followed in frequency by repeated
injections based on short-term clinical response (34/137 [24.8%]), repeated injections every 1-2
weeks for a total of 3 treatments (15/137 [11%]), and repeated injections based on the long-term
clinical response (8/137 [5.8%]). The remainder of participants (8/137 [5.8%] varied the protocol
depending on disease treated (Figure 4.4 A).

Overall subjective clinical outcome assessment of cellular therapies, 8/137 [5.8%]

participants observed greater than 90% improvement, 59/137 [43.1%] observed 75-90%
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improvement, 48/137 [35.0%] observed a 50-75% improvement, and 22/137 [16.1%] observed
less than 50% improvement (Figure 4.4 B).

Regarding the incidence of joint flare post-administration, 63/137 [46%] reported they
had not observed joint flare after treatment with cellular therapies, 49/137 [35.8%] observed joint
flare in 1 per 50 horses injected, 19/137 [13.8%] observed joint flare in less than 1 horse per 20
horses injected, and 6/137 [4.4%] observed joint flare in less than 1 horse per 10 horses injected.
There was no difference between reported flare rate and the use of allogenic vs. autologous

cellular therapies (P = 0.8) (Figure 4.4 C).

Polyacrylamide hydrogel

Survey results for polyacrylamide hydrogel are summarized in table 3. One hundred and
four / 291 (35.7%) participants used polyacrylamide hydrogel intra-articularly, while 187
(64.3%) did not. Noltrex™ was the brand most commonly used (61/104 [58.7%]), followed by
Vet Arthramid® (38/104 [36.5%]) and VetAquamid® hydrogel reconstruction (5/104 [4.8%]).
Participants practicing outside of the USA were more likely to use polyacrylamide hydrogel
compared to participants practicing in the USA (P <0.001). Some practitioners practicing in the
USA reported difficulties in acquiring this product.

The most common reason for the use of polyacrylamide hydrogel was to treat chronic
articular pathologies (75/104 [72.1%]) and severe osteoarthritis unresponsive to other treatments
(17/104 [16.3%]).

The most common intra-articular treatment protocols in descending order were a one-

time injection (47/104 [45.2%]), repeated injections based on long-term clinical response
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(37/104 [35.6%]), and repeated injections based on short-term clinical response (17/104 [16.3%])
(Figure 4.4 A).

Regarding subjective clinical outcome assessment of polyacrylamide hydrogel
administration, 18/104 [17.3%] participants observed 90% or more improvement, 36/104
[34.6%] observed 75-90% improvement, 33/104 [31.7%] observed 50-75% improvement, and
17/104 [16.4%] observed improvement in less than 50% of patients (Figure 4.4 B).

Sixty-five / 104 [62.5%] reported no acute joint flare after treatment with polyacrylamide
hydrogel, 26/104 [25%] observed joint flare in less than 1 horse per 50 injected, 10/104 [9.6 %]
observed joint flare in less than 1 horse per 20 injected, and 3/104 [2.9%] observed joint flare in

less than 1 per 10 horses injected (Figure 4.4 C).
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Table 4.3. Summary of each NSIAT included in the survey from a total of 291 participants to the survey.

PRP

ACS

APS

Cell Therapy

Polyacrylamid
e hydrogel

injection

Number of responding 224/291; 200/291; 68.7% 137/291; 47.1% 142/291; 48.8% 104/291; 35.7%

practitioners using product 76.9%

for musculoskeletal injuries

Number of responding 196/291; 200/291; 68.7% 137/291; 47.1% 137/291; 47.1% 104/291; 35.7%

practitioners using product 67.4%

IA

Top 2 reasons for 1- Ligament/ 1-Acute articular 1- Acute articular | 1- 1- Chronic

practitioner use of the Tendon Pathology (71/200; | pathology Ligament/Tendon Articular

product pathology 35.5%) (54/137; 39.4%) | Pathology (71/142; | Pathology
(150/224; 2- Chronic articular | 2- Chronic 50%) (75/104; 74.3%)
66.9%) pathology (70/200; | articular 2- Acute articular 2-Severe OA
2- Acute 35%) pathology pathology (25/142; | unresponsive to
articular (51/137;37.2%) | 17.6%) other treatments
Pathology (17/104; 16.3%)
(25/224;
11.2%)

Most frequent products used | None (161/224; | None (147/200; None (119/137; None (79/142; Not asked

in combination for IA 71.9%) 73.5%) 86.9%) 55.6%)
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Figure 4.4. Summary of each NSIAT (columns) included in the survey from a total of 291 participants to the survey. A) Treatment

protocol, B) Subjective clinical improvement and C) Flair rate observed after intra-articular treatment.
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Discussion

The results of our study show that NSIATs are frequently used by equine practitioners
and participants were familiar with the different modalities of NSIATSs available on the market.
Of the 353 practitioners surveyed, 291 (87.5%) use NSIATs. However, when asked which intra-
articular therapy they prefer, corticosteroids and hyaluronic acid remained most popular.

Within NSIATSs, ACS and PRP were the most commonly used, followed by APS, cellular
therapies and polyacrylamide hydrogel. Practitioners with a higher lameness caseload and those
that performed intra-articular injections in more than 10 horses/month were significantly more
likely to utilize NSIATs. The most cited reason why practitioners did not use NSIATs was the
economic limitations of the client. Commercial kits to process products such as PRP, ACS, or
APS often require specific centrifuges, which makes the purchase and use of these products
difficult for the veterinarian with a low lameness caseload. Discipline, as previously reported,
still influences the use of NSIATSs, as English sport horse practitioners were more likely to use
NSIATs compared to other disciplines.?!!

According to a previous survey, corticosteroids with or without hyaluronic acid were the
most common therapies used by members of the American Association of Equine Practitioners
(AAEP).>!! In a 2009 survey of equine practitioners, Ferris et al. reported that 54.1% of the
participants used ACS intra-articularly when horses were unresponsive to corticosteroid
treatment or cost was not an issue for the client. Based on our survey results, it appears that
practitioners (68.73%) are using ACS more often than in the past, followed by PRP (67.35%).
Additionally, it appears that practitioners are now selecting them for the treatment of acute joint

disease rather than advanced OA. NSIATs have been available on the market for longer
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compared to the 2009 survey, this might have increased practitioner and owner awareness and
willingness to use these products.

In another survey of equine practitioners in 2018, PRP and ACS were considered two of
the top ten rehabilitation modalities for musculoskeletal injuries.” PRP was used in 98.9% of
the cases to treat tendon or ligament injuries, while ACS was more frequently used in the joint
postoperatively (55.3%) or to maintain performance (32.3%).°* Similarly, in our survey, PRP
and cellular therapies were more frequently used to treat soft tissue injuries (tendons or
ligaments), while products such as ACS and APS were used to treat joint disease. Interestingly,
cellular therapies were more frequently chosen as intra-articular treatment during the post-
operative period compared to other therapies; for example, some practitioners commented about
the common use of mesenchymal stem cells (MSCs) in stifle injuries. The stifle is a unique joint
in which soft tissue structures (meniscus and ligaments) are contained within the synovial
space.’*® Use of MSCs for meniscal injuries is likely influenced by a previous publication
reporting improved outcomes in horses with stifle injury that were treated with arthroscopic
exploration and debridement followed by intra-articular MSCs administration.**°

Cellular products rely on cell-to-cell communication as well as autocrine and paracrine
signaling to exert their effects on the tissue’s microenvironment in which they are injected. The
cellular and molecular mechanisms of MSCs produce their immunomodulatory effect have not
been fully clarified yet. A recent publication has shown that MSCs can maintain their anti-
inflammatory properties despite being metabolically inactive.’?” However, the authors believe
that for these products to be effective, cellular viability, as well as function should be maintained.
Few studies have evaluated the effects of other therapies on cellular properties in vitro. These

studies have shown beneficial and deleterious effects on cellular products, and practitioners
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should be aware of detrimental effects to prevent reduced efficacy and/or death of the cellular
product. Most participants in our study (55-85%) did not combine cellular products with other
intra-articular medications. When hyaluronic acid was added to MSCs in vitro, cellular viability,
and chondrogenesis were enhanced.’?® However, in another in vitro study, no differences in
cellular viability or increased production of transforming growth factor-beta was observed when
MSCs were cultured with hyaluronic acid.’*’ Beneficial effects have been observed when
combining PRP and MSCS. In an in vitro study, PRP enhanced proliferation and chondrogenesis
in cultured MSCs,>° and in vivo, horses with naturally occurring OA treated intra-articularly
with MSCs combined with PRP showed clinical improvement compared to either product
alone.*”” However, Goodrich et al. reported that the combination of MSCs and PRP enhance
bone formation instead of cartilage in osteochondral defects created on the lateral trochlear ridge
of the stifle.*”” Although no practitioners reported combining corticosteroids with cell therapies,
it is important to mention that adding methylprednisolone or triamcinolone to MSC cultures in
vitro resulted in the rapid death of MSCs.>*!

Some practitioners use antibiotics intra-articularly when performing joint injections.
Studies investigating the effects of antibiotics (aminoglycosides and fluorinated quinolones) at
clinically extrapolated doses added to MSC cultures have shown deleterious effects with marked
reduction in cellular viability.??*32 A recent study that evaluated the effects of clinically relevant
doses of antibiotics on chondrocytes in vitro resulted in significant cellular death.3** In this
survey, 7/142 [4.9%] of participants that used cellular therapies reported using them in
combination with antibiotics. Though the effects of these products in combination in vivo have
not been investigated, a combination of cellular products and antibiotics is not recommended.

When using blood or tissue-based products, practitioners should be aware of the positive and
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negative effects other therapeutics can have on the therapy administered. Approximately 8.5-
10.3% of the practitioners combined products like PRP, ACS, and APS with antibiotics. These
blood-based products are acellular or have few cells (red and white blood cells). The effect of
antibiotics on these products for treatment of inflamed synovial tissues has not been evaluated.
The authors recommend caution with the use of antibiotics in combination with NSIATs that are
obtained from blood and tissues, particularly if cellular processes are how these products are
thought to exert their effects within the synovial environment.

Surveyed practitioners were questioned about their use of NSAIDs when using PRP and
APS as these products exert some of their effects through platelet concentration and release of
growth factors.’?* This question was not asked with the rest of therapies included in the survey
(ACS, MSCs, and polyacrylamide hydrogel). In the author’s experience, some practitioners elect
not to use NSAIDs at the time of PRP administration due to concerns in reducing the
inflammatory response within the microenvironment of the diseased tissue, possibly reducing the
reparative cellular response that is stimulated with injection of PRP. However, no further studies
have been performed to answer this question. On the other hand, few studies have evaluated the
simultaneous administration of NSAIDs when preparing blood-derived therapies. PRP obtained
from horses receiving ketoprofen achieved higher platelet counts than PRP obtained from horses
not receiving ketoprofen.>** Although no growth factors were measured in that study, high
platelet counts have been correlated with high concentrations of transforming growth factor-beta,
insulin-like growth factor, and platelet-derived growth factor in PRP preparations.’’®% A recent
study evaluated the effects of NSAIDs on platelet aggregation and function. This study found
that administration of firocoxib, flunixin meglumine, or phenylbutazone had no effect on platelet

aggregation or function.>*® Incubation of NSAIDs or corticosteroids with blood prior to
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processing did not affect concentration of inflammatory (interleukin -1f) or anti-inflammatory
proteins (interleukin 1 receptor antagonist protein) in APS.**"->% However, these were ex vivo
studies, and results should be confirmed with in vivo experiments to evaluate changes in product
efficacy. An in vitro study where NSAIDs have shown a dose-dependent effect on cultured
MSCs.** A low dose of flunixin meglumine and meloxicam had positive effects on cell
proliferation and migration, while a high concentration of these drugs and phenylbutazone
produced a significant decrease in cellular viability and proliferation.’*® Although the effect of
the NSAIDs on some NSIATS is not completely clear in vivo, there is no indication that NSAIDs
cannot be simultaneously administered with NSIATs.

A recent publication reported that horses receiving reserpine (a long-term sedative), had
hypercoagulable blood, especially when attempting to produce autologous biologic products.>*°
Reserpine produces a detrimental effect, significantly increasing platelet aggregation, thus it is
recommended to harvest blood for biological processing before using this medication.’*® In our
survey, more than 50% of the participants that use PRP and APS did not ask their clients if their
horses had received reserpine before blood collection. Considering the effect of this drug on
platelet function, equine practitioners should include this question prior to blood collection and
processing of blood-based NSIATS, particularly if the horse is on stall rest at the time of
collection.

When APS is processed, an average of 3 mL of final product is obtained per kit. In our
survey, practitioners were questioned how many kits were used when considering the size of the
joint. The majority used one kit for smaller joints and 37.9% used two kits for treatment of larger
joints. This is different from what it was used in a clinical study, where horses with naturally

occurring OA were treated with two kits per joint independent of the volume of joint being
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treated.*?® Although practitioners have not reported worse outcomes when using a single Kkit,
further investigation to evaluate a possible dose-effect of this drug is warranted.

Our results indicate that practitioners outside the USA more frequently used
polyacrylamide hydrogel than practitioners in the USA. Investigations into the use of

300,541 where it has been

polyacrylamide hydrogel have been primarily based out of Europe,
available on the market for a longer time period than in the USA. These factors indicate that
practitioners outside the USA are likely more familiar with the product and have had more
opportunities to use this product than practitioners in the USA.

This study has several limitations that warrant further discussion. Data on the number of
practitioners that saw the link to the survey posted on social media, received and reviewed the
email, and opened the Spur of the Moment newsletter and viewed the link but did not respond is
not available, so response rate could not be calculated. Despite the different avenues used to
reach as many practitioners as possible, our response rate could be considered low. The reported
use of use NSIATs could be higher or lower than the actual use of NSIATs among equine
practitioners surveyed in this study. Practitioners that use NSIATs were likely more willing to
take time to complete the survey. Investigators ensured that participants were aware that they did
not have to use or be familiar with NSIATs to answer the survey. These participants were asked
questions on demographics and use of steroidal and NSIATSs. Participants were not required to
move forward within the survey to answer therapeutic-specific questions if they responded that
they did not use NSIATs. Answers to questions regarding clinical response and complication

rates were based on estimation and practitioner recall, and these were subjective impressions, not

based on clinical records. The authors only questioned participants on the rate of observed joint
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flare to provide more standardized options across products to the questionnaire; however, the
authors recognize that other complications occur with intra-articular injections.

This survey provides information on the clinical use of NSIATs by equine practitioners,
illustrating that NSIATs are used routinely to treat joint pathology. However, practitioners still
have questions about the efficacy of these products and ideal treatment protocols in horses.
Research investigating the disease-modifying effects of these products and investigations into

best practices for how and when these products should be used and needed.
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Abstract

OA has been extensively studied in vitro, ex vivo and in vivo in horses. However, no
single method of in vitro modeling is considered the gold standard for OA research. The use of
co-culture systems allows cross-talk between the synovial membrane and cartilage to emulate
natural OA. Culture media used in these systems may be supplemented with serum. No studies
have evaluated the effect of culture in serum-free media (SF) vs. media supplemented with
equine serum (ES) on co-culture of synovial membrane and cartilage tissue explants. The study
objective was to evaluate the effects of equine serum supplementation on induced production of
inflammatory and catabolic mediators from articular cartilage and synovial explants while in co-
culture.

Cartilage and synovial explants were harvested from the stifle of 5 horses, placed in co-
culture, stimulated with IL-1B (10 ng/ml) and maintained in culture for 3, 6 and 9 days in 10%
ES or SF. At each time point, media was harvested for analysis of cellular viability (Lactate
dehydrogenase, LDH) and elution of glycosaminoglycans (Dimethylene Blue Binding Assay,
DMMB). Tissue explants were harvested for histopathologic and gene expression analysis. No
differences in the cell viability was observed between SF and ES groups. SF culture produced an
upregulation of TNF-a in synovial membrane and ADAMTS-4 and 5 in articular cartilage at 9
days of culture. ES produced an upregulation of aggrecan expression in cartilage at 9 days of
culture. No differences in tissue viability were found between culture media, but SF media
produced a higher glycosaminoglycan concentration in media at 3 days of culture.

