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Abstract

Non-resolving synovial inflammation is present in both human and animal models
and plays a key role in the pathogenesis of knee osteoarthritis (OA). However, it is not
known how inflammation affects synovial macrophage function and if this contributes to the
loss of tissue homeostasis. The purpose of this thesis was to understand the role of
efferocytosis in knee OA. There is an increased apoptotic cell burden within the synovium of
patients with late-stage knee OA. Synovial-derived macrophages from these patients
exhibited impaired efferocytosis. Healthy blood-derived macrophages exposed to synovial
fluid from patients with knee OA recapitulated the defective efferocytosis. Impaired
efferocytosis in a rat model of post-traumatic knee OA was associated with increased pain-
related behaviours, joint damage, and synovial apoptotic cell burden. Our findings support
the key functions of the synovium and emphasizes the importance of targeting synovial
health in OA to improve outcomes.
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Summary for Lay Audience

In the past, osteoarthritis (OA) was thought of as a “wear and tear” disease of the
cartilage. However, it is now accepted that OA is a disease of the entire joint as all tissues

that make up the joint, such as the synovium play important roles in maintaining its health.

In OA, the synovium becomes dysfunctional and is associated with disease
progression and pain. However, it is not known how this tissue becomes dysfunctional. We
investigated the relationship between synovial tissue function and the synovial cells that are

responsible for tissue functionality in the setting of OA.

We obtained pieces of synovial tissue from healthy participants without knee OA and
from patients with severe knee OA and analyzed different features of the samples. In patients
with severe OA, there were greater amounts of dead cells accumulating in the synovium
compared to healthy participants. Specialized cells known as macrophages that are
responsible for clearing dead cells were also found to be dysfunctional within the synovium

of patients with severe OA.

Next, we used an experimental rat model of OA to determine if impaired clearance of
dead cells led to worse pain and joint damage. Over a period of 12 weeks, rats underwent
surgery to induce OA and were injected in the right knee with DNA designed to block the
function of clearing dead cells to recapitulate what we found in human samples. We found
that impaired clearance of dead cells does lead to worse pain-related behaviours and joint

damage.

The studies reported in this thesis were the first to discover a buildup of dead cells in
synovial tissue from patients with severe OA and that impairment in clearing these cells was
associated with worse OA outcomes such as pain and joint structure. Future research should
explore treatments that focus on recovering the ability to clear dead cells in the synovium in
patients with knee OA. Future research should also attempt to identify mechanisms driving

the association between impaired clearance of dead cells and worse OA outcomes.
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Chapter 1

Introduction



1.1 Arthritis

Arthritis is a term that encompasses many rheumatic diseases and conditions that
affect the joint and typically manifests in pain, stiffness, and swelling which ultimately
lead to significant disability and decreased quality of life for patients. Osteoarthritis (OA)
is the most common form of arthritis and currently affects about 1 in every 7 adult
Canadians (Badley et al., 2021). OA is a degenerative synovial joint disease that occurs

when damaged joint tissues are unable to return to normal homeostatic conditions.

In general, the majority of people with OA experience joint pain, stiffness, aching,
increased levels of fatigue, and decreased quality of life compared to people living
without OA of a comparable age (The Osteoarthritis Action Alliance, 2019). The distress
and disability that OA causes an individual often negatively impacts different domains of
an individual’s life. In addition to and because of the increased pain and disability, people
with OA are more likely to suffer from depression or anxiety, which can contribute to the
overall disease burden (Billesberger et al., 2020). People living with OA also report a
reduction in usual day-to-day activities due to the pain, joint stiffness, and instability that
often comes with OA (Peprah and Argéez, 2020). People living with OA experience
lower employment rates than those without the disease and this is largely related to the
activity limitations that accompanies OA (Laires et al., 2018). Unfortunately, the effects
of OA on the different domains of a person’s life can all negatively influence each other

and contribute to a downward spiral of worse quality of life and illness experience.

OA has major impacts on costs to both the economy and the health care system
within society. In Canada, it is estimated that OA costs range from 1.0 to 2.5% of the
national gross domestic product (Young et al., 2021). Direct costs of OA include
medications, visits to health professionals, tests, and hospitalizations. Indirect costs of OA
include losses to the economy related to decreased productivity and labour shortages. As
certain risk factors for OA are increasing in prevalence such as our ageing population,
this will translate to a larger burden placed on Canada’s healthcare system and the

economy at large.



Unfortunately, there is no current disease-modifying treatment for OA and
research is urgently needed to understand more of the underlying pathology. The research
presented in this thesis entails new findings in the setting of patients with end-stage knee

OA and in an animal model with knee OA to further understand joint outcomes and pain.
1.2 The Synovial Joint

Synovial joints have a space between two articulating bones and is filled with
synovial fluid. Synovial joints are the most common joints of the body and allow for
unrestricted movement between the articulating bones. Many different tissues make up
the synovial joint including articular cartilage, subchondral bone, the synovial membrane
(synovium), and other supporting structures. Synovial joints also contain nerves, blood
supply, and lymphatic tissues that are all critical to sustain the homeostasis of the entire
joint organ system. The different tissues that make up the synovial joint all function to
provide structural support, stabilization of the two articulating surfaces, lubrication to
reduce friction, and shock absorption from the load that gets placed onto the joint.

1.3 The Knee Synovial Joint

The knee joint is the largest synovial joint and is classified as a hinge joint, which
allows for flexion and extension (Hefzy and Grood, 1988). The knee joint consists of two
articulations: tibiofemoral and patellofemoral. Both articulations are encapsulated within
a single joint cavity and both surfaces are lined with hyaline, or articular cartilage (Tetteh
et al., 2012). The knee is one of the largest weight-bearing joints in the body and
consequently is one of the most stressed (Gill et al., 2011). There are different type of
stresses that are experienced by tissues of the entire joint, which include metabolic and
biomechanical stress. The knee joint takes on biomechanical stresses in allowing gait,
flexing and rotating yet remaining stable during the activities of daily life. Additional
supporting structures within the joint such as ligaments, tendons, and muscles help
stabilize the knee joint during heavy biomechanical loads. Overall, the knee joint is a
complex organ that consists of many tissues that all work together to maintain

homeostasis. For example, subchondral bone has roles in maintaining and nourishing the



avascular articular cartilage. The synovium has roles in maintaining and sustaining the

synovial fluid and cartilage by clearing waste and debris.
1.4 Cartilage

All types of cartilage found in the human body are characterized by an
extracellular matrix (ECM) that is rich in collagen and proteoglycans. There are different
types of cartilage that differ in cell types, relative amounts of macromolecules, cellular
organization, and tissue function. These different types of cartilage found throughout the
human body include hyaline (articular) cartilage, epiphyseal plate cartilage, elastic
cartilage, and fibrocartilage. The type of cartilage found within the synovial joint is
articular cartilage.

1.4.1 Articular Cartilage

Acrticular cartilage is a dense connective tissue that forms the load-bearing
surfaces of synovial joints (Huber et al., 2000). The principle function of articular
cartilage within the knee synovial joint is to provide a smooth, lubricated surface between
the bones in the joint to allow for fluid movement (Huber et al., 2000). Articular cartilage
is unique from most other tissues within the human body because it does not have any
blood, lymphatic, or neuronal innervation (Huber et al., 2000). The main cell type that
inhabits the articular cartilage is known as the chondrocyte. Chondrocytes are
metabolically active cells that play an important role in developing and maintaining the
tissue environment (Akkiraju and Nohe, 2015). Although chondrocytes are the resident
cell type in articular cartilage, they only constitute about 1-5% of the total volume of the
articular cartilage in humans (Akkiraju and Nohe, 2015). This fact along with the absence
of blood, lymphatic, and neuronal innervation strongly contributes to articular cartilage’s
limited capacity for self-repair (Liu et al., 2021). Aside from chondrocytes, articular
cartilage is comprised of ECM that consists of water, collagens, and glycosaminoglycans.
The precise balance between these three constituents essentially reflects the mechanical
and functional properties of the tissue (McKee et al., 2019). Collagens are the most
abundant structural macromolecule as they make up about 10-20% of the ECM (Kuettner,

1992). The organization and layout of the collagen is what provides the cartilage with



tensile and shear strength (Kular et al., 2014). Formation of collagen fibrils provides the
structural backbone of the ECM and is mainly composed of type Il collagen (Fox et al.,
2009). Glycosaminoglycans make up about 2-5% of the articular cartilage ECM (Mattson
et al., 2017). Glycosaminoglycans are hydrophilic and retain water which provides a high
degree of hydration of the ECM and facilitates movement of the water within the matrix
to allow for the cartilage to respond to different loading pressures and contributes to the
weight-bearing property of the tissue. Glycosaminoglycans consist of a hyaluronic acid
backbone with different proteoglycans attached, mainly chondroitin sulphate and keratan
sulphate which are very negatively charged and thus binds large amounts of water that is
needed for the articular cartilage to withstand heavy loads (Poole et al., 2002). Lastly,
water constitutes about 80% of the ECM and is what allows the articular cartilage to

appropriately absorb load (Fox et al., 2009).

The organization and distribution of the components that make up articular
cartilage varies throughout the tissue and contributes to its functional properties. The
layout of articular cartilage can be separated into 4 zones that differ in chondrocyte
morphology and collagen organization—the superficial zone, the middle zone, the deep
zone, and the calcified zone. The superficial zone is the outermost layer of cartilage and is
in direct contact with the synovial fluid (Fox et al., 2009). Chondrocytes in this zone are
relatively high in number and have a flattened-like morphology (Fox et al., 2009). The
collagen fibers of this zone are aligned parallel to the articular surface and are packed
tightly together (Fox et al., 2009). The superficial zone represents the first-line of
protection from biochemical insults to the deeper layers of the cartilage and also enables
the cartilage to resist the shear forces inflicted by articulation. Below the superficial zone
is the middle zone. This layer contains proteoglycans and thicker collagen fibrils that are
more disorganized and chondrocytes are spherical and very sparse (Buckwalter et al.,
2005). The middle zone essentially forms the first mechanism of defense to compressive
forces (Buckwalter et al., 2005). The deep zone contains collagen fibrils that are arranged
perpendicular to the articular surface (Fox et al., 2009). The deep zone also contains the
largest amount of proteoglycans and contains chondrocytes that are arranged in a
columnar manner, parallel to the collagen fibers (Fox et al., 2009). The deep zone is

responsible for providing the greatest defense to compressive forces due to the



organization of both collagen fibrils and chondrocytes (Fox et al., 2009). The calcified
zone is responsible for anchoring the cartilage to the subchondral bone (Imhof et al.,
1999). The calcified zone contains a scarce amount of chondrocytes that are hypertrophic

in morphology (Imhof et al., 1999).
1.5 Subchondral Bone

The function of the subchondral bone is to ultimately support the connected
articular cartilage with oxygen and nutrients and to help dissipate mechanical loads that
are placed onto the joint. Subchondral bone is located beneath the articular cartilage and
consists of both the subchondral cortical plate and subchondral trabecular bone.
Subchondral bone plate is a thin layer of cortical bone lying directly beneath the calcified
cartilage. The subchondral bone plate is important for supporting the connected articular
cartilage with oxygen and nutrients through its containing blood supply that originates
from the subchondral trabecular bone (Suri and Walsh, 2012). The subchondral trabecular
bone is thinner than the subchondral bone plate and contains a blood supply and neuronal
innervation which is largely important for both the health of the bone and the articular
cartilage (Suri and Walsh, 2012).

The properties of both the subchondral bone plate and trabecular bone allow the
subchondral bone to attenuate forces that are placed on the joint (Bian et al., 2016). The
components that comprise the subchondral bone include hydroxyapatite crystals that
contributes to the firmness of the bone and also consists of type I collagen, proteoglycans,
glycosaminoglycans, and water contributing to the pliability of the bone (Mohamed,
2008). These characteristics together allow the subchondral bone to disperse loads placed
onto the articular cartilage. The ability of the joint to respond to different loads is largely
credited to the dynamic ability of the subchondral bone to be able to respond to different
stresses that are placed onto it through an active process of remodeling, which follows
Wolff’s Law—~bone will adapt in response to the loading under which it is subjected
(Prendergast and Huiskes, 1995). The dynamic response of the subchondral bone to
increased or decreased loads is characterized by bone formation and resorption at distinct
sites by osteoblasts and osteoclasts, respectively (Prendergast and Huiskes, 1995).

Evidence for Wolff’s Law is supported by findings from many studies. For example, one



study demonstrated that mice with different loads applied to the tibial diaphysis showed
that knee loading had a significant effect on enhancing bone formation (Zhang et al.,
2006).

1.6 Synovium and Synovial Fluid

The synovium (synovial membrane) is a connective tissue which lines joints and
seals the synovial cavity and fluid from the surrounding tissues. The synovium has roles
in nourishing and sustaining the joint by continuously replenishing the synovial fluid with

the proper nutrients to maintain its lubrication, metabolic, and regulatory functions.

Synovial fluid is a viscous fluid found in the cavities of synovial joints. The main
role that the synovial fluid has is to reduce friction between the articular cartilage of
synovial joints during movement (Tamer, 2013). Synovial fluid is an ultrafiltrate of
plasma in which both hyaluronan and lubricin are added by the synoviocytes within the
synovium (Tamer, 2013). Many other functions of synovial fluid include serving as a
source of nutrients for the avascular articular cartilage and also contributes to joint
stability by forming an adhesive seal between the two articulating bones because of the
chemical characteristics of the fluid (Tamer, 2013). Hence, homeostasis of the synovium
is extremely important for maintaining joint health due to its roles in regulating synovial
fluid quality that has contact with other tissues within the joint.

1.6.1 Structure and Function

The synovium is composed of two layers: the intima and subintima (Figure 1.1).

The intima is the thin (1-2 cells thick), inner layer of the synovium that is adjacent to the
joint space (Dijkgraaf, 1997). The intima mainly consists of two types of synoviocytes
known as Type A and Type B cells. Type A synoviocytes are resident macrophages that
play key roles in maintaining the joint environment by clearing debris from the synovial
fluid via phagocytosis (Bhattaram and Chandrasekharan, 2017). Macrophages within the
intima also maintain appropriate levels of inflammation within the joint environment
through secretion of anti-inflammatory cytokines after clearing dead and dying cells

(efferocytosis) and also producing factors that limit bone resorption, providing as a



Figure 1.1 Synovial intima and subintima. Human synovium stained with

haemotoxylin and eosin. The intima (1) is the thin, inner layer that is in direct contact with
the synovial fluid of the joint cavity (JC). The intima mainly contains resident synovial
macrophages and fibroblast-like synoviocytes. The subintima (SI) is the thick, outer layer
of the synovium and contains synovial macrophages, fibroblast-like cells, and blood,

lymphatic, and neuronal innervation. Scale bar = 50 um.



protective effect against bone loss (Athanasou, 1995; Haubruck et al., 2021). Type B
synoviocytes are derived from the fibroblast lineage and are known to produce matrix
proteins such as hyaluronan and fibronectin which are essential components of the
synovial fluid in terms of providing a frictionless-supporting environment for joint
movement (D. Smith, 2012). Type B synoviocytes also have roles in ensuring there is a
balance between production of matrix proteins such as fibronectin, collagens, and
proteoglycans with matrix-degrading factors such as matrix metalloproteinases (Blom and
van den Berg, 2007; D. Smith, 2012). The subintima is the thick, outer layer of the
synovium and is rich in type I collagen and contains the blood supply, lymphatic vessels,
and nerve fibers (D. Smith, 2012). As large synovial arteries enter the deep layers of the
synovium near the capsule, they branch to form microvascular units in the more
superficial sub-synovial layers. The intricate network of blood vessels that innervate the
subintima ultimately is responsible providing nutrients and oxygen to the cells of the
synovium as well as to the avascular cartilage, similar to the role of the blood supply in
the subchondral bone. Nerve innervation of the subintima consists of sympathetic and
sensory neurons which has roles in regulating blood flow to the tissue as well as
neurotransmission of mechanical stimuli imposed on the tissue, respectively (Pujol et al.,
2018). Lymphatic innervation of the synovium has multiple roles in maintaining
homeostasis of the synovial fluid as well as the tissue itself. The lymphatic vessels
transport and distribute ECM components (e.g. hyaluronic acid) and can transport
leukocytes to and from the tissue when appropriate (e.g. presence of a foreign invader)
(Walsh et al., 2012; Xu et al., 2003). In addition, the subintima consists of fat cells,
fibroblasts, macrophages, T cells, and B cells (D. Smith, 2012).

1.7 Osteoarthritis

OA is a degenerative synovial joint disease that occurs when damaged joint
tissues are unable to return to normal homeostatic conditions. OA leads to the breakdown
of various joint tissues such as articular cartilage, subchondral bone, the synovium, and
other supporting structures of the joint. OA is the most common form of arthritis as it
affects 1 in 7 adult Canadians and is the leading cause of disability (Badley et al., 2021).

OA also poses a large economic strain on society as it is responsible for generating
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$405.1 B in both direct and indirect costs in Canada as of 2020 (Arthritis Alliance of
Canada, 2011). OA can be classified into either primary or secondary OA. Primary OA,
also referred to as spontaneous OA, is idiopathic with the disease originating from the
joint tissues themselves rather than external sources. Secondary OA is disease following
an insult to the joint. Specifically, knee OA is the most common type of arthritis that is
diagnosed and the prevalence will continue to increase due to the rising rates of risk

factors for this disease.
1.7.1 Risk Factors

The major risk factors for OA include age, the female sex, obesity or metabolic
syndrome, and joint trauma. It is important to note that any one of these risk factors does
not directly lead to the development of OA, but rather it increases the susceptibility and

lowers the threshold for an individual to develop OA.
1.7.1.1 Ageing

Ageing is one of the strongest risk factors for the development of OA in almost all
joints (The Osteoarthritis Action Alliance, 2019). As the body ages, there is the normal
process of atrophy of tissues that occurs. For example, the bone, skin, and articular
cartilage thin during ageing. Hudelmaier et al. (2001) demonstrated with a magnetic
resonance imaging (MRI) study that older people have much thinner articular cartilage
compared to younger people, although the cartilage was still healthy and intact.
Therefore, ageing is not a direct cause of the development of OA, but we can see that the
substantially thinned cartilage over time has made it more susceptible to developing OA.
Aside from structural changes of tissues due to ageing, there are also biochemical changes
that occur at the level of the tissues. Inflammaging is the long-term result of the chronic
physiological stimulation of the innate immune system, which can become damaging to
tissue during ageing. Accumulation of cellular senescence is one of the main causes of
inflammaging and can contribute to the development of OA (Sanada et al., 2018). As
cells stop dividing and enter into a senescent state, that state also promotes the release
pro-inflammatory factors within the local tissue that can create an environment that is

damaging (Sanada et al., 2018). As Canada has an ageing population, the prevalence of
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OA will continue to increase which underscores the need for the development of disease-
modifying treatments.

