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PREFACE
Based on the fact that some of my work has already been published and some is in

preparation for publication, this thesis is structured as a series of manuscripts but with a more
typical monograph-type abstract, introduction and conclusion. The abstract is followed by an
introduction in chapter 1, which summarizes the current literature on topics that are relevant to
my work. Chapters 2 through 5 each contain an abstract, introduction, methods, results, figures
and tables and discussion for a specific set of experiments. The development of a novel surgical
model of post-traumatic osteoarthritis (PTOA) in which joint mechanics were not altered and
only the biological joint environment is disrupted is presented in Chapter 2; this chapter has been
published - Huebner KD, Shrive NG, Frank CB. New surgical model of post-traumatic
osteoarthritis: Isolated intra-articular bone injury in the rabbit. J Orthop Res. 2013 Feb 19. [Epub
ahead of print]. Chapter 3 shows through the effectiveness of dexamethasone in inhibiting PTOA
that inflammation is a key component of the pathogenesis of osteoarthritis in my model
(Accepted to J Orthop Res). After demonstrating that inhibiting inflammation prevented cartilage
damage, IL-1Ra (Chapter 4) and tripeptide feG (Chapter 5) were tested as targeted anti-
inflammatories to prevent post-traumatic osteoarthritis. Chapters 6-9 contains an overall
discussion of results, limitations, conclusions and future directions for chapters 2 through 5. A
list of referenced literature is followed by appendices including supplementary tables, copyright
permissions, and an unrelated study of anterior cruciate ligament ultrastructure during ovine
maturation - Huebner KD, O'Brien EJ, Heard BJ, Chung M, Achari Y, Shrive NG, Frank CB.
Post-natal molecular adaptations in anteromedial and posterolateral bundles of the ovine anterior
cruciate ligament: one structure with two parts or two distinct ligaments? Connect Tissue Res.

2012;53(4):277-84.
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ABSTRACT

Osteoarthritis (OA) is a debilitating chronic disease. A significant proportion of the
population suffering from OA develop it post-injury. This is particularly worrisome as this
population is often young, and current interventions do little to prevent or delay the development
of OA. Anterior cruciate ligaments (ACL) are commonly damaged during injuries, and
reconstruction fails to prevent subsequent development of OA. Many studies are assessing
mechanical changes to the joint after injury as the cause of OA; however, if mechanics are
maintained after surgical intervention, biological changes in the joint must be contributing to the
development of OA. Inflammation has become an area of interest in the pathogenesis of OA.
There is little understanding of the pathophysiology of the development of post-traumatic OA
(PTOA) and without this, few interventions will be successful in preventing OA. Using a novel
animal model of PTOA developed and validated for this purpose, which produced no gross
mechanical instability, | tested the hypothesis that after an isolated intra-articular bone injury,
inflammation is critical in the development of PTOA.

The major findings of this dissertation confirm this central hypothesis and are as follows:
First, intra-articular drill holes reproducibly result in cartilage damage as seen in OA without
gross mechanical instability. Second, the use of intra-articular glucocorticoids inhibits
inflammation and prevents cartilage damage in this model, confirming the role of inflammation
in causing damage. Third, IL-1Ra partially inhibits synovial and fat pad inflammation and
partially protects articular cartilage. Fourth, feG which inhibits leukocyte migration is
ineffective in inhibiting joint inflammation and cartilage damage, suggesting leukocyte migration
alone is not a major factor in OA.

These studies suggest that PTOA has a significant inflammatory component resulting in

cartilage damage. While my work suggests that post-injury use of glucocorticoids may have a
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role in inhibiting cartilage damage, further study of the specific inflammatory mechanisms and
the use of more targeted anti-inflammatory treatments will elucidate better management of joint
injuries and provide a framework for not only better understanding PTOA, but for preventing its

development.



Chapter 1. INTRODUCTION AND LITERATURE REVIEW

Osteoarthritis (OA) is the most common chronic disease of joints. It currently affects 1/8
Canadians and it has a significant impact on patients’ quality of life, societal disability, and cost.
In its 2011 report, the Arthritis Alliance of Canada reported that OA had a negative economic
impact of $2.75 billion dollars due to productivity losses in Alberta alone. Joint injuries are a
common cause of OA and this type appears to be increasing in society as injuries to the joints
that destabilize them, such as injuries to the anterior cruciate ligament (ACL), are apparently
now occurring more frequently. In fact, the development of post traumatic OA (PTOA) has long
been thought to be caused by mechanical damage after the joint injury, presumably caused by
on-going instability and abnormal joint stresses. However, in the last twenty years, inflammation
has emerged as another possible contributor to the pathogenesis of OA. Although the body of
work in this field is increasing, the precise inflammatory mechanisms in OA are still not well
understood. One of the challenges in understanding the pathophysiology of OA is limited by
current animal models, which either do not represent human physiology or they destabilize the
joint, thus failing to allow the separation of mechanical and biological causes of secondary joint
damage. The studies in this dissertation examine the more isolated impact of inflammation on
joint cartilage is a new rabbit model of PTOA which mimics some of the physiological

conditions of a joint injury without grossly destabilizing the joint.



1. KNEE FUNCTION, ANATOMY AND COMPOSITION

As one of the most important weight bearing joints and a joint used in movement, the
knee transfers large forces from the thigh to the lower leg during locomotion. The knee is made
up of a complex bone and soft tissue apparatus that provides load transmission to the ground but
with mechanical stability to the joint as it moves through a complicated range of three
dimensional motions (1). The knee is a self-contained organ system consisting of two major
boney articulations (patellofemoral and tibiofemoral) and it contains three interconnected but
anatomically distinct functional joint compartments: the patellofemoral joint, the medial
compartment, and the lateral compartment; each defined by its three main bones - patella, femur
and tibia (2). There are several intra-articular structures that give the knee its unique structure
and functions, these include: two ligaments (the anterior cruciate ligament (ACL) and the
posterior cruciate ligament (PCL)), two menisci (the medial and the lateral — not discussed in this
thesis) and the hyaline articular cartilage. Synovium (a thin layer of tissue that lines the entire
joint), synovial fluid (that lubricates the entire joint) and the fat pad (that cushions the front of
joint and helps distribute synovial fluid anteriorly) are also key intra-articular components of the
joint (3-6). See Chapter 1, Figure 1 for a schematic representation of normal joint anatomy with
the joint capsule removed.

From the perspective of OA, an important tissue to understand is the articular cartilage as
it is the protective surface layer of the bones that deteriorates during the processes of OA,
eventually leaving the highly innervated bones unprotected. Normal articular cartilage that
covers all articulating surfaces in the joint is grossly white, thin, firm, and extremely slippery.
Interestingly, it is moderately compressible and it does deform under load as it is composed
mainly of water with a number of highly specialized tissue components that make up its

viscoelastic matrix.



The most common protein in the articular cartilage matrix is collagen type I, which is
dispersed through the ECM (extracellular matrix) and is organized histologically in 4 distinct
zones. The most superficial and thinnest layer is the tangential zone which contains fibers which
lie parallel to the joint surface, providing a tough membrane resistant to tensile stresses (7, 8).
The next layer, the thickest layer, is the middle zone. In that zone, collagen fibers are distributed
more loosely and parallel to the surface to resist stresses from joint loading (7). The deep zone
consists of fibers oriented radially forming bundles that cross the tidemark into the innermost
layer, the calcified zone, to anchor the cartilage to the subchondral bone (9). Chondrocytes make
up the cell population of the articular cartilage, which are distributed throughout making
cartilage essentially hypocellular, avascular and aneural (10).