The addition of 10% ES produced a slight chondroprotective effect in an inflamed co-
culture system. This effect should be considered when designing studies evaluating treatment of

serum or plasma-based orthobiologics in vitro.
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Introduction

Osteoarthritis (OA) is a leading cause of disability in humans and domesticated animals,
which has an enormous negative impact on healthcare costs worldwide, !83-18%-342.543
Understanding the pathogenesis of this chronic degenerative disease and its multifactorial
etiology could lead to the development of effective disease-modifying treatments

OA has been extensively studied in vitro, ex vivo and in vivo through experimental but
translational animal models and in species-specific clinical trials. Similarities observed in the
pathogenesis of OA in humans and domesticated animals have lead researchers to identify
translatable animal models for both in vitro and in vivo research to enhance our understanding of
OA.'3 A variety of methods have been used in vitro to investigate further OA and treatment
effects of certain therapies on cells or tissues of the synovial environment. However, no single
method of in vitro modeling is considered the gold standard for OA research.'”> When choosing
an in vitro model for OA research, one must consider the type of cultured cell/tissue to be used,
the number of cells/tissues to be included in the culture, culture conditions and method for
induction of disease. Co-culture of synovial-derived cells or tissues better emulates the in vivo
synovial environment by allowing cross-talk between these cells/tissues that are responsible for
propagation of OA.>** When using a co-culture model one must consider requirements of each
tissue to maintain optimal cell viability and/or metabolism.>* Some studies have evaluated
viability of synovial and tissue explants alone, but little objective information is available that
evaluates the optimum use of media for maintenance after induction of OA.

The most common source of serum used in animal tissue culture is fetal bovine serum
(FBS), but other sources such as bovine calf, adult horse, and human serum can be added to

culture media.>* It is well known that serum represents a fundamental source of nutrients,
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cytokines and adhesive molecules necessary to support in vitro cell growth, proliferation and
metabolism.>*7>*8 However, there are some disadvantages from the addition of serum to culture
media such as physiologic variability, higher risk of contamination, availability, and/or increased
cost.>* Also, FBS may contain lipopolysaccharide despite being certified endotoxin free and
other xenogeneic antigens that can modify the phenotype of cultured cells and increase the risk
of rejection by the host in regenerative medicine applications.>*° Alternatively, serum-free media
can be used for tissue culture. Although cell proliferation is often slower in serum-free media,’*
previous studies have been able to maintain MSC chondrogenesis and cellular viability.>!552
However, to our knowledge no studies have compared the use of serum-free media or equine
serum supplemented media when culturing equine chondrocytes and/or synoviocytes.

In the literature there is no consensus among researchers in regard to serum
supplementation when studying OA in vitro. In addition to media composition, no consensus for
other culture components including the type of cells and/or tissues to include, culture conditions
and OA induction is reported. Choosing an appropriate culture media with supplements that
support and maintain cell viability and metabolism is crucial to effectively measure treatment
effects. Certain blood-based treatments (orthobiologics) used for treatment of OA likely contain
similar proteinaceous compounds for support cellular growth and proliferation that are contained
in standard serum supplements for use in culture. These blood-based products have been shown
to have weak chondroprotective properties. Therefore, standard serum supplementation may
limit cellular responses to OA induction. Serum free culture of cells has been advocated for cells
produced for human and animal medical use to reduce or limit cellular inoculation of the patient
with xenogenic proteins that could possibly elicit an adverse reaction. On serum free media other

nutrients such amino acids, growth factors or vitamins could be added to the culture to support

123



cellular viability, proliferation, and metabolic processes. The objective of this study was to
evaluate the effects of commercially available equine serum supplementation on induced
inflammatory and catabolic mediators of articular cartilage and synovial explants in co-culture
stimulated with IL-1P. The hypothesis was that the addition of equine serum (10% v/v) would
not improve cellular viability, but it would downregulate expression of inflammatory cytokines
and decreasing the glycosaminoglycan (GAG) concentration in media. If commercially available
equine serum supplementation offers chondroprotective effects, researchers should consider
eliminating serum supplementation in in vitro OA culture models when studying intra-articular

treatments to ensure a robust response.

Materials and Methods

Subjects

This study was performed following the Institutional and NIH guidelines for the Care and
Use of Laboratory Animals, and the study was approved by the Institutional Animal Care and
Use Committee (IACUC) at Auburn University (14-259). Five adult American Quarter horses (1
mare and 4 geldings, aged 13.6 + 3 years) free of systemic disease and euthanized for reasons
unrelated to the study were used. Horses were excluded from the study if they had a history of

lameness isolated to the stifle.

Synovial membrane and articular cartilage harvest
Following euthanasia, synovial membrane and articular cartilage were aseptically
harvested from the femoropatellar and femorotibial joints. Tissues from horses with gross signs

of osteoarthritis, including cartilage erosion, score lines, discoloration, or fibrillation®>* were not
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used. The synovial membrane was evaluated for gross signs of synovitis such as hyperemia,
hypertrophy or fibrosis, and horses showing any of these changes were not included in the study.
A 4 mm diameter disposable biopsy punch (Integra, Saint Priest, France) was used to obtain the
cartilage and synovial membrane explants (Figure 5.1). Sixteen cartilage explants were obtained
from the medial femoral condyle of each horse. The synovial membrane was dissected from the
fibrous joint capsule, and 32 explants were obtained. Synovial membrane was further dissected

under a dissecting microscope to ensure that only synovial membrane was present (Figure 5.2).

Figure 5.1. A) Macroscopic dissection of the synovial membrane. B) Articular cartilage explant

harvesting from the medial condyle of the femur.
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Figure 5.2. Visualization of the synovial membrane under the dissecting microscope (arrow

pointing the synovial villi).

Co-culture system:

A 12-well plate with a hanging insert with a 3.0 um pore size (VWR, Radnor, PA) was
utilized for this study. Two synovial membrane explants were placed in the lower well, while
one cartilage explant was placed in the upper well (Figure 5.3).%>* Co-cultures were performed in

quadruplicate.

C©

Figure 5.3. Diagram of the co-culture system. One 4 mm articular cartilage explant was placed in

the insert, while two 4 mm synovial membrane explants were placed in the well.
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Explant co-cultures were divided into two treatment groups: 1) Dulbecco’s modified
eagle media (DMEM), high glucose (4500mg/L) with 0.25gm of L-glutamine and sodium
bicarbonate, 50 pL of streptomycin (100pg/ml) and penicillin (100pg/mL), 1% insulin-
transferrin-selenium-sodium pyruvate, 20 pg/mL ascorbic acid (BioWhittaker; Lonza, Basel,
Switzerland) serum-free (SF) media and 2) the same DMEM described, supplemented with 10%
equine serum (ES). Incubation was maintained at 37°C and 5% CO:z room air incubator for 24
hours in DMEM culture media according to the allocated treatment group (SF and ES) to allow
tissue acclimatization. After 24 hours, all the co-cultures were stimulated with interleukin-1 (10
ng/ml) (R&D Systems, Minneapolis, MN). Cultures were maintained for 3, 6, and 9 days. Media
were refreshed every 3 days throughout the culture period along with IL-1B. Media were
harvested at each time point (0, 3, 6 and 9 days) from both treatment groups (SF and ES), snap-

frozen in liquid nitrogen and stored at -80°C for batch analysis at a later date.

Gene expression in cartilage and synovial membrane

Frozen cartilage samples were added to TRIzol reagent (Invitrogen, Carlsbad, CA) then
pulverized with a tissue homogenizer (Polytron, Thomas Scientific, Swedesboro, NJ). Synovial
membrane samples were homogenized in TRIzol using a bead homogenizer (TissueLyser LT,
Qiagen, Germantown, MD) at 50 oscillations per minute for 20 min. To isolate RNA, a
chloroform extraction protocol was performed. Briefly, 200 pl of chloroform were added to the
samples, mixed vigorously, and incubated at room temperature for 10 min. The mix was
centrifuged at 17,000 RCF for 15 min at 4°C. The supernatant was saved (approximately 500 ul),
while the remaining pellet was discarded. Equal parts of isopropanol were added and incubated

at -20°C for 15 min, followed by centrifugation at 17,000 RCF for 20 minutes. The supernatant
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was decanted, and 1 mL of cold 75% ethanol was added and spun at the same speed for 10 min.
The supernatant was decanted again, and once the ethanol was evaporated entirely; the pellet was
re-suspended on 40 pl of nuclease-free water. Nucleic acid concentrations were determined using
a spectrophotometer at 260/280 nm (DeNovix, Wilmington, DE). RNA was stored at -80°C until
qPCR analysis. RNA was reverse transcribed to cDNA using iScript™ gDNA Clear cDNA
Synthesis Kit (Bio-Rad, Hercules, California). Relative gene expression of IL-1, MMP-3,
MMP-13, IL-6, IL-8, ADAMTS-4, and ADAMTS-5 (in synovial membrane) and type II
collagen (COL2A1), aggrecan (ACAN), TNF-a, IL-1p, IL-6, IL-8, ADAMTS-4, and ADAMTS-
5 (in articular cartilage) was calculated. All primers were derived from the Equus caballus
genome (GenBank) and designed using the NCBI-Primer-BLAST (Table 5.1).

Primer efficiencies were determined using 2-fold dilutions of cDNA, and efficiencies
calculated for all the primers ranged between 98-102.5%. All the qPCR experiments were
performed in triplicate using SYBR Green Master Mix (PerfeCTa SYBR Green FastMix,
Quantabio, Beverly, Massachusetts). The thermocycler (CFX 96 Thermocycler Bio-Rad
Hercules, California) was heated at 95°C for 15 min, followed by 40 cycles of 94°C for 15 s,
55°C for 30 s, and 70°C for 30 s, followed by a melting curve analysis. The relative gene
expression was calculated by the comparative threshold cycle method (AACt method). Reference
genes used were 18s and GAPDH for synovial and articular cartilage These genes were selected
by evaluating the stability of various reference genes with equine tissue (18-S, B2M, GAPDH,
SDHA, HPRT1, SCAMP-3, and B-actin). AACt values for all these genes were calculated under
different culture media conditions in the 5 horses, and the two genes for each tissue with the least

amount of change in gene expression were chosen.>>> Differences in gene expression between
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treatment groups and time points were determined as fold change of relative gene expression
compared to control tissues harvested at time 0.

Table 5.1. Equine primer sequences used for gene expression analyses.

Gene Primer sequence
18 small Forward 5'- GCCGCTAGAGGTGAAATTCT-3'
ribonucleic acid (18S)
Reverse 5'- TCGGAACTACGACGGTATCT-3'
Glyceraldehyde 3-phosphate Forward 5’-TGTCATCAACGGAAAGGC-3’
dehydrogenase (GAPDH)
Reverse 5’-GCATCAGCAGAAGGAGCA-3’
Interleukin-1 B (IL-1PB) Forward 5’-GCGGCAATGAGAATGACCTG-3’
Reverse 5’-AGCCACAATGATTGACACGA-3’
Interleukin-6 (IL-6) Forward 5’-AACAGCAAGGAGGTACTGGCA-3’
Reverse 5’-CAGGTCTCCTGATTGAACCCA-3’
Interleukin-8 (IL-8) Forward 5’-AGGGACAGCAGAGACAGAGACACAAG-3’
Reverse 5’-TACAACCGCAGCTTCACACA-3’
Matrix Forward 5’-GGCAACGTAGAGCTGAGTAAAGCC-3’
metalloproteinase 3 (MMP- 3)
Reverse 5’-CAACGGATAGGCTGAGCACGC-3’
Matrix Forward 5’-GTCCCTGATGTGGGTGAATAC-3’
metalloproteinase 13 (MMP-13)
Reverse 5’-ACATCAGACAAACTTTGAAGG-3’
ADAM metallopeptidase with Forward 5’-GCTGTGCTATTGTGGAGGATGATGG-3’
thrombospondin type 1 motif 4 (ADAMTS-
4) Reverse 5’-CCAGGGAAAGTCACAGGCAGATG-3’
ADAM metallopeptidase with Forward 5’-GGTGCAGAACATCGACCAGA-3’
thrombospondin type 1 motif 4 (ADAMTS-
5) Reverse 5’-AAGAAACCGTCGAGACCACC-3’
Aggrecan (ACAN) Forward 5’-CCTTGACTCCAGTGGTCTTATC-3’
Reverse 5'GTCGTGGACCACCTAATTCTATC-3’
Type Il collagen (COL2) Forward 5’-GCCCGTCTGCTTCTTGTAATA-3’
Reverse 5’-CGTGACTGGGATTGGAAAGT-3’
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Lactate Dehydrogenase (LDH) Assay

LDH release when cell death occurs, and concentration was measured to analyze cell
viability. Concentrations of LDH in media were determined with a commercially available assay
(Roche, Basel, Switzerland). Briefly, 100 pL of sample media was incubated with 100 pL of
reaction mixture containing diaphorase/NAD+, iodotetrazolium chloride, and sodium lactate in
96-well plates in the dark at 25°C for 30 min. Cytotoxicity was quantified as a measure of LDH
activity by measuring absorbance at 492 nm on a microplate reader (SpectraMax ID3, Molecular

Devices, Sunnyvale, CA, USA). Samples were measured in triplicates.

1,9-dimethyl methylene blue assay (DMMB)

DMMB assay was used to measure the glycosaminoglycans (GAG) concentration in
media as a biomarker of cartilage extracellular matrix damage. Media were digested in papain
(0.5 mg/mL; Sigma-Aldrich, St. Louis, MO, USA) at 65°C for 4 h. The 1,9-dimethyl methylene
blue dye (Sigma-Aldrich, St. Louis, MO, USA) was prepared following the method of Farndale
et al.»® The standard curve was created by preparing solutions containing 0 to 65 pg of
chondroitin sulfate (Sigma-Aldrich, St. Louis, MO, USA). Briefly, using a 96-well flat-bottom
transparent plate (Stellar Scientific, Baltimore, MD, USA) 50 pl of diluted digested media (1:4
dilution in distilled water) was mixed with 200 ul of DMMB dye (1 mN hydrochloric acid,
0.06%0 DMMB, 40 mM glycine, 27 mM NaCl pH 3) and the plate was shaken on a horizontal
orbital microplate shaker (0.12" orbit) at 500 RPM for 5 secs. Measurement of total GAG
content was performed by a direct spectrophotometric method using optical density measured at
525 nm on a microplate reader (SpectraMax ID3, Molecular Devices, Sunnyvale, CA, USA).>’

Samples were measured in triplicate.
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Histology analysis

For histology, cartilage and synovial membrane explants were fixed in 10% phosphate-
buffered formalin, embedded in paraffin, cut into 5 mm sections, and mounted on coated glass
slides. Sections are stained with hematoxylin and eosin (H&E) or stained with hematoxylin and
0.1% aqueous safranin O. Tissue sections were examined via light microscopy by a board-
certified pathologist. The OARSI histopathology score system for OA in horses previously
described was used.!”® For synovial membrane, cellular infiltration, vascularity, intimal
hyperplasia, subintimal edema, and subintimal fibrosis were graded from 0 (normal) to 4 (Table
5.2). For cartilage, microscopic characteristics such as chondrocyte necrosis, cluster formation,
fibrillation, focal cell loss, and SOFG stain uptake were graded from O (normal) to 4 (Table 5.3).
For articular cartilage and synovial membrane, the sum of the score from the 4 parameters

evaluated provides a total score from 0 to 20.

Statistical analysis

Normality was determined using the Shapiro—Wilk test and visual examination of Q-Q
plots. Data that were not normally distributed were log-transformed prior to analysis. Differences
observed in the data between time points and the effect of serum supplementation were assessed
using mixed model analysis of variance. The linear model specified culture group, time, and
interaction between group and time as fixed effects and horse was identified as the random
effect. Post hoc analysis was performed using pairwise comparisons of groups applying Tukey’s
test. All analyses were performed using JMP Pro 13 (Cary, NC, USA). Significance was set at P

<0.05.
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Table 5.2. Microscopic grading system for synovial membrane histology created by the Osteoarthritis Research Society International

(OARSI).'”