1.7.1.2 Female Sex

Sex is a strong risk factor for the development of OA. The incidence of OA is
expected to be about 1.4x higher among females compared to males over the next 30
years (Arthritis Alliance of Canada, 2011). Female sex is also associated with reported
knee OA symptoms (Tschon et al., 2021). After the age of 50, the incidence of knee OA
in females compared with males is significantly higher (Prieto-Alhambra et al., 2014).
Studies have tried to understand the role of estrogen hormone in the development of OA
in females as the hormonal consequences of menopause are risk factors for other diseases,
such as cardiovascular disease. However, studies on this topic have revealed conflicted
findings about estrogen’s role in the development of OA. Other researchers have
proposed that the anatomical differences in the knee joint may be part of the reason as to
why females are at greater risk of developing OA. The female knee joint is more laxed
and less stabilized than male counterparts (Granata et al., 2002). Females also differ in
neuromuscular control and gait kinematics as well which contributes to decreased
stability of the joint (Phinyomark et al., 2016). Over time, as females age, the
combination of ageing with decreased stability of the joint can lead to increased
susceptibility to developing OA.

1.7.1.3 Obesity and Metabolic Syndrome

Obesity and metabolic syndrome is another major risk factor for OA, especially
for weight-bearing joints such as the knee. Multiple studies have shown that weight loss
from people with obesity was strongly correlated with a decreased risk of developing
radiographic knee OA (Deveza et al., 2019; Georgiev and Angelov, 2019). Mechanically,
patients with obesity impose a chronic, increased load on the joint. The chronic increase
in local tissue stress within the joint can eventually lead to mechanical tissue failure (e.g.
breakdown of cartilage) or induce the activation of harmful signaling pathways that can
lead to inflammation within the joint. For example, obesity can induce aberrant adipokine

expression within the joint that has downstream effects leading to dysfunctional
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remodeling of joint tissue (Garnero et al., 2000; Gomez et al., 2011). Aside from
increased load on joints, obesity and metabolic syndrome also increase OA risk due to
harmful metabolic signaling independent of loading. This is illustrated by the increased
risk for hand OA in patients with obesity (Magliano, 2008). One study has shown that
obesity in mice causes OA and systemic inflammation that cannot be explained by joint
loading alone (Griffin et al., 2012). The metabolic factors that are associated with obesity
likely alter the systemic levels of pro-inflammatory cytokines that are associated with OA
(Griffin and Guilak, 2008). Obesity rates around the world are rising which will
ultimately lead to an increase in OA prevalence globally.

1.7.1.4 Joint Trauma

Past joint injuries can lead to the development of OA. Trauma to the knee joint
commonly occurs in injuries from high-contact sports. The main two pathways to the
development of OA from joint trauma include the acute trauma/tissue injury itself, and
later chronic tissue stresses due to poor joint stability post-injury. Following an acute
trauma to a joint, there may be altered biomechanical and biochemical factors that drive
joint damage. Altered biomechanics from joint trauma can take the form of physical
cartilage damage, ligament tears, tendon ruptures, and an overall deformation posed by a
high-sudden force onto intra-articular tissues such as the synovium. Consequences of this
tissue damage can result in acute biochemical changes that promotes inflammation.
Studies have shown that following joint trauma, there are increased rates of apoptosis,
leukocyte infiltration, higher levels of inflammatory mediators detected in the synovial
fluid, increased matrix degradation, and deficient lubricants in synovial fluid (Punzi et al.,
2016). This acute inflammatory phase can resolve over a period of months or may persist
asymptomatically as the joint fails to heal and resolve the acute inflammatory response
(Punzi et al., 2016). This chronic phase of non-resolving inflammation may eventually

lead to symptoms and the development of post-traumatic OA (PTOA) (Punzi et al., 2016).
1.7.2 Symptoms

OA is a progressive disease that typically leads to disability. The symptom onset

of OA is gradual. Typically, there is more joint pain than swelling. Common clinical
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manifestations include joint stiffness that lasts less than 30 minutes and usually occurs
first thing in the morning or after resting, joint aching during physical activity, limited
range of motion, muscle weakness around the joint, and joint instability or buckling. Pain
is the main reason that patients seek care from a rheumatologist (Creamer, 2000). In the
late stages of OA, constant pain is often associated with increased disturbances in sleep
that often leads to fatigue and in some cases, mood disorders (Schaible, 2012).
Nociceptive neurons in both the peripheral and central nervous systems have been
reported to be altered in OA, which contributes to patient reports of increased pain
sensitization (Syx et al., 2019; Miller et al., 2015). The molecular mechanisms of pain in
OA include increased angiogenesis and nerve growth factor (NGF), which increases pain

sensitization and nociceptive nerve ramification (Mapp and Walsh, 2012).
1.7.3 Diagnosis of OA

Diagnosis of OA is done clinically based on the typical symptoms: frequent joint
pain, stiffness, and aching on most days. A physical examination is performed to rule out
the absence of other causes of arthritis. X-rays are not needed to make a diagnosis of OA,
but are particularly useful in staging and classification of OA. The Kellgren-Lawrence
(KL) score is a widely used radiographic grading system ranging from 0 to 4,
corresponding to radiographic OA severity (Kellgren and Lawrence, 1957). Grade 0 =
definite absence of x-ray changes of OA; grade 1 = doubtful joint space narrowing and
possible osteophytic lipping; grade 2 = possible joint space narrowing and definite
osteophytes; grade 3 = definite joint space narrowing, multiple moderate osteophytes,
some sclerosis and possible deformity of the bone contour; grade 4 = large osteophytes,
marked joint space narrowing, severe sclerosis, and definite bony deformity. KL grades 1

and 2 correspond to early OA and KL grades 3 and 4 correspond to late to end-stage OA.
1.7.4 Management and Treatment

Currently, there are no disease modifying OA drugs (DMOADs). Thus, current
medical management of OA is focused on alleviating pain by targeting the symptoms of
OA. Physiotherapy and physical activity is often recommended if biomechanical and

obesity/metabolic syndrome factors are involved in disease progression. Education,
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weight loss, exercise, joint protection, gait aids, heat, and other non-medical therapies are
also used in the medical treatment of OA. Current pharmacological treatments for OA
include topical and oral non-steroidal anti-inflammatory drugs (NSAIDSs), serotonin and
norepinephrine reuptake inhibitors (SNRIs), corticosteroids, and in some cases opioids.
The most common treatment for end-stage OA in the hips and knees is arthroplasty.
Surgery is considered the last resort of treatment and thus, is only considered at the end-

stage of the disease.
1.8 Pathophysiology of the Joint in OA
1.8.1 Degeneration of Articular Cartilage and OA

OA has been traditionally thought of as a disease characterized by the degradation
of articular cartilage thus resulting in bone-on-bone contact that elicits pain. Although we
now know that OA is a disease of the entire joint, it is still important to dissect what is
happening within the articular cartilage during OA as it is still a major driver of pain and
disability of the disease (Buckwalter et al., 2005). The progressive loss of articular
cartilage structure and function contributes to the severity and progression of OA
(Buckwalter et al., 2005).

In OA, changes to articular cartilage are marked by thinning of the cartilage
surface, fibrillation of the cartilage, calcification, tidemark advancement, and vascular
invasion from the underlying subchondral bone (Goldring, 2012). Normally,
chondrocytes are quiescent and maintain homeostasis in the tissue by balancing anabolic
and catabolic activities. In OA, the quiescent chondrocytes undergo a phenotypic shift
where they undergo hypertrophy and become activated that results in an imbalance in
matrix production/degradation (Maldonado and Nam, 2013). Early in OA, there is an
increase in the anabolic response employed by chondrocytes as a protective mechanism to
repair any initial damage to the tissue (Aigner et al., 2002). However, this response is
followed by a very large increase in the catabolic factors produced as well. Eventually,
this imbalance is not addressed and there is breakdown of the tissue and eventually those
anabolic driving forces decrease in activity and the catabolic factors continue to increase.

The catabolic activity driven by inflammatory cytokines such as interleukin-1 (IL-18)
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and tumour necrosis factor alpha (TNFa) as well as activated chondrocytes results in the
imbalanced production of matrix metalloproteinases (MMPSs) and tissue inhibitors of
metalloproteinases (TIMPs) (Goldring, 2000). For example, increased proteinase
production of MMPs is partly responsible for the ECM breakdown that occurs in OA
(Rengel et al., 2007). It has been reported that the levels of matrix-destructive enzymes
such as MMP-1 and MMP-13 are elevated in OA cartilage (Billinghurst et al., 1997).
These MMPs cleave mostly type Il collagen in the ECM (Billinghurst et al., 1997). It has
also been reported that the production of TIMP-1, a proteinase inhibitor, is decreased in
OA cartilage (Tanaka. et al., 1998). Additionally, OA chondrocytes have increased
expression and secretion of A disintegrin and metalloproteinase with thrombospondin
motifs-4 (ADAMTS-4) and ADAMTS-5 (Troeberg and Nagase, 2012; Fowkes and Lim,
2020). Aggrecanases are another family of proteinases responsible for the breakdown of
the ECM in articular cartilage. ADAMTS-4 and ADAMTS-5 cleave aggrecan from its
hyaluronic acid backbone which results in its loss from the ECM. As a result, the tissue
loses its ability to draw water back in and this accumulates to the progression of OA. The
imbalance in catabolic activity seen in OA chondrocytes contributes to some of the
phenotypes characteristic of the articular cartilage: formation of fibrillations and fissures
extending throughout the layers of the tissue and progressive loss of the ECM in the
cartilage (Akkiraju and Nohe, 2015). All of these factors contribute to eventual cartilage
lesions that expose bone and leave it susceptible to bone-on-bone contact.

1.8.2 Subchondral Bone Defects and OA

Pathophysiological changes in bone during OA are directly influenced by the
health of the joint. Notable changes seen in subchondral bone in OA include osteophyte
formation, subchondral sclerosis, and other hypertrophic changes to the bone. The
subchondral sclerosis seen on radiographs is due to the thickening of the subchondral
bone (Cox et al., 2012). Abnormal loading in OA also contributes to the microcracking
seen in both the bone plate and the trabecular regions of bone (Herman et al., 2010).
Microcracking eventually leads to bone remodeling that results in high bone turnover
(Herman et al., 2010). Angiogenesis occurs and results in vasculature that also invades

the subchondral bone and penetrates into the calcified zone of articular cartilage as OA
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progresses (Walsh et al., 2007). Both the increased microcracking and angiogenesis
eventually contributes to thinning of the articular cartilage as the calcified region of
cartilage is moved upwards (Herman et al., 2010; Walsh et al., 2007). Throughout OA
progression, the subchondral microfractures can lead to bone marrow lesions (BMLSs) on
MRI. BMLs are thought to result from remodelling of the subchondral bone due to
abnormal mechanical loading (Hunter et al., 2006). The increasing BMLs then contribute
to progressive cartilage loss and advancement of OA. In the subchondral tissue, the
amount of bone increases, but the mineral density is reduced (Burr and Gallant, 2012;
Hunter et al., 2006). This is seen radiographically as fewer, but thicker trabeculae (Hunter
et al., 2006). Thus, the loss of mineralization and increased bone volume contributes to
the loss of tissue stiffness (Burr and Gallant, 2012; Hunter et al., 2006). Interestingly
BMLs often appear before advanced joint degermation in early OA and are associated

with cartilage loss, progression of OA, and joint pain (Alliston et al., 2018).
1.8.3 Synovial Inflammation and OA

In OA, inflammation of the synovial membrane (synovitis) is often present in
many patients with varying degrees of intensity. Ultrasound (US) and MRI have
demonstrated that synovitis severity is associated with worse pain and disease progression
of OA (Kraus et al., 2016; Vincent, 2020). Conaghan et al. (2010) demonstrated that US-
detected effusion-synovitis predicted pain, radiographic progression, and joint
replacement of knee OA patients. Other studies have shown that patients with increased
MRI synovitis scores have a higher risk of radiographic progression and cartilage
degradation over time compared to those with a decreased synovitis score (Collins et al.,
2016; de Lange-Brokaar et al., 2016). Neogi et al. (2016) showed that synovitis increases
the responsiveness of peripheral nociceptive neurons which contributes to amplified pain
sensitivity and thus, an increased pain experience for the patient. Importantly, synovitis
has also been found to be an independent risk factor of OA. Studies have shown that
synovitis that gets detected in patients prior to a diagnosis of OA serves as an independent
predictor of incident radiographic OA (Felson et al., 2016). Synovitis detected in the
knees of patients without OA also were at a significant increased risk of disease

progression (e.g. cartilage loss) upon a diagnosis (Felson et al., 2016). Research is now
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increasingly being tailored to investigating the synovium of patients with OA due to its
now-realized roles in pathology and pain experience of patients with this disease.

Synovitis is currently best measured using histological assessment of synovial
tissue biopsies (De Lange-Brokaar et al., 2014). Synovitis is characterized by synovial
lining thickening (hypertrophy and hyperplasia), inflammatory cell infiltration,
vascularization, fibrin deposition, fibrosis, and perivascular edema (Minten et al., 2019a).
Some of these features of synovitis may be more profound than others in different
patients or even within the same patient but in different synovial recesses (Mussawy et
al., 2021). Nonetheless, all features of synovitis play a role in the mediation of the non-

resolving inflammation that is seen in OA.

One of the main pathways that promotes the development and persistence of
synovitis is the activation of the innate immune system. Typically, activation of the innate
immune system starts with stimulation of pattern-recognition receptors which may
originate from metabolites released into the extracellular environment during cell stress,
ECM degradation, or by endogenous damage-associated molecular patterns (DAMPS)
(Griffin and Scanzello, 2019; Liu-Bryan, 2013). A specific pattern-recognition receptor
that becomes activated in the synovial membrane are toll-like receptors (TLRS), which
are constitutively expressed by macrophages (Liu-Bryan, 2013). The activation of TLRs
in the synovium is significant because it induces the nuclear factor-kB (NF-xB) signaling
pathway that ultimately leads to the production of MMPs and pro-inflammatory cytokines
such as TNFa, IL-1, and IL-6 (Haseeb and Haqgi, 2013; Ostojic et al., 2021). These pro-
inflammatory cytokines can then signal in both an autocrine and paracrine manner to
recruit and activate more macrophages and other immune cells to the synovium to
perpetuate inflammation in the tissue (Duque and Descoteaux, 2014). Activated synovial
macrophages in the setting of synovitis ultimately drive inflammation throughout the joint
through both inter-cell and inter-tissue signaling. Production of pro-inflammatory factors
and mediators due to activated synovial macrophages increases the levels of these factors
in the synovial fluid which can drive osteophyte formation and have direct catabolic
effects on cartilage (Blom and van den Berg, 2007; Bondeson et al., 2006, 2010). Overall,

the chronic inflammation seen with synovitis is a source of pro-inflammatory cytokine



18

production that can affect other joint tissues such as the articular cartilage as well as cell

types within the synovium itself.
1.9 Macrophages

Macrophages can be defined as phagocytic cells that are part of the innate immune
system (Woodell-May and Sommerfeld, 2020). Most macrophages within the body are
derived from bone marrow precursor cells that develop into monocytes (Duque and
Descoteaux, 2014; Geissmann et al., 2010). Once formed, monocytes move into the
bloodstream and circulate throughout the body. Upon the presence of appropriate
recruitment signals that are recognized and sensed by monocytes, they migrate by
crossing the walls of the capillaries and into the tissues of calling, where the monocytes
will then convert into macrophages (Duque and Descoteaux, 2014). This differentiation
process is recognized by different phenotypic changes of the cell: cell size increases from
5 to 10 times and phagocytic capacity increases (Duque and Descoteaux, 2014). On the
other hand, macrophages can originate from embryonic yolk sacs during early
development and migrate into different peripheral tissues where the macrophage
population maintains itself via self-renewal in a monocyte-independent manner—
macrophages that inhabit different tissues are termed resident-tissue macrophages
(Takahashi et al., 1989). Furthermore, macrophages are normally quiet and at rest, but can
be activated by a variety of stimuli during the innate immune response—what the

macrophage is notoriously known for.

The innate immune system acts rapidly as the first line of defense in the body to
remove any foreign, unrecognized pathogens through an inflammatory response and
eventual phagocytosis. The inflammatory response is initiated when pattern recognition
receptors (PRRs) located on innate immune cells, such as macrophages recognize
pathogen-associated molecular patterns (PAMPSs) (Hirayama et al., 2018). As well, an
inflammatory response can also be initiated when TLRs found on macrophages recognize
DAMPs which are derived from tissue trauma, ischemia, or damage, regardless of the
presence of a pathogenic infection (Schenten, D; Medzhitov, 2011). Upon activation of

TLRs on macrophages, downstream signal cascades are initiated intracellularly that
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eventually lead to activation of transcription factors such as NF-kB, that results in the
induction of expression of genes typically associated with pro-inflammation (Kawai and
Akira, 2011; Wang and Ye, 2015). Downstream effects of this pro-inflammatory
signaling include recruitment of infiltrating monocytes to participate in phagocytosis and
clearance of the pathogenic or unrecognized foreign bodies (Kawai and Akira, 2011;
Wang and Ye, 2015).

Additionally, macrophages bridge the innate and adaptive immune system via
expression of the major histocompatibility complex (MHC) class 1l molecules on their
membranes (Hirayama et al., 2018). After phagocytosis of a foreign body, macrophages
are able to present antigens via MHC class 1l molecules to lymphocytes to initiate and
engage the adaptive immune response of T and B lymphocytes (Hirayama et al., 2018).

Aside from phagocytosis being the main function of macrophages, they also have
important roles for proper mammalian development. Cell death is extremely important for
proper development as billions of apoptotic cells are eliminated during mammalian
embryogenesis and development by macrophages in order for proper organ development
and function (Boada-Romero et al., 2020). One of the most important functions of
macrophages to sustain homeostasis is through efferocytosis—the macrophagic process
of clearing dead and dying cells. In nearly all normal physiological scenarios, ‘older’ cells
participate in programmed cell death to become replaced with ‘newer’ cells to ensure
proper function is maintained. The ‘older’ cells that undergo programmed cell death must
be cleared by macrophages in order to prevent an inflammatory reaction as a consequence
of uncleared apoptotic cells. The fact that macrophages are responsible for ensuring
homeostasis is maintained throughout the body also means that macrophages are found in
almost all organs (Boada-Romero et al., 2020). To add to the complexity of macrophages,
each organ and the surrounding environment they reside in influences their functions
(Gordon et al., 2014). For example, macrophages found in the lung (i.e. alveolar
macrophages) have the additional unique role of processing surfactants for proper lung
function—a function not possessed by macrophages located elsewhere in the body.
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Moreover, one important characteristic of macrophages to highlight is their plastic
nature. Depending on the microenvironment that macrophages are in, they can exhibit a
pro-inflammatory or an anti-inflammatory phenotype, a dichotomy presented as M1
macrophages or M2 macrophages, respectively. For example, in a setting where
macrophages are exposed to inflammatory stimuli, they secrete cytokines such as TNFa,
IL-1, IL-6, and IL-8 to strengthen the inflammatory response (Duque and Descoteaux,
2014; Giorgio, 2013). In contrast, if a macrophage encounters an anti-inflammatory or
reparative environment, it will produce anti-inflammatory cytokines such as transforming
growth factor-f3 (TGF-B) and IL-10 in an attempt to resolve the current inflammation
(Duque and Descoteaux, 2014; Giorgio, 2013). It is important to note that a macrophage
response to a stimulus is not permanent but rather reversible depending on the current
microenvironment they reside in. For example, an activated macrophage phenotype is
able to return to a quiescent state following the removal of the activating stimulus
(Ottaviani and Franceschi, 1997). However, the dichotomy of M1 and M2 polarization is
based on in vitro concepts in response to lipopolysaccharide (LPS) or IL-4, respectively
(Orecchioni et al., 2019). This dichotomy may be much more complex in vivo as perhaps
only some phenotypic markers of both sides of the spectrum are shared (Orecchioni et al.,
2019).