The second largest component of the articular cartilage is the proteoglycan (PG) known
as aggrecan, which binds to glycosaminoglycans (GAGS). Crosslinks between aggrecans and
GAGs (mainly hyaluronic acid) impart structural rigidity and strength to the cartilage (11) which
in addition to conformational changes and shortening is lost with aging (12). Immobility also
decreases the content and alters the conformation of proteoglycans (13). Proteoglycans are also
very important for holding the articular cartilage together. Water makes up the majority of wet-
weight of cartilage which maintains tissue hydration in loading states, contributes to joint
lubrication, and allows the transport of nutrients and waste between the synovial fluid and the
cartilage. Due to the structure and functions of these various components that work together in
interesting ways within the tissue itself, cartilage can withstand high loads and respond uniquely
to various mechanical conditions which will not be discussed in this thesis.

The fat pad and synovium are also critical in the development of OA. The synovium and
fat pad unlike the cartilage has significant vasculature, which transfers nutrients to the nearby

cartilage and menisci (14). The synovium is composed of collagen type | mainly with a
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heterogeneous subset of cells. Mononuclear cells including macrophages are distributed
throughout the synovium (15), while fibroblast-like synoviocytes are the most abundant cells in
the stroma producing the tissue scaffolding (16). These synoviocytes transition to myofibroblasts
in disease expressing various proteases (17). The fat pad is composed of packed adipocytes
covered by a layer of synovial cells (18).

The knee is much more than a simple hinge joint, having 6 degrees of freedom: 3
translations (anterior-posterior, lateral-medial, superior-inferior) and 3 rotations (flexion-
extension, internal-external rotation, abduction-adduction). The soft tissues, primarily the
ligaments, are responsible for the stability of the joint, with secondary stability coming from the
menisci (19). The ligaments are composed primarily of collagens (type I, 11, IV, V, and VI)
produced by fibroblasts. They also contain decorin, chondroitin sulfate, keratin sulfate, elastin,
fibrillin, fibronectin, laminin, thrombospondin and tenascin. ACLs have a bimodal distribution of
collagen fibrils (40-75nm and 100-150nm) that are cross-linked forming a characteristic crimp
pattern (20). The cellular makeup of ligaments includes fibroblasts, mast cells, nerve cells, and
endothelial cells (21). The ACL prevents anterior translation of the tibia on the femur and
provides rotational stability of the knee. The anterior cruciate ligament (ACL) is commonly
injured, and has often leads to PTOA. After an injury, joint mechanics are altered (22), patients
are unable to regain pre-injury performance, often unable to return to full activity levels and
frequently re-injure their knees (23, 24). Even more worrisome is that reconstruction of ACL
does not necessarily prevent this series of events and over 50% of those with ACL
reconstructions still appear to be going on to PTOA.

When discussing OA it is also important to consider the vasculature and nerves in the
knee joint. As described above the cartilage and meniscus are relatively avascular, therefore

relying on nutrients from surrounding tissues like the fat pad, synovium and subchondral bone
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(14, 25). The ligaments have a heterogeneous vascularization, receiving their blood supply from
braches off the popliteal artery as well as from synovial vessels. However, due to their
fibrocartilaginatous attachments the ends of ligaments are relatively avascular (21). Joint
innervation parallels it’s blood vessels, with avascular structures also being aneural (14). Non-
myelinated sensory nerves accompany blood vessels in the joint. The synovium, ligaments and
subchondral bone contains substance P and calcitonin gene-related peptide 1 perivascular nerves
(26-28). The synovial sympathetic nerves also contain neuropeptide Y similar to other sensory

nerves (26).
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2. INFLAMMATION

At a tissue level, inflammation is a response of the microcirculation in which fluid and
leukocytes migrate from the blood into the extravascular tissue. Considerable advances have
been made in understanding the cellular and molecular events in the acute inflammatory
response. Much less is known about chronic inflammation that occurs in a variety of diseases, for
example osteoarthritis.

Inflammation was first described by Aulus Celsus as redness, heat, swelling, and pain. A
fifth clinical sign, a loss of function, was added by Rudolf Virchow, student of Cohnheim. Julius
Cohnheim used the microscope to view inflamed blood vessels in the mesentery and tongue of a
frog. He noted immediate changes in blood flow, and subsequently vascular permeability causing
edema, and leukocyte recruitment (29). Eli Metchnikoff and Paul Ehrlich concluded that the
purpose of inflammation was to bring phagocytic leukocytes to injured tissue. The importance of
chemical mediators, such as histamine in the inflammatory response to increase vascular
permeability and leukocyte migration was described by Sir Thomas Lewis.

2.1. Overview of inflammation

Inflammation is thought to proceed as follows: initiation of recruitment and clearance
factors, amplification of the inflammatory response, and termination of the inflammatory
response. In some conditions the ability to regulate inflammation is altered, and inflammation is
harmful to the patient leading to excessive tissue damage. Initiation of inflammation starts
within the microvasculature, specifically the post-capillary venules which contain platelets and
leukocytes. After tissue injury there is a loss of endothelial cell integrity, leakage of fluid from
intravascular tissue, and emigration of leukocytes. For transducers and mediators of

inflammation see Chapter 1, Figure 2.
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2.1.1. Inducers

The components of the inflammatory response can be divided into inducers and
mediators. Inducers are signals that initiate inflammation; these can be exogenous or
endogenous. Exogenous inducers are either microbial via pathogen-associated molecular
pathways (PAMPS) or virulent factors or non-microbial via allergens, irritants, foreign bodies
and toxins. Endogenous signals are produced by stress, tissue damage, or tissue that is not
functioning.

Inflammation resulting from microbial infections and tissue injury are triggered by innate
immune receptors, Toll-like receptors (TLRs) and NOD (nucleotide-binding oligomerization
domain containing protein)-like receptors (NLPs) which are mediated by trolling mast cells
(MCs) and macrophages (Ma) (30, 31). These cause the release of chemokines, cytokines,
vasoactive amines and eicosanoids which activate the endothelium. The activated endothelium
presents selectins and immunoglobulin (1g) proteins causing extravasation of neutrophils (PMNSs)
through the presentation of integrins and chemokines (32). Once PMNSs reach the target site they
become active, killing invading pathogens or damaged tissue by releasing granules, releasing
reactive oxidase species (ROS), releasing nitric oxide, producing proteinases, and extruding
neutrophil extracellular traps (NETS) (33, 34). Next resolution and repair ensues by M
recruitment (35). In this phase there is a switch from pro-inflammatory prostaglandins to anti-
inflammatory lipoxins, which inhibit the recruitment of PMNSs and promote monocyte
recruitment (35). Resolvins (36) and protectins (37) produced by M¢ aid in resolution.

When tissue is damaged, ATP, potassium (K*)-ions, uric acid, high mobility group box
domain-1 (HMGB1), and members of the S100 calcium (Ca*")-binding protein family are
released (38). These substances can induce several pathways. ATP binds with M surfaces

causing an efflux of K*-ions which activate NALP3 inflammasome (39). HMGB1 and the S100
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Ca™"-binding protein family act with the receptor for advanced glycation end products (RAGE),
which cooperates with TLRs to induce the inflammatory response (40, 41).