Synovial membrane parameter | Grade | Description

No mononuclear cells in the section

Occasional small areas of mononuclear cells throughout the section

Mild presence of mononuclear cells in 25% of the section

Moderate presence of mononuclear cells in 25-50% of the section

Marked presence of mononuclear cells in greater than 50% of the section
Normal

Slight increase in vessels in focal locations throughout the section

Mild increase in number and dilatation of vessels in focal locations throughout the section
Moderate increase in number and dilatation of vessels in up to 50% of the section
Marked increase in number and dilatation of vessels in greater than 50% of the section
None

Villi with 2-4 rows of intimal cells within the section

Villi with 4-5 rows of intimal cells over 25-50% of the section

Villi with 4-5 rows of intimal cells over 50% of the section

Villi with 5 or greater rows of intimal cells over 50% of the section

No edema

Slight edema detected within section

Mild edema within 25% of the section

Moderate edema within 25-50% of the section

Marked edema in greater than 50% of the section

Normal

Slight increase in fibrosis within the section

Mild increase in fibrosis in 25% of the section

Moderate increase in fibrosis in 25-50% of the section

Marked increase in fibrosis in greater than 50% of the section

Cellular infiltration

Vascularity

Intimal hyperplasia

Subintimal edema

Subintimal fibrosis

P LWLV, ORLVNNR,ORWND~R,OR WD —O
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Table 5.3. Microscopic grading system for articular cartilage histology created by the OARSI.

173

Articular cartilage parameter

Grade

Description

Chondrocyte necrosis

Normal section without necrosis

No more than one necrotic cell located near the articular surface per 20x objective
1-2 necrotic cells located near the articular surface per 20x objective

2-3 necrotic cells located near the articular surface per 20x objective

3-4 necrotic cells located near the articular surface per 20x objective

Cluster (complex chondrone)
formation

—_— O~ W= O

[\

B~ W

No cluster formation throughout section

Two chondrocytes (doublets) within same lacunae along superficial aspect of the articular cartilage
section

2-3 chondrocytes (doublets & triplets) within same lacunae along superficial aspect of the articular
cartilage section

3-4 chondrocytes within same lacunae along superficial aspect of the articular cartilage section
Greater than four chondrocytes within same lacunae along superficial aspect of the articular cartilage
section

Fibrillation/fissuring

No fibrillation/fissuring of the articular cartilage surface

Fibrillation/fissuring of the articular cartilage restricted to surface and superficial zone
Fissuring that extends into the middle zone

Fissuring that extends to the level of the deep zone

Fissuring that extends into the deep zone

Focal cell loss

Normal cell population throughout the section

A 10-20% area of acellularity per 20x field

A 20-30% area of acellularity per 20x field

A 40-50% area of acellularity per 20x field

A greater than 50% area of acellularity per 20x field

SOFG stain uptake

PO, OR WD~V —O

Normal staining

Less than 25% loss of staining characteristics
25-50% loss of staining characteristics

50-75% loss of staining characteristics

Greater than 75% loss of staining characteristics
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Results
Gene expression in cartilage and synovial membrane
Synovial membrane

Gene expression was assessed in synovial membrane at 0, 3, 6, and 9 days of co-culture.
From baseline, the gene expression of IL-1B, IL-6, IL-8, MMP-3, MMP-13, ADAMTS-4, and
ADAMTS-5 was increased at 3, 6, and 9 days of culture, but no significant differences were
observed between time points, except at 9 days of culture in SF media in which TNF-a was
significantly upregulated compared to baseline (P = 0.024) (Figure 5.4).

No significant differences were observed between ES media and SF media in the gene
expression of IL-B, IL-6, IL-8, MMP-3, MMP-13, ADAMTS-4, and ADAMTS-5 at any time
points. The expression of TNF-a was significantly increased at 9 days (P = 0.027) of culture in

the SF group (634-fold) compared to the ES group (22-fold).

Articular cartilage

Gene expression was assessed in articular cartilage at 0, 3, 6, and 9 days of co-culture.
From baseline, the gene expression of IL-1f3, TNF-a, IL-6, IL-8, ADAMTS-4, and ADAMTS-5
was increased at 3, 6, and 9 days of culture, but no differences were observed between time
points after stimulation, except the SF group at 9 days of culture, in which the expression of
ADAMTS-4 (P =0.007) and ADAMTS-5 (P = 0.002) were significantly upregulated compared
to baseline. The expression of type II collagen and aggrecan (ACAN) were downregulated.
However, no significant differences were observed between time points after stimulation, except
the ES group at 9 days of culture in which ACAN expression was significantly increased

compared to 3 and 6 days of culture (P = 0.017) (Figure 5.5).
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When comparing groups, gene expression of ADAMTS-4 and ADAMTS-5 was
significantly increased at 9 days of culture in the SF group (P =0.002 and P = 0.006,
respectively) compared to the ES group at 9 days. In addition, gene expression of ACAN was

significantly increased at 9 days of culture in the ES group (P = 0.025) compared to the SF

group.

LDH assay

No differences in the LDH concentration were observed between the SF and ES groups at
any time point. Increased cellular death occurred, detected by a measured increase in LDH
concentration at each time point in both groups, increasing over time (Figure 5.6). In the SF
media, LDH detection was higher at day 9 compared to day 3 and 6 (P < 0.0001 and P = 0.001,
respectively). In the ES media group, the LDH detection was significantly higher on day 9 than

on day 3 (P =0.002).

1,9-dimethyl methylene blue assay (DMMB)

The SF group produced the highest GAG concentration at day 3 (125.68 + 58.31 pg/ml),
while ES group was at day 6 of culture (84.95 + 30.26 pg/ml). There was no difference in the

GAG concentration between time points within each treatment group (SF vs. ES) (Figure 5.7).
However, a significant difference between treatments was found (P = 0.017). SF group at day 3

produced higher GAG concentration in media compared to the ES group (P = 0.023).
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Figure 5.4. Fold change in relative gene expression comparing tissue at the harvesting time (T0) with IL-18 stimulated synovial
membrane in co-cultures with 10% equine serum and serum-free media. (A) IL-1B, (B)TNF-a (C) IL-6, (D) IL-8, (E) MMP-3,(F)

MMP-13, (G) ADAMTS-4, and (H) ADAMTS-5. The boxplots represent the interquartile range (IQR) of n = 5. The black lines
represent the median values, the crosses represent the mean, and the whiskers represent the values outside the IQR. *Denotes

significant difference culture media, p < 0.05.
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Figure 5.6. LDH concentration measured in free-serum media (red triangle) and 10% equine serum media (black circle) at 3, 6, and 9
days of culture. The symbols represent the mean and the whiskers the standard deviation. *Denotes significant difference between

time points within the same group, p < 0.05. No significant differences between SF and ES were found at any time point.

138



DMMB assay
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Figure 5.7. GAG concentration was measured in media for serum-free media (red) and 10% equine serum (white) at 3, 6, and 9 days
of culture. The boxplots represent the interquartile range (IQR) of n = 5. The black lines represent the median values, the crosses
represent the mean, and the whiskers represent the values outside the IQR. *Denotes significant difference between culture media, p <

0.05.
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Histologic analysis

Due to processing errors, not all the samples from all the horses and time points were
able to be evaluated. Each tissue (synovial membrane and articular cartilage) 4/4 samples were
evaluated for every time point except for the SF group at 6 days in which 3/4 samples of synovial
membrane were available for analysis. Synovial membrane and cartilage from each horse were
histologically evaluated at time 0, observing a total average score of 0.4 & (0.8 for the articular
cartilage and 0.5 + 0.86 for synovial membrane. These scores were significantly increased after
stimulation at all the time points (Figure 5.8) in articular cartilage (P = 0.01) and synovial
membrane (P = 0.003). No significant differences were observed between SF and ES media in

any of the parameters evaluated in synovial membrane and articular cartilage (Figure 5.9 and

5.10)
Total score articular artilage cartilage Total score synovial membrane
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Figure 5.8 Total histologic score following the OARSI score system that was obtained in

articular cartilage and synovial fluid in normal tissue (T0) and after stimulation with IL-1.
*Denotes significant difference between time 0 and stimulation with IL-f groups at different

time points, p < 0.05.
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Discussion

This study was performed to evaluate GAG concentration (matrix destruction), cellular
viability, changes in gene expression, and histologic scores of tissue explants during long-term
co-culture of equine articular cartilage and synovial membrane following stimulation of IL-1p,
and compare differences in theses parameters after culture with SF or ES supplemented media.
Inflammation was induced within the system resulting in an upregulation of inflammatory
mediators and histologic changes within stimulated tissues compared to unstimulated controls.
Slight differences were observed between treatment groups. The addition of ES did not improve
cellular viability compared to the SF group up to 9 days of culture. Aggrecanases and TNF-a
have an active role in the perpetuation of the OA inflammatory cascade and cartilage destruction,
and the downregulation of these mediators and enzymes produced by the supplementation of
10% ES, could affect the establishment of OA in vitro. In addition, upregulation of aggrecan in
the ES group represents an attempt of the tissue to enhance endogenous turnover (repair). This
did not occur in the SF group. Release of GAG into the culture media was greater in the SF
compared to the ES group on day 3 of culture. GAGs are release into the culture media due to
destruction of the cartilage’s extracellular matrix. The hypothesis was that the addition of equine
serum would not improve cellular viability, but it would downregulate expression of
inflammatory cytokines and decreasing GAG release from the cartilage extracellular matrix.
According to the result of the study, ES did not reduce the cellular death and may dampen the
inflammatory generating and matrix-destructive effects of IL-1p compared to SF media in
synovial membrane and articular cartilage co-cultures.

OA has been extensively studied using animal explants in vitro. Explant-based models of

cytokine stimulation allow one to study the cellular response simply and in a straightforward

142



fashion, maintaining the cells in their natural extracellular habitat.'* In particular, the use of
synovial membrane and articular cartilage co-culture systems include the cross-talk between
these two tissues, better emulating the inflammatory cascade in vivo, given the synovial
membrane is the primary source of inflammatory cytokines.**%5%° Animal tissue generally can
be maintained in culture under well-established conditions in incubators, where the temperature
is typically kept at 37°C with a controlled humidified gas mixture of 5% CO2 and 95% Oz. To
achieve good experimental reproducibility, the composition of the cell culture medium is
essential. Serum provides several growth factors and hormones involved in growth promotion
and specialized cell function.>*® Previous studies have found differences between cell cultures
depends on media used. Schwarz et al. reported enhancing canine and equine MSC proliferation
when using FBS instead of free-serum media.’*® Also, the culture of bronchial epithelial
fibroblasts in the absence of serum led to decreased cell proliferation and attachment compared
to FBS or ES media, and cells maintained their fibroblast morphology better in FBS than ES.*¢!
However, it is unknown if the addition of serum could change the cellular response when
stimulating OA using cytokines such as IL-1p.

Orthobiologic therapies such as platelet-rich plasma, autologous conditioned serum or
autologous protein solution have a high concentration of growth factors and
cytokines/chemokines.’>* A recent study has shown that the addition of autologous conditioned
serum to the culture of human MSCs enhanced their chondrogenic differentiation and increased
the immunomodulatory properties of the MSCs, suggesting that coadministration of MSCs and
autologous conditioned serum could have beneficial effects on the therapeutic potential of
MSCs. Equine serum used for tissue culture possesses nutrients, growth factors and cytokines

similar to orthobiologic products. Therefore, determining the specific cellular changes produced
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by orthobiologic therapies in vitro could be more challenging or impossible when supplementing
the culture media with equine serum. Orthobiologics have been shown to possess limited
disease-modifying properties in the literature and it is crucial to use the best in vitro models
available to further understand their benefits and cellular mechanism.

Stimulation with IL-1f triggers an inflammatory response in chondrocytes and
synoviocytes, upregulating the expression and production of pro-inflammatory cytokines such as
IL-1B, TNF-a, MMP-3, MMP-13, and PGE2, as shown in previous equine OA
research. 106119196414 Iy oyr study, stimulation with IL-1pB upregulated expression of IL-1p, IL-6,
IL-8, MMP-3 and MMP-13 in synovial membrane, but expression of TNF-o was only one that
was significantly upregulated at 9 days of culture, observing also significant differences between

SF and ES groups. Considering that the primary production of TNF-a has been attributed to the

synovial membrane,?” differences found between culture media could have a significant biologic
impact in the study of OA in vitro. Similarly, differences found in the expression of ADAMTS-4

101,102 could

and 5, the main catabolic enzymes responsible for aggrecan cleavage in OA disease,
potentially change the course of OA development According to our results, this seems to be more
critical after 9 days of culture.

Proteoglycans constitute an essential part of the extracellular matrix of articular cartilage,
which can resist mechanical loading. The main proteoglycan in articular cartilage is aggrecan,
accounting for around 85% of all proteoglycans.’®* The gradual upregulation in the aggrecan
expression observed in the ES group during the duration of the study could be interpreted as an

attempt by the articular cartilage to repair itself from the damage brought on by IL-1f, with the

addition of 10% ES favoring the repair compared to SF media.
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LDH quantification is utilized as a nonspecific marker of cytotoxicity and cellular death.
LDH activity increased after longer culture times in both groups, suggesting cellular death after
longer culture times with IL-1pB, which is not unexpected. Cellular viability was not affected by
the lack of serum supplementation. A study found that human chondrocytes establish protective
mechanisms against reactive oxygen species via interaction with synoviocytes detecting lower
LDH concentration in co-cultures than chondrocytes cultured in monoculture.® It is unknown if
the co-culture system could produce a cellular protective effect or how supplementation with
serum could affect the equine synovial membrane or articular cartilage explants individually, and
further research is needed.

As GAG:s are released from the extracellular matrix during cartilage catabolism, higher
GAG concentrations are expected with more moderate to severe cartilage damage.>®* In a
previous study, stimulation with IL-1B did not produce an increased concentration of GAG in
media compared to the unstimulated group.'" It is unknown if the increased GAG concentration
in the SF group on day 3 in our study is related to the IL-1B or peripheral cellular death in the
explants that occurs after harvesting, but it seems that ES media could protect the cartilage
matrix at this time better than SF media.

This study had several limitations. The low (n=5) number of horses included in the study
could have hidden small differences among groups. This study primarily focuses on the
modification of gene expression within explants. Ideally, changes in protein expression would be
correlated with protein concentration in the media to validate the importance of changes in gene
expression observed. An unstimulated group should have been included to evaluate the changes
in GAG and LDH in cultures without IL-18 stimulation. In our study, IL-1P was the only

cytokine used to produce an inflammatory response, while other in vitro studies have used a
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combination of IL-1B and TNF-0..!®2%7 This could produce a different inflammatory response
and account for differences in observed results.

In conclusion, chondroprotective effects were observed with the addition of 10% ES to
culture media compared to SF media, although cellular viability was maintained equally in both
conditions. This could play an important role when studying orthobiologic therapies in vitro. In
particular, blood-derived products such as platelet-rich plasma, autologous conditioned serum, or
autologous protein serum contain an increased concentration of growth factors and anti-
inflammatory cytokines,’** similar compositional characteristics of equine serum used to
supplement culture media. Therefore, ES in the culture media could confound the study of the
cellular response to blood-derived products in in vitro models of OA. According to our results,
SF media was able to maintain proper tissue viability as the ES group and did not downregulate
the gene expression of pro-inflammatory cytokines or aggrecanases as ES did, possibly
establishing a stronger inflammatory state and OA stimulation in a long-term co-culture system.
Use of SF media to study OA may produce a harsher inflammatory response and more effective
OA establishment in vitro. Beside SF did not provide addition of growth factors and cytokines as

ES could and it would avoid interferences with the study orthobiologic therapies
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Abstract

Autologous conditioned serum (ACS) and autologous protein solution (APS) are newer
therapeutic options for osteoarthritis (OA). Co-culture of cartilage and synovium stimulated with
IL-1pB produces a similar physiologic response to tissues from naturally-occurring OA. The study
objective was to investigate the effects of ACS, APS, and triamcinolone (TA) on inflammatory
and catabolic gene expression of inflamed joint tissues in co-culture. Blood was collected and
processed for ACS and APS from six horses. Cartilage and synovial explants were harvested
from the stifle, placed in co-culture, and treated as: (1) unstimulated control (2) stimulated
control (3) ACS at 25% v/v (4) ACS at 50% v/v (5) APS at 25% v/v (6) APS at 50% v/v, (7) TA
(10 M). Treatment groups 2-7 were stimulated with IL-1B (10 ng/ml). Cultures were maintained
for 96 hours, and then both media and explants were harvested for measurement of gene
expression and protein. IL-1 stimulation significantly increased IL-1B (p = 0.029), IL-8 (p =
0.011) and MMP-3 (p = 0.043) expression in synovium and IL-1p (p = 0.003) and TNF-a (p =
0.001) expression in cartilage. Treatment with 50% ACS and APS v/v downregulated IL-1(
expression in cartilage more than TA treatment (p = 0.001 and p =0.0004) and APS
downregulated MMP-1 expression in synovial membrane (p = 0.025). Treatment with ACS and
APS caused a trend in upregulation of IL-10 expression in synovium and type II collagen and
aggrecan expression in cartilage. PGE2 media concentrations were significantly reduced
following treatment with APS (13.7-fold decrease, p = 0.0001) and ACS (4.13-fold decrease, p =
0.024); while TA did not reduce PGE: significantly (2.3-fold decreased p= 0.406). As disease-
modifying therapies, ACS and APS modified the cellular response from synovial membrane and
articular cartilage. ACS and APS may offer an improved strategy to improve clinical signs of

horses with naturally occurring OA, compared to TA treatment.
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Introduction

Lameness due to osteoarthritis (OA) is a leading cause of reduced or lost performance in
horses, placing a significant economic hardship on the equine industry.!'*® OA not only affects
equine athletes, it has been shown to affect more than 80% of the equine geriatric population. '’
Currently, the mainstay of intra-articular OA therapy is modifying the symptoms of disease
through temporary reduction of inflammation via administration of corticosteroids with or
without viscosupplementation.?!!