Following tissue damage due to infection or injury, inflammatory monocytes are
recruited to the tissue to promote inflammation in the early stages of the wound-healing
process. Many pro-inflammatory factors are therefore secreted from these monocytes,
such as TNFa and IL-1 which go on to promote inflammatory cascades in other
macrophages as well as cell types (Fullerton and Gilroy, 2016). After the initial
inflammatory response initiated by macrophages, they must either die off via apoptosis
and be replaced with anti-inflammatory macrophages or simply can shift its phenotype to
anti-inflammatory to promote tissue repair and dampen the pro-inflammatory response
(Wynn et al., 2013). Initially, the amplification of the pro-inflammatory response is
beneficial for the wound-healing response. However, if inflammatory macrophages are
not quickly controlled, they can become pathogenic and contribute to disease progression,
as seen in many autoimmune and chronic diseases (Wynn et al., 2013). As a result,

macrophages in different diseases have become therapeutic targets for slowing disease
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progression and development. For example, macrophages are currently being targeted for
different cancer immunotherapies due to their role in disease progression (Sedighzadeh et
al., 2021).

1.10 Synovial Macrophages

Synovial macrophages play an important role in maintaining synovial tissue
homeostasis. In healthy synovium, resident macrophages are involved in normal tissue
turnover through the clearance of metabolic products, cell debris, and participate in
recycling the lubricating components of synovial fluid such as lubricin (Kurowska-
Stolarska and Alivernini, 2017). Synovial macrophages are derived from either locally
renewing tissue-resident macrophages or from infiltrating monocytes from the peripheral
blood. Culemann et al. (2019) conducted fate-mapping studies in healthy adult mice and
has shown there to be a distinct proliferative pool of sublining macrophages that
contribute to the regeneration and renewal of the tissue-resident lining macrophages. The
different origins of synovial macrophages are associated with different specialized
functions. Culemann et al. (2019) also demonstrated that CX3CR1" tissue-resident
macrophages of the synovium form a highly specialized internal immunological barrier at
the synovial lining that physically secludes and helps protect the joint. The local
CX3CR1" tissue-resident macrophages of the synovium were found to exhibit very
similar properties to epithelial cells in that they form tight-junctions between each other

to restrict inflammatory reactions from the synovium (Culemann et al., 2019).

In the setting of synovitis, macrophages are the most abundant immune cell-type
that exists in the synovium (Thomson and Hilkens, 2021). Compared to tissue-resident
macrophages in the setting of synovitis, it is the infiltrating monocyte-macrophages that
are thought to majorly contribute to the non-resolving synovial inflammation seen in OA
(Loukov et al., 2018). DAMPs that are present in the synovium stimulate macrophage
activation which leads to the production of pro-inflammatory cytokine and chemokines
that have the downstream outcome of recruitment of monocyte-macrophages (Lopes et
al., 2017). The production of the C-C family chemokine receptor CCR2 plays a big role in
monocyte-derived macrophage recruitment in the setting of synovitis (Griffin and

Scanzello, 2019). For example, mice deficient in CCR2 resulted in significant decreases
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in experimental PTOA progression and the synovium had significant reductions of joint
macrophage infiltration (Appleton et al., 2015; Raghu et al., 2017). As well, levels of the
CCR2 ligand in synovial fluid are associated with pain in patients with OA (Li and Jiang,
2015). The resulting arrival of the peripheral blood monocyte-derived macrophages
contributes to the non-resolving synovitis (Lopes et al., 2017). The pro-inflammatory
environment of the synovium shifts the arriving monocyte-derived macrophages towards
the M1 phenotype to result in the production of more pro-inflammatory molecules such as
TNFa, IL-18, IL-6, and IL-8. These pro-inflammatory mediators can interact with other
macrophages or fibroblasts in the synovium or interact with chondrocytes of the articular
cartilage to stimulate production of more pro-inflammatory cytokines that results in an
increased catabolic phenotype within the joint and the non-resolving inflammation seen in
OA (Bondeson et al., 2006; Lopes et al., 2017).

Furthermore, monocyte-derived macrophage chemokine and cytokines are found
at increased concentrations in the synovial fluid of osteoarthritic joints (Loukov et al.,
2018). One study has shown that human synovial fluid levels of the monocyte-derived
macrophage marker, CD14 is correlated with the number of activated, pro-inflammatory
synovial macrophages as well as osteophyte formation and joint-space narrowing
(Daghestani et al., 2015). Animal models of depleted synovial macrophages showed
decreases in osteophyte formation and cartilage destruction, likely resulting from an
absence of pro-inflammatory signaling that synovial macrophages typically carry out in
synovitis (Blom et al., 2004; Culemann et al., 2019; Daghestani et al., 2015). As
aforementioned, it is the recruited macrophages that are known to drive the release of pro-
inflammatory cytokines and enzymes in the setting of chronic inflammation and thus
contribute to the progression of OA (Bondeson et al., 2006; Woodell-May and
Sommerfeld, 2020). Many synovial macrophage-ablation studies demonstrated that pro-
inflammatory cytokines such as TNFa and IL-1, that are seen at elevated concentrations
in the OA joint are significantly decreased (Griffin and Scanzello, 2019). Other effects
seen in the progression of OA, such as the development of osteophytes, have been
strongly connected to the activity of synovial macrophages when activated (Griffin and
Scanzello, 2019).
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1.11 Apoptosis

Apoptosis is a homeostatic regulatory mechanism that ensures the maintenance of
cell populations in different tissues through a tightly controlled process of programmed
cell death. For example, apoptosis is needed early in development to ensure proper tissue
development. The nervous system is initially created through the overproduction of many
cells and is then followed by the controlled killing of excess cells that did not form
functional connections to other cells (Nijhawan et al., 2000). Apoptosis also occurs every
day throughout the adult body in order to replace older cells with newer cells, which helps
to maintain the functional properties of tissues. It is estimated that the body generates
about 10 to 100 billion cells every day and the same number of cells is matched to
commit programmed cell death (Nagata, 2018). Apoptosis can also occur to serve as a
defense mechanism. Scenarios include cells that accrue DNA mutations due to copying
errors during cell replication or to DNA-damaging agents (e.g. ultraviolet light) that
cannot be repaired or cells that are infected by different viruses. At this point, it is in the
best interest of the entire cell population for individual cells to undergo apoptosis to
ensure lethal mutations in DNA do not get passed on to the formation of downstream
cells during mitosis or to limit the spread of viral particles and infection to other cells
(Nainu et al., 2017; Wang, 2019).

During apoptosis, cells undergo distinct morphological changes that results in the
dissemination of the cellular body in a controlled manner that avoids inflammation. The
first notable morphological change that occurs in apoptosis is cell shrinkage. Cells
become smaller in size and results in a dense cytoplasm that is tightly packed with the
organelles (EImore, 2007). Chromatin condensation and plasma membrane blebbing are
other classical features of apoptosis. Once these processes occur, a process called
“budding” proceeds which is the separation of cell fragments into smaller apoptotic
bodies (EImore, 2007; Wyllie, 2010). These apoptotic bodies contain part of the
cytoplasm and is encapsulated within an intact plasma membrane (Wyllie, 2010). These
small apoptotic bodies are subsequently cleared by professional macrophages. A
significant feature of the entire process of apoptosis is the absence of inflammation. This

is due to a couple reasons: first, the intracellular contents of apoptotic cells do not get
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released into the surrounding tissue but rather, it is carefully packaged into smaller
apoptotic bodies that bud off of the cell with an intact membrane. Second, once these
smaller apoptotic bodies are formed, they are very quickly cleared by professional
macrophages. This is significant because if not cleared quickly, apoptotic cells can
progress to secondary necrosis whereby the cell starts to swell, the plasma membrane
bursts, intracellular contents can then be released into the surrounding tissue which causes

a damaging inflammatory reaction (Elmore, 2007).

Furthermore, the mechanism of apoptosis can occur under two different pathways
which both eventually converge onto a common execution pathway. The extrinsic
pathway is mediated and initiated by the binding of ligands within the extracellular
environment to the extracellular domains of plasma membrane receptors on a cell. For
example, TNFa ligand and TNF receptor-1 is a very common ligand-receptor interaction
that initiates apoptosis via the extrinsic pathway (Locksley et al., 2001). Upon ligand
binding, there are a series of intracellular signaling events that take place that leads to the
activation of procaspase-8 (Kischkel et al., 1995). Caspase-8 is an initiator caspase that
will go onto to activate caspase-3, the executioner caspase (Elmore, 2007). In contrast,
the intrinsic pathway is initiated by non-receptor mediated events that produce
intracellular signals to specifically target the mitochondria. Examples of stimuli that can
initiate the intrinsic pathway include the absence of a growth factor or survival signal, a
hypoxic environment, or excessive reactive oxygen species (Elmore, 2007). These stimuli
affect the inter mitochondrial membrane by increasing the porosity and thus allowing the
dissipation of the membrane potential and allowing important proteins such as
cytochrome c to escape into the cytosol (Cai et al., 1998). These proteins are pro-
apoptotic and once in the cytosol, can result in activating the initiator caspase-9 (Kuida,
1999). Activated caspase-9 in turn will go onto activate caspase-3. As aforementioned,
both the extrinsic and intrinsic pathways converge onto activating the executioner
caspase-3. Activation of the execution pathway results in the characteristic morphological
changes to a dying cell seen in apoptosis. Activated caspase-3 induces endonuclease and
protease activation that results in the degradation of chromosomal DNA and of nuclear
and cytoskeletal proteins, respectively (ElImore, 2007; Porter and Janicke, 1999).

Activated caspase-3 also leads to chromatin and nuclear condensation, nuclear
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fragmentation, and formation of apoptotic bodies in preparation for engulfment by
professional phagocytes (Elmore, 2007; Porter and Janicke, 1999).

1.12 Efferocytosis

Apoptotic cells need to be cleared quickly to avoid the initiation of an
inflammatory response. Hence, removal of apoptotic cells occurs through a highly
conserved system known as efferocytosis in which there are three distinct phases of the
process: apoptotic cell finding, apoptotic cell binding, and apoptotic cell internalization

and degradation (Figure 1.2).

In the first phase, an apoptotic cell will release different chemokines and
molecules that are sensed by macrophages and induce them to mobilize to the dying cell.
These chemokines and molecules that apoptotic cells first release are known as ‘find-me’
signals. Examples of ‘find-me’ signals include nucleotides (e.g. ATP and UTP), the
chemokine fractalkine (CX3CLy), and certain lipids such as lysophosphatidylcholine
(Arandjelovic and Ravichandran, 2015). The release of ‘find-me’ signals is the critical
first step in many tissues to initiate the important homeostatic mechanism of
efferocytosis. In the second phase, professional macrophages distinguish dying cells from
healthy cells via specific engulfment receptors that recognize ‘eat-me’ signals on dying
cells. The engulfment receptors are located on the cell surface of efferocytes and engage
with apoptotic cells either through directly binding to molecules on the apoptotic cell
surface or by binding bridging molecules that interact with the apoptotic cell surface
(Doran et al., 2020). The most well-known ‘ecat-me” signal that gets displayed on the
apoptotic cell surface for initiating engulfment is the molecule, phosphatidylserine
(Henson, 2017). In healthy living cells, phosphatidylserine is localized to the inner leaflet
of the plasma membrane and therefore cannot be recognized by other phagocytic cells
(Henson, 2017). During apoptosis, specific phospholipid scramblases become activated
and phosphatidylserine molecules move across the membrane to become exposed to other
cells (Henson, 2017). There are many different phosphatidylserine receptors and bridging
molecules that link phosphatidylserine to other macrophage receptors (Doran et al., 2020;
Henson, 2017). This redundancy indicates the importance of recognizing the universal

‘eat-me’ signal to ensure the process of efferocytosis is carried out.
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Figure 1.2 Stages of efferocytosis. Efferocytosis is initiated when macrophages sense
‘find-me’ signals that are released by apoptotic cells. The engaged macrophage will then
recognize ‘eat-me’ signals that are displayed on the cell surface of apoptotic cells. Once
the macrophage is in contact with the apoptotic cell, controlled internalization of the
apoptotic body occurs. After efferocytosis is completed, macrophages will release anti-
inflammatory molecules to avoid the recruitment of other inflammatory cells and to

promote a reparative environment.
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Many studies have shown that blocking phosphatidylserine exposure results in blocking
the process of efferocytosis (Birge et al., 2016; Friggeri et al., 2010; Kasikara et al.,
2017).

Apoptotic cell internalization and degradation is initiated by the engagement of
the cell-surface receptors on efferocytes which activates the RHO family of GTPases to
mediate apoptotic cell internalization (Doran et al., 2020). Different efflux and
degradation pathways become activated in efferocytic macrophages to handle the
significant increase of ingested cellular materials such as nucleic acids, proteins, lipids,

and carbohydrates (Han and Ravichandran, 2011).

Efferocytosis is considered a crucial factor for preventing and resolving
inflammation in tissue. Without efficient and proper removal of apoptotic cells,
inflammation can occur via progression to secondary necrosis due to the release of
harmful intracellular contents that are normally compartmentalized within an apoptotic
cell (Poon et al., 2014). As well, efferocytosis is associated with production of anti-
inflammatory mediators such as IL-10 and TGF- which function to promote a local
reparative and resolving environment (Kimani et al., 2014). Recognition and attachment
to apoptotic cells via ‘find-me’ and ‘eat-me’ signals down-regulates inflammation
through stimulation of TGF-f production (Korns et al., 2011).

The importance of efferocytosis is highlighted in different disease contexts.
Dysregulation of efferocytosis in atherosclerosis leads to a buildup of apoptotic cells in
the atherosclerotic plaques within the vasculature, which further contributes to the
progression and severity of the disease (Wang et al., 2021). Failure in carrying out
efferocytosis can lead to various disorders, including autoimmune diseases such as

systemic lupus erythematous and type 1 diabetes (Green et al., 2016; Martinez, 2017).
1.13 Rationale, Hypotheses, Objectives

It is well established that synovial inflammation plays a role in OA progression
and severity (Carla R. Scanzello, 2016). Non-resolving synovial inflammation is present

in both human and animal models and plays a key role in the pathogenesis of OA
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(Robinson et al., 2016). Research in this field has discovered that the innate immune
system at least plays a role in contributing to the non-resolving inflammation seen in OA
(Robinson et al., 2016), but it is still unknown as to what exactly is causing this chronic
synovitis. Accumulation of uncleared apoptotic cells is associated with initiation and/or
progression of inflammation (Poon et al., 2014). However, no studies have examined
whether apoptotic cells accumulate in OA synovium. As well, it is not known as to how
inflammation affects synovial macrophage function. We know from other disease
contexts that impaired efferocytosis leads to the loss of local tissue homeostasis (Morioka
et al., 2019). However, no studies have analyzed if impaired efferocytosis leads to loss of

joint homeostasis as well as worse OA outcomes such as pain and joint structure.

Given that uncleared apoptotic cells can lead to initiation and progression of
inflammation (Poon et al., 2014) and that macrophages are the primary cell type
responsible for carrying out efferocytosis (Martin et al., 2014), we hypothesized that in
patients with end-stage knee OA synovium that there will be an accumulation of
apoptotic cells and that synovial-derived macrophages will exhibit an impaired
efferocytic phenotype. We also hypothesized that impaired efferocytosis in knee OA will
lead to increased pain and poorer joint outcomes. The overall objective for this thesis was
to understand the role of efferocytosis in knee OA. We addressed this hypothesis through

two specific aims:

Aim 1A: Investigate apoptotic cell burden in the synovium of patients with end-stage
knee OA.

Aim 1B: Test whether OA is associated with impaired macrophage-mediated

efferocytosis.

Aim 2: Determine the effect of efferocytosis impairment on structural- and pain-related

behaviour outcomes in post-traumatic knee OA using an experimental rat model.
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2.1 Introduction

Synovial lining (synovium) function is critical for maintaining joint health.
Synovial tissue dysfunction may therefore worsen joint outcomes in osteoarthritis (OA).
As in most tissues, macrophages play a vital role in maintaining synovial tissue
homeostasis. In healthy synovium, resident macrophages are involved in clearing debris
and recycling the lubricating components of synovial fluid (Ouyang et al., 2020; Wu et
al., 2020). Macrophages remove apoptotic cells via efferocytosis, an immunologically
silent process with pro-resolving effects under inflammatory conditions (Doran et al.,
2020). Efferocytosis is required to avoid post-apoptotic secondary necrosis that can
promote inflammation and disruption of homeostasis (Silva, 2010). Since the
accumulation of apoptotic cells could lead to synovial tissue dysfunction, we examined
the presence of apoptotic cells in the synovium of patients with late-stage knee OA and
investigated the effects of OA on synovial macrophage-mediated clearance of dead and

dying cells via efferocytosis.

The synovium consists of an intima and subintima and supports the metabolic
demands of all joint tissues, continuously replenishes the synovial fluid with nutrients and
lubricating molecules, and clears intra-articular debris from normal turnover of joint
tissues (D. Smith, 2012; van Vulpen et al., 2021). OA-related synovial inflammation
(synovitis) manifests as synovial lining thickening (hyperplasia and hypertrophy), cell
infiltration (lymphocytes and macrophages from peripheral blood), and effusion (Wang et
al., 2016; Wenham and Conaghan, 2010). Ultrasound (US) and magnetic resonance
imaging have demonstrated that synovitis severity is associated with worse pain and
disease progression of OA (Kraus et al., 2016; Vincent, 2020). Recruited synovial
macrophages release pro-inflammatory cytokines and enzymes in the setting of chronic
inflammation and thus may contribute to the progression of OA (Bondeson et al., 2010).
Since macrophages are important to inflammation resolution, their failure to successfully
resolve chronic synovial inflammation during OA may therefore contribute to poor joint
health outcomes (van den Bosch, 2021; Chen et al., 2020). Understanding the cellular and

molecular processes that occur in the synovium and how they are disrupted in OA is an
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important step to determining why the entire joint fails in OA. However, the mechanisms
underlying failed inflammation resolution in OA are not well-understood.