Damage to the endothelium results in leakage of plasma proteins and platelets into
extravascular spaces; one of these plasma proteins is Hageman factor/factor XII which activates
upon contact with the ECM. This generates four cascades: the kallikrein-kinin cascade, the
coagulation cascade, the fibrinolytic cascade, and the complement cascade, leading to
inflammation (Chapter 1, Figure 3).

Endogenous inducers often found in joints are crystals of monosodium urate, Ca*™
phosphate dehydrate, advanced glycation end products (AGE) and oxidized lipoproteins. Md
recognize these inducers and treat them as foreign bodies, triggering inflammasomes, caspases,
and IL-1 family members (42, 43).

The inflammasome is a large complex that controls the activation of caspase-1 (44, 45).
Caspase-1 regulates IL-1p, IL-18, and pyroptosis/inflammatory cell death (46). Once caspase-1
is recruited into the inflammasome there is self-induced cleavage of pro-caspase-1 containing
caspase activation and recruitement domain (CARD), which further helps the assembly of the
inflammasome (47). Caspase-11 has also been linked to signaling of the inflammasome (44),
helping to mediate processing of IL-1p and I1L-18. Apoptosis speck-like adaptor protein
containing a CARD (ASC) plays a central role between NLR and caspase-1 in the inflammasome
(48). There are several types of inflammasomes, these include: NLRP3 inflammasome, NLRC4
inflammasome, NLRP1 inflammasome, NLRP6 inflammasome, NLRP12 inflammasome, and
pyrin domain and HIN domain/AIM2 inflammasome. The NLRP3 inflammasome is the most
widely studied and is activated by various pathogens, endogenous signals, as well as
environmental signals (46). Three mechanisms have been proposed for NLRP3 activation:

mitochondrial ROS, potassium efflux, and destabilization of phagolysosomes after digestions of
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certain particulates (49). The NLRC4 inflammasome responds to bacterial flagellin and prgJ
(50), and the NLRP1 inflammasome is activated by bacillus anthracis (51). NLRP6 and
NLRP12 have been linked to the function of the inflammasome to induce caspase-1 processing
of IL-1P (52, 53). The AIM2 inflammasome responds to both viral and bacterial infections (54).
Interferons have been shown to play an important role in regulating of inflammasomes. They not
only respond to infections, but anatagonize IL-13 production by decreasing the amount of
intracellular pro-1L-1pB and by inhibiting caspase-1 activation (55). Interferon induces IL-10
which inhibits pro-1L-1p and pro-1L-1a via the STAT3 pathway. Various other cytokines and
chemokines have also been implicated in influencing inflammasome signaling (56). The
inflammasome particularly NLRP3 has been shown to play a central role in wound healing and
fibrosis. ASC is secreted by myofibroblasts (57), and NLRP3 inflammasomes can drive fibrosis
(58-60). See chapter 1 figure 4 for a schematic of the inflammasome.

Another group of endogenous inducers are the breakdown products of the ECM which
activate TLR4 and promote tissue repair (61). This list of known endogenous inducers is
growing, and more research is being done to understand their role in inflammation.

2.1.2. Mediators

Inducers of inflammation trigger the production of inflammatory mediators which can be
derived from plasma proteins or secreted from cells. Inflammatory mediators can be organized
into seven groups: vasoactive amines, vasoactive peptides, complement components, lipid
mediators, chemokine, cytokines, and proteolytic enzymes.

Vasoactive amines (histamine and serotonin) are produced upon degranulation of MCs
and platelets (62). They increase vascular permeability and either vasodilation or

vasoconstriction.
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Vasoactive peptides (substance P, kinins, fibrinopeptide A/B, and fibrin products) can be
stored in secretory vesicles in an active form or generated by proteolytic modification of inactive
precursors in the ECM.

The complement components are C3a, C4a, and Cba; they trigger granulocyte and
monocyte recruitment affecting inflammation and the vasculature.

Lipid mediators (eicosanoids, and platelet activating factors (PAF)) are derived from
phospholipids via the arachadonic acid pathway (Chapter 1, Figure 5). Lipoxins and eicosanoids
of omega-3 fatty acid derived resolvins and protectins inhibit inflammation and promote
resolution and tissue repair (63). PAFs promote inflammation by aiding in leukocyte recruitment,
increasing vascular permeability, and promoting vasodilation or vasoconstriction (64).

Chemokines are produced by a variety of cells in response to inducers of inflammation.
Their main role is in chemotaxis and leukocyte recruitment. Inflammatory cytokines are also
produced by a variety of cells; they activate the endothelium, activate leukocytes, induce acute-
phase reactants, and promote further release of cytokines. Proteolytic enzymes (elastin,
cathepsins, and matrix metalloproteinases (MMP)) degrade the ECM and basement membrane
promoting leukocyte migration and tissue remodelling.

2.1.3. Resolution

After initiation and mediation of the inflammatory response, resolution ensues. In some
cases the inflammation resolves and normal tissue architecture and physiology are restored (as in
acute inflammation) in other cases the inflammatory reaction persists leading to tissue damage,
scar formation, and fibrosis (chronic inflammation).

2.2. Acute inflammation
Acute inflammation includes: accumulation of plasma and fluid, intravascular stimulation

of platelets, and the presence of PMNSs. It is the immediate response to injury or infection. The
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vasculature plays a major role in acute inflammation by 1) an increase in blood flow, 2)
structural changes allowing plasma proteins and leukocytes out of circulation, and 3)
transmigration of leukocytes into the target tissue.
2.2.1. Vascular changes

Changes in vascular flow and calibre occur early after injury and are critical for the
development of the acute inflammatory response. These pathological changes were first
characterized by Sir Thomas Lewis as the “triple response”, in experiments showing flare and
wheal in skin trauma (65, 66). The triple response occurs as follows:

1) Transient vasoconstriction of arterioles occurs at the injured site. This chemical and
neurogenic mediated event lasts only seconds.

2) Vasodilation occurs, resulting in the development of new capillary beds increasing blood
flow. This causes heat and redness and a condition known as hyperemia. This is followed
by the slowing of circulation.

3) Increased permeability of microvasculature causes edema, leakage of fluid into the
extravascular space. The loss of intravascular fluid causes an increase in blood viscosity,
and stasis. As stasis progresses, leukocytes (mainly PMNSs) orient themselves peripherally
along the vascular endothelium and leukocyte migration (also known as emigration or

transmigration) occurs.

Increased permeability leads to protein-rich fluid leaking into the extravascular tissue.
This loss of protein from the plasma causes an increase in hydrostatic pressure within the vessels
causing more fluids to flow out and build up in the interstitial tissue (edema). There are several
possible mechanisms by which the endothelium becomes leaky. The first is by direct injury to

endothelial cells, often from burns (67) or infections, causing endothelial necrosis (68). Leakage
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is immediate after injury and lasts for hours until the vessels are repaired. The second is injury
mediated by leukocytes which adhere to the endothelium. Leukocytes can release ROS and
proteolytic enzymes after adherence to the endothelium, which causes endothelial injury (69).
The third mechanism is that there is increased permeability of the endothelium through the
formation of gaps in the venules after exposure to histamines, bradykinins, substance P, and
leukotrienes (70-74). This is rapid and short lived. The fourth is through cytoskeletal
reorganization induced by a variety of cytokines, hypoxia or stress signals. The normal, resting
endothelium has canals in it (75); the fifth mechanism is excessive leakage out of these
endothelial canals after exposure to toxins. Knowing whether the increased permeability of the
vasculature is caused by direct or indirect injury to the endothelium is of the utmost importance
clinically, in order to use proper therapeutics.

