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ABSTRACT 

Osteoarthritis (OA) is prevalent in equine and can be career-ending for performance horses 

due to lameness limitations and decreased quality of life. OA is a progressive, multifactorial 

disease that compromises the synovial joints' normal function, resulting in subchondral bone and 

articular cartilage deterioration over time. OA is a complex disease that impacts the entire joint, 

wherein activation of the innate immune system has an essential role in the disease progression 

and the development of pain. The synovial membrane, or the synovium, is a crucial contributor to 

the inflammation of diseased joints, regardless of the intra-articular tissue type initially affected. 

Synoviocytes are a predominant cell type of the synovium and contribute to inflammation by 

releasing key mediators and degradative enzymes, such as interleukin (IL)-6, IL-1β, a disintegrin, 

and metalloproteinase (ADAM) domains, and matrix metalloproteinases (MMPs). The production 

of pro-inflammatory molecules sequentially influences the expression of degradative enzymes and 

cartilage destruction. Therefore, the pathophysiological processes within synovial joints afflicted 

by OA can be further understood by studying the characteristics of synoviocytes. 

 

We aimed to investigate the inflammatory component of OA in an in vitro model using a 

primary cell line of equine fibroblast-like synoviocytes (eqFLS) stimulated with tumor necrosis 

factor-alpha (TNF-α) to represent an initial inflammatory stimulus. Our studies have shown that 

stimulating eqFLS with TNF-α for 24 hours significantly increased the gene expression of pro-

inflammatory biomarkers. Among several pro-inflammatory candidate genes assayed, only pro-

inflammatory cytokine IL-6 gene expression could be detected reproducibly following stimulation 

with the TNF-α gene in eqFLS. We characterized the pro-inflammatory response of eqFLS and 

utilized this system to examine the impact of novel therapeutic compounds designed in-silico with 

the goal of reducing the inflammatory response of eqFLS. A piperazine-based compound (C3) and 

its derivative (02-09) were primarily designed to mimic the interactions of the growth factor 

pigment epithelium-derived factor (PEDF) with its receptor, the non-integrin laminin receptor 1 

(LAMR1). Based on previous in vitro studies in the laboratory, C3 and 02-09 had been proposed 

to have a strong potential for inhibiting inflammation while reducing angiogenesis and 

chondrocyte hypertrophy. The efficacy of these two novel compounds on eqFLS was examined in 

the present work by assessing the gene expression levels of inflammatory biomarkers, including 
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IL-6, IL-1β, IL-8, ADAMs, and MMPs relative to a control housekeeping gene, glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) in various study designs. An in-vitro screen with the IL-1β 

promoter driving a reporter green fluorescent protein (GFP) was also designed to detect and track 

the inflammatory response of eqFLS by imaging following stimulation with or without (+/-) TNF-

α relative to controls. This screen will be utilized in future studies to potentially identify more 

effective compounds in the LAMR1-interacting series. The current findings suggest that the novel 

compounds, especially 02-09, might exhibit an anti-inflammatory effect on eqFLS; therefore, it is 

a potential therapeutic agent in modulating inflammation during OA development.  

 

 

 

  



 

 

17 

 INTRODUCTION 

1.1 Impact of osteoarthritis (OA) in the equine industry  

The equine industry encompasses diverse occupations comprised of sport, work, and leisure 

and considerably impacts the United States (U.S.) economy. A study conducted by the American 

Horse Council (2018) determined that the equine industry has an annual economic impact of $38.8 

billion in the U.S. and a total contribution of more than $101.5 billion to the gross domestic product 

(GDP) (Lord, 2019). Over 7.1 million people in the U.S. participate in the industry as owners, 

volunteers, service providers (e.g., farriers or veterinarians), employees, or spectators, with an 

equine population greater than 7.2 million (Lord, 2019). Few diseases have been identified to 

affect the horse regardless of breed, age, management, or purpose of use 

(United States Department of Agriculture, 2000). However, the deteriorating joint disease 

osteoarthritis (OA) has shown adverse effects on all types of horses and raises much concern in 

the equine industry.  