Apoptotic cells accumulate in tissues in multiple diseases. For example,
dysregulation of efferocytosis in atherosclerosis leads to a buildup of apoptotic cells in
the atherosclerotic plaques within the vasculature, which further contributes to the
progression and severity of the disease (Wang et al., 2021). In OA, it is well-established
that apoptotic chondrocytes contribute to OA pathogenesis (Hashimoto et al., 1998; Park
et al., 2020), but there is virtually no information available about apoptotic synovial cells
in OA. Since uncleared apoptotic cells tend to leak pro-inflammatory factors, they
therefore could contribute to the chronic inflammation seen in chronic diseases such as
OA. To date, no studies have analyzed whether apoptotic cells accumulate in the
synovium of OA knee joints or whether the tissue microenvironment in OA knee joints
affects efferocytosis. Our objectives were 1) to investigate if apoptotic cells accumulate
within the synovial lining of patients with late-stage knee OA and 2) to test whether OA

is associated with impaired macrophage-mediated efferocytosis.
2.2 Materials and Methods
2.2.1 Materials

Cell culture and efferocytosis reagents were from Fisher Scientific and Sigma-

Aldrich, and tissue culture plastics from BD Falcon.
2.2.2 Study design and participants

Research involving patients and healthy volunteers was conducted with written,
informed consent and approved by the Health Sciences Research Ethics Board at the
University of Western Ontario (REB #109255). Tissue, blood, and synovial fluid were
collected from patients with early- and late-stage knee OA and volunteers with healthy
knees enrolled in the Western Ontario Registry for Early Osteoarthritis (WOREO) Knee
Study, a prospective cohort designed to investigate roles of inflammation and
biomechanics in knee OA. Additional fresh, healthy (non-OA) synovial tissues were

collected from cadaveric donors with approval from the University of Western Ontario
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Subcommittee for Cadaveric Material Research Ethics (#08072019). All patients and
volunteers with healthy knees underwent a clinical assessment to diagnose or rule out
symptomatic knee OA, respectively, by a rheumatologist or orthopaedic surgeon. All
participants completed questionnaires for frequent knee symptoms (‘Yes’/’No’ to any
pain, aching, or stiffness in each knee on most days for >4 weeks currently, and at any
point in their life) and the knee-specific Knee Injury and Osteoarthritis Outcome Score
(KOOS) pain subscale score. Knee radiographs and musculoskeletal US of the knee
following the OMERACT US protocol (Bruyn et al., 2016) were also collected.

2.2.3 Synovial fluid collection

Synovial fluid samples were collected under direct US-guidance or by aspiration
immediately prior to arthrotomy at the time of arthroplasty. We excluded synovial fluid
samples visibly contaminated by blood. Synovial fluid samples were placed immediately
on ice, centrifuged within 2 hours at 2800 x g at 4°C for 2 x 10-minute cycles to remove

cells and debris, and stored at -80°C prior to use.
2.2.4 Synovial tissue collection
Healthy volunteers

Healthy synovial tissues were from volunteers with healthy knees. Absence of
knee pathology was confirmed in volunteers by i) no frequent knee symptoms, ii) normal
knee joint radiographs (Kellgren-Lawrence; KL grade 0) (Kellgren and Lawrence, 1956),
iii) musculoskeletal US of the knee demonstrating no sign of synovitis or cartilage
pathology (OMERACT knee synovitis and cartilage grades 0) (Bruyn et al., 2016), and
iv) absence of moderate to severe synovitis scores by synovial histopathology. Using a
standard lateral approach (Kelly et al., 2015), US-guided needle biopsy with a 16 ga. x 19
mm side-cut needle biopsy (Argon Medical, USA) was used to acquire 3-5 cores of

synovial tissue from volunteers with healthy knees.

Healthy human cadavers
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Healthy synovial tissues were collected by lateral arthrotomy from cadaveric
donors within 24 hours of death. Absence of knee pathology in cadaveric donors was
confirmed by i) report from family members at the time of death that the donor did not
complain of frequent knee joint symptoms, ii) absence of synovitis on musculoskeletal
US of the knee at the time of tissue collection, iii) visual confirmation of no or minimal
cartilage pathology on open knee examination of the femoral condyles and trochlea
(Collins grade 0-1) (Collins and McElligott, 1960), and iv) absence of moderate to severe
infiltrate grades by synovial histopathology.

Total knee arthroplasty patients

Synovial tissue samples were collected from the lateral suprapatellar recess of the
knee using a standard parapatellar approach (Kelly et al., 2015) at the time of total knee
arthroplasty. Samples were obtained from the lateral suprapatellar synovial recess to
standardize anatomical variability, avoid synovial fat pads, align with US assessment, and

focus on a joint region where synovitis typically occurs in knee OA.
2.2.5 Histopathology and immunofluorescence

Synovial tissue biopsies were placed in 4% paraformaldehyde (PFA; Sigma-
Aldrich, P6148-1KG) for 16 hours, processed for paraffin embedding, and sectioned at 5
um. Slides were stained with Harris Hematoxylin and 0.25% Eosin Y (H&E), mounted
with Cytoseal XLY (Richard-Allan Scientific), and graded by a blinded rater on six
parameters: 1) synovial lining thickness, 2) sub-synovial infiltration by leukocytes, 3)
surface fibrin deposition, 4) vascularization, 5) fibrosis, and 6) perivascular edema, on a
0-3 scale (0 = normal, 1 = mild, 2 = moderate, 3 = severe) (Minten et al., 2019). Grading
was completed on 5 slides per patient and mean scores were assigned into categories 0,

0.5-1.5, and 2-3 (none, mild, moderate-severe).

Antigen retrieval for immunofluorescence was performed with 70°C Tris buffer
(10 mM Tris; 1 mM EDTA; 10% glycerol). Blocking and permeabilization was achieved
with 0.2% Triton X (Sigma-Aldrich; 9002-93-1) and 5% bovine serum albumin (BSA;
GE Healthcare) in 1X phosphate buffered saline (PBS) solution, respectively. Primary
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antibody (Abcam) incubation was performed overnight at 4°C for apoptotic cells with
rabbit anti-human cleaved caspase-3 (CC3; 1:1000, ab49822), and synovial macrophages
with rabbit anti-human CD14 (1:200, ab183322) or mouse anti-human CD68 (1:200,
ab201340). Secondary antibodies (Jackson ImmunoResearch) were incubated for 1 hour
at room temperature in the dark with Alexa Fluor 488 anti-rabbit or Alexa Fluor 647 anti-
mouse. Negative controls consisted of adjacent sections treated the same way but without
primary antibody. ProLong Gold Antifade Mountant media containing DAPI (4°,6-
diamidino-2-phenylindole; Fisher Scientific, P36941) for nuclei was used to mount
cells/tissues prior to imaging with a Zeiss LSM 800 AiryScan confocal microscope using
the 40X water immersion lens. Configuration settings were held constant across all slides
imaged. Five regions of interest of the synovium were sampled per tissue section.
Quantification of CC3+ apoptotic synovial cells per area was performed as previously
described (Marshman et al., 2001), ensuring intima and subintima were in the field of

view by cross-referencing to adjacent H&E sections.
2.2.6 Synovial cell isolation and culture

Fresh synovial tissue biopsies were immediately placed in ice-cold Dulbecco’s
Modified Eagle Medium (DMEM), minced into 1 mm?3 pieces and then enzymatically
dissociated with 400 pg/mL LiberaseTM (Sigma-Aldrich, 5401127001) and 400 pg/mL
DNAse I (Qiagen, 79254) with gentle rotation in an incubator at 37°C for 30 minutes.
Enzyme digestion was stopped with 100 mM EDTA. The cell suspension was passed
through a 100 um cell strainer into a new tube, centrifuged at 300 x g for 10 minutes at
4°C, and resuspended in cold synovial culture media (DMEM, 10% FBS, 100 U/mL
penicillin, 100 pg/mL streptomycin). Cells were counted, greater than 90% viability
ensured by trypan blue exclusion, and 10° mixed synovial cells were plated onto glass
coverslips in a 24-well plate in complete media containing RPMI 1640 (Fisher Scientific,
11-875-093), 10% FBS, 1% Pen/Strep, and 50 ng/mL macrophage colony stimulating
factor (M-CSF; PeproTech, 300-25-10ug) to sustain synovial macrophages. Efferocytosis
assays (below) were performed after culturing macrophages for 48 hours at 37°C and 5%
COo.. In parallel cultures, we tested the effects of pre-treatment for 48 hours with

granulocyte macrophage-colony stimulating factor (GM-CSF; PeproTech, 300-03-5ug) at
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0, 1, 10, and 100 ng/pL, or interleukin-4 (IL-4; PeproTech 400-04-5ug) at 20 ng/mL, on

synovial macrophage-mediated efferocytosis.
2.2.7 Peripheral blood-derived macrophage cultures

Peripheral blood samples were diluted with an equal volume of 2% FBS and PBS
and passed through Ficoll-Paque 1.073 density gradient medium (GE Healthcare,
17144002) using Sepmate tubes (Stemcell Technologies, 85415) by centrifugation at
1200 x g for 10 minutes at room temperature. The top layer containing enriched
mononuclear cells were removed, washed twice with 1X PBS and 2% FBS/centrifuged at
300 x g for 8 minutes, twice more with complete RPMI 1640, 10% FBS, and 1%
Pen/Strep, and counted. Fifty thousand monocytes were plated per well in 500 uL of
complete media supplemented with 50 ng/mL M-CSF (PeproTech, 300-25-10ug),
incubated at 37°C and 5% CO». After two days, 500 uL of complete media plus M-CSF
was added. After 5-7 days, phase contrast microscopy was used to confirm the presence
of morphological characteristics of macrophage differentiation (Cohn and Belinda, 1965).
Non-adherent lymphocytes and platelets were removed during media changes on day 7,
providing a highly enriched monolayer of blood-derived macrophages for subsequent

experiments.
2.2.8 Blood-derived macrophage stimulation with synovial fluid

Blood-derived macrophages were stimulated with synovial fluid from patients and
volunteers to model the effects of different knee OA and control conditions, respectively.
Primary blood-derived macrophages from a healthy, 30-year-old female volunteer were
used to allow us to model healthy human macrophages that are recruited to the synovium
during OA more closely than a cell line. Macrophages were stimulated for 6 and 16 hours
with synovial fluid isolated from 4 experimental groups as follows: i) healthy knees
(control), ii) early-stage knee OA and high disease activity, iii) early-stage knee OA and
low disease activity, and iv) late-stage knee OA and high disease activity. We defined
early-stage OA as KL grades 0-2 and late-stage OA as grades 3-4. High disease activity
was defined as at least moderate pain in the target knee (KOOS pain subscale questions
P2-P9 sum >7), and ‘moderate’ or ‘severe’ synovitis (grades 2-3) on OMERACT US
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grading in the lateral suprapatellar window. Low disease activity was defined as mild or
no pain (KOOS pain subscale questions P2-P9 sum 0-7), and ‘none’ or ‘mild’ US
synovitis (grades 0-1). Pilot experiments with macrophages exposed to OA synovial fluid
dilutions at 50%, 25%, 12.5%, 10%, 5%, and 2.5% dissolved in 500 uL of complete
RPMI 1640 media supplemented with 50 ng/mL M-CSF revealed that rounding of
macrophage cell bodies (suggesting macrophage activation/response) occurred with
synovial fluid as low as 5%, but not 2.5%. Therefore, 5% synovial fluid was used to

conduct stimulation and efferocytosis experiments.
2.2.9 Efferocytosis assay

Efferocytic efficiency and index were measured in i) synovial macrophages
isolated from the synovial tissues of knee OA patients and healthy knees (control), and ii)
in peripheral blood-derived macrophages, according to our published protocols (Taruc et
al., 2018). Briefly, Jurkat cells were cultured in media containing serum-free RPMI 1640
and 2.14 pM staurosporine (Cayman Chemical Company, 81590) for 24 hours at 37°C
and 5% CO- to render cells apoptotic, prior to “feeding” to macrophages for efferocytosis
assays. To differentiate engulfed vs. non-engulfed apoptotic Jurkat cell bodies, we dual-
labelled apoptotic Jurkat cells with 0.005 mg of Nhydroxysuccinimido-biotin (NHS-
biotin, Fisher Scientific, P121336) dissolved in DMSO (dimethyl sulfoxide), and a cell-
tracking dye (Fisher Scientific, C2927) that labelled the cytosol of apoptotic cells (diluted
1:1000) and incubated at room temperature for 20 minutes in the dark. NHS-biotin was
quenched for 5 minutes with an equal volume of RPMI 1640 and 10% FBS. Labelled
apoptotic Jurkat cells were pelleted by centrifugation and resuspended in RPMI 1640 and
10% FBS at a concentration of 5,000,000 cells/mL. After adding 500,000 apoptotic Jurkat
cells per well of macrophages, the plate was centrifuged at 200 x g for 1 minute to force
contact with macrophages, then incubated for 90 minutes at 37°C and 5% CO>. Cultures
were then washed twice with PBS to stop efferocytosis and remove non-efferocytosed
apoptotic cells. Macrophage-bound, but non-efferocytosed, biotinylated Jurkat cell
fragments were labelled with Alexa Fluor 647-conjugated streptavidin (1:1000, Fisher
Scientific, S21374) for 20 minutes in the dark along with nuclear staining using Hoechst
33342 (1:1000, Fisher Scientific). Fixation using 4% PFA (Sigma-Aldrich) in PBS for 5
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minutes at room temperature was performed prior to immunolabeling macrophages for
CD14 and CD68, mounting, and imaging using a Leica DMI6000 B widefield microscope

and 63x oil immersion lens.

Analysis: Macrophages were identified by the presence of CD14+ or CD68+
immunofluorescence. Configuration settings were held constant across all samples
imaged. Fifty macrophages were evaluated per experimental replicate. Uninternalized
apoptotic cell material (streptavidin) was differentiated from internalized apoptotic
material (efferosomes) (cell-tracker dye). Efferocytic efficiency was calculated as the
fraction of macrophages with at least one efferosome, and efferocytic index was
determined by the average number of discrete efferosomes per macrophage.

2.2.10 Statistical analysis

Descriptive statistics for patient groups are presented as sample size (n),
percentages, means with standard deviation (SD) and range, as appropriate for key
demographics and imaging and histopathological criteria. All experimental measurements
are shown as means with 95% confidence intervals (95%CI). Shapiro-Wilk tests and Q-Q
plots for normal distributions were conducted for all two-group comparisons. Apoptotic
cell burden and efferocytic efficiency and index measurements in synovial tissue-derived
and peripheral blood-derived macrophages were compared using unpaired, two-tailed
Student’s t-tests or Mann-Whitney U-tests as appropriate. Efferocytic efficiency and
index data from synovial tissue-derived macrophages treated with GM-CSF, IL-4, and
from peripheral blood-derived macrophages stimulated with synovial fluid, were analyzed
using repeated measures mixed-effects modelling due to unequal sample sizes. Dunnett’s
multiple testing correction was applied to all models and an alpha error of less than 0.05
was considered statistically significant. Analyses were conducted using GraphPad Prism
version 9 (GraphPad Software, San Diego, CA, USA).
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2.3 Results
2.3.1 Apoptotic cell burden in synovial tissues

Compared to volunteers with healthy knees (n = 5), patients with late-stage knee
OA (n =19) were older, had higher body mass index (BMI), and synovial histopathology
grades (Table 2.1). OA synovium demonstrated increased synovial lining thickness and
subintimal infiltrate, compared to healthy controls (Table 2.1, Figure 2.1A). Late-stage
knee OA patients demonstrated a marked qualitative (Figure 2.1B) and quantitative
(Figure 2.1C) increase in apoptotic cell burden in the synovium overall (48.4%, 95%ClI
39.0-57.8) compared to healthy individuals (3.0%, 95%CI -1.4-7.5). Similar findings
were obtained in the synovial intima and subintima, with a greater proportion of apoptotic
cells in the intima (Figures 2.1D,E).

2.3.2 Efferocytosis in synovial tissue-derived, and blood-derived macrophages

Demographics and radiographic data of healthy donors and unmatched, late-stage
OA patients are presented in Table 2.2. We confirmed that CD14+ cells in OA synovial
tissues co-express the macrophage marker CD68 (Suppl. Fig. A.1). The percentage of
CD14+ synovial macrophages that engulfed at least one apoptotic cell (efferocytic
efficiency) and the amount of efferocytosed apoptotic material per macrophage
(efferocytic index) was markedly reduced in late-stage knee OA patients (eff.: 12.53%,
95%Cl 9.62-15.43; index: 0.16, 95%CI 0.11-0.21) compared to healthy knees (eff:
74.60%, 95%CI 68.42-80.78; index: 0.98, 95%CI 0.71-1.23) (Figure 2.2A). However,
peripheral blood-derived macrophage-mediated efferocytic efficiency (early OA: 77.33%,
95%CI 69.74-84.92; late OA: 78.33%, 95%CI 74.05-82.62) and index (early OA: 1.05,
95%CI 0.85-1.24; late OA: 1.05, 95%CI 0.96-1.13) were equally functional in unmatched
patients with early- and late-stage knee OA (Figure 2.2B), and similar to levels seen in
synovial tissue-derived macrophages from healthy knees (Figure 2.2A). Although GM-
CSF can rescue macrophage-mediated efferocytosis in alveolar macrophages of mice
exposed to second-hand smoke (Subramaniam et al., 2016), treatment of synovial tissue
macrophages with up to 100 ng/uL. GM-CSF had minimal to no effect on efferocytic

efficiency and index (Figure 2.2C). In contrast, treatment of synovial tissue macrophages
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Table 2.1 Patient demographics, clinical, and histopathology characteristics of patient-

derived knee synovial tissue used in apoptosis analyses.

Characteristic Healthy knee Late-Stage OA
(n=5) (n=19)
Sex, n (%)
Male 4 (80.0%) 9 (47.4%)
Female 1 (20.0%) 10 (52.6%)
Age (yrs), mean (range) 52.7 (36-70) 66.6 (53-77)

BMI (kg/m?), mean (range)

K-L grade, n (%)*

26.6 (25.4, 27.8)

32.7 (22.9-44.0)

0 5 (100%) 0 (0)

3 0 (0) 6 (31.6%)

4 0 (0) 13 (68.4%)
Histopathology, n (%0)?
Lining

0 5 (100) 8 (42.1%)

0.5-1.5 0 (0) 9 (47.4%)

2-3 0 (0) 2 (10.5%)
Sub-synovial infiltrate

0 5 (100%) 1 (5.3%)

0.5-1.5 0 (0) 14 (73.7%)

2-3 0 (0) 4 (21.0%)
Vascularization

0 4 (80%) 1 (5.3%)

0.5-1.5 1 (20%) 2 (10.5%)

2-3 0 (0) 16 (84.2%)
Perivascular edema

0 5 (100%) 9 (47.4%)

0.5-1.5 0 (0) 9 (47.4%)

2-3 0 (0) 1 (5.3%)
Fibrosis

0 5 (100%) 0 (0)

0.5-1.5 0 (0) 15 (78.9%)

2-3 0 (0) 4 (21.1 %)
Fibrin

0 5 (100%) 2 (10.5%)

0.5-1.5 0 (0) 17 (89.5%)

2-3 0 (0) 0 (0)

BMI = body mass index

!Kellgren & Lawrence grades correspond to radiographic severity (Kelly et al., 2015).
2Synovial histopathology was scored in six categories and mean scores were binned
into categories 0, 0.5-1.5, and 2-3 (none, mild, moderate-severe).
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Figure 2.1. Synovial tissue histopathology and apoptosis measures. (A) Representative
H&E histopathology sections of synovium from healthy and OA patients (n =5 per
condition), demonstrating synovial lining cell thickening (arrowheads) and sub-intimal
infiltrate (arrow). Scale bars = 50 um. (B) Representative images of synovial tissue from
healthy (n = 5) and OA patients (n = 19) stained for the apoptotic cellular marker, cleaved
caspase-3 (CC3, green) and Hoechst nuclear stain (blue), with dotted line indicating
synovial intimal surface. Scale bars = 20 um. (C-E) Percent CC3+ cells in the synovium

(total), intima, and subintima are shown. Data are presented as (mean £ 95% CI, *P<
0.05).
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Table 2.2 Patient demographics and clinical characteristics of macrophages derived from

peripheral blood and knee synovial tissue for efferocytosis analyses.