There are many vasoactive mediators that increase permeability; these include phospholipid
metabolites and arachadonic acid metabolites (Chapter 1, Figure 5), platelets and their granules,
MC and basophil products, factors released from the endothelium itself, cytokines released by
Mo, PAF, Haegman factor, kinins, and complement.

2.2.2. Cellular events

A key function of inflammation is the delivery of leukocytes to the injured site.
Leukocyte recruitment occurs within the postcapillary venules, starting with rolling and
adherence. After blood flow has slowed and leukocytes appear at the periphery, selectins of the
endothelium and integrins on the leukocyte and endothelium are presented (32). These molecules
tether the leukocytes, slow them down, and eventually stop them. After stopping, the leukocytes
migrate through the endothelium and undergo chemotaxis to get to the site of injury. In acute
inflammation this process is dominated by PMNs during the first 6-24 hours and by monocytes/

Mg in the next 24-48 hours. Chemotaxis/extravasation of leukocytes occurs in response to either
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exogenous agents (bacterial products) or endogenous agents (complement, cytokines, and
lipoxigenase) (32).

When PMNs and M¢ arrive and accumulate in the tissue, they phagocytose debris and
release enzymes in order to kill pathogens, remove damaged tissue, and other foreign
particulates. This process was first described by Eli Metchnikoff as three distinct phases: 1)
recognition and attachment of particles by leukocytes, 2) engulfment and phagocytic vacuole
formation, and 3) killing/degradation of ingested material (76).

Opsonins coat microorganisms which bind to specific receptors on leukocytes. The main
opsonins are: the Fc fragment of 1gG, the C3b fragment of complement, and collectins (77). The
corresponding leukocyte receptor is FcyR, which recognizes the Fc fragment of 1gG and the
complement receptors. After the opsonized particle binds to FcyR, the cell extends pseudopods
which are closely applied to the particle; they fuse around the particle resulting in a phagosome.
The phagocytic vacuole (phagosome) membrane fuses with the membrane of a lysosomal
granule (PMN degranulation) causing the granule’s contents to be released into the
phagolysosome (phagocytic lysosome) (78, 79). When the phagosome does not close completely,
granule contents can be released out of the cell, which may cause further damage. Once
endocytosis occurs, the phagocyte can no longer ingest particles. The last step in phagocytosis is
the killing/degradation of particles inside the phagolysosome. This process is oxygen-dependent.
PMNs are stimulated by the phagocytotic process to increase oxygen consumption. Oxygen
consumption generates metabolites (superoxide, hydrogen peroxide, hydroxyl radicals, and
hydrochlorous acid) by activation of NADPH oxidase (80). Hydrogen peroxide is a potent
bacterial killer.

Bacterial killing can also occur via non-oxidative mechanisms. These include bactericidal

permeability increasing protein (BPI), lysosomal hydrolases, defensins, lactoferrins, lysozymes,
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and major basic proteins/bactericide from eosinophils. After the bacteria have been killed, acid
hydrolases in the PMN azurophilic granules degrade the bacteria with the phagolysosome (pH 4-
5) (81).
2.2.3. Tissue injury by leukocytes
As just described, leukocytes are capable of combating foreign particles; they are also
capable of damaging host tissue. PMNs release important substances into the ECM that induce
tissue damage (82). These include:
1) Lysosomal enzymes released from PMN granules. These enzymes are beneficial when
active intracellularly, but are harmful when released into the ECM (83).
2) Activated oxygen species (NOe) can be produced in injured tissue and can damage both
tissues and cells (84).
3) Arachadonic acid metabolites (prostaglandins and leukotrienes) promote further
inflammation.
After phagocytosis, PMNs undergo rapid apoptosis and are ingested by Mo (85), which is
dependent on integrin Mac-1/CD11b on PMN surfaces. This plays a very important role in acute
inflammation.
2.2.4. Acute inflammatory outcomes
In response to acute inflammation, there can be one of four outcomes. The first is
complete resolution. This is the most common outcome after injury when there is mild tissue
damage; it is largely through PMN apoptosis. The second is abscess formation. This occurs most
commonly after an infection. The third is healing by connective tissue replacement/fibrosis. This
occurs when the inflammatory response is within tissue that does not regenerate or when there is

a massive amount of fibrin. The fourth and final possible outcome of acute inflammation is the
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progression to chronic inflammation. This may occur almost immediately after the onset of acute
inflammation or may occur upon failure of acute inflammation to resolve.
2.3. Chronic inflammation

Chronic inflammation is much less well understood than acute inflammation. It may be
considered a sequel to acute inflammation, or an immune response to a foreign antigen, or an
autoimmune response. Histologically, chronic inflammation is characterized by: infiltration of
mononuclear cells, tissue destruction, angiogenesis, and fibrosis. The cellular components of
chronic inflammation are monocytes/Mda, lymphocytes, MCs and PMNs, and eosinophils.

Md arise from monocytes made in the hematopoetic blood marrow; when monocytes
leave circulation and enter various tissues they differentiate into M¢. M can live for several
months within tissues. As discussed in acute inflammation, monocytes appear within 24-48 hours
after the initiation of inflammation. Upon their arrival at the target tissue, they transform into
M, which are activated resulting in their ability to kill foreign particles, to generate
inflammatory mediators (IL-1, TNF), and to regulate lymphocyte response. If these processes are
unregulated, tissue injury and fibrosis characteristic of chronic inflammation ensue (86). In
chronic inflammation the persistence of M¢ can be due to continued monocyte recruitment, local
proliferation of M, or immobilization of M¢ by Md inhibitory factor (MIF) and lipids (87).
Macrophages are critical in the chronic inflammatory response because of their release of

numerous factors that are toxic to cells and the ECM.
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Lymphocytes (T or B) are part of both the antibody-mediated and cell-mediated immune
responses as well as non-immune mediated inflammation. Lymphocytes and Md have
complementary responses; Md regulate lymphocyte responses to antigens and activation by
cytokine release, and lymphocytes produce lymphokines (IFNy) that stimulate monocytes and
Mo (88). T lymphocytes also modulate production of antibodies and modulate cell cytotoxicity.

MCs are found in both acute and chronic inflammation. MCs act in chronic inflammation
by increasing cytokines thereby attracting leukocytes to the site of injury. PMNs are classically
thought to be part of the acute response, but can also be observed in tissues of chronic
inflammation. PMNs are induced by the up-regulation of chemokine receptor (monocyte
chemoattractant protein 1; MCP1) in chronic inflammation (89).

2.4. Interleukin 1

Interleukin 1 is a pro-inflammatory molecule first described in the 1940’s as an
endogenous pyrogen (90). IL-1 was later discovered to have many inflammatory properties
which were mediated by two similar cytokines which bind to the same receptor: IL-1a and IL-1p
(91, 92). The genes encoding for IL-1o and B are on chromosome 2 (93). IL-1a and B form a
three dimensional structure of a B-trefoil fold formed by 12 B-strands (94). Both cytokines are
produced by monocytes and macrophages and to a lesser degree neutrophils, keratinocytes,
epithelial cells, endothelial cells, lymphocytes, smooth muscle cells and fibroblasts (95). IL-1a
and P are synthesized as precursors (31kD) which are cleaved into their mature forms (17kD)
and secreted independent of the golgi apparatus and endoplasmic reticulum unlike other
cytokines (96).