 

Horses are commonly withdrawn from their occupational roles, or their primary use 

permanently changes due to OA diagnosis, thus causing considerable economic losses within the 

equine industry (United States Department of Agriculture, 2000). For instance, there is a 

correlation between a horse's economic value and its 'soundness,' i.e., the absence of clinical signs 

of illness or lameness (Lord, 2019). A horse lacking performance ability would have a reduced 

functional life, ultimately decreasing its economic value. There are indirect and direct costs in 

interventions targeting OA. OA's direct expenses commonly consist of diagnostic and treatment 

fees charged by the veterinarian practitioner, and indirect costs might include loss of income and 

increased efforts by the owner to maintain the needs of their diagnosed horse (Oke et al., 2010). 

For instance, one year of direct medical costs can exceed $3,000 per horse, with indirect costs 

estimated at $15,000 per year (Oke et al., 2010). Considering the direct and indirect costs 

necessary to treat a horse diagnosed with OA, it is evident that OA has a significant impact on the 

equine industry and the horse's overall well-being and economic value.  
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An example of how OA can place a substantial burden on the equine industry includes a study 

from Great Britain that indicated OA could affect at least 13.9 % of an equine population examined 

(Ireland et al., 2013). This study provided valuable information regarding the prevalence of 

chronic musculoskeletal disorders and the importance of identifying clinical signs and risk factors 

in the prevention and/or treatment strategies for these disorders (Ireland et al., 2013). The apparent 

clinical sign of lameness, i.e., abnormality of movement, is the initial reason horses are examined 

for an underlying issue, such as OA (Caron & Genovese, 2003; 

United States Department of Agriculture, 2000). At least 60% of the lameness caseload is 

associated with OA, according to questionnaire responses of 14 members of the American 

Association of Equine Practitioners, who reported treating an estimated 17,000 horses annually 

(Caron & Genovese, 2003).  

OA can be detected by other indicators, including but not limited to the presence of cartilage 

lesions. Cartilage (or chondral) lesions can be visualized in the joint space by utilizing specialized 

imaging modalities (i.e., computed tomography (CT)) (Myller et al., 2019). Most lesions may 

cause changes in the biomechanical response of articular cartilage, indicating an elevated risk for 

tissue degeneration (Myller et al., 2019). Moreover, cartilage lesions often result in further 

degeneration of articular cartilage without medical intervention, thus leading to OA progression 

(Kajabi et al., 2021). For reference, a study of 50 Thoroughbred racehorses deceased of natural 

causes or euthanized after 60 days of racing identified that 33% of the 2- and 3-year-old horses 

examined had at least one detectable cartilage lesion in the metacarpophalangeal joint 

(Neundorf et al., 2010). This study concluded that young equine athletes (less than three years of 

age) are more susceptible to musculoskeletal injury and the potential development of OA and are 

more likely to undergo career limitations (Neundorf et al., 2010). Although age and gender (male) 

were the factors that correlated the most with OA progression, conclusions from this study were 

limited by its relatively small (~0.3) correlation coefficients, consistent with the small population 

size (Neundorf et al., 2010). The burden of OA within the equine population has been reflected in 

the literature and several studies; however, limitations remain in developing an equine model that 

demonstrates both clinical and morphological evidence of OA-associated changes. Thus, 

characterizing OA joint disease in equine and understanding its translational factors to human 

medicine via experimental models has been of interest in defining targets for therapeutic 

interventions (Bertoni et al., 2020; McIlwraith et al., 2012). 
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1.2 OA joint disease characterization and its diagnosis 

OA is a multifactorial, chronic degenerative arthritis disease that impacts the mobility of 

synovial joints of many species, such as humans and horses. OA has traditionally been deemed a 

“wear and tear” disease of the articular cartilage and subchondral bone. However, it is recently 

considered a whole-joint disease, with all joint tissues contributing to its symptoms 

(Hsia et al., 2017). The most encompassing definition considers OA a group of related diseases 

with unique etiologies but similar morphologic, biologic, and clinical outcomes of joint destruction 

comprising the entire joint (McIlwraith et al., 2012; Sokolove & Lepus, 2013). Many studies have 

supported that all tissues undergo alterations at some point during disease progression due to shifts 

in joint homeostasis – even though controversy remains on which tissues play a role in the early 

and later stages of the disease (Heinegård & Saxne, 2011; Scanzello & Goldring, 2012; 

Sokolove & Lepus, 2013; Suri & Walsh, 2012). In general, tissues in an OA-affected joint 

progressively undergo structural and biological changes that alter the joint's primary function – 

smooth, frictionless movement (van Weeren, 2016).  