Svnovial tissue-derived macrophages

Blood-derived macrophages

Healthy knee Late-stage OA Early-stage OA  Late-stage OA
Characteristic (n=5) (n=19) (n=7) (n=6)
Sex, n(%o)
Male 2 (40.0%) 11 (57.9%) 3 (42.9%) 2 (33.3%)
Female 3 (60.0%) 8 (42.1%) 4 (57.1%) 4 (33.3%)
Age (yrs), mean (range) 66.8 (27-91) 67.7 (55-80) 70.7 (59-86) 71.2 (61-82)

BMI (kg/m?), mean
(range)
K-LGrade, n (%)*

21.2 (14.0-27.8)  31.4 (22.8-38.0)

0 5 (100%) 0(0)

1 0(0) 0 (0)

2 0(0) 0(0)

3 0(0) 8 (42.1%)

4 0(0) 11 (57.9%)
KOOS Pain, mean 100 (100) 49.6 (11-78)

(range)

26.4 (21.7-34.5)  32.9 (26.3-43.5)

1 (14.3%) 0 (0)

2 (28.6%) 0 (0)

4 (57.1%) 0 (0)
0 (0) 2 (33.3%)
0(0) 4 (66.6%)
59.1 (22-88) 41.8 (0-69)

BMI = body mass index, KOOS = Knee Injury and Osteoarthritis Outcome Score
!Kellgren & Lawrence grade corresponds to radiographic osteoarthritis severity (Kelly et al., 2015)




a

% Macrophages with > 1 Efferosome

=

Synovial tissue-derived macrophages B Blood-derived macrophages
3 . Efferocytic Efficienc, i
Efferocytic Efficiency Efferocytic Index g yt Y % Efferocytic Index 53
g 100 15
100 ;‘ g 15 * g )
S - 1
80 g A | s o S
'% 2 N g0 % 1.0
60 2 £ g
£ = 8
s 2 40 S
40 £ o= £ 05
& 2 =
= g- 20 *®
20 3 g &
by g g
& = 0 s 00
0 § P & o <
Control OA < Control OA & &
<F v <
4 Efferocytic Efficiency o Efferocytosis Index D . Efferocytic Efficiency Efferocytic Index
£ - E &% *
: .; é 100 * é‘ 15 —
1 £ 1
£ 2 2 80 % 8
- E s O § 1.0
N A g
£ g g % H
g
& &0 =
%‘t : E. " S 0.5
=
S,
: § i | F S
= g = 0 T T g 0.0 . ¢ T
X 0 1 10 100 < [] 1 10 100 N3 & > < a8 »
& & N N
[GM-CSF] ng/uL. [GM-CSF] ng/uL &8 &
& &
. Unengulfed Cellular
Nuclei CD14 Efferosome(s) g Merge
Fragment(s)

- ..
: .-

Figure 2.2 Efferocytosis measures in synovial tissue-derived and blood-derived
macrophages. Efferocytic efficiency and index measurements are shown from (A)
CD14+ synovial tissue-derived macrophages from volunteers with healthy knees (control;
n = 5 vs. patients with late stage knee OA (n = 19), (B) CD14+ peripheral blood-derived
macrophages from patients with early (n = 7) and late OA (n = 6), and (C) CD14+
synovial tissue-derived macrophages from patients with late-stage knee OA (n=7)
treated with or without GM-CSF. (D) CD68+ synovial tissue-derived macrophages from
patients with late-stage knee OA treated with M-CSF alone (n = 6) or with M-CSF + IL-4
(n=7). (E) Representative images of efferocytosis assays in macrophages isolated from
synovial tissue of healthy and patients with OA stained for CD14 (green), cell tracer
(engulfed apoptotic cell material; red), biotin (non-engulfed apoptotic cells; pink), and
Hoechst nuclear stain (blue). Arrowheads indicate efferosomes. Scale bars = 10 um. Data

are presented as (mean = 95% CI, *P< 0.05).
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with 20 ng/mL IL-4 demonstrated nearly complete rescue of efferocytic function
(vehicle+IL-4 eff.: 74.53%, 95%CI 69.14-79.92; index: 0.95, 95%CI 0.77-1.14)
compared to vehicle-only treatment controls (vehicle eff.: 11.03%, 95%CI 4.91-17.16;
index: 0.13, 95%CI 0.06-0.21), (Figure 2.2D). Synovial tissue-derived macrophages from
healthy knees tended to have a more elongated morphology with numerous efferosomes
and minimal non-engulfed extracellular apoptotic Jurkat cell fragments, whereas OA
synovial macrophages appeared to have a more rounded morphology with few or no

efferosomes and more non-engulfed apoptotic Jurkat cell material (Figure 2.2E).

2.3.3 Synovial fluid effects on peripheral blood-derived macrophage-mediated

efferocytosis

We investigated the effects of the local OA joint environment (synovial fluid) on
macrophage-mediated efferocytosis in vitro with healthy blood-derived macrophages.
Demographics and radiographic data describing the synovial fluid samples used from
volunteers with healthy knees and patients with early- and late-stage knee OA with high-
or low-disease activity are presented in Table 2.3. No patients with late-stage OA who
had synovial fluid available met our criteria for low disease activity due to pain levels.
Stimulation of peripheral blood-derived macrophages with 5% synovial fluid from any
condition for up to 16 hours did not induce macrophage apoptosis (Figure 2.3A).
Compared to healthy knee synovial fluid (50.88%, 95%CI 23.31-78.46%), synovial fluid
from patients with early-stage OA in high disease activity caused a sustained suppression
of macrophage-mediated efferocytic efficiency after 6 hours (22.25%, 95%CI 10.03-
34.46%) and 16 hours (18.44%, 95%CI 10.04-26.85) of stimulation (Figure 2.3B).
Interestingly, late-stage OA synovial fluid caused suppression of efferocytic efficiency
after 16 hours, whereas early-stage OA in low disease activity caused a transient
suppression at 6 hours (22.67%, 95%CI 7.79-37.55%), with partial improvement after 16
hours of stimulation (41.33%, 95%CI 26.27-56.40). The amount of efferocytosed material
per macrophage (efferocytic index) was impaired the most by synovial fluid from patients
with early-stage OA in high disease activity, regardless of duration of exposure, while
synovial fluid from patients with late-stage OA had minimal effect on efferocytic index
(Figure 2.3C).
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Table 2.3 Patient demographics and clinical characteristics of patient-derived knee

synovial fluid used to stimulate blood-derived macrophages for efferocytosis analyses.

Healthy knees

Early-stage OA:

Early-stage OA:

Late-stage OA:

(n=5) High activity Low activity High activity
Characteristic (n=6) (n=6) (n=6)
Sex, n(%o)

Male 2 (40.0%) 1 (16.7%) 1 (16.7%) 2 (33.3%)
Female 3 (60.0%) 5 (83.3%) 5 (83.3%) 4 (66.7%)
Age (years), mean 49.6 (37-60) 64.3 (49-77) 71.0 (48-84) 59.2 (51-69)

(range)
BMI (kg/m?), 24.5 (22.1- 30.1(21.9-41.7) 26.5 (22-32.5) 29.0 (22.3-42.3)
mean (range) 28.8)
K-L Grade, n (%)*
0 5 (100%) 3 (50.0%) 2 (33.3%) 0 (0)
1 0 (0) 3 (50.0%) 4 (66.7%) 0 (0)
2 0 (0) 0 (0) 0 (0) 5 (83.3%)
3 0 (0) 0 (0) 0 (0) 1 (16.7%)
4 0 (0) 0 (0) 0 (0) 0 (0)
KOGS Pain, 100 (100-100)  48.5 (19-67) 90.5 (64-97) 60.8 (58-66)
mean (range)
US Synovitis
grade, n(%)
0 2 (40.0%) 0 (0) 1 (16.7%) 0 (0)
1 3 (60.0%) 0 (0) 5 (83.3%) 0 (0)
2 0 (0) 4 (66.7%) 0 (0) 5 (83.3%)
3 0 (0) 2 (33.3%) 0 (0) 1 (16.7%)

BMI = body mass index, KOOS = Knee Injury and Osteoarthritis Outcome Score, US = ultrasound
!Kellgren & Lawrence grade corresponds to radiographic osteoarthritis severity (Kelly et al., 2015).
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Figure 2.3. Blood-derived macrophages treated with synovial fluid. Blood-derived
macrophages stimulated with 5% synovial fluid from volunteers with healthy knees
(control), or patients with early-stage OA with high disease activity, early-stage OA with
low disease activity, and late-stage OA with high disease activity, for 6 or 16 hours and
assessed by immunofluorescence microscopy. (A) Immunofluorescence confocal
microscopy for apoptosis (cleaved caspase-3; CC3) was performed in parallel samples.
Representative immunofluorescence images are shown indicating Hoechst (blue, nuclei),
anti-CD68 (macrophage; red), and anti-CC3 (green). Positive control (macrophages
treated with staurosporine for 2 hours to induce apoptosis) is shown. Scale bars = 20 um.
(B) Efferocytic efficiency and (C) efferocytic index measures, after 6- and 16-hours

stimulation with synovial fluid. Data are presented as (mean + 95% CI, *P< 0.05).
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2.4 Discussion

Non-resolving knee inflammation contributes to poor joint health and may be a
treatment target (Griffin and Scanzello, 2019; O’Neill et al., 2016), but the mechanisms
underlying chronic synovial inflammation in OA are not well-understood. We expected
that apoptosis of synovial lining cells is increased in OA, since it was recently reported
that cells comprising the synovial lining barrier are lost in mouse models of arthritis
(Culemann et al., 2019). However, since apoptotic cells should be rapidly cleared by
phagocytes to maintain homeostasis (Thorp, 2010), we were surprised to find a high
proportion of CC3+ apoptotic cells in the synovium of patients with late-stage knee OA.
This suggested to us that macrophage-mediated clearance of apoptotic cells is impaired in
OA. The active form of CC3 is an executor protease and thus is unlikely to have functions
in OA synovial cells that are unrelated to apoptosis. The presence of apoptotic cells in OA
synovium is therefore striking and could contribute to the perpetuation of chronic
inflammation in OA (Elliott and Ravichandran, 2010). In early apoptosis, factors such as
lactoferrin are released to avoid recruiting inflammatory cells (Medina et al., 2020). If not
removed efficiently, secondary necrosis results in membrane integrity loss and leakage of
intracellular oxidative molecules and damage-associated molecular patterns (DAMPS),
such as DNA, uric acid, and heat shock protein-90 (Poon et al., 2014; Sachet et al., 2017,
Silva, 2010). DAMPs are increased in OA, leading to the activation of the innate immune
system (Lambert et al., 2021; Liu-Bryan, 2013; Rosenberg et al., 2017) and production of
pro-inflammatory cytokines such as TNFa and IL-1f (Griffin and Scanzello, 2019).

Since macrophages are phagocytes and the most abundant immune cell in OA
synovium (Thomson and Hilkens, 2021), we investigated whether synovial macrophage-
mediated efferocytosis may be defective in OA. We found that CD14+ synovial
macrophages demonstrated severe impairment of efferocytosis in all OA patient samples
compared to healthy synovial tissues. These data suggest impaired efferocytosis is a
common feature of late-stage knee OA. We cannot say with certainty that efferocytosis
impairment occurs universally in all forms of OA, in early-stage disease, nor whether
traditional OA risk factors (e.g. age, obesity, sex) variably influence macrophage-

mediated efferocytosis. These questions should be investigated in future studies.
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Nonetheless, our data indicate that significant synovial macrophage dysfunction occurs at
least in patients with late-stage knee OA.

Efferocytosis is a highly conserved system with multiple redundant mechanisms
due to its critical role in maintaining homeostasis (Boada-Romero et al., 2020; Henson,
2017). Numerous macrophage receptors identify and respond to ‘find me’ signals (e.g.,
P2Y purinergic receptors) and to ‘eat me’ signals (e.g., TAM (Tyro3, Axl, Mer) tyrosine
kinase; MER-TK, CX3CR1, TIMs, Stabilin, and CD300 receptors) (Elliott et al., 2018;
Henson, 2017). Impaired efferocytosis therefore suggests that OA causes a complex,
multi-mechanistic effect on synovial macrophages and may have profound effects on
joint health. Beyond the clearance of apoptotic, DAMP-releasing “zombie” cells, the
benefits of successful efferocytosis include the release of anti-inflammatory factors such
as IL-10 and TGF- by phagocytes, which promotes the resolution of inflammation
(Chung et al., 2008). For example, the benefits of mesenchymal stem cell (MSC)
injections in mouse models of OA may be at least partially explained by macrophage-
mediated clearance of apoptotic MSCs (Hamilton et al., 2019). Impaired efferocytosis is
also associated with worse disease activity in patients with systemic lupus erythematosus
(Zhou et al., 2020). In context with these and other studies, our findings suggest that
synovial tissue macrophage dysfunction may be a key mechanism underlying the failure

to resolve inflammation in knee OA.

We found that efferocytosis by peripheral blood-derived macrophages from
patients with early- and late-stage knee OA was essentially normal, despite being
markedly impaired in synovial tissue-derived macrophages in late-stage OA.
Efferocytosis by healthy blood-derived macrophages was also impaired by exposure to
synovial fluid from patients with knee OA. Our findings therefore suggest that synovial
tissue macrophage-mediated efferocytosis impairment most likely occurs locally after
macrophages arrive to the joint/synovium, rather than in the systemic circulation. The
mechanisms leading to the impairment of synovial macrophage-mediated efferocytosis
however, are not clear. Some of our results suggest that OA-related pro-inflammatory
macrophage polarization and activation may impair efferocytosis. Synovial fluid from

OA knees with higher disease activity (higher knee pain and inflammation on US)
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suppressed efferocytic efficiency for a longer period than low disease activity, and
induced a rounded M1-like morphology, whereas healthy synovial fluid induced an
elongated M2-like (anti-inflammatory) macrophage morphology. Pro-inflammatory
treatment using GM-CSF, which has been shown to improve impairments in efferocytosis
in pulmonary macrophages after exposure to second-hand smoke in mice (Subramaniam
et al., 2016), was largely ineffective in reversing efferocytosis impairment in OA synovial
macrophages. In contrast, anti-inflammatory treatment with IL-4, which has pro-resolving
effects on monocytes and macrophages (Bonder et al., 1999), restored synovial tissue
macrophage-mediated efferocytosis to near-normal levels. As pro-inflammatory
macrophages are generally less effective at efferocytosis than anti-inflammatory/M2-like
macrophages (Liu et al., 2009), these data suggest that pro-inflammatory effects of OA on

macrophages may contribute to impaired efferocytosis in synovium.

Although we were not able to assess the presence of apoptotic synovial cells in
patients with early-stage OA, macrophage-mediated efferocytosis was impaired by
synovial fluid from patients with early-stage knee OA. This suggests synovial
macrophage dysfunction likely occurs early enough in knee OA to have a potentially
causal role in disease progression. This should be investigated further since we are not
able to conclude that efferocytosis impairment drives OA disease activity and progression
due to the cross-sectional design of this study. Our study also helps to expand our
understanding of the pathophysiology and significance of synovial inflammation in knee
OA, including in early-stage disease where the presence of inflammation increases the
risk of radiographic progression (Benito et al., 2005; Sokolove and Lepus, 2013).
Interestingly, synovial fluid from patients with late-stage OA induced slightly less
impairment in efferocytosis than early OA. Whether efferocytosis-inhibiting factors are
present at lower levels, or whether adaptive mechanisms occur in late-stage OA, these
results support the notion that pathophysiologic mechanisms in early and late OA stages
are not identical and may need to be investigated separately.

To our knowledge, this is the first study to report the presence of a high burden of
apoptotic synovial cells in patients with late-stage knee OA. Synovial macrophage-

mediated efferocytosis is impaired in late-stage OA and by exposure of healthy



60

macrophages to the OA joint environment. Our data therefore suggest that poor joint
health and outcomes may be related to dysfunctional synovial macrophage-mediated
homeostatic mechanisms in OA. Future studies should address macrophage-dependent
and -independent mechanisms leading to impaired macrophage-mediated efferocytosis to
determine whether impaired efferocytosis is a cause or consequence of inflammation in
knee OA.
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3.1 Introduction

The synovial lining (synovium) is critical for maintaining joint health. Synovial
macrophages that inhabit the synovium have a large role in maintaining tissue
homeostasis through the clearance of metabolic products, cell debris, and recycling
components of the synovial fluid (Kurowska-Stolarska and Alivernini, 2017). A large part
of maintaining homeostasis is the efficient clearance of apoptotic cells which is
accomplished by macrophages, termed efferocytosis (Morioka et al., 2019). However, in
Chapter Two we found that the apoptotic cell burden in the synovium was significantly
higher and that synovial-derived macrophage-mediated clearance of apoptotic cells was
impaired in patients with end-stage knee osteoarthritis (OA). This suggests that there may

be a dysfunction in synovial macrophages in OA, which we confirmed in Chapter Two.

Chronic unresolving synovial inflammation (synovitis) is a common feature seen
in OA (Robinson et al., 2016). OA-related synovitis manifests as synovial lining
thickening (hyperplasia and hypertrophy), cell infiltration (lymphocytes and macrophages
from peripheral blood), and effusion (Wang et al., 2016; Wenham and Conaghan, 2010).
Ultrasound (US) and magnetic resonance imaging (MRI) studies have shown that
synovitis severity is associated with worse pain and disease progression of OA (Kraus et
al., 2016; Vincent, 2020). However, it remains unknown how synovitis leads to worse OA
outcomes. We propose that defective macrophage-mediated efferocytosis may play a role

in eliciting increased pain and joint damage through accumulation of apoptotic cells.

Efferocytosis is an immunologically silent process that promotes an anti-
inflammatory environment in the local tissue (Doran et al., 2020). However, impaired
efferocytosis can contribute to ongoing inflammation in tissue due to a couple of reasons.
The process of efferocytosis is inherently anti-inflammatory as tissue-resolving factors
such as TGF-f and IL-10 are produced by efferocytic macrophages once an apoptotic cell
is cleared (Kimani et al., 2014; Korns et al., 2011). An increased proportion of apoptotic
cells in the synovium that are not being cleared can progress to secondary necrosis.
Compared to apoptosis which is a silent form of cell death, secondary necrosis includes

leakage of intracellular contents that can initiate and promote a strong inflammatory
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response (Poon et al., 2014). The leakage of intracellular factors is a potential source of
damage-associated molecular patterns (DAMPs) that activate the innate immune system
seen in synovitis (Griffin and Scanzello, 2019; Krysko et al., 2008; Liu-Bryan, 2013).