Pro-1L-1a is a membrane associated protein involved in paracrine cell-cell signalling
(97). Pro-IL-1a can exert intracellular effects but requires N-terminal nuclear localization

sequence (98). IL-1a is normally not detected in the blood unless there is severe illness, where
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the cytokine is coming from dying cells. In the past few years the release of IL-1a has been
discovered to be broader than just that from dying cells. After TLR activation IL-1a is expressed
and localized to the cell surface as an active membrane bound ligand (99). There is some
evidence suggesting that NLRP3 inflammasomes may have a direct role in the regulation of IL-
la (99, 100). After IL-1a activation by the inflammasome IL-1a is actively secreted. It has been
proposed that IL-1a binds IL-1p and is co-secreted (99). Yazdi and Drexler (101) have proposed
two other pathways of IL-1a cleavage and secretion: caspase-1 dependent and independent
pathways. With either pathway IL-1a processing is mediated by calcium dependent calpain-like
proteases, which are downstream to the inflammasome. Despite a large body of research on
inflammation evidence for the role of IL-1a in inflammatory disorders in limited; however, IL-
1o seems to be important for inflammation (99, 100).

Unlike pro-IL-1a, pro-IL-1p is biologically inactive and therefore must become the
functional mature IL-1p (102). Pro-1L-1p is cleaved by caspase-1 (103), which is activated by
the NALP3 inflammasome. In order for IL-1p release from M¢ there must be activation by TLRs
causing transcription and translation of pro-1L-1p, as well as a NLP process in which IL-1f is
processed and released. This process is mediated by caspase-1 mechanism involving P2X
purinoceptor 7 activation by ATP (104). Pro-IL-1p can also be cleaved extracellularly
(105).NF«B inhibits caspase-1 preventing the release of IL-1p by M¢ (106).

Both IL-1a and IL-1p stimulate local and systemic inflammatory responses that can lead
to both acute and chronic inflammatory diseases. I1L-1s produce phospholipase A2, COX2, and
inducible nitric oxide synthase causing inflammatory nitric oxide and prostaglandin release. IL-
1s also stimulate MMPs causing breakdown of articular cartilage (96) and indirectly stimulate

bone erosion via osteoclast maturation (98).
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3. GROWTH FACTORS

Growth factors are tightly linked with inflammation in the knee. There are several growth
factors which are active in the knee joint. TGFp is a member of a family of polypeptide growth
factors which include activins, inhibins, bone morphogenic proteins, and various differentiation
factors. The TGFp superfamily contains TGFf as well as mullerian inhibitory substance and glial
cell line-derived neurotrophic factor (107). TGFp is a dimeric molecule comprised of two
monomers, a B-strand and an a-helix. TGF is important in connective tissue proliferation, and
contributes to both the influx of inflammatory cells as well as the activation of fibroblasts to
differentiate into myofibroblasts (108). There are three isoforms of TGF (1,2, and 3); TGFp1 is
the predominant isoform in the immune system and is important in immunoregulation (109,
110). T cells are involved in severe inflammation, and therefore will not be discussed in this
thesis. TGFp is synthesized in an inactive form as a dimeric pre-pro-TGFp precursor, which then
forms a complex which is secreted from cells bound to matrix proteins (111). In order to free the
active TGFp proteolysis, cell surface proteins and a low pH are necessary. TGFp signalling binds
to TGFp receptor Il recruiting type | receptors which activate Smad transcription factors (Smad2,
Smad3, and Smad4) (112). Smad2 /3 are phosphorylated and activated by TGFp receptor and
heterodimerizes with Smad4 into a Smad complex, which transclocates into a nucleus to regulate
transcription or target genes. TGFp also works via other mechanisms, including activation of the
Ras-extracellular signal regulated-kinase, TGFp-activated kinase-mitogen-activated protein
kinase kinase 4c-Jun N-terminal kinase, TAK1-MKK3/6-p38, Rho-Rac-cdc42 mitogen-activated
prontein kinase, and phosphatidylinositol 3-kinase-Akt pathways.

Cytokines act in signalling TGFp; in particular IL-6. There is cross-talk between IL-6 and
TGFB, which has been identified within various tissues (113-116) and shown to inhibit IL-8

(117). IL-6 enhances TGF receptor internalization and thereby enhances TGFp signalling (118).
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IL-13 is also involved in TGF signalling, inducing the expression of TGFp in M¢ (119). This
process is in two stages involving induction of IL-13Ro? via TNFa and 1L-13 signalling via IL-
13Ro? activation of TGFp promoter. TGFf causes the downregulation of all MMPs except
MMP13. TGFp has different effects in different joint tissues; it is critical for cartilage
development and changes in TGFp result in terminal differentiation of chondrocytes and changes
in the cartilage matrix (120). Whereas, in ligaments and synovium it both helps in healing as well
as promotes fibrosis in chronic inflammation by fibroblast proliferation and collagen synthesis.
BMP, a member of the TGFp family is critical for chondrocyte growth as well as bone
formation. Due to these different effects in tissue TGFf has multiple roles in the development of
PTOA: causing scar formation of the ligaments, synovium and meniscus, changing cartilage
homeostasis, and causing subchondral bone changes and osteophyte formation.

FGF are heparin-binding proteins involved in angiogenesis, embryonic development and
wound healing. The FGF family includes FGF1-FGF10; FGF2/bFGF is critical in wound
healing. FGF ligands are signalled via cell surface FGF receptors (FGFR1-FGFR4) Tyr kinase.
After ligand binding FGF receptors dimerize causing intracellular receptor kinase domains to
reorient for transphosphorylation and activation of receptor kinases (121). The activated receptor
kinases phosphorylate and activate FGF substrate 2a and phospholipase Cy1 (122, 123). This
initiates signalling through the Ras-mitogen activated protein kinase pathway or
phosphatidylinositol 3-kinase-Akt pathway, causes intracellular calcium release, and activates
protein kinase C (122, 123).

All FGFs interact with heparin sulphate glycosaminoglycan chains of heparin sulphate
proteoglycans present in the extracellular matrix (124). bFGF is produced by cartilage and

sequestered there by perlecan (125), which when injured releases bound bFGF activating the
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extracellular signal regulated-kinase pathway. bFGF appears to play a key role in cartilage

homeostasis; however, its exact role is controversial.
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4. OSTEOARTHRITIS

OA is one of the main causes of pain, disability and functional loss in North America. By
65 years of age, well over 50% of people have some radiographic evidence of OA and by 75
years of age, some 80% of the population has positive radiographic findings of OA. While OA
affects multiple joints, the knee is the most common, affecting ~1% of adults age 25-34 years
and increasing with age (126). There are two types of OA: primary OA and secondary OA.
Primary OA arises spontaneously from an unknown cause, whereas secondary OA results from a
known cause, for example, an infection or a previous injury.

Osteoarthritis (OA) is characterized by hyaline articular cartilage degradation and wear
and chronic joint pain that is associated with recurrent attacks of more acute synovial
inflammation superimposed on a background of lower grade chronic synovial inflammation. As
the cartilage wears away, the bone surfaces become less protected by the cartilaginous cover
(127). At that end stage of disease, nerve endings in the bone are left exposed, causing patients to
experience severe pain when doing any load bearing activities, including simply walking. Due to
the pain, patients often reduce their activity which can lead to a serious reduction in their quality
of life. OA is thus defined by these symptoms and by radiographic changes with effusions,
osteophytes, bone sclerosis, subchondral bone cysts and the increasing loss of joint space (as the
cartilage wears away).