Humans are commonly diagnosed with OA due to symptoms of pain, swelling, stiffness, 

loss of flexibility and mobility, grating sensations, and formation of bone spurs in the joint 

(Guillemin et al., 2019; Hunter et al., 2009). Joint swelling and pain can result from inflammation, 

another common sign of OA, as it promotes increased amounts of synovial fluid in the joint space, 

which can cause evident protrusions of the joint (Manzano et al., 2015). OA-associated pain has 

been identified in two distinctive ways – severe erratic pain and tenacious 'background' aching 

pain – and many people living with knee and hip OA described it as unpredictable nociceptive 

pain (Hawker et al., 2008). Even though joint stiffness and pain are commonly associated with 

early OA development, articular cartilage degeneration and subchondral bone alterations 

commonly occur before any intervention, resulting in irreversible damage to the joint 

(Hawker et al., 2008). Furthermore, whereas some limitations remain in studying human OA, 

recent studies have recognized the horse as a suitable model for human OA. There is much clinical 

effort with OA in horses, and experimental approaches provide a predictable OA model that can 

help define targets for therapeutic approaches (McIlwraith et al., 2012). Generally, the joint of a 

horse is comparable to that of a human due to the thickness, mechanical properties, and structure 

of equine articular cartilage, for example (Bertoni et al., 2020). Horse models of OA can provide 
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insight into OA pathobiological events. Understanding how the disease is detected and treated in 

horses is essential for better detection and treatment of the condition in humans.  

 

The change in a horse’s behavior or conformation (i.e., evaluation of the bone structure, 

musculature, and body proportions) often indicates an OA-associated problem (Ross, 2003b). 

Conformational defects are commonly associated with lameness, and veterinarians are often asked 

to comment on a horse’s conformation during examinations to ensure a horse is sound for an 

intended use (Ross, 2003b). Moreover, specific gait characteristics, the degree of lameness, and 

palpation findings allow a veterinarian to suspect the development of a disease like OA unless the 

disease has advanced into later stages (Ross, 2003b). Some findings during palpation examination 

of a horse with suspected OA might include joint deformation and stiffening, as well as increased 

temperature and swelling of the affected area (Martig et al., 2020; McIlwraith et al., 2012; Olive 

et al., 2014) . Even though physical examination reveals the clinical signs of OA, many detectable 

lesions develop later, generally after joint deterioration is already initiated. Thus, further validated 

diagnostic methods are necessary to detect OA in its initial stages to prevent joint deterioration.  

 

Several diagnostic imaging methods are utilized in veterinary medicine to detect and track 

the development of OA in equine. Detection methods include, but are not limited to, radiography 

(Dyson, 2003), ultrasonography (De Lasalle et al., 2016), computed tomography (CT) (Lee et 

al., 2021; Nelson et al., 2021), magnetic resonance imaging (MRI) (Kajabi et al., 2021), and 

arthroscopic evaluation (Cohen et al., 2009). Interpretation of these imaging findings can be 

complicated and must be evaluated appropriately and comprehensively (Dyson, 2003). Moreover, 

combining these imaging modalities can assist in evaluating normal tissue from degenerative tissue, 

considering that each method is distinctive in how it detects and localizes abnormal tissue 

structures within a potentially OA-affected joint.  

 

Radiography, for instance, has the vital role of providing information about the bones that 

are comprised in the joint (Dyson, 2003). Joint space reduction or fractured bones can be detected 

under radiography; however, this method is remarkably insensitive to pathologic features of OA’s 

initial stages. The absence of radiographic findings should not be interpreted as a lack of disease 

within the joint space, considering its primary function is to confirm the presence of OA and 
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eliminate other possible conditions (Dyson, 2003; Ley et al., 2014). Gray-scale ultrasonography is 

considered standard for examining soft tissue alterations (e.g., ligaments, tendons, joint capsule) 

during OA development. However, this modality provides morphological information rather than 

a precise measurement of tissue strain (Lustgarten et al., 2014). An advancement in this modality, 

elastography, measures tissue stiffness and evaluates mechanical properties and is considered a 

noninvasive "stall-side" imaging modality for evaluating potential OA-affected joints 