The most commonly used corticosteroid by equine practitioners in high-motion joints is
triamcinolone acetonide (TA).>!! TA has been shown to be chondroprotective in in vitro
studies, 2333365 however, there is still concern about the effects of repeated, long term use of TA
and other corticosteroids on cartilage. Therefore, intra-articular biologics may be preferred over
corticosteroids when cost is not an issue or horses have become nonresponsive to corticosteroid
treatment.’!! Several blood-derived orthobiologic products targeted at disease modification, such
as autologous conditioned serum (ACS) and autologous protein solution (APS), are expanding
the therapeutic options for clinicians treating horses with joint-related injury. Both products are
obtained from the patient’s blood and administered directly into the affected joint(s) for the
treatment of OA. The cellular and protein profile of ACS and APS have been characterized
independently in several studies.*”**%42 Currently, only one study has compared the anti-
inflammatory cytokine and growth factor concentration in ACS and APS collected from the
same horse, finding APS had higher concentrations of TGF-p.!®

Previous publications have demonstrated clinical improvement in lameness of horses
treated with ACS or APS,**-3¢ however, there is still little information of how they affect the

cellular response in OA joints compared to corticosteroids. Synovial and cartilage explants
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cultured together have physiologic responses that closely resemble OA tissues in situ.!!*2%7

Comparing the effect of TA to orthobiologic products (ACS and APS) using a co-culture model
may provide a better understanding of their effect in clinical cases.

The study objectives were: (1) To compare the cellular composition and concentration of
important cytokines and growth factors within ACS and APS from the same individual horse,
and (2) to investigate the effects of ACS, APS, and TA on inflammatory and catabolic gene
expression in an IL-1f stimulated cartilage and synovial membrane co-culture model of OA. Our
hypotheses were: 1) ACS and APS obtained from the same horses will have a different cellular
and cytokine profile, 2) IL-1p would produce an inflammatory response in the co-cultured
articular cartilage and synovial tissue, 3)TA would reduce expression and production of
inflammatory proteins more effectively than orthobiologics (ACS and APS), but orthobiologics
would protect matrix gene expression more effectively than TA. Gaining a better understanding
of how these therapies work may help veterinarians make informed decisions on the use of these

products to treat joint disease in horses.

Materials and Methods

Subjects

This study was performed in accordance with Institutional and NIH guidelines for the
Care and Use of Laboratory Animals, and the study was approved by the Institutional Animal
Care and Use Committee (IACUC) at Auburn University. Six adult American Quarter horses (1
mare and 5 geldings, aged 14.6 = 4.99 years) free of systemic disease and euthanized for reasons

unrelated to the study were used. Horses with history of lameness related to the stifle and/or

150



stifle effusion were excluded from the study. Horses were deemed systemically healthy by

physical examination and complete blood count.

Orthobiologic products preparation

Blood was collected aseptically and processed according to the manufacturer’s
instructions to produce ACS (Orthokine®; Overland Park, KS), and APS (Pro-Stride®; Owl
Manor, Warsaw IN).

For ACS, 60 mL of blood was aseptically collected from the jugular vein twenty-four
hours prior to euthanasia into an ACS syringe containing CrSOs-treated glass beads from the
jugular vein. Blood was incubated at 37°C for 24 hours then centrifuged at 3,000 RCF for 10 min
and serum collected. A 3 mL aliquot of ACS was kept at 4°C after processing until use with

culture media.

For APS, 104 mL of blood was aseptically collected into two syringes (52 mL of blood in
each syringe) containing acid citrate dextrose (ACD-A) (Citra Labs, Baintree, MA) (8 mL in
each syringe). Following collection, the blood was transferred to the APS separator and
centrifuged (Owl Manor centrifuge, Owl Manor, Warsaw IN) at 3,200 RPM for 15 min. Platelet-
poor plasma was removed, and the platelet-rich cell solution was transferred to the APS
concentrator containing polyacrylamide beads and centrifuged at 2,000 RPM for 2 min. The
volume obtained from one of the kits (3 mL) was kept at 4°C until use with culture media. The
remaining product for both ACS and APS was aliquoted, snap-frozen, and stored at -80°C for

further analysis.
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Cellular, cytokine, and growth factor analysis of ACS and APS

The concentration of white blood cells (WBCs), red blood cells (RBCs), and platelet
(PLT) counts were measured in blood as well as ACS and APS by hematologic analyzer
(ADVIA® 120 Hematology System, Siemens). ELISA analysis was performed using
commercially available kits (R&D Systems, Minneapolis, MN), previously validated in horses,
for growth factor (TGF-f), anti-inflammatory (IL-1rap, and sTNF-R1), and pro-inflammatory
(IL-1B, TNF-a, and MMP-3) cytokines.?3”-371:367:368 Standards provided for the ELISA were used
to prepare a standard curve following manufacturer’s instructions. Samples were not diluted to
measure IL-B and IL-1rap, while they were diluted at 1:40 to measure TGF-f, 1:4 to measured
TNF-a and sTNF-R, and 1:10 to measure MMP-3. Cytokine measurements were performed in

triplicate.

Synovial membrane and tissue harvesting

Following euthanasia, synovial membrane and articular cartilage were aseptically
harvested from the femoropatellar and femorotibial joints. Tissues from horses with gross signs
of osteoarthritis including cartilage erosion, score lines, discoloration, or fibrillation>** were not
used. Also, the synovial membrane was evaluated for gross signs of synovitis such as hyperemia,
hypertrophy or fibrosis, and horses showing any of these changes were not included in the study.
A 4 mm diameter disposable biopsy punch (Integra, Saint Priest, France) was used to obtain the
cartilage and synovial membrane explants. Twenty-eight cartilage explants were obtained from
the medial and lateral femoral condyles of each horse. The synovial membrane was dissected

from the fibrous joint capsule, and 36 explants were obtained.
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Co-culture

A co-culture was created by adding a hanging insert (WVR, Radnor, PA) containing 2
cartilage explants overtop of 3 synovial membrane explants in a 12-well culture plate. This ratio
was calculated based on the ratios described for humans and mice, where synovial tissue has
been shown to be 1.3x more plentiful than the articular cartilage surface in the synovial
environment.>>* For each treatment group, co-cultures were plated in duplicate. Cultures were
maintained for 2 hours under standard culture conditions with Dulbecco’s Modified Eagle
Medium (high glucose, 4500 mg/L) with L-glutamine and sodium bicarbonate, free of sodium
pyruvate (BioWhittaker; Lonza, Basel, Switzerland), supplemented with streptomycin (100
ug/ml) and penicillin (100 pg/mL) with 10% equine serum to allow tissue acclimatization. This
short acclimatization was chosen so that the orthobiologics were not subject to cryopreservation
prior to treatment. Incubation was maintained at 37°C and 5% CO2 room air incubator, in culture
media as defined above. After 2 hours, culture media was removed, tissues were rinsed with
phosphate-buffered saline, and replaced in co-culture. Media was added to the culture according
to the following conditions: (1) unstimulated control, (2) stimulated control, (3) ACS at 25% v/v
(4) ACS at 50% v/v, (5) APS at 25% v/v, (6) APS at 50% v/v, (7) TA (10 M) (Richardson and
Dodge, 2003). Groups 2-7 were stimulated with interleukin-1p (10 ng/ml) (R&D Systems,
Minneapolis, MN). Cultures were maintained at 37°C with 5% CO: for 96 hours. At study
termination, media was snap-frozen and stored at -80°C for later analysis. Cartilage and synovial
explants were removed from the culture, rinsed in phosphate-buffered saline, snap-frozen in

liquid nitrogen, and stored at -80°C.
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PGE; concentrations in culture media

A commercially available ELISA assay for PGE2 (R&D Systems, Minneapolis, MN) was
used to measure PGE2 concentration in culture media according to manufacturer’s instructions.
This colorimetric assay was not equine-specific; however, it has been previously referenced and
validated for cross-reactivity in equine samples.'?>237-2>! Standards provided for the ELISA were
used to prepare a standard curve following manufacturer’s instructions. Media samples were

diluted at 1:30, and PGE2 measurements performed in triplicate.

Gene expression in cartilage and synovial membrane

Frozen cartilage samples were added to TRIzol reagent (Invitrogen, Carlsbad, CA) then
pulverized with a tissue homogenizer (Polytron, Thomas Scientific, Swedesboro, NJ). Synovial
membrane samples were homogenized in TRIzol using a bead homogenizer (TissueLysser LT,
Qiagen, Germantown, MD) for 20 min. To isolate RNA, a chloroform extraction protocol was
performed. Briefly, 200 ul of chloroform were added to the samples, mixed vigorously, and
incubated at room temperature for 10 min. The mix was centrifuged at 17,000 RCF for 15 min at
4°C. The supernatant was saved (approximately 500 ul), while the remaining pellet was
discarded. Equal parts of isopropanol were added and incubated at -20°C for 15 min followed by
a centrifugation at 17,000 RCF for 20 minutes. The supernatant was decanted, and 1 mL of 75%
cold ethanol was added and spun at same speed for 10 min. The supernatant was decanted again,
and once the ethanol was completely evaporated; the pellet was re-suspended on 40 pl of
nuclease free water. Nucleic acid concentrations were determined using a spectrophotometer at
260/280 nm (DeNovix, Wilmington, DE). RNA was stored at -80°C until gPCR analysis. RNA

was reverse transcribed to cDNA using iScript™ gDNA Clear cDNA Synthesis Kit (Bio-Rad,

154


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/supernatant

Hercules, California). Relative gene expression of IL-18, MMP-1, MMP-3, MMP-13,
IL-6, IL-8, IL-10, and ADAMTS-4 (in synovial membrane) and type II collagen (COL2A1),
aggrecan (ACAN), TNF-a, IL-1B, and ADAMTS-4 (in articular cartilage) was calculated. All
primers were derived from the Equus caballus genome (GenBank) and designed using the NCBI-
Primer-BLAST (Table 6.1).

Primer efficiencies were determined using 2-fold dilutions of cDNA and efficiencies
calculated for all the primers ranged between 94-102.5%. All the qPCR experiments were
performed in triplicate using SYBR Green Master Mix (PerfeCTa SYBR Green FastMix,
Quantabio, Beverly, Massachusetts). The thermocycler (CFX 96 Thermocycler Bio-Rad
Hercules, California) was heated at 95°C for 15 min, followed by 40 cycles of 94°C for 15 s,
55°C for 30 s, and 70°C for 30s, followed by a melting curve analysis. The relative gene
expression was calculated by the comparative threshold cycle method (AACt method). Reference
genes used were 18s and SCAMP3 for synovial membrane and GAPDH and SCAMP3 for
articular cartilage. These genes were selected by evaluating the stability of various reference
genes with equine tissue (18-S, f2M, GAPDH, SDHA, HPRT1, SCAMP-3, and B-actin). AACt
values for all these genes were calculated under different stimulatory conditions in the 6 horses
and the two genes for each tissue with the least amount of change in gene expression were
chosen.>® Differences in gene expression were determined as fold change of relative gene
expression of the control tissues compared to the IL-10 stimulation group and IL-1 stimulation

group compared to treatment groups.
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Table 6.1. Equine primer sequences used for gene expression analyses.

Primer sequence

18 small Forward 5'- GCCGCTAGAGGTGAAATTCT-3'
ribonucleic acid (18S)

Reverse 5'- TCGGAACTACGACGGTATCT-3’
Secretory Carrier Membrane Forward 5-CTGTGCTGGGAATTGTGATG-3’
Protein 3 (SCAMP 3)

Reverse 5’-ATTCTTGCTGGGCCTTCTG-3’
Glyceraldehyde 3-phosphate Forward 5’-TGTCATCAACGGAAAGGC-3’
dehydrogenase (GAPDH)

Reverse 5’-GCATCAGCAGAAGGAGCA-3’
Interleukin-1 B (IL-1B) Forward 5’-GCGGCAATGAGAATGACCTG-3’

Reverse 5’-AGCCACAATGATTGACACGA-3’
Interleukin-6 (IL-6) Forward 5’-AACAGCAAGGAGGTACTGGCA-3’

Reverse 5’-CAGGTCTCCTGATTGAACCCA-3’
Interleukin-8 (IL-8) Forward 5’-AGGGACAGCAGAGACAGAGACACAAG-3’

Reverse 5’-TACAACCGCAGCTTCACACA-3’
Interleukin-10 (IL-10) Forward 5’-GCCTTGTCGGAGATGATCCA-3’

Reverse 5’-TTTTCCCCCAGGGAGTTCAC-3’
Matrix Forward 5-GGTGAAGGAAGGTCAAGTTCTGAT-3’
metalloproteinase (MMP-1)

Reverse 5’-AGTCTTCTACTTTGGAAAAGAGCTTCTC-3’
Matrix Forward 5’-GGCAACGTAGAGCTGAGTAAAGCC-3’
metalloproteinase 3 (MMP- 3)

Reverse 5’-CAACGGATAGGCTGAGCACGC-3’
Matrix Forward 5’-GTCCCTGATGTGGGTGAATAC-3’
metalloproteinase 13 (MMP-13)

Reverse 5’-ACATCAGACAAACTTTGAAGG-3’
Tumor necrosis factor (TNF-a) Forward 5’-AAAGGACATCATGAGCACTGAAAG-3’

Reverse 5’-GGGCCCCCTGCCTCCT-3’
ADAM metallopeptidase with Forward 5’-GCTGTGCTATTGTGGAGGATGATGG-3’
thrombospondin type 1 motif 4
(ADAMTS-4) Reverse 5’-CCAGGGAAAGTCACAGGCAGATG-3’
Aggrecan (ACAN) Forward 5’-CCTTGACTCCAGTGGTCTTATC-3’

Reverse 5’GTCGTGGACCACCTAATTCTATC-3'
Type Il collagen (COL2) Forward 5’-GCCCGTCTGCTTCTTGTAATA-3’

Reverse 5’-CGTGACTGGGATTGGAAAGT-3’
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Statistical analysis

All gene expression data were naturally log-transformed prior to analysis to equalize
variances. Linear mixed models were used to analyze cytokine, growth factor, and cellular
concentrations as well as gene expression. The full model for each concentration or gene
expression variable included a fixed factor for condition and a random estimate for each horse.
The random intercept for each horse accounted for within horse correlation. Model residuals
were examined to evaluate the assumption of normality. Multiple comparisons were adjusted
and analyzed using Tukey’s test. Satterthwaite degrees of freedom method and restricted
maximum likelihood (REML) estimation were used to evaluate significance. A Pearson
correlation test was performed to evaluate the correlation between the cellular composition and
cellular proteins. All analyses were performed using SAS V 9.4 (Cary, NC). Significance was

set at p < 0.05.