4.1. Diagnosis and epidemiology

Clinically, OA is graded using a standard scheme on plain X-ray films known as
Kellgren-Lawrence (KL) grading. As noted above, the features that are graded are joint space
narrowing, bony contour abnormalities, subchondral sclerosis, osteophytes, and cyst formation
(128). The current and most widely used criteria for diagnosis OA correlate these radiographic

grades with knee pain for most days in the prior month, osteophytes, synovial fluid changes,
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morning stiffness and crepitus (129). Routine histological diagnosis is not performed clinically;
however, the microscopic features of OA in the articular cartilage consist of chondrocyte and
proteoglycan loss, cartilage ulceration and erosion, subchondral degeneration, and osteophytosis
(130). Histological diagnosis is the gold standard, used to quantify OA in animal models (130).
4.2. Systemic risk factors

Several risk factors have been associated with the development and progression of OA.
Dieppe developed a model of OA pathogenesis to separate risk factors into systemic factors
leading to overall disease risk and mechanical risk factors (131).

The most compelling systemic risk factor links OA with age (132, 133), most notably in
the knee and hand (126, 134). Males and females have comparable OA risk throughout
reproductive life (126); however, post-menopausal women have an increased predisposition for
disease. Hormone replacement therapy (HRT) is protective of osteophytes and joint space
narrowing, but protection fails to continue once HRT is discontinued (135). Women using
estrogen replacement therapy also have larger tibial cartilage volumes compared to women that
had never taking HRT (136). Obesity is the second strongest risk factor for knee OA (137).
Many studies have shown a strong relationship between body mass index and knee OA (138,
139). This likely is not unique to the knee (140) suggesting this association is not simply
mechanical but may be due to metabolic changes or inflammation. Other risk factors include
bone density (141), genetics (142), and nutritional status (143).

4.3. Mechanical risk factors

Overall risk of secondary OA development is based on systemic risk factors, but mechanical
factors are linked with specific sites affected. It is thought that there is a type of injury-induced,
mechanical abnormality of the injured joint and a subsequent interplay between the altered

mechanics, biological changes (inflammation and cartilage damage) and the development of OA.
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It is widely accepted that joint injury is a risk factor for knee OA (144-146). While injury to any
structures in the knee can lead to OA, ACL injuries are the most likely to cause severe and rapid
OA of the joint (147). These injuries result in gait abnormalities leading to increased joint
loading (148). Acute surgical intervention is recommended for most ACL injuries (149-151);
however as of 2013, surgical reconstruction has not been shown to retard the progression of OA
(1, 152, 153).

Inflammation appears to be playing a role in all types of OA, based on preliminary
laboratory data examining up- and down-regulation of inflammatory factors (154). Inflammation
is a normal part of tissue healing/repair (95, 155). After an injury, damaged tissue and cells send
out a variety of signals in order to start the repair process. Traditionally OA was seen as an
articular cartilage disease; however, more recently OA has been viewed as a complete joint
organ disease and an inflammatory disorder (156), and therefore must be studied as such.

In secondary OA (eg after a joint injury) it is expected that inflammation would begin
acutely in response to the injury (a wound healing response), fail to resolve, and the joint would
thus become chronically inflamed. After the onset of OA (secondary or primary), the innate
inflammatory pathways appear to be constantly stimulated. Scanzello and colleagues (157) have
suggested that OA, in essence, is a “chronic wound”.

4.4. Wound healing

Wound healing consists of three phases: an inflammatory phase, a proliferative phase and
a remodelling phase. The inflammatory phase begins immediately after injury starting with
hemostasis in which the wound fills with blood; the exposure of blood causes platelet
degranulation and activation of the Hageman factor/factor Xl (Chapter 1, Figure 3). Platelets
secrete inflammatory factors and express glycoproteins causing the formation of an aggregate. A

clot is formed and the injury signals are amplified attracting chemokines to the wound site.
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Prostaglandins lead to vasodilation resulting in edema at the site of the injury. Circulating
immune cells start to appear in the wound followed by leukocytes, which release pro-
inflammatory cytokines leading to propagation and tissue formation (proliferative phase; see
Chapter 1 Figure 6 for cascade).

The onset of the proliferative phase is marked by an infiltration of fibroblasts at the
wound site. In this phase angiogenesis occurs, collagen matrix is laid down, as well as other
components of the ECM, and fibroblasts differentiate into myofibroblasts contracting the wound.
These events signal the remodelling phase of wound healing in which collagen production and
degradation equalize, fibers are rearranged and cross-linked longitudinally, and any remaining
structures that are no longer needed undergo apoptosis.

While bone injury and healing follow a similar process to soft tissue wound healing, there
are other factors that come into play, such as the influence of multipotent hemopoietic stem cells,
matrix and matrix fragments, and mechanical load changes to the bone matrix influencing joint
mechanics. This may increase the risk of the development of OA after injury or surgery in the
knee joint.

4.5. Anterior Cruciate Ligament injury and reconstruction

As discussed above, the ACL is important in maintaining joint stability during motion.
After an ACL injury, there are significant changes in tibiofemoral motion during gait with more
internal tibial rotation and posterior tibial translation during stance phase (158), impingement of
the medial tibial spine by the femur during lunge activities (159). These mechanical
abnormalities result in a shift in joint loading leading to altered tension and compression of the
cartilage resulting in changes in cartilage integrity and increased catabolic activity ultimately
causing OA (reviewed in (22)). Therefore, in theory OA should not develop if mechanical

changes could be prevented or minimized. Many studies have investigated the potential role that
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reconstruction plays in preventing joint degeneration; however, it appears that the increase in
stability acquired from surgery plays only a limited role in preventing and retarding the
progression of OA (23, 160-162). Evidence from our lab has indicated that some types of surgery
may even be involved in provoking the development of OA. Therefore some inherent change at
the time of injury or during wound repair must be leading to the development of OA; one

possibility is inflammatory changes in the joint.
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5. DETAILS OF INFLAMMATION AND OSTEOARTHRITIS

As noted above, inflammation is a normal part of tissue healing/repair (95, 155). After an
injury, damaged tissue and cells send out a variety of signals in order to start the repair process.
While OA traditionally was not seen as an inflammatory disorder, reports over the past 15 years
have linked inflammation and OA (156).