(Straticò et al., 2021). CT, or contrast-enhanced CT (CECT), has been a promising imaging 

technique in recent years due to its wide availability and shorter acquisition times during 

evaluation (Nelson et al., 2021). The state of normal and degenerative articular cartilage can be 

reflected by utilizing CECT due to its ability to exploit the high-level extracellular matrix negative 

charges using cationic contrast agents (Joshi et al., 2009; Nelson et al., 2021). Data collected from 

CT can also be used for biomechanical three-dimensional and functional anatomical modeling, 

which can characterize equine conformation associated with changes in tissue integrity during OA 

progression (Lee et al., 2021). Nevertheless, radiography, ultrasonography, and CT cannot 

evaluate both subchondral bone and articular cartilage independently; thus, MRI imaging is often 

utilized to overcome some limitations in recognizing tissue alterations due to OA 

(Bertoni et al., 2020).  

 

The main features detected by MRI include ligament and tendon injuries, fractures, 

subchondral bone remodeling, and articular cartilage defects that appear as a cross-sectional and 

three-dimensional evaluation plane (Bertoni et al., 2020). MRI imaging is sensitive to subtle 

changes within these structures; however, its most significant disadvantages are its expense, the 

potential anesthesia requirement, and limitations on what can be placed within the magnetic field 

for imaging (Roemer et al., 2020; Whitton et al., 2003). The other mentioned detection method is 

arthroscopic evaluation, which remains the gold standard for detecting changes in articular 

cartilage and other soft tissues (e.g., synovium, menisci, ligaments) in OA-affected joints 

(Ross, 2003a). However, arthroscopic evaluation has limitations in detecting subchondral bone 

and accessing all joint structure regions compared to CT and MRI. Beyond discussed methods, 

other modalities are available for clinically diagnosing OA, and recent advances in developing 

biomarkers for therapeutic approaches have taken place. Ultimately, using an equine model of OA 
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furthers our understanding of the progression of this condition and better defines targets for 

therapeutic intervention that are translatable to human medicine. 

1.3 High-impact joint loading in the development of OA 

Performance horses are more prone to developing OA due to the extensive and intensive 

exercise demands of training and competitive events. Several loading profiles have been defined 

during physical activities in horses (i.e., walking, trotting, galloping, and jumping) 

(Byström et al., 2021; Johnson & Symons, 2019; Parsons et al., 2011). For example, 

Thoroughbred racehorses perform by galloping with maximum speed around a controlled track, 

or Warmblood showjumpers perform by jumping over obstacles within a show arena. Both athletic 

performances increase extensive, recurrent load and stress, particularly on the forelimb joints. 

Forelimbs receive the load from landing and are more weight-bearing as a horse’s center of gravity 

is closer to the forelimbs relative to the hindlimbs (Ross, 2003b). Lameness is commonly found 

on the forelimbs, with the forelimb/hindlimb weight load distribution being close to 60:40% 

(Ross, 2003b). It has been demonstrated previously that a horse with forelimb lameness would 

compensate for its loading from the lame forelimb to the diagonal hindlimb to shift the load to a 

limb that can withstand the additional stress (Weishaupt et al., 2006). However, more recent 

studies have provided significant evidence that forelimb lameness promotes compensatory load 

distribution in contralateral hindlimbs during trotting, indicating that an actual lame limb can be 

determined on a diagonal axis (Maliye et al., 2015; Uhlir et al., 1997). The abnormal motion of the 

head can be seen during diagnostic evaluations of a horse undergoing forelimb lameness (Buchner 

et al. 1996). Even though forelimb lameness is more common among performance horses, 

hindlimb lameness is still of much concern in the equine industry, especially considering that it 

enhances the difficulty in detecting and diagnosing OA (Leelamankong et al., 2020). Horses 

experiencing hindlimb lameness are often evaluated for an abnormal motion of the pelvic region 

– the examiner would evaluate the amplitude of vertical or rotational movement of the tuber coxae 

and compare its motion to the opposing pelvic region (Kramer et al. 2000; Kramer et al. 2004). A 

horse undergoing hindlimb lameness may use abnormal pelvis rotations when landing on a lame 

limb, like a horse may use its head to compensate for forelimb lameness. Overall, conformational 

traits of a lame horse become evident due to the shift in load distribution, which may aid in 

diagnosing the initial cause of the lame limb (Ross, 2003a).  
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Approximately 95% of lameness issues of the forelimb occur distal to the carpus, i.e., “knee,” 

and should be examined prior to the upper limb when excluding potential sources of lameness 