Results

Cellular, cytokine, and growth factor analysis of ACS and APS

The cellular composition of peripheral blood, ACS and APS varied significantly between
products (Table 6.2). ACS had significantly lower RBC (p =0.001), and lower, but no
significantly lower WBC and PLT counts compared to blood (p = 0.2803 and p = 0.140). APS
had significantly greater WBCs (p < 0.001) and PLTs (p = 0.001), but lower RBCs (p <0.001)
compared to peripheral blood. APS had significantly greater WBCs (p < 0.001), RBCs (p =

0.0214) and PLTs (p < 0.001) compared to ACS.
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Table 6.2. Summary of the cellular components of ACS and APS

Cellular Blood ACS ACS:Blood ratio APS ACS:Blood
component ratio

WBC count 7.57 £1.01 0.06 £ 0.04 0.008 35.37 £ 14.16 *# | 4.9
(x10%/ml)

Platelet count 182.67 +£56.53 | 4.5+ 1.87 0.02 647.5 + 257.65 35
(x10%/ml) *#

RBC count 8.44 +0.83 0.01 £0.01 * | 0.001 0.9 +£0.29 *# 0.1
(x10%/ml)

* Significant p < 0.005 difference from blood values # Significant P< 0.005 difference from ACS

Few differences in cytokines and growth factors were observed between ACS and

APS (Figure 6.1). Variability between horses in cytokines and growth factor concentrations was

observed, but this variability between horses was only significantly different for TNFa (p =

0.001). No significant differences in concentrations of IL-13, TNFa, MMP-3, and IL-1rap

between products were observed. However, TGF-f (p = 0.009) and sTNF-R1 (p = 0.010) were

significantly increased in ACS compared to APS. When the ratio of IL-1rap: IL-1p ratio was

evaluated for each individual horse, ACS (113.31 + 78.98) had a higher ratio compared to APS

(48.22 + 78.98), but this difference was not significant (p = 0.401). Positive and negative

correlations between cytokines and cellular components were found (Table 6.3).
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Table 6.3. Summary of the significant correlations between cytokines, growth factor and cellular

components.
Cellular, cytokine, and growth Pearson’s correlation coefficient P- value
factor components correlation
IL-1p and MMP-3 0.5088 p=0.0311
IL-1p and TGF-p 0.7018 p=0.0110
WBC and TGF-§ -0.6186 p=0.0320
PLTs and TGFp -0.6861 p=0.0138
PLTs and sTNF-1R -0.6573 p=0.0202
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Figure 6.1. ACS and APS concentrations of (A) IL-1B (pg/ml), (B) IL-1rap (pg/ml), (C) IL-1rap:
IL-1B ratio, (D) TNF-a (pg/ml), (E) sTNF-R1 (pg/ml), (F)TGF-B (pg/ml), and (G) MMP-3
(pg/ml). The boxplots represent the interquartile range (IQR) of n = 6. The black lines represent
the median values, the crosses represent the mean, and the whiskers represent the values outside

the IQR. *Denotes significant difference between ACS and APS, p < 0.05.
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PGE; concentrations in co-culture media

All treatments reduced PGE:2 concentrations in the co-culture media compared to stimulated
controls (Figure 6.2). PGE2 concentration increased 4.7-fold (p = 0.028) after stimulation with
IL-1B. PGE:2 concentration was reduced but not significantly changed after TA treatment (p =
0.111), while media with ACS at 25% v/v and 50% v/v, decreased PGE: concentration by 4.13-
fold (p = 0.037 and p = 0.038 respectively). APS caused a dose dependent reduction in PGE2
concentrations following IL-1f stimulation, with a 7.7-fold reduction in PGE2 at 25% v/v (p =
0.019), and a 13.8-fold reduction in PGE2 at 50% v/v (p = 0.016). In summary, APS 50% v/v
was the most effective, while TA was the least effective at reducing PGE:.
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Figure 6.2. PGE2 concentrations in the co-culture media 96 hours after treatment. The boxplots
represent the interquartile range (IQR) of n = 6. The black lines represent the median values, the
crosses represent the mean, and the whiskers represent the values outside the IQR. Different

letters denote significant differences between groups, p < 0.05.
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Gene expression

Gene expression was assessed in synovial membrane and articular cartilage after 96 hours
of co-culture. Stimulation with IL-1p upregulated IL-1B (p = 0.029), IL-8 (p =0.011), and MMP-
3 (p = 0.043) in synovial membrane and IL-1B (p = 0.003) and TNF-a (p = 0.005) in articular

cartilage compared to the control groups (Figure 6.3).
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Figure 6.3. Fold change in relative gene expression comparing unstimulated tissues versus
tissues stimulated with IL-1b in (A) synovial membrane tissue (B) articular cartilage tissue. The
boxplots represent the interquartile range (IQR) of n = 6. The black lines represent the median
values, the crosses represent the mean, and the whiskers represent the values outside the IQR.

*Denotes significant difference between control group and stimulated IL-1b group gene

expression, p < 0.05.
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In synovial membrane, TA was the only treatment that reduced IL-1 expression
significantly (p = 0.011) and trended to reduce the expression of IL-6 (p = 0.402) more
effectively than ACS (p = 0.780) or APS (p = 0.601). APS at 50% v/v significantly reduced
expression of the matrix degrading enzyme MMP-1 (p = 0.025), and showed a trend to reduce
MMP-3 (p = 0.275), MMP-13 (p = 0.140), and ADAMTS-4 (p = 0.158) expression. Treatment
with ACS and APS showed a trend to upregulate IL-10 gene expression more effectively than
TA (p = 0.670 and p = 0.452 respectively), but did not downregulate IL-6 as effectively as TA (p
=0.402) (Figure 6.4).

In articular cartilage, ACS and APS treatments caused significant downregulation of IL-
1B expression (p = 0.001), with10-fold greater downregulation than TA (p = 0.002) compared to
the stimulated control group. In addition, treatment with 50% v/v ACS and APS downregulated
TNF-a gene expression (p = 0.014 and p = 0.002, respectively). ACS and APS showed a trend
toward upregulation of ACAN (p = 0.549 and p = 0.529 respectively) and COL2A1 (p = 0.678
and p = 0.526 respectively). Treatment with ACS and APS trended toward upregulation of
ADAMTS-4 expression (p = 0.309 and p = 0.315 respectively). A dose-effect was observed
with ACS and APS treatment, with 50% v/v treatment producing greater effect on the expression

of TNF-a, ADAMTS-4, COL2A1 and ACAN versus 25% v/v (Figure 6.5).
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Figure 6.4. Fold change in relative gene expression comparing IL-1b stimulated synovial membrane with IL-1b stimulated tissue

treated with triamcinolone (TA), autologous conditioned serum (ACS) and autologous protein solution (APS) of (A) TNF-a, (B) IL-

1b, (C) IL-8, (D) IL-6, (E) IL-10, (F) MMP-1, (G) MMP-3, (H) MMP-13, and (I) ADAMTS-4. The boxplots represent the

interquartile range (IQR) of n = 6. The black lines represent the median values, the crosses represent the mean, and the whiskers

represent the values outside the IQR. *Denotes significant difference between stimulation IL-1b group and treatment, p < 0.05.
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Figure 6.5. Fold change in relative gene expression comparing IL-1b stimulated articular

cartilage with IL-1b stimulated tissue treated with triamcinolone (TA), autologous conditioned

serum (ACS) and autologous protein solution (APS) of (A) TNF-a, (B) IL-1b, (C) ADAMTS-4,

(D) COL2AL1, and (E) Aggrecan. The boxplots represent the interquartile range (IQR) of n = 6.

The black lines represent the median values, the cross represents the mean, and the whiskers

represent the values outside the IQR. *Denotes significant difference between stimulation IL-1b

group and treatment, p < 0.05.
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Discussion

This is the first study comparing corticosteroids to orthobiologic therapies in an equine in
vitro co-culture model of OA. As we hypothesized, TA was more efficient at downregulating IL-
1B expression in the synovial membrane. Although not significant, ACS and APS produced an
upregulation of important matrix proteins, COL2A1 and ACAN, and downregulation of
inflammatory genes, IL-1 and TNF-a in articular cartilage, changes that might offer protection
of the articular cartilage. ACS and APS also modified the inflammatory response by increasing
the gene expression of the anti-inflammatory cytokine IL-10 and decreasing the concentration of
PGE-2. Additionally, APS downregulated the expression of MMP-1 in synovial membrane, which
is one of the main collagenases produced primarily by the synovial cells.”®

Orthobiologic treatments, ACS and APS, aim to modify the inflammatory cascade to
reduce cartilage destruction and improve endogenous repair mechanisms in OA. ACS has been
shown to have disease-modifying properties in human and equine studies producing an
improvement in clinical signs and modification of the cellular response.?¥7#14:415:5% Recently, an
in vivo study found that treatment of ACS produced a disease-modifying effect decreasing
cartilage biomarkers in horses with advanced OA.**® Clinically, a single injection of APS
improved pain scores up to one year and reduced osteophyte formation in people.**%>7%37! [n
horses and dogs, APS has improved pain scores and reduced lameness up to one year after
treatment.*?°>"2 In vitro, limited anti-inflammatory effects have been observed following
treatment of articular cells and/or tissues with APS,38:196:433

ACS and APS differ in their processing methods, targeting different blood components
for the concentration of cells, platelets, and proteins. The current study identified significant

differences in cellular composition between ACS and APS, but few significant differences in
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measured cytokines and growth factors were identified. APS had higher WBCs compared to
ACS and blood. The WBC, RBC, and PLT concentration of APS compared to blood has been
previously reported in the horse.*? The results of our study showed a smaller increase in WBCs
(12.1 vs. 4.9-fold increase) and a greater increase in PLTs (1.6 vs. 3.5-fold increase) compared to
what has been reported by Bertone et al., most likely due to individual variations in physiologic
status. In our study, ACS produced a significantly higher concentration of STNF-R1 (p = 0.009)
and TGF-B (p = 0.024), compared to APS, while another publication found that APS produced a
higher concentration of TGF-B compared to ACS.'*® Significant differences in cytokine
concentration using different commercial kits under different physiologic conditions from the

same horse has been reported with ACS,>7-3%

which could explain differences between studies.

Co-culture of IL-1p stimulated cartilage and synovium has been shown to produce tissue
related changes that resemble changes in tissues from joints with natural, ongoing OA compared
to monoculture of synovial cells and/or tissues.''*?*” The effects of ACS and APS have been
previously studied in IL-1p stimulated chondrocytes, where APS resulted in an increased
concentration of chondroprotective cytokines (IL-1rap and IL-10) compared to ACS treatment.
However, in that study, orthobiologics were not compared to the standard articular treatment,
corticosteroids. !

Stimulation with IL-1 produced an inflammatory response, upregulating expression of
IL-1B, TNF-a, IL-8 and MMP-3 in synovial membrane and IL-1B and TNF-a in articular
cartilage as shown in other studies.!%!1%196414 [n our study, TA significantly downregulated IL-
1B expression in synovial membrane and articular cartilage, as well as a trend to downregulate

IL-6 in synovial membrane but did not reduce expression of other inflammatory genes such as

TNFa and IL-8. ACS and APS downregulated the expression of IL-1B and TNF-a in articular
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cartilage and showed a trend to upregulate COL2A1 and ACAN more effectively than TA.
Additionally, APS produced a downregulation of MMP-1 and a trend for downregulation of
matrix degrading enzymes in synovial membrane. Elevated MMP-1 expression has been
measured in horses with OA,>” and downregulation of this protein is essential to slow down the
progress of OA disease.’” The effect on the matrix gene expression of ACS and APS has not
been evaluated previously. However, other disease-modifying effects have been reported. APS
inhibited IL-1a and TNFa stimulated matrix degradation of bovine articular cartilage explants
compared to direct recombinant antagonists (IL-1rap and sTNF-R1)**3 and downregulated MMP-
13 in human chondrocytes stimulated with IL-1p and TNF-0..®® In our study, both ACS and APS
produced a trend to upregulate ADAMST-4 in articular cartilage, but not in synovial membrane.
ADAMST-4 participates in aggrecan cleavage.’”>>"” However other publications have found that
ADAMTS-5 could have more significant effects on articular degradation.’’®>” Cartilage and
meniscal explants cultured with double spin platelet-rich plasma (PRP) showed an upregulation
of ADAMTS-4 compared to single spin PRP, suggesting that high platelet concentrations in PRP
may produce a pro-inflammatory environment for cartilage.>®® In our study, ACS and APS both
produced a similar trend to upregulate ADAMTS-4 expression in cartilage and downregulate it
in the synovial membrane, despite the differences in platelet concentration. It is possible that
cross-talk between tissues is occurring and changes in expression of this protein does not happen
within these two tissues at the same time. No studies have evaluated the effect of orthobiologics
on ADAMST-4 and 5 expression in long-term synovial tissue culture, further investigation in
this direction is warranted.

PGE: is one of the primary pro-inflammatory mediators that promote catabolic

destruction of articular cartilage as well as promotion of joint pain.®* Our study showed that APS
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reduced the production of PGE2 in IL-1p stimulated tissues by 13-fold compared to the
stimulated control group, while TA only reduced PGE2 by 2.3-fold compared to the stimulated
control group. In vitro, IL-1p stimulates PGE2 production,'!®!" decreasing the expression of IL-
1B could lead to decreased concentration of IL-1f induced PGE2 production. Additionally, IL-
10 is considered to be an essential anti-inflammatory cytokine participating in the
downregulation of PGE2."37-1* Linardi et al. evaluated the effects of APS treatment on equine
chondrocytes demonstrating enhanced IL-10, IL-1rap, and IL-6 production compared to ACS in
a standard chondrocyte culture.!”® An association between a low PGE2 concentration in culture
media with upregulation of IL-10 gene expression was observed in ACS and APS. This
correlation leads us to hypothesize that IL-10 upregulation produced by ACS and APS will
produce a decreased production of PGE2. In humans, PGE2 has been shown to sensitize
nociceptor neurons.>®! Therefore, downregulation of this protein may explain the clinical
improvement in observed lameness in horses treated with ACS or APS,37:408:429.582

This study was limited by its ex vivo model as well as the inherent biologic variation in
tissues and their response between horses. Variability between horses in inflammatory and anti-
inflammatory mediators (cytokines and growth factors) was identified in ACS and APS, which
led to unstandardized treatment between horses. However, this study was designed to reflect the
clinical situation in which a horse’s blood would be processed and used to treat their own joint,
leading to a variable clinical response based on the composition of the biologic and degree of
tissue pathology. The short-term model could be a disadvantage to fully understand how the
cellular response to orthobiologic products changes with time. In humans, better clinical
outcomes following treatment with APS have been observed 6-months post-treatment compared

to 3 months post-treatment in patients with knee OA.**® Therefore, a short-term model may not
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fully explain the extent of modification that occurs with these products on the cellular and tissue
response over time. This study primarily focuses on modification of gene expression produced.
Ideally, changes in protein expression would be correlated with protein concentration in the
media to validate the importance of changes in gene expression observed. In our study, IL-1f3
was the only cytokine used to produce an inflammatory response, while other in vitro studies
have used a combination of IL-1B and TNF-a.!°%?7 This could produce a different inflammatory
response and account for differences in observed results.

In summary, TA downregulated the expression of IL-1f in synovial membrane, however,
ACS and APS produced a stronger anti-inflammatory effect, modulating pro-inflammatory
cytokines (IL-1p and TNF-a) involved in cartilage destruction in OA (Hedbom and Hauselmann,
2002).°%% ACS and APS, showed a chondroprotective effect by upregulating matrix gene
expression, while TA treatment did not modify gene expression. Both ACS and APS
significantly decreased PGE2 in media compared to TA, which could be one of the reasons
horses with naturally occurring OA show improvement in lameness after treatment with ACS or
APS. Since cartilage is characterized by its poor intrinsic capacity for repair, treatments that slow
down the degenerative response and increase the reparative response would be ideal in treatment
of OA. Considering the results of our study, the significant PGE2 reduction in media and the
downregulation of pro-inflammatory cytokines, ACS and APS may provide important benefits in

early stages of OA, slowing down the catabolic process occurring within the joint.
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Abstract

Synovial inflammation contributes to osteoarthritis (OA). Timely and effective treatment
may result in OA modification. The study objectives were to induce synovitis in vivo with IL-18
within the fetlock joint and compare the effects of treatment with a corticosteroid (triamcinolone
(TA)) to a blood-based orthobiologic (autologous conditioned serum (ACS)).