Cytokines are proteins produced by various cells that modulate the function of other cells.
They play important roles in both acute and chronic inflammation, and by their inhibition both
can be modified. Cytokines can regulate lymphocyte function, activation, and differentiation.
Some cytokines can stimulate hematopoeisis (IL3, IL7, and colony stimulating factors). Other
cytokines are involved in natural immunity (IL-1p, TNFa, IFNo/f, and IL-6) and activate
inflammatory cells in both acute and chronic inflammation (IFNy, TNFo/, IL5, I1L-10, and IL-
12). Several major cytokines are thought to be involved in OA, these include interleukins: L-1p,
IL-1a, IL4, IL-6, IL-8, IL-10, IL-11, IL-13, IL7, LIF (leukemia inhibitory factor), TNFa. (tumor
necrosis factor-a), and IL-1Ra (IL-1 receptor antagonist). Several growth factors are also
involved, for example TGFp, FGF, PDGF, and IGF. Some of these are up-regulated such as IL-
10 and TGFp (negative regulators of lymphocytes); while others such as IL-1 and I1L4 are down-
regulated (promote lymphocyte growth). The cytokines involved can be divided into pro-
inflammatory and anti-inflammatory types.
5.1. Pro-inflammatory agents

Pro-inflammatory cytokines are thought to be pivotal in the initiation and development of
OA, with IL-1B, and TNFa in the forefront. IL-1p is produced by macrophages and endothelial
cells in the synovial membrane and cartilage-pannus junction (163). IL-1p is elevated in
rheumatoid arthritis (RA) (164, 165) and in OA. It is activated through cell-surface receptor

binding (IL-1RI and IL-1RII). IL-1RI is found in articular tissue cells and appears to be
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responsible for signal transduction (Chapter 1, Figure 7). The number of IL-1RI is significantly
higher in OA chondrocytes and synovial fibroblasts (166-168). While IL-1RII, which lacks a
cytoplasmic domain, cannot transmit a signal, it appears to act as a decoy receptor, inhibiting IL-
1B (169). IL-1RII is elevated in patients with RA (170), and has been seen as a possible
therapeutic avenue.

TNFa also appears to be an important mediator of synovial inflammation and matrix
degradation in OA. TNFa is elevated in RA and in OA, with increased production by
synoviocytes, leukocytes and chondrocytes (171). Activation occurs through signal transduction
via binding to the membrane bound TNF-Rs; TNF-R expression in OA chondrocytes and
synovial fibroblasts is elevated (172, 173).

IL-1p and TNFa may be the most relevant cytokines in OA; however, not all catabolic
activity in OA can be attributed to these two. IL-1 is highly up-regulated in the synovium and
synovial fluid of patients with OA, and is a potent inducer of inflammation. Certain IL-1
haplotypes have been associated with knee OA (174) and its severity (175). Other pro-
inflammatory cytokines include: IL-8, a chemotatic cytokine (176), LIF, IL-1, IL-6, an IL-1
inducer (177), and IL-17, involved in IL-1B and TNFa up-regulation (178).

5.2. Anti-inflammatory agents and antagonists

It is believed that cartilage degradation in OA is the result of a disruption in the
homeostasis of catabolic cytokines, anabolic cytokines and anti-inflammatory
cytokines/antagonists. Three anti-inflammatory cytokines are up-regulated in synovial fluid of
OA patients: IL4, IL-10 and IL-13. They decrease the production of IL-18, TNFa, and MMPs
(matrix metalloproteinase), up-regulate IL-1Ra and TIMP-1 (tissue inhibitory metalloproteinase),

and inhibit PGE2 (prostaglandin E2) release (179-182).
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IL-1Ra is secreted from monocytes, macrophages and neutrophils. Three isoforms have
been identified: IL-1sRa (soluble and extracellular), iclL-1Ral (intracellular), and iclL-1Rall
(183). IL-1Ra competitively binds to IL-1RI; it does not induce any cellular response. IL-1Ra
binds to IL-1RI inhibiting IL-1p activity (Chapter 1, Figure 7). It blocks many pathologies seen
in OA, including PGE2 synthesis (184), collagenase production, and matrix degradation. IL-1Ra
concentrations are significantly higher in the synovial fluid of RA patients (185-187) and OA
patients (186). IL-1Ra knockout mice spontaneously develop inflammatory arthritis (188),
suggesting IL-1Ra is a critical player in inflammation.

IFNB (interferon ) also has anti-inflammatory effects such as decreased expression of
IL-1 and TNFa and increased expression of IL-1Ra. INF increases the production of IL-1Ra by
a variety of cell types (189-191), including synoviocytes and other cells residing in the joint
(192).

5.3. IL-1p and IL-1Ra balance

The balance between IL-1Ra and IL-1p levels influences the physiological and
pathological effects in various tissues. IL-1Ra must be produced in abundance in local tissues to
effectively block the effects of IL-1p (193-197). This likely explains why, despite increased
levels of IL-1Ra found in OA, joints exhibit OA pathologies. Many studies have shown an

imbalance in the ratio of IL-1p: IL-1Ra in RA (198, 199) and in chondrocytes of OA (200).
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6. TREATMENTS FOR OSTEOARTHRITIS

There are a variety of treatment strategies targeted at OA; but as of 2013, currently none
of them are curative. Management strategies vary from lifestyle modification to pharmacological
to surgical. Weight loss of ~20% body weight is the only intervention which has been shown to
slow the progression of OA (201-203). Unfortunately this is extremely difficult for most patients
and in the cases of post-traumatic OA patients often have a normal BMI. Pharmacological
treatments include pain management aids and disease modifying drugs. Analgesics such as
acetaminophen and NSAIDs are widely used; NSAIDs tend to be more efficacious but have a
greater side effect profile (204). Selective NSAIDs have been used; however, there are
cardiovascular concerns when using COX2 inhibitors. If the patient fails these treatments or they
are contraindicated, opioids can be used for pain management, but their addictive nature and
adverse effects make them a less desirable option. Some newer pain management strategies
employ the use of serotonin reuptake inhibitors, Duloxetine being the most widely studied.
Duloxetine improves pain scores and WOMAC scores compared to placebos (205-208), and is
recommended by the American College of Rheumatology as a treatment for patients who have
had an inadequate response to conventional treatments (209). Alternative or complementary
medicines for the treatment of OA are also widely studied; these are controversial and will not be
discussed in this thesis.

Several intra-articular injections are widely used to manage OA. Corticosteroid injections
are also widely used and found to reduce pain for up to 2 weeks post-injection (210). A more
detailed discussion on corticosteroids is presented below. Other intra-articular therapies include
bone morphogenic protein-7 (BMP7), fibroblast growth factor-18 (FGF18), botulinum toxin A
(Botox), platelet rich plasma (PRP), mesenchymal stem cells (MSCs), and hyaluronic acid.

BMP7 decreases cartilage degradation in various animal models (211) and has passed phase |
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clinical trials (212). Intra-articular FGF18 injections in animal models of OA have increased
cartilage repair and chondrogenesis (213). There is some potential for the use of Botox for
refractory OA. Because of its nocioceptive properties pain scores are improved with Botox
injections (214-218). Autologous PRP has been used in various musculoskeletal injuries for the
past 10-15 years (reviewed in (219), and has recently been considered for use in OA. However,
clinical studies have failed to show any differences with PRP (220-224). Despite minimal
improvements in pain scores none of the studies showed cartilage improvement. The use of
MSCs in many disorders including OA is a current popular research area and studies show varied
results in animals. Two case studies have shown some significant differences in outcomes with
treatment (225, 226). Hyaluronic acid is widely used clinically and many patients claim
symptom relief; however, recent studies indicate hyaluronic acid has little or no effect on OA
(227).