Efferocytosis is initiated when macrophages sense ‘find-me’ signals that are
released by apoptotic cells. The engaged macrophage will then recognize ‘eat-me’ signals
that are displayed on the cell surface of apoptotic cells. The most important ‘eat-me’
signal that efferocytosis relies on for engulfment of the apoptotic cell is the molecule,
phosphatidylserine (PS) (Henson, 2017). In healthy living cells, PS is localized to the
inner leaflet of the plasma membrane and therefore cannot be recognized by other
phagocytic cells (Henson, 2017). During apoptosis, specific phospholipid scramblases
become activated and PS moieties move across the membrane to result in exposure and

subsequential engulfment by macrophages (Henson, 2017).

Since uncleared apoptotic cells can promote inflammation through the leakage of
pro-inflammatory factors, they therefore could contribute to the unresolving
inflammation, pain, and/or joint damage caused by OA. To date, no studies have analyzed
the effects of blocking efferocytosis on OA outcomes including pain and joint damage.
Annexin V (AnxV) is a phospholipid binding protein that is commonly used in assays to
detect apoptotic cells by its ability to reversibly and rapidly bind negatively charged PS
molecules (Schutte et al., 1998). This property of AnxV has been demonstrated and
leveraged in the past to be able to block efferocytosis of apoptotic cells in other published
studies (Bennett et al., 1995; Krahling et al., 1999; Marguet et al., 1999; Stach et al.,
2000; Yan et al., 2012). Therefore, we leveraged this strategy to be able to block
efferocytosis in vivo by overexpression of AnxV in joint lining cells. First, we engineered
an AnxV overexpression vector and confirmed it worked in vitro to block efferocytosis.
Finally, we transfected joint lining cells in vivo by intra-articular injections and tested the
effects of impaired efferocytosis and accumulation of apoptotic cells in the osteoarthritic
joint on important outcomes such as pain and joint structure in a rat model of post-
traumatic knee OA (PTOA). Our objectives were to determine the effect of efferocytosis

impairment on structural and pain-related behavioural outcomes in a rat model of PTOA.
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3.2 Methods
3.2.1 Experimental overview

We performed an interventional, longitudinal study that compared four different
groups based on histopathology and pain scores taken at multiple time points throughout
the study. Our population/sample consisted of 10-week-old male Sprague-Dawley rats
(Charles River) that received either sham (surgical control) or PTOA surgery and either
intervention (AnxV) or control (LacZ) intra-articular vector injections. The study design
is visually shown in a schematic in Figure 3.1. Outcomes for this study included: co-
primary analyses for pain involving mechanical sensitivity (hyperalgesia) at the target
knee, and distal mechanical sensitivity at the hindpaw (allodynia) in the PTOA groups
(AnxV versus LacZ control vectors). Secondary analyses for cartilage damage, synovial
inflammation and damage features, and synovial apoptotic cell accumulation in the PTOA
groups (AnxV versus LacZ control vectors). Additional analyses included the same
outcomes above in sham groups. The purpose of the additional analyses in the sham
groups was to determine if there were effects of the AnxV vector on pain and/or structural
outcomes that are independent of PTOA, rule out complications such as hemarthrosis, or

any other pathological effects on joints.
3.2.2 Experimental PTOA rat model

All experiments were approved by the Animal Care Committee at Western
University (AUP#2021-087). Using a previously established model, surgery was
performed on the right knees of 10-week-old male Sprague-Dawley rats (Charles River)
(Appleton et al., 2007a, 2007b). Prior to surgery, rats were given 80 mg/mL ampicillin
and 1.0 mg/mL slow release buprenorphine subcutaneously. Induction of anesthesia was
set at 5% isoflurane + 1% O, and maintenance was set at 2% isoflurane + 1% O,. Under
anesthesia, PTOA was induced by destabilization of the medial meniscus (DMM) by
transection of the medial meniscotibial ligament and transection of the anterior cruciate
ligament (ACL-T). The joint capsule was closed with single interrupted sutures. The skin
was closed with a continuous, non-interrupted suture. Sham surgery consisted of an

arthrotomy and suturing without transecting either of the ligaments to serve as a surgical
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Figure 3.1 Study design. Our study consisted of rats (N = 68) that were randomly

assigned to either of the following groups: surgery control (sham) + LacZ (vector control)
injections (n = 12), surgery control (sham) + AnxV injections (n = 12), PTOA surgery +
LacZ (vector control) injections (n = 22), or PTOA surgery + AnxV injections (n = 22).
Injections were given at 1 and 5 weeks post-surgery. Pain measurements were taken on
each rat prior to surgery (baseline) and every 4 weeks after surgery. A subgroup of
animals (n = 8) from each PTOA group were sacrificed at 4 weeks post-surgery and knee
joints were harvested for histopathological analysis. The rest of the animals were

sacrificed 12 weeks post-surgery.
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control. Only the right knee joints were operated on and studied due to potential effects of
surgery on the contralateral knee (Appleton et al., 2007a).

3.2.3 Annexin V cloning

To clone a secretable form of AnxV into a mammalian expression vector, we
utilized directional TOPO™ cloning and a Gateway™ destination vector as described by
the manufacturer (ThermoFisher). Briefly, we obtained the Tol2-BetaActin-SecA5-YFP
vector as a gift from Qing Deng (Addgene plasmid #105664). This was used by Qing
Deng and co-authors to express a secreted and fluorescently tagged AnxV under control
of the B-actin promoter in zebrafish as an in vivo apoptosis assay (Hsu et al., 2018). AnxV
with upstream secretion signal and C-terminal yellow fluorescence protein (YFP) tag was
cloned from the Tol2-BetaActin-SecA5-YFP, and the resulting product was inserted into
the pPENTR™/D-TOPO™ vector (ThermoFisher, Cat. No. K240020) by topoisomerase I-
based directional ligation to generate the pAnxV/(sec)-YFP_Entry vector for the
Gateway™ system. Next, Gateway™ LR cloning was performed using the pAnxV(sec)-
YFP_Entry vector generated in the previous step and the pEF-DEST51 vector
(ThermoFisher, Cat. No. 12285011) to generate the pEF-AnxV/(sec)-YFP vector where
expression of the AnxV-YFP fusion protein is under control of the constitutive elongation

factor-1a. (EF-1a) promoter. Figure 3.2 shows how the vector was constructed.
3.2.4 Peripheral blood-derived macrophage cultures

Peripheral blood samples were diluted with an equal volume of 2% FBS and PBS
and passed through Ficoll-Paque 1.073 density gradient medium (GE Healthcare,
17144002) using Sepmate tubes (Stemcell Technologies, 85415) by centrifugation at
1200 x g for 10 minutes at room temperature. The top layer containing enriched
mononuclear cells were removed, washed twice with 1X PBS and 2% FBS/centrifuged at
300 x g for 8 minutes, twice more with complete RPMI 1640, 10% FBS, and 1%
Pen/Strep, and counted. Fifty thousand monocytes were plated per well in 500 pL of
complete media supplemented with 50 ng/mL M-CSF (PeproTech, 300-25-10ug),
incubated at 37°C and 5% CO». After two days, 500 uL of complete media plus M-CSF
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BetaActin-SecA5-YFP vector and cloned into an entry vector. The entry clone underwent

a recombination reaction with a destination vector that contained the lethal ccdB gene.

The expression vector of interest contained the AnxV and ampicillin resistance gene. A

toxic by-product contained kanamycin resistance and the lethal ccdB gene to ensure only

bacteria with the expression clone survived.
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was added. After 5-7 days, phase contrast microscopy was used to confirm the presence
of morphological characteristics of macrophage differentiation (Cohn and Belinda, 1965).
Non-adherent lymphocytes and platelets were removed during media changes on day 7,
providing a highly enriched monolayer of blood-derived macrophages for subsequent

experiments.
3.2.5 Transfections and vector expression

To confirm the efficacy of the constructed AnxV vector, transfections were
performed on HelLa cells that were grown in a 12-well plate. Transfection solutions
consisted of Turbofect Transfection Reagent (Thermo Fisher Scientific, R0541) in serum-
free RPMI 1640 (Thermo Fisher Scientific, 11-875-093) and 1 ng AnxV vector. After
incubating transfection solutions for 30 minutes at room temperature, solutions were
added to HeLa cells grown to about 60-80% confluency consecutively three times.
Transfected and non-transfected (control) cells were incubated at 37 °C with 5% CO for
72 hours to condition the media. We obtained peripheral blood-derived macrophages
from patients with OA (n = 4) and performed an efferocytosis assay (described below)
with the addition of the conditioned media prior to the initiation of efferocytosis. Addition

of fresh media instead of conditioned media served as a control.
3.2.6 Efferocytosis assay

Efferocytic efficiency and index were measured in peripheral blood-derived
macrophages, according to our published protocols (Taruc et al., 2018). Jurkat cells were
cultured in media containing serum-free RPMI 1640 and 2.14 uM staurosporine (Cayman
Chemical Company, 81590) for 24 hours at 37°C and 5% COz to render cells apoptotic,
prior to “feeding” to macrophages for efferocytosis assays. To differentiate engulfed
versus non-engulfed apoptotic Jurkat cell bodies, we dual-labelled apoptotic Jurkat cells
with 0.005 mg of Nhydroxysuccinimido-biotin (NHS-biotin, Fisher Scientific, P121336)
dissolved in DMSO (dimethyl sulfoxide), and a cell-tracking dye (Fisher Scientific,
C2927) that labels the cytosol of apoptotic cells (diluted 1:1000) and incubated at room
temperature for 20 minutes in the dark. NHS-biotin was quenched for 5 minutes with an
equal volume of RPMI 1640 and 10% FBS. Labelled apoptotic Jurkat cells were pelleted
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by centrifugation and resuspended in RPMI 1640 and 10% FBS at a concentration of
5,000,000 cells/mL. After adding fresh (control) and conditioned media containing
secreted AnxV as well as 500,000 apoptotic Jurkat cells per well of macrophages, the
plate was centrifuged at 200 x g for 1 minute to force contact between AnxV, apoptotic
cells, and macrophages. The plate was incubated for 90 minutes at 37°C and 5% COe..
Cultures were then washed twice with PBS to stop efferocytosis and remove non-
efferocytosed apoptotic cells. Macrophage-bound, but non-efferocytosed, biotinylated
Jurkat cell fragments were labelled with Alexa Fluor 647-conjugated streptavidin
(1:1000, Fisher Scientific, S21374) for 20 minutes in the dark along with nuclear staining
using Hoechst 33342 (1:1000, Fisher Scientific). Fixation using 4% PFA (Sigma-Aldrich)
in PBS for 5 minutes at room temperature was performed prior to immunolabeling
macrophages for CD14, mounting, and imaging using a Leica DMI16000 B widefield

microscope and 63x oil immersion lens.

Analysis: Macrophages were identified by the presence of CD14+ immunofluorescence.
Configuration settings were held constant across all samples imaged. Fifty macrophages
were evaluated per experimental replicate. Uninternalized apoptotic cell material
(streptavidin) was differentiated from internalized apoptotic material (efferosomes) (cell-
tracker dye). Efferocytic efficiency was calculated as the fraction of macrophages with at
least one efferosome, and efferocytic index was determined by the average number of

discrete efferosomes per macrophage.
3.2.7 Intra-articular injections

Intra-articular injections (50 uL) were performed at week 1 and week 5 after sham
or PTOA induction surgery with the appropriate vector in the right knee using an
infrapatellar approach with a 30 ga needle inserting 2-3 mm deep. Injection solutions per
animal consisted of Turbofect Transfection Reagent (Thermo Fisher Scientific, R0541) in

5% wi/v glucose solution and 10 pg of the appropriate vector.
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3.2.8 Pain-related behaviour

Pain-related behaviour was measured as mechanical allodynia at the ipsilateral
hindpaw using electronic von Frey (evF; Harvard Apparatus Canada). Animals were
placed in an enclosed apparatus with metal grid floors for 15 minutes prior to testing to
equilibrate/acclimatize. An evF sensor tip was slowly (~25 g/s) applied to the plantar
surface of the right hind paw. When the rat retracted its paw, pressure application was
halted and the applied force (g) to cause the withdrawal was recorded. Four

measurements per paw were taken with a 5 minute waiting period between each test.

Pain behaviour was also measured as hyperalgesia at the ipsilateral knee using a
small animal algometer pressure sensor (Harvard Apparatus Canada). Applied pressure
was slowly increased (~200 g/s) to the medial side of the right knee until the animal
pulled their knee away (knee withdrawal). This was recorded as the single Limb
Withdrawal Threshold (LWT; grams of force).

3.2.9 Histopathology

At each experimental endpoint, rats were sacrificed by peritoneal injection with an
overdose of sodium pentobarbital and the right knee joints were dissected and
immediately fixed in 4% paraformaldehyde (PFA; Sigma-Alrich, P6148-1KG) for 16
hours. Joints were decalcified in 14% etheylenediaminetetraacetic acid (EDTA) for 17
days at 41°C. On day 10 of EDTA treatment, joints were hemisected from the bottom of
the tibia to the fat pad of the knee. After decalcification in EDTA, joints were processed
and embedded in paraffin wax. Twenty serial sections were cut (5 um thickness) and
mounted on glass slides per rat knee joint. We included 2 segments per rat knee joint
collected at 500 um intervals, totaling to a span of 700 um across the joint. Two slides
spaced 500 um apart per rat knee joint were stained with Harris Hematoxylin and 0.25%
Eosin Y (H&E), and Toluidine Blue, and mounted with Cytoseal XLY (Richard-Allan
Scientific). All image analyses were completed using a Leica DM 1000 microscope at 4X

and 10X magnification.
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3.2.10 Immunofluorescence

Duration of expression and efficacy of the constructed AnxV vector was
confirmed in a pilot study that consisted of 10 naive rats. Rats were injected with either a
vector containing LacZ (control) or AnxV. Rats were sacrificed at 4 weeks post-injection.

Knee joints were harvested and stained for GFP (AnxV) to confirm expression.

The presence of AnxV (GFP) and CC3 (apoptotic cell marker) expression was
completed on tissue sections from all experimental groups within our study. To
deparaffinize and rehydrate tissue, slides were baked at 60°C for 30 minutes prior to being
washed with xylene, 100% EtOH, 95% EtOH, and 70% EtOH. Antigen retrieval for
immunofluorescence was performed with 70°C Tris buffer (10 mM Tris; 1 mM EDTA;
10% glycerol). Blocking and permeabilization was achieved with 0.2% Triton X (Sigma-
Aldrich; 9002-93-1) and 5% bovine serum albumin (BSA; GE Healthcare) in 1X
phosphate buffered saline (PBS) solution, respectively. Primary antibody incubation was
performed overnight at 4°C for AnxV with rabbit anti-GFP (1:1000, Abcam, ab6556) and
for apoptotic cells with rabbit anti-human CC3 (1:1000, Cell Signaling Technology,
9661S). Secondary antibodies (Jackson ImmunoResearch) were incubated for 1 hour at
room temperature in the dark with Alexa Fluor 488 anti-rabbit. Rabbit 1gG isotype control
primary antibody (1:10,000, Abcam, ab171870) was used on adjacent sections. ProLong
Gold Antifade Mountant media containing DAPI (4°,6-diamidino-2-phenylindole; Fisher
Scientific, P36941) for nuclei was used to mount cells/tissues prior to imaging with a
Zeiss LSM 800 AiryScan confocal microscope using the 40X water immersion lens.
Configuration settings were held constant across all slides imaged. Five regions of

interest of the synovium were sampled per tissue section.
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3.2.11 Statistical analyses

Descriptive statistics for animal groups are presented as sample size (n) as
appropriate for imaging and histopathological criteria. All experimental measurements are
presented as mean LWT (g or gf) with 95% confidence intervals (95%CI) as appropriate.
We employed a linear mixed model using R Studio (R Core Team, 2012) with vector
(LacZ versus AnxV) and time (0, 4, 8, and 12 weeks) as a fixed effect and individual
subject variation for baseline-differences in pain as a random effect to determine group
differences in hyperalgesia and mechanical allodynia. Data was tested for normality using
a QQ-plot. Residual plots were used to determine the use of a linear mixed model. We
considered a p-value of less than 0.05 to be statistically significant.

3.3 Results
3.3.1 Functional validation of AnxV expression vector

We performed in vitro functional validation using conditioned media derived from
HeLa cells transfected with AnxV to treat peripheral blood-derived macrophages and
tested efferocytosis with apoptotic Jurkats. The percentage of CD14+ macrophages that
engulfed at least one apoptotic cell (efferocytic efficiency) and the amount of
efferocytosed apoptotic material per macrophage (efferocytic index) was markedly
reduced in samples that had conditioned media derived from HeLa cells transfected with
AnxV (eff.: 21.00%, 95%CI 11.11-30.89; index: 0.28, 95%CI 0.18-0.37) compared to
conditioned media from non-transfected cells (eff.: 71.00%, 95%CI 56.19-85.81; index:
1.10, 95%CI1 0.71-1.48) and to no conditioned media at all (eff.: 79.50%, 95%CI 72.44-
86.56; index: 1.20, 95%CI 1.01-1.39) (Figure 3.3).

3.3.2 In vivo confirmation of AnxV expression

Duration of expression of the AnxV vector was confirmed in a pilot study that
consisted of naive rats (n = 10). Animals injected with AnxV vector qualitatively
confirmed expression of AnxV (GFP) 4 weeks post-injection. Animals injected with LacZ
(control vector) did not stain positive for AnxV (GFP) seen in Figure 3.4.
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Figure 3.3 Functional validation of AnxV expression vector. To confirm the efficacy
of the constructed AnxV vector, transfections were performed on HeLa cells that were
grown to 60-80% confluency. Transfected and non-transfected (control) cells were
incubated at 37 °C with 5% CO> for 72 hours to condition the media. We obtained
peripheral blood-derived macrophages from patients with OA (n = 4) and performed an
efferocytosis assay with the addition of either fresh (control) or conditioned RPMI media

prior to the initiation of efferocytosis.



78

Isotype Control LacZ AnxV

.—u,‘}

Nuclei

AnxV
(GFP)

Merge

Scale bars, 50 um

Figure 3.4 In vivo confirmation of AnxV expression. Duration of expression of the
AnxV vector was confirmed in a pilot study that consisted of naive rats (n = 10). Animals
injected with AnxV vector qualitatively confirmed expression of AnxV (GFP) 4 weeks

post-injection.
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3.3.3 In vivo model

Between-group comparisons are reported as the mean difference in withdrawal
threshold (g) with 95%Cls in the change from baseline measures while controlling for the
interaction between time and injected vector. Within-group comparisons are reported as
the withdrawal threshold (g) with 95%Cls.

3.3.3A evF analyses

At 4 weeks post-PTOA induction surgery, AnxV induced a significant reduction (-
13.06 g, 95%CI -23.53- -2.59) in withdrawal threshold (indicating greater pain) compared
to LacZ (Table 3.1A). At 8 weeks, the withdrawal threshold was not significantly
different in both PTOA groups (LacZ versus AnxV). However, at 12 weeks post-PTOA
induction surgery, a significant reduction was seen in the AnxV group (-13.20 g 95%ClI -
23.67- -2.73) compared to the LacZ group. In contrast, at each time point (4, 8, and 12
weeks) post-sham surgery, the withdrawal threshold was not significantly different in
both sham groups (LacZ versus AnxV) (Table 3.1B).