All four fetlocks of six healthy, adult horses were randomly assigned to treatment with
the following: phosphate-buffered saline (PBS), IL-1p (100 ng), ACS, IL-1p+ACS, and IL-
1B+TA. A two-week washout period was observed between treatments. Clinical signs such
lameness, heat, swelling, and effusion scores were recorded for 72 hours following treatment.
Synovial fluid was collected at 0, 8, 24, and 48 post-injection hours (PIH) for cytology analysis
and measure PGE2 and glycosaminoglycan concentrations. Horses injected with TA or PBS had
lower heat, swelling, and effusion compared to IL-1B3, ACS, and IL-1B+ACS groups (P<0.05).
IL-1B+ACS produced a significant reduction in lameness compared to IL-1p at 24, 36, and 72
PIH (P = 0.005, 0.005, and 0.01 respectively) and to IL-1B+TA group at 36 and 72 hours (P =
0.02 and 0.03). IL-1B+ACS had the highest total nucleated cell count (TNCC) (40,625 + 11.01
cells/uL) and TP (3.73 + 0.63 g/dl) within all groups. The injection of IL-1f produced an
increase in PGE2 concentration in synovial fluid at 8 hours (P < 0.001), but IL-1B combined with
TA or ACS did not produce a peak in PGE: at 8 hours. The glycosaminoglycan (GAG)
concentration in synovial fluid was significantly higher at 24 and 48 PIH (P < 0.001). Overall,
TA was the most effective treatment to reduce joint effusion and swelling while ACS was most
effective to reduce lameness induced by IL-1B. ACS produced the greatest increase in TNCC in
the synovial fluid PIH 8, but did not produce an increase in release of GAGs observed with TA

at 24 and 48 PIH. In conclusion, ACS treatment could offer benefits in early OA stages.
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Introduction

Synovitis, plays a critical role in the development and progression of OA.634+38 Cross-
talk that occurs between the articular cartilage and synovial membrane during synovial
inflammation plays an important role in promoting the production of pro-inflammatory cytokines
and catabolic enzymes, which destroy the articular cartilage.®

Induced models of synovitis are essential to understanding of the innate immune response
following injury in synovitis and ways this response could be modified to slow down disease
progression. Currently, the mainstay of intra-articular therapeutics is focused on modifying the
signs of disease through temporary reduction of inflammation via intra-articular administration
of corticosteroids. However, there is some concern regarding the use of these medications and
their potentially deleterious effects on the metabolism of the articular cartilage matrix.>>-8

Given current understanding of the critical role that synovitis plays in the development of
OA, treatment of synovitis should not only be directed to the modification of symptoms (i.e.,
lameness) but also be directed toward modification of the synovial environment to reduce
disease progression. Synovitis presents an important condition of the synovial environment in
which appropriate therapeutic intervention could have long-lasting effects on the health of the
joint.

Autologous conditioned serum (ACS) is an intra-articularly administered biologic
product derived from the patient’s blood and used by many equine practitioners to treat OA.
Incubation of blood with these activating surfaces (conditioning) results in increased production
of important anti-inflammatory cytokines and growth factors 3*® The conditioned serum contains
increased concentrations of several anti-inflammatory cytokines and growth factors including

interleukin-1 receptor antagonist protein (IL-1rap), interleukin-10 (IL-10), transforming growth
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factor-B (TGF-PB), and insulin-like growth factor (IGF-1).3°” These anti-inflammatory cytokines
and growth factors have the potential to modulate the innate immune response of the synovium
and support anabolic matrix metabolism of the articular cartilage.®!!

The objectives of this study were to induce a moderate but temporary model of synovitis
within the metacarpal/metatarsophalangeal joints of six healthy horses using IL-18 and compare
the clinical and biochemical effects of TA and ACS. The hypotheses were: 1) IL-1 would
induce moderate and self-limiting synovitis in normal metacarpal/metatarsophalangeal joints
(MCPJ/ MTPJ). Maximum severity was expected at 8 post-injection hours (PIH) with resolution
within 24-36 PIH, and 2) ACS and TA would improve clinical signs of synovitis and protect the
cartilage extracellular matrix to the same degree, but ACS would cause a stronger anti-

inflammatory effect reducing the concentration of PGE2 more efficiently than TA treatment.

Materials and Methods
Subjects

This study was performed in accordance with Institutional and NIH guidelines for the
Care and Use of Laboratory Animals, and the study was approved by the Institutional Animal
Care and Use Committee (IACUC) at Auburn University. Six adult male horses (3 Quarter
horses, 2 Warmbloods and 1 Thoroughbred, aged 14.6 + 4.99 years) free of systemic disease
were used. Horses were not free of lameness, but lameness was not be localized to the
metacarpal/metatarsophalangeal joints (MCPJ or MTPJ) based on negative response to fetlock
flexion tests using an objective analysis of gait before and after flexion tests. Baseline lameness

evaluations were performed and aided by an inertial sensor system (The Lameness Locator® by
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Equinosis). Horses that exhibited a positive response to fetlock flexion based on subjective and

objective assessment were excluded from the study.

Study Design

The study was a blinded, 5 sequence, 5 period, and 5-treatment crossover design. Each treatment
period was defined as 72 hours, followed by at least a two-week washout period between study
periods.’®’ The first 4 randomized treatments included: phosphate-buffered saline (PBS, negative
control), IL-1p induced synovitis (positive control), IL-1f induced synovitis treated with ACS,
and IL-1p induced synovitis treated with triamcinolone acetonide (Fig. 1). Each fetlock received
only one of the 1*' 4 treatments at each treatment period. Sequence and treatment were randomly
assigned using commercially available software. After analyzing raw data regarding the synovial
response to treatments by an unblinded investigator (LB), a fifth treatment group consisting of 4
ml of ACS, was administered into a randomly selected fetlock from the same group of horses.
This treatment was administered 3 months from the last study period. Investigators (FC, JS, AW,
and LB were not blinded to treatment), while investigators that were evaluating subjects,
obtaining lameness data, and evaluating synovial response (heat, effusion, circumference) were

blinded to treatment (AV, SZ).

Autologous conditioned serum (ACS) preparation

ACS (Orthokine®; Overland Park, KS) was prepared according manufacturer’s
instructions. Briefly, blood was collected aseptically and processed according to the
manufacturer’s instructions to produce ACS (Orthokine®; Overland Park, KS). All the ACS was

processed on each horse before starting the study to avoid any possible interference due to stress.
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Briefly, 24 hours before initiation of the study (Period 1), horses were restrained within stocks.
Sixty ml of blood were withdrawn aseptically into a commercially available syringe containing
glass beads (Orthokine®; Overland Park, KS). Blood was incubated at 37°C for 24 hours, then
centrifuged at 3,000 RCF for 10 min and serum collected. ACS was sterilely aliquoted into 6 ml

syringes (4 ml ACS/syringe) and stores at -80 °C.

Intra-articular treatments:

Intra-articular injections were conducted in 4-4.5 ml volumes as follows by the unblinded
investigator:
1) Negative control: 4 mL of sterile phosphate-buffered saline (PBS) in a sterile fashion.
2) Positive control: 100 ng Equine recombinant IL-1B (R&D Systems, Minneapolis, MN) diluted
in 4 mL of sterile PBS to a concentration of 25ng/ml, in a sterile fashion. This dose of IL-1f has
been previously used in models of temporary equine synovitis with well-documented in vivo
response.?*?
3) ACS: 4 mL of ACS were injected intra-articular in a sterile fashion.
4) IL-1B + ACS: 100 ng of IL-1 diluted in 500 pul of PBS were administered immediately prior
to injection of 4 mL of ACS in a sterile fashion.

5) IL-1B + TA: 100 ng of IL-1p diluted in 500 ul of PBS were administered immediately prior to

injection of 4 mg of triamcinolone (0.4 mL) mixed with 3.6 mL of PBS in a sterile fashion.
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N= 6 horses
Random assignment of Left front (LF), Right Front (RF), Left Hind (LH) or
Right Hind (RH) fetlock joint

l ACS alone

/ | Random Allocations of the Treatment Group _

PBS IL-1B alone ‘ ‘
(negative control) (positive control) ‘ IL-18 + ACS ‘ IL-16 + TA

Figure 7.1 Study design. Random assignment to groups: Negative Control (NC), Positive Control

(PC), Autologous Conditioned Serum (ACS) and Triamcinolone (TA).

Evaluation of Clinical Response:

During the 5 study periods, the clinical response was evaluated by two investigators that
were blinded to treatment (AV, SZ).
Physical examination:

Horses were monitored throughout the study for signs of acute pain monitoring changes
in temperature, pulse, and respiration. These parameters were monitored every 2 hours until PIH
8, every 4 hours until PIH 16, and then every 12 hours until PIH 72.
Metacarpo/Metatarsophalangeal (MCPJ/MTPJ) joint evaluation:

The MCPJ or MTPJ region was subjectively scored by digital palpation for heat, joint
effusion, and response to flexion at PIH 0, 8, 16, 24, 36, 48 and 72 hrs. Heat was graded by
palpation of the joint and graded from 0 to 3 (0 = none, 1 = minor, 2 = moderate, and 3 = severe).

Joint circumference and degrees of flexion were measured at the same time points with a
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standard measuring tape and a protractor, respectively. In addition, a digital infrared
thermometer (ThermoPro, Toronto, ON) was used to measure the temperature of the dorsal
aspect of the joint, palmar/plantar aspect of the joint and synoviocentesis site and compared to

the contralateral limb (Figure 7.2).

Figure 7.2. Measurement of the superficial temperature using a digital infrared thermometer of
the dorsal pouch (A), and injection site (B).

Joint swelling was graded from 0 to 4 (0 = no swelling; 1 = minimal swelling localized to
the injection site; 2 = mild swelling localized to the MC/MTPJ; 3 = moderate swelling extending
proximally toward the carpus or tarsus; and 4 = marked swelling extending to or above the
carpus or tarsus). Joint circumference (mm) was measured at the level of the proximal sesamoid
bones, 2 cm proximal to the ergot,>®® using a standard cloth measuring tape. The site for
circumferential measurement was marked prior to intra-articular injection by clipping the hair
away on a horizontal line on the dorsal aspect of and palmar/plantar aspect of the joint. This
ensured that joint circumference was consistently measured at the same site on the limb during

the study period (Figure 7.3)
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Figure 7.3. Joint circumference measurement. A) Initial landmarks (blue arrow) and B)

measurement following the landmark.

Clinical evaluations were performed on each horse prior to each study period prior to
synovial fluid collection.
Lameness evaluation:

Response to passive flexion was subjectively graded from 0 to 3 (0= none; 1= minor; 2=
moderate; 3= severe). Additionally, a protractor was used to objectively measure the maximum
range of flexion (Figure 7.4) Lameness was evaluated objectively using an inertial sensor system

at 0, 8, 16, 24, 36, 48 and 72 hours PIH.
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Figure 7.4. Degrees of the maximum flexion was measured objectively with a protractor. The
protractor was placed over the lateral side of the joint in extension (A) and the joint was flexed

until a pain response was noted and then measured (B).

Lameness evaluations were performed on each horse at each time point of the study prior

to synovial fluid collection.

Synovial Fluid collection: At the start of each study period, horses were sedated with xylazine
hydrochloride (0.02-0.8 mg/kg IV). The fetlock assigned for treatment during that study period
was clipped and aseptically prepared. The collateral sesamoidean ligament approach to the
metacarpophalangeal joint was used since synovial fluid is more readily obtained from this
site.’® Approximately 3 ml of synovial fluid were collected. Without removing the needle, the
prepared treatment was injected into the fetlock by unblinded investigators (LB, FC, JS).
Treatment syringes were prepared by unblinded investigators and placed in non-transparent
syringes for administration. Three milliliters of synovial fluid was collected in the same manner

as described at PIH 8, 24, and 48 hrs.

Synovial fluid cytology

500 pL of synovial fluid were transferred to a collection tube containing EDTA for
cytological analysis: Total nucleated cell count (TNCC) and total protein (TP) were analyzed
using an automated processor (Advia 2120 hematology analyzer; Siemens Healthcare
Diagnostics, Erlangen, Germany). Differential cell counts were performed by a blinded board-

certified veterinary clinical pathologist (EG). The remaining synovial fluid was aliquoted into
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Eppendorf tubes, centrifuged (600 RMP for10 minutes at 4°C), the supernatant was removed and

stored at -80°C until further analysis.

PGE; concentrations in synovial fluid

Thawed samples (200 puL) were hyaluronidase-digested (10 pL of 100 IU
hyaluronidase/mL acetate buffer; Worthington Biochemical Corporation, Lakewood, NJ) for 30
minutes at 37°C, centrifuged (12,000 RPM for 10 min; 4°C), and the supernatant recovered.
PGE: was quantified by ELISA (R&D Systems, Minneapolis, MN). Briefly, hyaluronidase-
digested samples were solid-phase extracted (500 pL synovial fluid in 490 pL. 100% ethanol and
10 pL glacial acetic acid incubated at 23°C for 5 minutes), centrifuged (600 RPM for § min;
4°C), and the supernatant collected.>® Samples were diluted at 1:20, and PGE> measurements
were performed in duplicate according to the manufacturer’s instructions. This colorimetric
assay was not equine-specific; however, it has been previously referenced and validated for
cross-reactivity in equine samples.!?>?*7-23! Standards provided for the ELISA were used to

prepare a standard curve following manufacturer’s instructions.

1,9-dimethyl methylene blue assay (DMMB)

DMMB assay was performed to measure GAG concentration in the synovial fluid.
Synovial samples were digested with hyaluronidase as previously described and the supernatant
recovered. The 1,9-dimethyl methylene blue dye (Sigma-Aldrich, St. Louis, MO, USA) was
prepared following the method of Farndale et al.>>® The standard curve was created by preparing
solutions containing 0 to 65 pug of chondroitin sulfate (Sigma-Aldrich, St. Louis, MO, USA).

Briefly, using a 96-well flat-bottom transparent plate (Stellar Scientific, Baltimore, MD, USA)
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50 plL of diluted digested synovial fluid (1:10 dilution in distilled water) were mixed with 200 pL
of DMMB dye (1 mN hydrochloric acid, 0.06%, DMMB, 40 mM glycine, 27 mM NaCl pH 3)
and the plate was shaken on a horizontal orbital microplate shaker (0.12" orbit) at 500 RPM for
5s. Measurement of the total GAG content was performed by a direct spectrophotometric
method. Optical density was measured at 525 nm on a microplate reader (SpectraMax ID3,

Molecular Devices, Sunnyvale, CA, USA).>>’ Samples were measured in triplicate.

Statistical analysis

Linear or generalized linear mixed models were used to analyze each clinical or
biochemical variable. Cell counts was not normally distributed, and it was natural log-
transformed to obtain normality prior analysis. The generalized linear mixed models (GLMM)
for heat, swelling, joint effusion and pain to flexion included fixed factors for treatment, time,
and a treatment by time interaction effect. The linear mixed models (LMM) for angle,
circumference, heart rate, temperature, respiratory rate, white blood cell count, total protein, red
blood cell count, specific gravity, front limb lameness, hind limb push lameness and hind limb
impact lameness included fixed factors for treatment, time and a treatment by time interaction
effect. The LMM for temperature on limb included fixed factors for treated (yes/none), location,
time and treatment and all 2-, 3- and one 4-way interaction effect. Random intercepts were
included in all GLMMs and LMMs for each horse and fetlock within each horse was included to
account for within horse and within fetlock correlations. Model residuals for LMMs were
examined to evaluate the assumption of normality. Simple effects were tested to compare
treatments at each time and multiple comparisons were adjusted for using Tukey’s test.

Satterthwaite degrees of freedom method was used in all models.
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Results
Clinical parameters:

No differences between treatments for respiratory rate (P = 0.431) or temperature (P =
0.717) were observed for all time points. Differences in the heart rate between ACS alone and
PBS, IL-1B, IL-1B + TA, and IL-1P + ACS groups were observed at 6, 8, 12 and 24 hours PIH
(Figure 7.5). At 6, 8, 12 and 24 PIH, the heart rate was lower in the group receiving ACS
compared to [L-1B alone (P =0.03, P =0.001, P =0.02 and P = 0.01, respectively). At 8 and 12
PIH, the ACS group had a lower heart rate compared to IL-1 + TA group (P =0.001 and P =

0.03).

Metacarpo/Metatarsophalangeal (MCPJ/MTPJ) joint evaluation:

Joints injected with IL-1f, IL-1p + TA, and IL-1p + ACS had higher temperatures than
the contralateral joint at all the time points (P < 0.05). Differences in heat scores between
treatment groups were observed at 8, 16, 36, 48, and 72 hours post-injection (Figure 7.6). Eight
hours post-injection, the heat score in the ACS group was lower than the IL-1p, IL-18 + TA, and
IL-1B + ACS (P =0.001). At 16 hours, the IL-1B + TA group presented lower heat compared to
PBS (P =0.04), IL-1B (P=0.01) and IL-1B + ACS (P = 0.03). At 36 and 48 hours post-injection,
the IL-1B + TA group still had lower temperature than all treatment groups (P = 0.001), although
72 hours, the ACS group had a significantly lower temperature than the rest of the groups (P =

0.001).
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Figure 7.5. Heart rate after injection of PBS, IL-18, IL-1p + TA, IL-1B + ACS, or ACS. Different letters indicate a significant

difference (P<0.05) between groups at 6, 8, 12 and 24 PIH. Bar graphs indicate the mean and standard deviation.