Several biological agents have been investigated in animal models and have recently been
studied in clinical trials. IL-1Ra has demonstrated potential in both animal models and clinical
trials; these will be discussed below. TNFa antagonist is used as a second or third line treatment
in RA, and several trials have evaluated its use in OA. These trials, done in erosive hand OA,
have shown a lack of efficacy in preventing or reducing any primary or secondary outcomes
(228, 229). One of the newest treatments being explored is tanezumab, an anti-nerve growth
factor. Several trials have shown improved WOMAC scores and pain assessment scores with
treatment (230-233). Note that of all the treatments discussed none has been shown to modify the
progression of OA, rather they have helped manage the symptoms. A drug normally used to treat
osteoporosis, strontium ranelate, has been shown to change joint space narrowing (234), and may

be the first disease modifying drug to date.
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Often as a later treatment surgical intervention is offered to patients; the choice of
surgical treatment depends on symptoms, disability, radiographic change, and patient age.
Options consist of debridement, high tibial osteotomy in the young, and arthroplasty.
Debridement has the same results as the current physical and medical therapies used (235). Joint
arthroplasty is generally reserved for patients with severe disease, persistent pain, functional
limitations, and reduced quality of life. 80% of patients report pain reduction after surgery in
prospective studies. High tibial osteotomies can be an option in younger patients with
unicompartmental disease to delay the need for arthroplasty (236).

6.1. Glucocorticoids

Corticosteroids used to intervene in inflammation are glucocorticoids (cortisol,
prednisolone, dexamethasone, betamethasone, rimexolone, triamcinolone) that control
carbohydrate, fat and protein metabolism, and act as anti-inflammatory agents regardless of the
cause of inflammation. Glucocorticoids work via a variety of mechanisms as a result of stress
response via the sympathetic nervous system (237), activating the release of norepinephrine
which enhances anti-inflammatory mediators (IL-10, TGFp) and inhibits pro-inflammatory
cytokines (IL-12, IFNy, TNFa) (238). In response to stress the hypothalamic-pituitary-adrenal
axis and hypothalamic-autonomic nervous system axis are activated. These pathways are part of
the endocrine and neurological systems which supress immune, inflammatory and nervous
responses (239). The hypothalamus releases corticotropin releasing hormone and arginine-
vasopressin which acts on the anterior pituitary causing the release of adrenocorticotropin
hormone (ACTH) (240). ACTH acts on the adrenals stimulating the release of cortisol, which in
turn inhibit corticotropin releasing hormone and ACTH (241). Cortisol released from the
adrenals enters the blood stream either unbound which exerts systemic effects or bound to

cortisol-binding globulin. The hypothalamic-autonomic nervous system causes the release of

37



norepinephrine which stimulates IL-10 and TGFf and inhibits IL-12, TNFa, and interferon
(242). The sympathetic nervous system and adrenal axes act on each other with stimulatory
effects of corticotrophin releasing hormone and norepinephrine on each other (243).

Glucocorticoids enter the cell via passive diffusion and bind to intracellular
glucocorticoid receptors. Glucocorticoid receptors are part of the ligand regulated nuclear
receptor superfamily found in the cytosol transporting into the nucleus upon ligand-receptor
binding (244). Several molecules (hsp90, hsp70, hsp56, p23, p50 and CYP40) are associated
with glucocorticoid receptors called the foldosome (245) in order for proper folding and steroid
binding (246). The foldosome complex is bound in the cytoplasm to two receptor isoforms: GRa
and GRp (247). Ligands can only bind to GRa and GRJ binds to the glucocorticoid response
element promoter sequence. Membrane bound receptors have also been identified in the cell
membranes of immune cells (248), and have been found upregulated in certain diseases (249,
250). Glucocorticoid receptor N-terminal activation function domain contains serine residues
which are phosphorylated by mitogen activated protein kinase (MAPK) and cyclin dependent
kinase (251). Phosphorylation of the receptor acts on nuclear translocation, nuclear export,
transcription, and receptor stability (252).

After the glucocorticoid-GRa complex is translocated into the nucleus in homodimerizes
with another glucocorticoid-GRa complex which then binds to the glucocorticoid response
element and causes gene transcription (253). Glucocorticoids bound to receptors can also directly
bind to a transcription factor without dimerization leading to inhibition of transcription and of the
receptor (254, 255). This is the mechanism by which glucocorticoids primarily exert their anti-
inflammatory effects.

Glucocorticoids can also act non-genomically by effecting signal transduction and ion

channels (256). Glucocorticoids activate cell membrane ion channels and decrease intracellular

38



calcium (257). They also activate phosphatidyl inositol 3-kinase leading to increased endothelial
nitric oxide synthase activation (258). As discussed above glucocorticoids can bind to membrane
receptors. See chapter 1 Figure 8 for an overview of glucocorticoid pathway.

The primary mechanism by which glucocorticoids work is by annexin-1 (lipocortin 1)
synthesis. Annexin-1 suppresses phospholipase A2 blocking the production of eicosanoids
(prostaglandins and leukotrienes) and inhibiting leukocyte recruitment. Moreover,
glucocorticoids inhibit cyclooxygenase (COX1 and COX2). COXs are key mediators in the
arachadonic acid pathway, activating prostaglandin synthesis.

Annexin-1 is a member of the annexin protein family that binds phosophlipids when Ca™*
is present (259). In homeostasis, annexin-1 is present in PMNs, M, and monocytes (260).
Following activation during leukocyte recruitment in acute inflammation, annexin-1 is released
from the cells (261). After secretion, annexin-1 counter-regulates the activities of innate
immunity (production of inflammatory mediators). Glucocorticoids increase the levels of
annexin-1 expression by PMNs and monocytes (262, 263); the exact mechanism by which this is
controlled is not understood. Glucocorticoids inhibit gene expression of pro-inflammatory
factors, such as IL-1, IL2, TNFa, IFNy, NOS, and adhesion molecules (264-267) important in
the initiation and mediation of acute inflammation.

Glucocorticoids are potent anti-inflammatories in chronic inflammation. They can repress
T cell activation. In contrast to the effects of glucocorticoids on annexin-1 in acute inflammatory
cells (PMNs and monocytes), in chronic inflammation glucocorticoids inhibit annexin-1 on T
cells (268). Annexin-1 increases expression in Ty cells after activation, increasing the production
of AKT and extracellular signal-regulated kinases (ERK), thereby increasing T cell proliferation,
differentiation and activity. Because glucocorticoids inhibit annexin-1 in this process, T cell

proliferation is reduced as is their activity in ameliorating inflammation. As above,
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glucocorticoids inhibit gene expression of pro-inflammatory factors; this plays a role in chronic
inflammation via a Ty2-type response. Glucocorticoids have also been shown to be antagonists
to COX (mainly COX2), by stabilizing COX2 mRNA and mediating prostaglandin synthesis
(269) in chronic inflammation.

As discussed above, glucocorticoids are widely used as intra-articular injections in the
treatment of symptoms in OA. The results are short lived (270), and there are adverse effects
associated with them (immunosuppression and flares after injection causing cartilage damage).
The majority of studies that have investigated the efficacy of glucocorticoids in OA have focused
on pain management, making their anti-inflammatory potential less well known. Corticosteroids
are often used to treat acute inflammation post-injury in order to allow the patient to return to
sports. Because of patients’ rapid return to sports, it is difficult to assess whether the steroids
were an effective long term anti-inflammatory preventing later development of OA, or simply a
short term analgesic and anti-inflammatory to allow a rapid return to sports and further damage
and inflammation follows.

6.2. IL-1Ra/Anakinra

The use of biological molecules with targeted anti-inflammatory properties is an
interesting and novel approach to control pro-inflammatory cytokine production and activity. IL-
1Ra has elicited much attention for use in inflammatory disorders, including arthritis. IL-1Ra has
had an effect in many mo