For within-group differences (Table 3.2 A, B), at 4 weeks post-PTOA induction
surgery regardless of the vector injected, there was a significant drop in withdrawal
threshold (4 weeks PTOA LacZ: 69.6 g, 95%CI 63.1-76.1; PTOA AnxV: 68.1 g, 95%CI
61.6-74.6), indicating greater pain, compared to each group’s own baseline (baseline
PTOA LacZ: 81.6 g, 95%CI 75.1-88.1; PTOA AnxV: 93.1 g, 95%CI 86.6-99.6). The
withdrawal threshold returned to baseline measures at 8 weeks in both PTOA groups, but
significantly decreased again at 12 weeks only in the PTOA group that received AnxV
(70.4 g, 95%CI 63.9-68.1). Furthermore, each time point in animals with sham surgery
that received AnxV or LacZ injections did not demonstrate any significant differences in
withdrawal threshold at the hindpaw compared to each group’s own baseline measure
(Figure 3.5).



Table 3.1A EVF coefficients for factors affecting pain withdrawal threshold between
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PTOA groups
Fixed Effects Estimate (g) Standard 95% Cls Df t-value p-value
Error
Intercept £1.55 3.27 75.14 to 87.96 78.04 24.94 <2.0x1016
AnxV 11.50 4.63 2.43 to 20.57 78.04 2.49 0.0150
4 Week -11.91 3.78 -19.32 to -4.50 78.00 -3.15 0.0023
8 Week -7.53 3.78 -14.94 to -0.12 78.00 -1.99 0.0496
12 Week -9.45 3.78 -16.86 to -2.04 78.00 -2.50 0.0145
AnxV*4 Week -13.06 534 -23.53 to -2.59 78.00 -2.45 0.0167
AnxV*8 Week -2.82 534 -13.29 to 7.65 78.00 -0.53 (.5989
AnxV*12 Week -13.20 534 -23.67 to -2.73 78.00 -2.47 0.0157
Table 3.1B EVF coefficients for factors affecting pain withdrawal threshold between
sham groups
Fixed Effects Estimate (g) Standard 95% Cls Df t-value p-value
Error
Intercept B2.03 3.53 75.11 to 88.95 78.66 23.27 <2.0x10-!%
AnxV 436 4.99 -5.42 to 14.14 78.66 0.87 0.385
4 Week -6.13 4.46 -14.87 to 2.61 66.00 -1.37 0.174
8 Week 4.76 4.46 -3.98 to 13.50 66.00 1.07 0.250
12 Week 0.29 4.46 -8.45 to 9.03 66.00 0.06 0.949
AnxV*4 Week -1.18 6.31 -13.55t0 11.19 66.00 -0.19 0.852
AnxV*E Week -1.54 6.31 -13.91 to 10.83 66.00 -0.25 0.807
AnxV*12 Week -1.85 6.31 -14.22 to 10.52 66.00 -0.29 0.770
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Table 3.2A EvVF within-group differences in withdrawal threshold compared to baseline

in PTOA groups

Vector Time Estimated Standard 95% Cls p-value
Mean (g) Error
LacZ Baseline 81.6 3.27 75.0 to 88.1 -
LacZ 4 Week 69.6 3.27 63.1to 76.2 0.0453
LacZ 8 Week 74.0 3.27 67.5 to 80.5 0.4925
LacZ 12 Week 72.1 3.27 65.6 to 78.6 0.2102
AnxV Baseline 93.1 3.27 86.5 to 99.6 -
AnxV 4 Week 68.1 3.27 61.6 to 74.6 <0.0001
AnxV 8 Week 82.7 3.27 76.2 to 89.2 0.1259
AnxV 12 Week 70.4 3.27 63.9t0 76.9 <0.0001

Table 3.2B EvF within-group differences in withdrawal threshold compared to baseline

in sham groups

Vector Time Estimated Standard 95% Cls p-value
Mean (g) Error
LacZ Baseline 82.0 3.53 75.0 to 89.0 -
LacZ 4 Week 75.9 3.53 68.9 to 82.9 0.8659
LacZ 8 Week 86.8 3.53 79.8 t0 93.8 0.9615
LacZ 12 Week 82.3 3.53 75310 89.3 1.000
AnxV Baseline 86.4 3.53 79.4 t0 93.4 -
AnxV 4 Week 68.1 3.53 72.1to 86.1 0.7257
AnxV 8 Week 79.1 3.53 82.6 t0 96.6 0.9961
AnxV 12 Week 84.8 3.53 77.81t091.8 1.000
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Figure 3.5 Mechanical allodynia measures using evF. Animals received either sham (n
= 14) or PTOA (n = 22) surgery with LacZ or AnxV injections. (A,B) Within-group
comparisons for animals with sham surgery demonstrated no significantly different
hindpaw withdrawal thresholds. (C,D) Within-group comparisons for animals with PTOA
surgery both demonstrated significantly decreased hindpaw withdrawal thresholds at 4
weeks post-surgery. Only animals with PTOA AnxV injections had a continued decreased
in hindpaw withdrawal threshold at 12 weeks post-surgery. Data are presented as (mean +
95% ClI, *P< 0.05).
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3.3.3B PAM analyses

At 4 weeks post-PTOA induction surgery using pressure application measurement
(PAM) analysis, there was a slighter decrease in withdrawal threshold in the AnxV
compared to the LacZ group, although the difference is non-significant (Table 3.3A). As
well, there were no significantly different withdrawal thresholds at 8 and 12 weeks in the
AnxV compared to the LacZ group post-PTOA induction surgery. Similarly, at each time
point in animals with sham surgery that received AnxV compared to LacZ injections,
there were no significant differences in withdrawal threshold at the knee (Table 3.3B).
Also, there were no significant differences in LWT at each time point in both PTOA
groups (LacZ versus AnxV) compared to baseline measures (Table 3.4 A, B). Likewise,
there were no significant differences in LWT at each time point in both sham groups

(LacZ versus AnxV) compared to baseline measures (Figure 3.6).
3.3.4 Synovial histopathology

Representative histopathological images from each group are shown in Figure 3.7.
Synovial lining thickness and sub-intimal infiltrate were increased in both PTOA groups
at 4 weeks, but qualitatively appeared to be increased in AnxV with greater synovial
hyperplasia. Similar changes were seen at 12 weeks in both PTOA groups as well. In both
sham groups, there were low amounts of sub-intimal infiltrate. Compared to animals with
PTOA, animals with sham surgery regardless of injected vector had milder sub-synovial
infiltration. In all conditions, sub-intimal infiltrate was increased more than would
typically be seen in a PTOA model, suggesting that there is a non-specific effect of vector
injection on infiltration appearance. A better understanding of the extent of joint damage
in all groups is needed with semi-quantitative grading. Expression of AnxV was
confirmed in synovial lining cells in groups that received AnxV injections at 12 weeks
(Suppl. Fig. B.1).



Table 3.3A PAM coefficients for factors affecting pain withdrawal threshold between
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PTOA groups
Fixed Effects Estimate (gf) Standard 95% Cls Df t-value p-value
Error
Intercept 738.99 23.08 693.75 to 784.23 102.98 32.01 <2.0x10-'®
AnxV -60.46 33.22 -125.57 to 4.65 102.98 -1.82 0.0717
4 Week -50.39 31.06 -111.27 to 10.49 77.03 -1.62 0.1088
8 Week 2.50 3l.66 -59.55 to 64.55 78.43 0.08 0.9373
12 Week -53.84 31.66 -115.89 to 8.21 78.43 -1.70 0.0930
AnxV*4 Week -48.04 44.71 -135.67 to 39.59 77.03 -1.07 0.2859
AnxV*E Week -4.40 45.13 -92.85 to 84.05 7792 -0.10 0.9226
AnxV*12 Week 87.84 45.13 -0.61 to 176.29 77.72 1.95 0.0552
Table 3.3B PAM coefficients for factors affecting pain withdrawal threshold between
sham groups
Fixed Effects Estimate (gf) Standard 95% Cls Df t-value p-value
Error
Intercept 717.89 26.42 666.11 to 769.67 88.00 27.17 <2.0x10-16
AnxV 9.73 37.37 -63.52 to 82.98 88.00 0.26 0.7951
4 Week -62.01 3737 -135.26t0 11.24 &8.00 -1.66 0.1006
B Week 64.06 37.37 -9.19 to 137.31 88.00 1.71 0.0900
12 Week 97.52 37.37 24.27 to 170.77 88.00 2.61 0.0107
AnxV+*4 Week 1.26 52.84 -102.31 to 104.83 88.00 0.02 0.9811
AnxV+*g Week -21.62 52.84 -125.19 to 81.95 88.00 -0.41 (.6835
AnxV*12 Week -40.70 52.84 -144.27 to 62.87 &8.00 -0.77 0.4433
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Table 3.4A PAM within-group differences in withdrawal threshold compared to baseline

in PTOA groups

Vector Time Estimated Standard 95% ClIs p-value
Mean (gf) Error
LacZ Baseline 739 23.9 693 to 785 -
LacZ 4 Week 689 23.9 643 to 734 0.7356
LacZ 8 Week 741 23.9 694 to 789 1.000
LacZ 12 Week 685 23.9 638 to 733 0.6873
AnxV Baseline 679 23.9 631 to 726 -
AnxV 4 Week 580 239 533 to 627 0.0574
AnxV 8 Week 677 23.9 629 to 724 1.000
AnxV 12 Week 713 239 665 to 760 0.9636

Table 3.4B PAM within-group differences in withdrawal threshold compared to baseline

in sham groups

Vector Time Estimated Standard 95% ClIs p-value
Mean (gf) Error
LacZ Baseline 718 26.4 665 to 770 -
LacZ 4 Week 656 26.4 603 to 708 0.7126
LacZ 8 Week 782 26.4 729 to 834 0.6781
LacZ 12 Week 815 26.4 763 to 868 0.1710
AnxV Baseline 728 26.4 675 to 780 -
AnxV 4 Week 667 26.4 614 to0 719 0.7332
AnxV 8 Week 770 26.4 718 to 823 0.9464
AnxV 12 Week 784 26.4 732 to 837 0.7937
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Figure 3.6 Right knee hyperalgesia measures using PAM. Animals received either
sham (n = 14) or PTOA (n = 22) surgery with LacZ or AnxV injections. (A,B,C,D)

Within-group comparisons demonstrate no significantly different PAM LWT measures.

Data are presented as (mean + 95% CI).
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Figure 3.7 Synovial histopathology. Representative synovial histopathology with H&E
stain from surgical controls (sham; n = 12) and PTOA animals at 4- (n = 8) and 12-weeks
(n = 14) with LacZ or AnxV injections, demonstrating varying degrees of subintimal

infiltrate and synovial lining hyperplasia. Scales bars = 20 um.



88

3.3.5 Articular cartilage histopathology

Representative histopathological images of the medial tibial plateau from the same
joint region from each group are shown in Figure 3.8. In 4 week PTOA animals
regardless of vector injected, cartilage changes appear to be confined mostly to the mid-
plateau and the cartilage erosion and proteoglycan loss is limited to the superficial region
of the articular cartilage. Whereas in 12 week PTOA animals, there is full-thickness
cartilage change, including invasion through the subchondral plate with a partial
subchondral cyst formation, which appeared to be worse in the AnxV group. Regardless
of injected vector, animals with sham surgery exhibited near-normal cartilage health as
the surface was intact and staining was strong, indicating presence of
glycosaminoglycans. Again, more confidence in these results will be acquired once semi-

quantitative grading analysis is completed.
3.3.6 Apoptotic cell burden in synovial tissue

Representative images of apoptotic cell burden in synovial tissue from all groups
are shown in Figure 3.9. At 12 weeks post-PTOA induction surgery, animals that received
AnxV injections appeared to have an increased apoptotic cell burden. In contrast, PTOA
animals that received LacZ injection appeared to have essentially no apoptotic cell
burden. Likewise, at 12 weeks post-sham surgery, animals that received AnxV injections
appeared to have an apoptotic cell burden while animals that received LacZ had no

expression of CC3.
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Figure 3.8 Articular cartilage histopathology. Representative synovium histopathology
with Toluidine Blue stain from surgical controls (sham; n = 12) and PTOA animals at 4-
(n =8) and 12-weeks (n = 14) with LacZ or AnxV injections, demonstrating varying

degrees of articular cartilage damage. Scale bars = 50 um.
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Figure 3.9 Apoptotic cell burden in synovial tissue. Representative immunofluorescent
images of synovial tissue from sham and PTOA animals injected with LacZ or AnxV
vector at 12 weeks. Tissue sections were stained with anti-CC3 (apoptotic cellular
marker) primary antibodies. Isotype control antibodies were used as negative controls.

Scales bars = 50 um.
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3.4 Discussion

Chronic non-resolving inflammation (synovitis) in knee OA is a sign of poor joint
health and is associated with worse pain and structural damage progression (Mathiessen
and Conaghan, 2017). Therefore, the underlying mechanisms contributing to chronic
synovial inflammation need to be addressed to resolve the poor joint health that
accompanies OA. In Chapter Two, we found an increased apoptotic burden within the
synovial lining of patients with end-stage knee OA. Since uncleared apoptotic cells can
contribute to inflammation, we examined the effect of impaired efferocytosis on structural

and pain-related outcomes in a rat model of PTOA.

It is well-documented that synovitis is associated with pain in human OA
(Mathiessen and Conaghan, 2017; Wenham and Conaghan, 2010). We found moderate-
to-severe infiltration in groups with PTOA surgery at both 4 and 12 weeks. It appears
qualitatively that there is more synovial hyperplasia, infiltrate, and increased lining
thickening in the PTOA group with AnxV compared to LacZ.

In contrast, we found mild sub-synovial infiltration in groups with sham surgery.
The added trauma of surgery and progression of disease in the PTOA group can partly
explain the increased severity of synovitis (Rai et al., 2017). The presence of sub-synovial
infiltrate across all groups can be partly justified by the nature of our study design. Toll-
like receptor (TLR) activation has been implicated in the development of synovitis and
susceptibility to disease in OA (Robinson et al., 2016). DAMPs are a class of molecules
that are known to bind to TLRs to stimulate the innate immune system (Sharma and
Naidu, 2016). One of the strongest DAMPs known to initiate the activation of the innate
immune system is DNA (Sharma and Naidu, 2016). Therefore, the injected DNA vectors
into the synovial lining as part of our study design likely functioned as an activating agent
of the innate immune system which likely led to the sub-synovial infiltrate seen in all

groups within our study.

Furthermore, the difference in structural anatomical phenotype versus
physiological phenotype across all groups of our study is important to note. Although

sub-synovial infiltrate was present across all groups, the increase in pain-related
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behaviour within the PTOA AnxV group suggests that there are differing physiological
processes at hand within the sub-synovial infiltrate phenotype. The composition of the
synovial tissues likely impacts the pain experience through the types of cells present, their
activation, and the factors they release in the local environment which can act on sensory
nerve endings (Coutaux et al., 2005; Hunter et al., 2008). The distal sensitivity also
suggests that there is spreading of the sensitization to a greater degree when apoptotic

synovial cells are not cleared quickly.

We found there to be an increased apoptotic cell burden in both sham and PTOA
groups with AnxV. AnxV reversibly and rapidly binds to the negatively charged
phospholipid, PS (Yoshida et al., 2012). Therefore, when cell death occurs either due to
tissue trauma due to surgery or due to the natural turnover of cells in tissues, AnxV will
impair macrophage-mediated efferocytosis by blocking exposure of PS on the outer
leaflet of apoptotic cells. Apoptotic cells that are not cleared in an efficient manner can
progress to secondary necrosis (Sachet et al., 2017). During secondary necrosis,
membrane integrity is lost and results in the leakage of intracellular DAMPs (Sachet et
al., 2017). Through binding to TLRs, DAMPs can activate the innate immune system to
stimulate the production of pro-inflammatory cytokines such as TNFa and IL-1f that can
have direct effects on pain by stimulating nerve endings or promoting catabolic activity of
protease production or generation of reactive oxygen species from cells within the
synovium or cartilage (Binshtok et al., 2008; Blasioli and Kaplan, 2014; Said-Sadier and
Ojcius, 2014; Wells et al., 1992). Interestingly, one study has found that increased
apoptosis with augmented TNFa expression correlated with increased neuropathic pain
(Sekiguchi et al., 2009). These pro-inflammatory cytokines have also been associated

with increased sub-synovial infiltrate (Benito et al., 2005).

Furthermore, efferocytosis is associated with the production of anti-inflammatory
mediators such as IL-10 and TGF-3 which function to promote a local reparative and
resolving environment (Kimani et al., 2014). It may be possible that impaired
macrophage-mediated efferocytosis in our study did not lead to a pro-resolving effect
within the synovium due to the failure of removing apoptotic cells, allowing them to
potentially progress to secondary necrosis and failing to produce the anti-inflammatory
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molecules associated with efferocytosis by the participating efferocyte. However,
additional experiments will be needed to identify the mechanisms through which loss of

efferocytosis leads to pain and possible worse joint damage in OA.

We found that cartilage damage appears worse at 12 weeks in animals with PTOA
with AnxV compared to LacZ, which suggests that the effect of impaired efferocytosis is
worse. However, follow-up structural analysis is critical to complete to increase
confidence in this claim. Many studies have shown that rat models of PTOA exhibit
extensive cartilage damage at 12 weeks post-surgery, consistent with our findings
(Sniekers et al., 2008; Tochigi et al., 2011). Cross-talk between the articular cartilage and
the synovium has been demonstrated before (Huh et al., 2015) and may also play an
important role in explaining our results. Since the synovium is so crucial for maintaining
joint homeostasis and provides the nutrients for the cartilage, the loss of synovial function
through exposure to the potentially toxic effects of uncleared apoptotic cells could lead to
indirect secondary effects on cartilage damage via impairing the synovium’s ability to
sustain articular cartilage health. Cartilage tissue degradation products that are lost in the
joint space can interact with synovial fibroblasts to increase production of catabolic
enzymes (‘Yasuda, 2006). This may contribute to the pain seen in the PTOA AnxV group
due to the simultaneous added stress within the tissue of the uncleared apoptotic cells. As
well, cartilage degradative products can act as DAMPs and lead to further activation of
the innate immune system to further upregulate production of pro-inflammatory

mediators (Rosenberg et al., 2017).