184



= PBS

Heat score
= i1
2.5
© B IL1B+TA
: P oby : B IL-1B+ ACS
' b b : : b S — Yo
2.0 : 1 T : : :
b : - : : T : a
b b b b a b b b
1.5
(]
5 b b
0o b
[ a
a b b
1.0 - _ 1] -
a
a a
0.5
0.0~

I T T 1T 1T T T T T T 101 1 : T T T 1T 71
1624364872 0 8 1624364872 0 8 1624364872 ‘0 8 1624364872 0 8 1624364872
Post-injection hour

O -
00 —i

Figure 7.6. Heat score after injection of PBS, IL-1f, IL-1p + TA, IL-1B + ACS, or ACS. Different letters indicate a significant

difference (P<0.05) between groups at 8, 16, 36, 48 and 72 PIH. Bar graphs indicate the mean and standard deviation.
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Swelling was more severe at 72 hours in the PBS, IL-1p, and IL-1p + TA, and IL-18 +
ACS but not in the ACS group. Significant differences in swelling scores between treatment
groups were observed at 8, 16, 24, 36, 48, 72 hours post-injection (Figure 7.7). Eight hours post-
injection, the swelling score in the ACS group was lowest compared to the rest of the groups (P
=0.001). At 16 hours, the ACS group had decreased swelling compared to IL-18 (P =0.03) and
IL-1B + ACS (P =0.04). At 24 and 36 hours post-injection, IL-1p + TA had lower swelling
scores compared to IL-1B (P =0.001 and P = 0.003), IL-1p + ACS (P = 0.001 for both time
points), and ACS (P =0.01 and P = 0.03) groups. The groups IL-13 + TA and ACS group had
the lower swelling scores compared to the IL-1p and IL-1B + ACS at 48 hours (P = 0.001) and
72 hours (P = 0.002).

Differences in the joint effusion scores between treatment groups were observed at 8, 16,
24, 36, 48, 72 hours post-injection (Figure 7.8). During all time points post-injection, the
injection of IL-1f and IL-18 + ACS produced the most marked joint effusion than the remaining
groups (P =10.001). IL-1B + TA group produced lowest joint effusion scores at 36, and 48 PIH (P
=0.001).

In summary, when IL-13 was injected alone or in combination with TA and ACS
produced an increased heat and synovial effusion at 8§ PIH. However, when TA was combined

after the 8 PIH this group showed the lowest scores in the following time points compared to

ACS.
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Figure 7.7. Swelling score after injection of PBS, IL-1p, IL-13 + TA, IL-1p + ACS, or ACS. Different letters indicate a significant

difference (P<0.05) between groups at 8, 16, 24, 36, 48 and 72 PIH. Bar graphs indicate the mean and standard deviation.
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Figure 7.8. Joint effusion score after injection of PBS, IL-18, IL-1p + TA, IL-1B + ACS, or ACS. Different letters indicate a

significant difference (P<0.05) between groups at 8, 16, 24, 36, 48 and 72 PIH. Bar graphs indicate the mean and standard deviation.
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Lameness evaluation

No differences in pain response to flexion were found between groups at any time point.
When measuring the range of flexion with a protractor, the IL-1B group presented a significantly
reduced range of flexion compared to IL-1B + TA (P = 0.04) and ACS (P =0.03) at 48 hours. The
vector sum value obtained for each time point was compared to baseline, and each treatment group
was compared at 8, 16, 24, 36, 48 PIH. In the groups where IL-1p was injected alone or combined
with TA or ACS, a mild to moderate increase in lameness was observed (higher vector sum).
Injection IL-1P + ACS induced a less significant lameness compared to IL-1f alone at 24, 36, and
72 PIH (P = 0.005, 0.005, and 0.01 respectively). When injecting ACS alone compared to IL-1 +
ACS, lameness was less severe at 24 and 36 PIH (P = 0.04 and 0.01). When comparing IL-1f +
TA and IL-1p + ACS groups, lameness was less marked with the addition of ACS compared to

TA at 36 and 72 PIH (P = 0.02 and 0.03, respectively).

Synovial fluid cytology

Synoviocentesis was performed at each time point and synovial fluid was assessed for
TNCC, TP, and differential cell counts (Figure 7.6). Synovial fluid was obtained from all horses
for all study periods and time points. Horses injected with IL-1p, IL-1B + ACS, and ACS alone
produced a significant increase in TNCC composed mainly of neutrophils at 8 PIH (P < 0.001)
that gradually decreased over time. The neutrophil percentage was lower in the PBS group at all
time points than the remaining treatments (P < 0.001). The percentage of monocytes was
increased in the ACS group at 24 and 48 PIH compared to IL-1f, IL-1B + TA, and IL-1 + ACS

group (P =0.001). When comparing groups, the IL-13 + ACS group produced the highest TNCC
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(40,625 + 11.01 cells/uL; P =0.001). At 8 and 24 PIH, the TNCC was higher in all the groups
compared to PBS (P = 0.01).

Similarly, IL-18, IL-1pB + ACS, and ACS alone produced a significant increase in TP in
synovial fluid at 8 PIH compared to baseline (P < 0.001). This increase in TP remained in the IL-
1B + ACS and ACS groups at 24 PIH (P = 0.001 and 0.01 respectively), but no differences

between groups were observed at 48 PIH.

PGE; concentrations in synovial fluid

PGE?: synovial fluid concentration was evaluated at 0, 8, 24, and 48 PIH (Figure 7.7). An
increased PGE2 concentration by 1.6-fold compared to baseline was measured in the IL-1 group
(P <0.001), with no significant increase produced with all other treatments at any time point.
When only IL- 1P was injected, one of the horses produced an increase of PGE2 5.7 times higher

than the average of other five horses included in the study at 8 PIH.

1,9-dimethyl methylene blue assay (DMMB)

GAG concentration was measured in synovial fluid at 0, 8, 24, and 48 PIH. No
differences were observed in the GAG concentration in the PBS, IL-1, IL-1p + ACS, and ACS
groups during the different time points. When comparing treatment groups, an increased

concentration of GAG was measured in the IL-1B + TA group at 24 and 48 PIH (P<0.001).
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Figure 7.9. Synovial fluid analysis parameters after injection PBS, IL-1p, IL-1B + TA, IL-1p + ACS, or ACS treatment groups. The

symbols represent the mean, and the error bars the standard deviation.

191



PGE, concentration in synovial fluid

150000 &= PBS
. : ' ' A = WY
] * = IL-1p +TA
] T B3 IL-1B + ACS
] = ACS
100000~
E ]
g ]
o i
o ]
m -
50000
G- I I I I : I I I I : I I I I : I I I : I I I I

|
0 8 24 48 0 8 24 48 0 8 24 48 0 8 24 48 0 8 24 48

Post-injection hour

Figure 7.10. PGE2 concentrations in the synovial fluid at 0, 8, 24, and 48 hours post-injection. The boxplots represent the interquartile
range (IQR) of n = 6. The black lines represent the median values, the black dot represent the mean, and the whiskers represent the

values outside the IQR. *Denotes significant difference between IL-18 group at 8 PIH compared to the rest of the groups at the same

time point, p < 0.05.
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Figure 7.11. GAG concentrations in the synovial fluid at 0, 8, 24, and 48 hours post-injection. The boxplots represent the interquartile
range (IQR) of n = 6. The black lines represent the median values, black dot represent the mean, and the whiskers represent the values
outside the IQR. *Denotes significant difference between IL-1p + TA group at 24 and 48 PIH compared to the rest of the groups at the

same time point, p < 0.05.
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Discussion

Synovitis leads to activation of the inflammatory cytokine cascade that can produce
articular cartilage matrix destruction leading to OA. The response of the synovial membrane
injury is a primary mechanism for OA pathogenesis.****> The effects of the intra-articular
treatment with TA or ACS have been evaluated in both disease-free and OA afflicted joints in
horses, 237336345408 byt no studies have evaluated their effect in an in vivo synovitis model using
IL-1p for induction. Different synovitis models have been described in the horse, but IL-1p was
selected for this model since is one of the most important pro-inflammatory cytokines
participating in OA and it has validated in the horse in a synovitis model on the middle carpal
joint.?*? The intra-articular injection of IL-1B produced a mild synovitis observed clinically,
cytologically and producing a peak in the concentration of PGE: at 8 PIH.

As hypothesis the combination of IL-13 with ACS and TA decreased the inflammation
decreasing the PGE: at 8 PIH, but different effects clinically and on the synovial fluid cellularity
and GAG concentration. IL-1B + ACS induced the most marked cellular response, yet this
treatment produced the most significant reduction in lameness, while TA combined with IL-1p
did decrease heat, swelling and effusion from the fetlock joint but GAG concentration was
higher at 24 and 48 hours. The increase in GAG concentration after TA treatment could present a
significantly detrimental effect on the cartilage, which may indicate that ACS produces better
chondroprotection.

Previous studies using an IL-1f synovitis model in the middle carpal joint achieved
higher cellular concentrations at 8 hours (170.70 + 37.58 cells/uL) than the model in the fetlock
used in this study (17.80 + 5.12 cells/uL).?** Coltbath et al. reported that the same intra-articular

dose of IL-1 B elicits a significantly different response in the middle carpal joint compared to the
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tibiotarsal joint.3” There is only one study in which IL-1B was used to stimulate synovitis in the
metatarsophalangeal joint of the horse. However, in this study, the model was used to evaluate
the efficacy of perineural local anesthetics, and synovial fluid was not analyzed after stimulation,
and pain (lameness) was used as a positive indicator for induction of synovitis.>! the metacarpo/
metatarsophalangeal joint may respond differently than the middle carpal and tibiotarsal joints.
However, indicators of inflammation, including an increase in lameness, joint effusion, and heat,
increase concentration of PGE2 in synovial fluid and release of GAG indicated induction of mild
to moderate synovitis in the present study. Studies to evaluate the effect of a higher dose in the
fetlock joint are warranted.

A major goal of intra-articular therapies is to modify the inflammatory cascade to reduce
cartilage destruction, but ACS also aims to enhance the reparative process of the synovial tissues
involved in the pathologic process of OA. ACS has been shown to have disease-modifying
properties in human and equine studies producing improved clinical signs and modification of
the cellular response, increasing the concentration of IL-1rap in synovial fluid, and showing
improved histologic scores primarily in the synovial membrane. 23741441559 [p this study, the

injection of IL-1P with ACS produced the highest TNCC and total protein in synovial fluid, but
ACS alone produced an increase in the TNCC and total protein similar to IL-1f3 alone. An
increase in TNCC and total proteins have been considered as undesired for a healthy synovial
environment.” However, previous research has shown that intra-articular injection of platelet-rich
products or mesenchymal stem cells in horses produced a transient inflammatory reaction that
can be seen both clinically (increase synovial effusion) and cytologically (increased the TNCC,
372,401,468

neutrophil population and total protein in synovial fluid) without deleterious effects.

Injection of TA produced a less marked increase of TNCC and reduced the clinical signs such as
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heat and synovial effusion the most compared to other treatments, but presented detrimental
effects in the cartilage. In a previous study where lipopolysaccharide-induced synovitis was used,
TA did not reduce the TNCC and total protein but significantly improved the lameness and
synovial effusion.>*? Despite the induction of a mild yet temporary synovitis, PGE2 concentration
in the ACS alone group were not elevated at any time point. PGEz is one of the primary pro-
inflammatory mediators that promote catabolic destruction of articular cartilage and the
promotion of joint pain.®* Therefore, the fact that PGE2 did not increase after injecting IL-1B
combined with ACS or TA shows beneficial effects of these intra-articular treatments.

According to a meta-analysis evaluating the effects of corticosteroids in humans and
other species, TA has shown beneficial and detrimental dose-dependent effects, finding adverse
effects on cartilage with an 18-mg cumulative dose per joint.*'? In vivo TA administration
produced an increase of catabolic cartilage biomarkers and downregulation of collagen and
aggrecan gene expression,**®3%7 leading to the conclusion that TA could have detrimental effects
when used over time, thus recommending judicious use. In our study, the combination of IL-1f
with TA improved heat, swelling and joint effusion scores, without an increase PGE:
concentration in synovial fluid. However, the increased concentration in GAG could indicate that
treatment with ACS offers a safer treatment for articular cartilage since it does not cause as much
release of GAG in the synovial fluid. In two human studies, where triamcinolone was compared
to ACS for treatment of hip OA or lumbar radicular compression, ACS significantly improved
the patient’s overall pain compared to treatment with TA.*'®5 In our study, lameness was

significantly improved in the IL-1B+ACS group compared to the IL-1B8+TA. Although no other

studies have compared TA and ACS in a synovitis model, Jostingmeir et al. reported that
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lameness scores in horses with naturally occurring OA of the coffin joint presented improved
lameness when injected with ACS compared to betamethasone and hyaluronic acid.**!

PGE: is one of the primary pro-inflammatory mediators that promotes catabolic
destruction of articular cartilage as well as stimulation of joint pain.®* Previous synovitis studies
in horses with lipopolysaccharide or IL-1B have measured PGE2 and GAG concentration in
synovial fluid as outcome measurements for synovitis.2#?237-30547! Increased concentration of
PGE: and GAG in synovial fluid correlates with repeated arthrocentesis in a previous study.’”*
However, in the current results, the group injected with PBS received the same number of
arthrocenteses, and the synovial fluid cytology, PGE2 and GAG concentrations in synovial fluid
were not affected. In a previous study performed by the authors showed that treatment of
synovial and cartilage IL-1p stimulated co-cultures with ACS, significantly decreased the PGE2
concentration in media, while TA did not.?’® An increased concentration of PGE2 and GAG was
correlated with OA changes in experimentally induced OA in horses.*”® In this study, the intra-
articular injection of ACS also reduced lameness scores and PGE2 concentration compared to the
control group (PBS).?*” In the present study, it is possible that the reduced lameness could be
correlated with a decreased PGE2 concentrations.

This study had limitations that warrant further discussion. Inflammatory resolution is a
novel concept described as an active process orchestrated mainly by macrophages needed to
restore joint homeostasis,”” and in particular IL-10 production by the macrophages seems to
play an essential role in establishing synovial homeostasis.>*® This inflammatory process is
needed to recover from an inflammatory insult, which makes researchers question if the total

inhibition of the inflammatory reaction may not be beneficial. Measurement of IL-10 in synovial
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fluid in the present study could have helped better determine if the inflammatory process
occurring after ACS injection is beneficial rather than detrimental.

The initial experimental design did not include the use of ACS alone, but due to a marked
increase in the TNCC and TP observed in the IL-1p + ACS group, unblinded investigators chose
to evaluate the ACS effect when used alone. Variation in the treatment effect of ACS could have
been affected by the inherent variation of ACS cytokine composition that has been described in
horses.>*” As an example, surgical stress after castration has been shown to interfere with the
cytokine concentration in autologous conditioned serum.>*® Therefore, ACS in the current study
was processed on each horse before starting the study to avoid any possible interference due to
stress. The model induced a short and mild synovitis response in the metacarpal/
metatarsophalangeal joint of the horses compared to previous studies using the same dose in the
middle carpal or tarsocrural joint, making the evaluation of the outcomes measured during the
study difficult. Additionally, variability in response to IL-1 between individuals and
manufacturing concerns such as different lots, methods of reconstitution and storage have been
reported to lead to varying activity levels.2*>237-387597 However, in the present study, all IL-1p
used was from the same lot and stored and reconstituted identically. Future studies evaluating
different dosages of IL-1p to stimulate synovitis in the metacarpal/metatarsophalangeal joint are
warranted. Also, measurement of more specific anabolic cartilage biomarkers such as CPII and
CS-846 or different pro-inflammatory cytokines in synovial fluid could help us to better
understand the effects of TA and ACS intra-articularly in a synovitis model.

In conclusion, ACS alone produces a response within synovial membrane observed by
increased heat, swelling, joint effusion and TNCC, however, ACS treatment in the face of

synovitis could offer benefits by decreasing PGE2 production and limiting cartilage catabolism
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compared to intra-articular corticosteroids. A deeper understanding of how biologic therapeutics

modify the acutely inflamed synovial environment is needed.
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Chapter 8

Summary and conclusions

OA research is changing over time, mainly due to an increased understanding of the
mechanisms involved in the pathophysiology of OA. This advanced knowledge leads to
improved treatment options that need to be evaluated before clinical use. Articular cartilage has
inadequate endogenous repair mechanisms due to the low, mostly metabolically inactive resident
cell population as well as the avascular and anerual character of articular cartilage. One of the
main goals of orthobiologic therapies is to try to cover this gap and induce a cellular response
that will slow down the disease process and produces tissue with more similar characteristics to
the healthy articular cartilage.

In horses, OA is a common, debilitating orthopedic disease that affects both performance
and geriatric horses. Economic losses due to poor or lost performance in horses affect the equine
industry. Horses can serve as models for human disease because of their similarities in the joint
anatomy and cartilage thickness, which helps to extrapolate results to human OA disease, but
study of OA in horses also has direct benefit to the horse itself.

Current approaches to treating OA focus on reducing pain and improving (or at least
maintaining) mobility. Drugs currently used to treat OA fall into two main categories: symptom
modifying therapies (NSAIDs or corticosteroids) and disease-modifying therapies
(orthobiologics). Significant advances in our understanding of joint pathology have helped
clarify the mechanisms of action of orthobiologics as a strategy to improve intrinsic repair and
restore the articular surface. Unfortunately, even though the progress researchers have made,

there are still seismic gaps in our knowledge and understanding.
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For in vitro OA research, it is well recognized that all synovial tissues work together as
an “organ system.” The synovial membrane plays an essential role in regulating pro- and anti-
inflammatory cytokines involved in OA. Therefore, the use of synovial membrane and articular
cartilage co-culture models may offer an in vitro model that more accurately reflect an in vivo
system.

There has been little work in the equine field using the co-culture model to evaluate the
effects of certain orthobiologic therapies and comparing these to other more commonly used
treatments such as corticosteroids. Therefore, the overall purpose of the investigation reported in
this dissertation was to understand the use of orthobiologics by practitioners and to objectively
evaluate treatment effects of autologous conditioned serum and autologous protein solution
compared to standard treatments such as triamcinolone.

Equine practitioners widely use orthobiologics. Previous studies that evaluate the use of
intra-articular therapies reported that practitioners tended to use these products more frequently
in chronic pathology as an alternative when horses were unresponsive to corticosteroid injection.
The results of the current survey showed that there is a shift in practitioner use of these products
toward treatment during acute injury. Human studies concur that orthobiologic use appears to be
more appropriate in the pre-OA stages before any advanced cartilage lesions develop. However,
the current survey found that corticosteroids and hyaluronic acid are still the preferred treatment
of joint disease among practitioners compared to orthobiologics. This could be potentially
explained by the fact that corticosteroids produced a faster anti-inflammatory effect, they have
been in the market for longer, or because orthobiologics are often more expensive and less
readily available than corticosteroids. There is also a lack of blinded, controlled, and

standardized objective studies evaluating orthobiologic therapies that prove their clinical effect,
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making it more difficult for the practitioner to encourage clients to invest in orthobiologic
treatments. Research investigating the disease-modifying effects of these products and
investigations into best practices for how and when these products should be used is needed.

In the first in vitro study, results showed that the addition of 10% equine serum modified
the inflammatory response produced by IL-18 stimulation. Serum-free media maintained cellular
viability the same as the 10% equine serum-supplemented media, and no differences were
observed between the histologic scores. Considering our results, the use of serum-free media
when studying OA using a cytokine-induced in vitro OA model may be recommended. In
particular, the effect of media supplementation with equine serum could make the study of
orthobiologics in vitro more challenging due to similarities in the presence of growth factors, for
example. The chemical profile of equine serum could be very similar to certain orthobiologics,
particularly to autologous conditioned serum., which means that supplementation of media with
equine serum could interfere or mask the real cellular effects produced by certain orthobiologics
and should be considered when preparing a study design involving these products.

The study of orthobiologics is exceptionally challenging. One of the main reasons is the
variability observed in the cellular and cytokine profile between individuals, pathologic
conditions, or collection and preparation methods used to elaborate orthobiologic therapies.
Performing standardized studies become extremely difficult, which could lead to inappropriate
conclusions. It is crucial to have a good understanding of how preparation, or pathophysiologic
condition could affect the concentration of cytokines and growth factors in orthobiologic
therapies to elaborate a proper study design. In the second in vitro study, where ACS and APS
were compared, it was found that despite the differences in cellular profiles, these products

produced similar cytokine and growth factor compositions, yet their effects in an IL-13
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stimulated co-culture model of OA was different. One of the main differences between these two
products is their concentration of WBC, in which APS is significantly higher than ACS. It is
unknown the real effect of this concentration on white blood cells in the joint, but some human
studies found that higher WBC counts correlated with higher IL-1rap, an important protein that
blocks the inflammatory response. Recently, some research has been developed investigating the
importance of macrophages participating in joint hemostasis. Therefore, further research
evaluating macrophage composition and polarization of APS is warranted.

In the second in vitro study, it was observed that ACS and APS significantly decreased
the concentration of PGE2 in media, and both produced a trend to upregulate the gene expression
of type II collagen and aggrecan compared to TA. The results proved that ACS and APS might
provide important benefits in early stages of OA, slowing down the catabolic process within the
joint. Additionally, it was observed that orthobiologics, particularly, APS might have a dose-
dependent effect. In humans, when synthetic cytokine blockers such as IL-1rap are injected intra-
articularly, rapid clearance from the synovial fluid has been documented, and researchers have
questioned if the use of higher doses or multiple intra-articular injections should be considered.
Unfortunately, proper dosage and dosing protocols have not been established, and further
research is needed in this area.

Lastly, the synovitis model found that the addition of TA and ACS prevented PGE2 from
peaking at 8 hours following IL-1f induction of synovitis. The difference between TA and ACS
was that ACS did not increase the GAG concentration at 24 and 48 hours, potentially offering
more benefits than TA. The intra-articular injection of ACS with IL-1f or alone produced an
inflammatory response, observed both clinically and cytologically. Recent investigations have

studied the inflammatory mechanisms necessary for natural recovery after injury. This process
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has been called inflammation resolution, which is required for re-establishing homeostasis. In
these results, the injection of ACS alone produces minor synovitis without increasing lameness,
which could mean that the induced synovitis in this group may not be ultimately a negative
effect. Inflammation resolution is mainly orchestrated by macrophages, which depend on the
joint environment to polarize into pro-inflammatory activated macrophages (M1) or anti-
inflammatory macrophages (M2). Measurement of IL-10 concentration in synovial fluid or
characterization of the macrophages is required to understand better the cellular effects of ACS
or TA intra-articularly in horses.

It is essential to consider that different doors continue to open in the OA research field. In
the last decade, there has been more discussion about the influence of micro RNAs (miRNAs) in
the pathophysiology of OA. MicroRNAs have been studied in human OA and have shown
promise as diagnostic biomarkers and in identification of novel therapeutic targets for
intervention in OA. MicroRNAs are a class of endogenous non-coding small RNAs that regulate
the expression of multiple genes to maintain cellular function. These miRNAs are included in
exosomes, which are membrane-bound extracellular vesicles. This opens a new research space in
equine OA. In the study presented in chapter six, despite the cellular differences between ACS
and APS, the cytokine profile was very similar. These products may contain a different
concentration of exosomes and encapsulated miRNAs, potentially producing different effects in
the cartilage and synovial membrane. Therefore, the study of miRNA in OA and orthobiologics
may be a future direction for research in the equine OA field.

Previous research have shown limited disease modifying effects of orthobiologic therapies.
The use of co-culture of synovial tissues may be crucial to enhance our understanding the cellular

mechanisms of these orthobiologic therapies. Results of the in vitro co-culture study showed that
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ACS and APS modified the cellular response of synovial tissues by decreasing PGE2 in the media
while slightly increasing the expression of type II collagen and aggrecan compared to treatment
with triamcinolone. On the other hand, the in vivo study showed that TA was as efficient as ACS
in decreasing PGE2 8 hours after induction of synovitis with IL-18. However, TA produced a
detrimental effect on the cartilage extracellular matrix observed by an increased GAG
concentration in the synovial fluid. These results showed that orthobiologics, ACS and APS, may
offer a more efficient anti-inflammatory and robust chondroprotective effect compared to

triamcinolone for treatment of equine OA.
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APPENDIX A- Sequence information from the genes used in the co-culture in vitro projects.

Before performing RT-PCR experiments for the in vitro projects described in this work,
PCR products were run in agarose 1% gel to confirm the specificity of the reaction detecting a
single band for each PCR product (Figure A.1). DNA samples were prepared by diluting 2l of
loading buffer (0.04 % bromophenol blue, 0.015 % xylene cyanol FF, 10 % glycerol in 5 x TBE)
per Sul of sample and loaded into the wells with DNA standards for determination of molecular
size. The agarose gels were run at 80V for 45 min to 1 h and visualized using the longwave
setting on an ultra-violet transilluminator. PCR products were extracted from the 1% agarose gel
using the QIAquick gel extraction kit (QIAGEN, Germantown, MD, USA) following
manufacturer's instructions and submitted to an external laboratory for sequencing. Results from
sequencing were introduced in the database from Nucleotide BLAST (web BLAST, U.S.
National Library of Medicine) to validate the primers created. The sequence results are shown

below.
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Figure A.1. Gel electrophoresis with all the genes evaluated with qPCR assays
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Reference genes
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Figure A.2 18S sequence result.
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Figure A.3 GAPDH sequence result.
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Figure A.4. SCAMP3 sequence result.
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Genes evaluated during RT-PCR analysis.
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Figure A.5. IL-1PB sequence result.
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Figure A.6. TNF-a sequence result.
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Figure A.7. IL-6 sequence result.
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Figure A.8. IL-8 sequence result.
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Figure A.9. IL-10 sequence result.
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Figure A.11. MMP-3 sequence result.
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Figure A.12. MMP-13 sequence result.

Figure A.14. ADAMTS-5 sequence result.
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Figure A.15. Collagen type II sequence result.
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Figure A.16. Aggrecan sequence result.
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APPENDIX B- Detection of genomic contamination in the RNA samples.

RNA was reverse transcribed to cDNA using iScript™ cDNA Synthesis Kit (Bio-Rad,
Hercules, California). The protocol was followed according to the manufacturer’s instructions.
During the development of the RT-PCR analysis, some of the experiments produced inconsistent

results with invalid melt peak curves (Figure B.1 and 2).
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Figure B.1. Amplification results of SCAMP3 gene expression analysis.
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Figure B.2. Melt peak curve obtained during the SCAMP3 gene expression analysis.
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Possible genomic DNA (gDNA) contamination in the RNA samples was suspected. A
RT-PCR assay was carried out using GAPDH gene to evaluate contamination. The protocol was
performed using a 96-well-plate that was set up using different templates for a 25l reaction:

- 12.5 pl SYBR Green

- 5ul of water

- 1ul of forward primer

- lpl of reverse primer

- 1ul of template: cDNA (sample), RNA (RTC, reverse transcriptase control for genomic
DNA contamination) and nuclease-free water (NTC, non-template control).

The PCR products created from the cDNA, RNA and water samples were run in agarose
1% gel. Two bands of the same size where detected in the cDNA and RNA wells, while the well
with samples with nuclease-free water did not produce a band. (Figure B. 3). This indicated that

gDNA contamination was present in our RNA samples.

cDNA RNA Hzo <cDNA RNA H20

Figure B.3. Gel electrophoresis with cDNA, RNA and nuclease-free water. The white circle
highlights the presence of a band in the RNA samples, which should not present a band in the

absence of gDNA contamination.
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After confirming the presence of gDNA contamination, RNA samples were reverse
transcribed to cDNA using iScript™ gDNA Clear cDNA Synthesis Kit (Bio-Rad, Hercules,

California) following manufacturer’s instructions. Amplification curves and melt curves improve

remarkably (Figure B. 4 and 5).
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Figure B.4. Amplification results of SCAMP3 gene expression analysis after clearing gDNA

contamination.
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Figure B.5. Melt peak curve obtained during the SCAMP3 gene expression analysis after clearing

gDNA contamination.
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To confirm the clearance of gDNA contamination, the same PCR protocol as described

above was performed, and the PCR products obtained were run in a 1% agarose gel (Figure B.6).

cDNA  RNA H20

Figure B.6. Gel electrophoresis with cDNA, RNA and nuclease-free water. Only the cDNA

template produced a band, which confirms that RNA samples are free of gDNA contamination.

After confirming the efficacy of the iScript™ gDNA Clear cDNA Synthesis Kit (Bio-

Rad, Hercules, California) to produce cDNA free of gDNA contamination, all the cDNA

produced for the PCR assays during this work was performed using this kit.
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APPENDIX C- Comparison of the cytokine and cellular profile of autologous protein

solution, autologous conditioned serum, and serum incubated for 24 hours in healthy horses.

Ana Velloso Alvarez', Anne A. Wooldridge', Fred Caldwell', and Lindsey Boone'

! Department of Clinical Sciences, Auburn University, AL
Introduction:

Clinical use of autologous blood-derived intra-articular therapies such as autologous
conditioned serum (ACS) or autologous protein solution (APS) has increased in horses. These
products contain high concentrations of anti-inflammatory cytokines and growth factors meant to
slow the catabolic degradation of articular cartilage in osteoarthritis (OA). Few studies have
investigated the cytokine and growth factor composition of these products in equine blood or
within horse, leaving equine practitioners’ little guidance for their clinical use. The objective of
this study was to measure the cellular composition and concentration of important OA modifying
cytokines and growth factors in equine serum, ACS, and APS.

Methods:

Blood was obtained from 6 systemically healthy, adult horses. A complete blood count
(CBC) was obtained from each horse immediately prior to blood collection. Blood was obtained
and processed for each commercial product according to the manufacturer’s instructions
producing ACS and APS. ACS and APS were analyzed for white blood cell (WBC), red blood
cell (RBC), and platelet (PLT) concentration. Additional blood was collected into plain glass
vacutainers, incubated at 37°C for 24 hours, and then centrifuged to collect serum. Aliquots of all
products (serum, ACS, and APS) were snap frozen and stored at -80°C until ELISA analysis.
ELISA analysis was performed using commercially available kits for growth factor (TGF-f),

anti-inflammatory (IL-1rap, and sTNF-R1), and pro-inflammatory (IL-1p3, TNF-a, and MMP-3)
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cytokines. Data was analyzed using a repeated measures one-way ANOVA and Tukey’s post hoc

analysis was performed. Significance was set at p<0.05.

Results

The WBC concentration of APS was increased compared to baseline blood (p=0.0002)
and ACS (p<0.0001). The WBC concentration of ACS was decreased compared to baseline
blood values (p=0.0002). The PLT concentration of APS was increased compared to baseline
blood (p=0.0309) and ACS (p<0.0001). The PLT concentration of ACS was decreased compared
to baseline blood (p=0.0012). The RBC concentration was increased in baseline blood compared

to ACS (p<0.0001) and APS (p=0.0002) (Figure C.1).
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Figure C.1. Measurement of the cellular blood components in ACS, APS and serum incubated
for 24 hours. The boxplots represent the interquartile range (IQR) of n = 6. The black lines
represent the median values, the crosses represent the mean, and the whiskers represent the

values outside the IQR. Different letters denote significant differences between products, p<0.05.
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The concentrations of IL-1p, IL-1Ra, TNFa, IL-1p: IL-1Ra ratio, TNFa: sTNF-R1 ratio,
and MMP3 were not different between incubated serum, ACS, and APS. However, sTNF-R1
was increased in incubated serum compared to APS (p=0.0289). The concentration of TGF-f3
was decreased in APS compared to ACS and incubated serum (p=0.0047 and p=0.0001

respectively).
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Figure C.2. Measurement of the cytokines (1) IL-1rap, (2) IL-1, (3) TNF-a, (4) sTNF-R1, (5)
TGF-B and (6) MMP-3 in ACS, APS and serum incubated for 24 hours. The boxplots represent
the interquartile range (IQR) of n = 6. The black lines represent the median values, the crosses
represent the mean, and the whiskers represent the values outside the IQR. Different letters

denote significant differences between products, p<0.05.
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Conclusions

Despite the varied cellular composition of ACS and APS, there are few differences in
cytokine concentrations despite processing methods. More importantly, whole blood incubation
with processing of plain serum produces similar, if not better, cytokine and growth factor profiles
compared to the commercial products. Further investigation into the use of incubated serum for

treatment of joint-related injury in horses is warranted.
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