Although these findings provide valuable insight into the structural joint outcomes
in an in vivo model with impaired synovial macrophage-mediated efferocytosis, it is
important to note that these data are derived from a subsection of the entire joint. It is
important to analyze the entire joint for a couple reasons. OA is a heterogenous disease
that can lead to different pathological changes to different tissues, and to different places
within the joint (Cope et al., 2019). Moreover, histopathological data in this study was not
quantitatively scored, but rather qualitatively analyzed. H&E stained sections should be
analyzed using a six parameter synovial scoring system, assessing synovial lining

thickness, sub-synovial infiltration, fibrin deposition, vascularization, fibrosis, and
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perivascular edema (Minten et al., 2019a) to give a better overall understanding of the
synovitis within the joint. Scoring should also be completed independently in each
synovial compartment as different severities in different compartments may reveal
relevant findings. Toluidine Blue stained sections should also be analyzed using the
Osteoarthritis Research Society International (OARSI) rat histopathologic system
(Appleton et al., 2007b; Gerwin et al., 2010). Additionally, we analyzed two pain
measures (mechanical sensitivity at the ipsilateral hindpaw and at the knee), which while
helpful, may not reflect the complexity of OA pain. Other behavioural assessments of
pain such as thermal hyperalgesia or gait analysis may give more knowledge about the
effects of impaired efferocytosis on pain. Our measures of pain-related behaviours are
only surrogate measures of pain, and while useful may not capture the true state of an
animal’s well-being (Turner et al., 2019). Additionally, our study only examined male
rats, although sex-related differences have been reported in pain perception of OA. It has
been shown that upon surgery, males developed more severe OA compared to females
(Contartese et al., 2020). As well, in humans, females have a greater susceptibility to
developing OA and have greater pain and reductions in function and quality of life than
men (Sluka et al., 2012). It would be beneficial to include a female model in our study to
explore any sex-related differences. Lastly, our in vitro confirmation of the efficacy of
AnxV to inhibit efferocytosis was limited by not knowing the concentration of AnxV in
the conditioned media used in experiments. We were unable to test whether a relationship
between AnxV concentration and inhibition of efferocytosis exists, which may have

provided useful in our in vivo study.

The finding of an increase in pain behaviours in the PTOA AnxV group opens the
door to many questions that future studies should address. Exploring the effects of the
addition of exogenous AnxV as completed in our study followed by the removal of AnxV
can be completed to determine if clearing apoptotic cells after burden is increased is
useful in treating pain in OA. Moreover, determining the activation status of the synovial
macrophages of the PTOA AnxV group versus the rest of the groups can further explain
the presence of sub-synovial infiltrate across all groups. For example, if M2 macrophage
markers were significantly increased in synovial macrophages in all groups except the

PTOA AnxV group, this would be consistent with the fact that M2 macrophages are
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generally more efficacious at efferocytosis compared to M1 macrophages (Korns et al.,
2011). Next steps may also include treating synovial macrophages with impaired
efferocytosis in patients with OA with agents that may rescue their function. For example,
in Chapter Two we found that the treatment of anti-inflammatory IL-4 rescued

macrophages with impaired efferocytosis to near normal levels in vitro.

Overall, we found that efferocytosis impairment leads to worse distal pain-related
behaviours in this rat model of PTOA. The synovium is critical for pain and joint health,
so this data supports the key functions of the synovium and further emphasizes the

importance of targeting synovial health in OA to improve outcomes.
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4.1 Thesis Overview

It is well-established that non-resolving synovial inflammation (synovitis)
contributes to the pathogenesis of osteoarthritis (OA) (Carla R. Scanzello, 2016;
Robinson et al., 2016), but it remains unknown as to what specifically might be
contributing to this chronic synovitis. Studies have shown that the accumulation of
uncleared apoptotic cells is associated with the initiation and/or progression of
inflammation (Gregory and Devitt, 2004; Poon et al., 2014; Szondy et al., 2014), but none
have specifically examined whether apoptotic cells accumulate in the OA synovium. As
well, it is not known if macrophage-mediated efferocytosis is impaired by inflammation
in the setting of OA and if this dysfunction leads to overall worse OA outcomes such as
pain and joint structure. Therefore, the purpose of this thesis was to understand the role of
efferocytosis in knee OA. We addressed this hypothesis through two specific aims. The
first aim was to investigate apoptotic cell burden in the synovium of patients with end-
stage knee OA and also determine if macrophage-mediated efferocytosis was impaired.
The second aim was to determine the effect of efferocytosis impairment on structural- and
pain-related behavioural outcomes in a rat model of post-traumatic knee OA (PTOA). To
address the first aim, we used synovial tissues, synovial fluid, and peripheral blood from
individuals with healthy knees and from patients with early- and late-stage knee OA that
were enrolled in the Western Ontario Registry for Early Osteoarthritis (WOREQ) Knee
Study. To address the second aim, we utilized an experimental rat model of PTOA with
an Annexin V (AnxV) expression vector to determine structural and pain-related
outcomes of impaired macrophage-mediated efferocytosis in the setting of OA.

Chapter One provided an extensive review of literature that was relevant in
establishing the experimental design and scope for this thesis. This chapter summarized
the normal structure and function of different tissues that makeup the knee joint (articular
cartilage, subchondral bone, synovium, and synovial fluid), the pathological changes that
occur in each of these tissues in the context of OA, how synovial inflammation
contributes to OA pathogenesis, the roles that synovial macrophages have in the setting of

synovitis, and the importance of the anti-inflammatory role of efferocytosis that
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macrophages carry out. Chapter One concluded with a description of the rationale,
hypotheses, objectives, and specific aims for this thesis.

Chapter Two was a cross-sectional study that investigated the burden of
apoptotic cells in synovial tissue in patients with late-stage knee OA, and whether OA
impairs the macrophage-mediated clearance of apoptotic cells via efferocytosis. We used
synovial tissues that were collected from individuals with healthy knees (n = 5) and
patients with late-stage knee OA (n = 19) during arthroplasty. Synovial apoptotic cell
burden was assessed by immunofluorescence for the apoptotic cellular marker, cleaved
caspase-3 (CC3). Efferocytosis of apoptotic Jurkat cells by synovial tissue and peripheral
blood-derived macrophages was quantified using immunofluorescence microscopy.
Effects of OA on macrophage-mediated efferocytosis were modeled by stimulating
blood-derived macrophages with synovial fluid collected from individuals with healthy
knees, early-, or late-stage knee OA. Patients with late-stage knee OA had more apoptotic
synovial cells compared with healthy synovium. There was a marked reduction in the
fraction of synovial tissue macrophages engaging in efferocytosis and quantity of material
efferocytosed by individual macrophages. Blood-derived macrophages exposed to
synovial fluid from patients with knee OA recapitulated the defective efferocytosis, with
the greatest effect from patients with early-stage knee OA and higher pain and
inflammation. This is the first study to report the presence of a high burden of apoptotic

synovial cells in patients with late-stage knee OA.

Chapter Three was a longitudinal, experimental study that analyzed the effects of
blocking macrophage-mediated efferocytosis on OA outcomes including pain and joint
damage. We used AnxV and LacZ (control) overexpression vectors and transfected into
joint lining cells in a rat model of PTOA or sham (surgical control) by intra-articular
injections. The primary analyses for this study was comparing the effect of impaired
efferocytosis on pain-related behaviour outcomes including mechanical sensitivity
(hyperalgesia) at the target knee, and distal mechanical sensitivity at the hindpaw
(allodynia) between PTOA groups (AnxV versus LacZ control vector). Secondary
analyses for this study was comparing the effect of impaired efferocytosis on structural

joint outcomes, including cartilage damage, synovial inflammation, and synovial
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apoptotic cell accumulation between PTOA groups (AnxV versus LacZ control vector).
We found that impaired efferocytosis led to an increase in pain-related behaviour in
PTOA groups with AnxV injections. Specifically, withdrawal threshold was significantly
decreased when mechanical sensitivity at the hindpaw was measured at 4 and 12 weeks in
the PTOA AnxV group compared to the PTOA LacZ group. In our secondary analyses,
cartilage damage, sub-intimal infiltrate, and apoptotic cell burden qualitatively appeared
to be worse in the AnxV-injected PTOA group compared to the LacZ-injected PTOA
group. These findings expand on results from Chapter Two and demonstrate that
impaired efferocytosis appears to be associated with increased pain-related behaviours
and qualitative measures of joint damage in an experimental rat model of PTOA.

4.2 Limitations

The results of Chapter Two and Chapter Three should be considered in the
context of certain limitations that exist within this thesis. First, the study conducted in
Chapter Two was cross-sectional, and therefore causal relationships could not be
established. The patients included in this study were from an end-stage knee OA cohort
and thus, we cannot say with certainty that the results apply universally to all forms of
OA and/or in patients with early-stage disease. Furthermore, cellular energetics cease
during apoptosis, and as a consequence, uncleared apoptotic cells are unable to maintain
their membrane integrity and can lyse through the process of secondary necrosis (Poon et
al., 2014; Sachet et al., 2017; Silva, 2010). As this process follows apoptosis, the cells
bear the hallmarks of apoptosis, as well as necrotic features such as karyorrhexis, but due
to cellular shrinkage the detection and quantification of secondary necrotic features is
generally not possible (Silva, 2010). Therefore, we cannot say with certainty that
secondary necrotic cells that leak pro-inflammatory damage-associated molecular patterns
(DAMPs) is causing synovial tissue dysfunction, as hypothesized in Figure 4.1. Similarly,

we directly measured efferocytosis function in synovial macrophages as an



104

Blood Monocytes
vessel @@ (recruited & become
Synovial Q synovial macrophages)
Inflammation (
- Synovial
Healthy Macrophages
Synoviu (efferocytosis
is impaired)
Articular )
Cartilage [~ Apoptotic
Synovial Cells
(release pro-
inflammatory
molecules)
Subchondral
Bone
Cartilage
Damage
_ Fibroblast-like
Healthy OA Synovial Cells
JOint S Joint Adapted from Servier Medical Art

Figure 4.1 Hypothesized consequence of uncleared apoptotic cells in OA. Without
being able to directly quantify secondary necrosis in OA tissue, many studies suggest that
uncleared apoptotic cells progress to secondary necrosis and release pro-inflammatory

molecules into the tissue.
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outcome of the cross-sectional study, and so we cannot say whether impaired
efferocytosis alone or in addition to the presence of an increased burden of apoptotic cells

is leading to synovial tissue dysfunction.

OA is a heterogenous disease that can affect the entire joint. Therefore, analyzing
the entire joint with semi-quantitative scoring for synovial inflammation and cartilage
damage can give a better overall understanding of the effect that impaired efferocytosis

has on joint structure and pain in Chapter Three.

Moreover, our experimental endpoints were at 4 and 12 weeks post-PTOA
induction surgery in Chapter Three. In humans, joint trauma can result in the
development of PTOA within a period of 10 to 15 years (Ali et al., 2018). Differences in
the time of disease onset may translate into different pathological changes within the
entire joint which may impact the translatability of our results. Also, this rapid induction
of PTOA may have been too quick to allow us to detect and measure joint damage in the
early stages of OA development. Addition of earlier endpoints or using larger animal
models with a slower onset of developing PTOA may remedy this limitation. However,

feasibility, time, and costs must be taken into account.

Next, we analyzed two pain-related behaviours (mechanical sensitivity at the
ipsilateral hindpaw and at the knee), which while helpful, may not encompass the
complex nature of OA pain. Other behavioural assessments of pain such as thermal
hyperalgesia or gait analysis may give more knowledge about the effects of impaired
efferocytosis on pain. Since animals are nonverbal, our measures of pain-related
behaviours are only surrogate measures of pain, and while useful, they may not capture

the true state of an animal’s well-being (Turner et al., 2019).

Additionally, our study only examined male rats, although sex-related differences
have been reported in pain perception of OA. It has been shown that upon surgery, males
developed more severe OA compared to females (Contartese et al., 2020). As well, in
humans, females have a greater susceptibility to developing OA and have greater pain and
reductions in function and quality of life than men (Sluka et al., 2012). It would be

beneficial to include a female model in our study to explore any sex-related differences.
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We also only used a surgically-induced model of OA. As aforementioned, OA is a
heterogenous disease and can develop due to different reasons and have different effects
on the entire joint. Our rat experimental model of PTOA therefore does not recapitulate
all other forms of OA and thus, the results may not apply universally. Lastly, our study
utilized young animals (10 weeks) at the time of surgery. In humans, OA is higher in
prevalence in the elderly due to ageing-related atrophy of tissues (Hudelmaier et al.,
2001). It has also been shown that older rats (20-24 months) demonstrated more
pronounced and longer-lasting hyperalgesia in an OA model (Ro et al., 2020). Thus, our
results may not translate to age-related OA due to differences in the pathophysiological
changes that occur. Considering the limitations of this study, this thesis provides novel

findings that support the role of impaired efferocytosis in the progression of OA.
4.3 Future Directions

We found an increased burden of apoptotic synovial cells in patients with end-
stage knee OA as well as impaired synovial-derived macrophage-mediated efferocytosis.
Since we cannot say with certainty that efferocytosis impairment occurs in all forms of
OA, in early-stage disease, nor whether traditional OA risk factors such as age, obesity,
and sex influence macrophage-mediated efferocytosis, these questions should be
addressed in future studies. Efferocytosis is a highly conserved system that occurs in three
distinct phases of apoptotic cell finding, apoptotic cell binding, and apoptotic cell
internalization and degradation (Doran et al., 2020). Studies should elucidate which
phase(s) of efferocytosis is defective in synovial-derived macrophages from patients with
late-stage knee OA. Performing efferocytosis assays (Taruc et al., 2018) on these
macrophages and fixing cells at different time points would attempt to decipher which
phase(s) is/are defective. For example, if apoptotic cells are on the exterior of the cell
membrane but not engulfed, this would point to a problem in the phase of apoptotic cell
internalization since the ‘eat-me’ signals from apoptotic cells are likely engaged with
receptors on the macrophage in this scenario, but the apoptotic cell is not being

internalized.

Another important consideration for future research is that in Chapter Two, our

findings suggest that synovial tissue macrophage-mediated efferocytosis impairment most
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likely occurs locally after macrophages arrive to the joint/synovium, rather than in the
systemic circulation. However, the mechanisms leading to the impairment of synovial
macrophage-mediated efferocytosis are not clear and therefore should be studied in the
future. Some of our results suggest that OA-related pro-inflammatory macrophage
polarization and activation may impair efferocytosis. In general, pro-inflammatory M1
macrophages are less effective at efferocytosis than anti-inflammatory M2 macrophages
(Liu et al., 2009). Determining the activation status of synovial macrophages may show
correlations with impaired efferocytosis. Hence, if this finding were to be true, future
research can focus on different treatments to alter synovial macrophage phenotypes
towards M2. For example, in Chapter Two we also found that anti-inflammatory
treatment with IL-4, which has pro-resolving effects on monocytes and macrophages,
restored synovial tissue macrophage-mediated efferocytosis to near-normal levels. The
potential therapeutic value of IL-4 in OA should therefore be investigated. Rescuing the
impaired efferocytic phenotype of synovial macrophages in end-stage knee OA patients
may lead to an overall improvement in disease management. Macrophages that recover
the ability to clear apoptotic cells can then halt the release of pro-inflammatory molecules
from potential secondary necrotic cells. As well, the restored ability to release anti-
inflammatory cytokines once efferocytosis is completed can promote tissue repair and
may lead to decreased levels of pain in patients (Morioka et al., 2019). These hypotheses
should be investigated in future studies as the clinical relevance of IL-4 may prove to be
extremely valuable. Overall, future studies should address macrophage-dependent and -
independent mechanisms leading to impaired efferocytosis to determine whether it is a

cause or consequence of inflammation in knee OA.

In Chapter Three, we found that impaired efferocytosis was associated with
increased pain-related behaviours in rats with PTOA injected with AnxV even though
there was some degree of synovitis across all groups within our study. This suggests that
there are different physiological processes occurring in the synovium at the molecular
level in rats with PTOA injected with AnxV versus all other groups. As aforementioned,
it would be beneficial to characterize the activation status of synovial macrophages in the
synovium of these groups to see if the inflammatory state of the macrophages are
associated with impaired efferocytosis and hence, increased pain-related behaviours.
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Measuring the levels of anti-inflammatory versus pro-inflammatory cytokines within the
synovium between all groups would also provide support to the possibility of the
explanation that the inflammatory state of the tissue contributes to increased pain-related
behaviours. For example, measuring levels of classical pro-inflammatory OA cytokines
such as TNFa, IL-13, and I1L-6 would provide a better understanding of what the
inflammatory state of the synovium is. Additional experiments are needed to identify the
mechanisms through which loss of efferocytosis leads to pain and possible worse joint
damage. Possible mechanisms at play include leakage of intracellular DAMPs from
uncleared apoptotic cells and the loss of the protective effect of functional efferocytosis
being the secretion of anti-inflammatory and pro-resolving cytokines by the participating

macrophage.

Unravelling the mechanisms of increased pain-related behaviours is also crucial to
understanding the effects of impaired efferocytosis on pain in OA. The pro-inflammatory
cytokines that are detected in OA joints, including TNFa, IL-13, and IL-6, likely increase
sensory neuron excitability and contribute to the chronic pain seen in OA (Miller et al.,
2014). Thus, comparing synovial sensory neuron sensitivity from animals with and
without impaired efferocytosis may provide valuable insight into the mechanisms at play.
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Supplementary data from Chapter 2



No 1° Ab

(Negative Control) O

CD14

CD68

Merge

Suppl. Figure A.1 CD14+/CD68+ macrophages in OA synovium.
Immunofluorescence confocal microscopy for macrophage markers including CD14
(green) and CD68 (red) in synovial tissue from patients with late-stage OA. Nuclei are

stained with Hoechst (blue). Scale bars = 20 um.
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Suppl. Figure B.1 AnxV expression in synovial lining cells. Immunofluorescence
confocal microscopy for AnxV (GFP; green) in synovial tissue from rats 12 weeks post-
sham or -PTOA surgery injected with LacZ or AnxV. Nuclei are stained with Hoechst

(blue). Scale bars =50 um.
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Research Involving Humans (TCPS 2); the Intemational Conference on Harmonisation Good Clinical Practice Consolidated Guideline (ICH GCP); Part C, Division 5
of the Food and Drug Regulations; Part 4 of the Natural Health Products Regulations; Part 3 of the Medical Devices Regulations and the provisions of the Ontario
Personal Health Information Protection Act (PHIPA 2004) and its applicable regulations. The REB is regi. 1 with the U.S. Dep of Health & Human Services
under the [RB registration number IRB 00000940,

Please do not hesitate to contact us if you have any questions.
Sincerely,

The Office of Human Research Ethics
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AUP Number: 2021-087
PI Name: Appleton, Tom

AUP Title: Inflammatory, structural, and pain features of rodent models of osteoarthritis.
Approval Date: 11/01/2021

Official Notice of Animal Care C ittee (ACC) Approval:

Your new Animal Use Protocol (AUP) 2021-087:1: entitled " Inflammatory, structural, and pain features of rodent models of osteoarthritis." has been

APPROVED by the Animal Care Committee of the University Council on Animal Care. This approval, although valid for up to four years, is subject to
annual Protocol Renewal.

Prior to commencing animal work, please review your AUP with your research team to ensure full understanding by everyone listed within this AUP.
As per your declaration within this approved AUF, you are obligated to ensure that:
1. This Animal Use Protocol is in compliance with:

o Western's Senate MAPP 7.12 [PDF]; and
o Applicable Animal Care Committee policies and procedures.

2. Prior to initiating any study-related activities—as per institutional OH&S policies—all individuals listed within this AUP
who will be using or potentially exposed to hazardous materials will have:

o Completed the appropriate institutional OH&S training;
o Completed the appropriate facility-level training; and
o Reviewed related (M)SDS Sheets.

Submitted by: Copeman, Laura on behalf of the Animal Care Committee
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