(Ross, 2003b). Joints of the forelimb include the metacarpophalangeal (MCP), proximal, and distal 

interphalangeal joint, antebrachiocarpal, middle carpal, and carpometacarpal joints. These joints 

are dynamic load-bearing structures comprised of elastic biomaterial (cartilage and 

tendons/ligaments) and a specialized lubricant (synovial fluid). These joints are commonly 

exposed to low-level continuous loading in weight-bearing activities, recurrent loading during 

movement, and elevated and abrupt loading while training or competing in events  (Harrison et 

al., 2014; Hyttinen et al., 2009). Overall, the excessive amount of high-impact load on synovial 

joints due to galloping or jumping, for instance, is generally a common contributor to OA 

development and its resulting pain (i.e., lameness) (Boyce et al., 2013; Harrison et al., 2010). OA 

that develops because of an initial trauma to the joint is commonly deemed post-traumatic 

osteoarthritis (PTOA). High-impact joint loading, or trauma, makes performance horses more 

predisposed to developing PTOA at a young age, potentially ending the careers of many horses, 

and it can be life-threatening to some (Bailey et al., 1999) 

 

In recent years, much knowledge has been gained relative to PTOA pathogenesis with in 

vivo models, human subjects, and in vitro studies using tissues isolated from animal and human 

sources (Kramer et al., 2011). Moreover, many studies have found that the pathological changes 

that occur after joint trauma in equine are translatable to humans (Frisbie et al., 2006) as well as 

to a variety of other mammalian species (Kim et al., 2018; Martin et al., 2017). Regardless of the 

species or the type of trauma initiating PTOA (i.e., single acute traumatic loads or repetitive 

overloading), an imbalance is formed between the joint load being applied and how the tissues 

within the joint absorb the load (Harrison et al., 2010; Shaktivesh et al., 2020). Joint instability 

leads to increased degeneration of the articular cartilage, changes in soft tissue composition, and 

subchondral bone alterations (Li et al., 2013; Simmons et al., 1999). The normal function of 

chondrocytes, cells of the articular cartilage, is disrupted due to the imbalance of load within an 

OA-affected joint (Novakofski et al., 2014). Past studies have reported that disruption to the 

collagen network and proteoglycan content of cartilage can increase strain within the joint space, 

contributing to the loss of tissue structure and integrity (Myller et al., 2019). The articular cartilage 

cannot undergo repair processes to preserve its structure under strain, resulting in chondrocyte loss 
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of viability and cartilage extracellular matrix (ECM) degradation  (Martel-Pelletier et al., 2008; 

Novakofski et al., 2014). The primary simultaneous degeneration of articular cartilage and 

subchondral bone generally leads to ongoing damage to the articular cartilage due to a loss of 

structural support in the joint or the release of inflammatory cytokines, which may accelerate OA 

progression (McCoy et al., 2020; van Weeren, 2016). Subsequently, high-impact joint loading 

results in a cascade of events that ultimately lead to histological, clinical, and radiographic signs 

of OA (Kramer et al., 2011) – understanding how normal tissue components function is critical for 

elucidating how abnormalities may predispose the joint to OA development.  

1.4 Components and functions of a healthy joint  

1.4.1 General synovial joint structure  

Synovial or diarthrodial joints are elaborate structures that allow maximal movement. They 

are composed of specialized tissues, i.e., articular cartilage, synovial membranes, articular capsule, 

ligaments, menisci, and subchondral bone, organized into reciprocally positioned subchondral 

bone covered by articular cartilage, which is stabilized by intra- and extra-joint ligaments and 

insulated by a synovial membrane and a thick surrounding articular capsule filled with synovial 

fluid (Figure 1.1) (Zhang et al., 2015). The unique organization of the joint allows for locomotion, 

requiring joints to have smooth surfaces for articulation and resilience for absorbing load  

(van Weeren, 2016). It is challenging to accommodate these functions within a single, complex 

structure; thus, any malfunction within the structure or in its biomechanical properties may lead to 

disease development, such as OA (van Weeren, 2016). The general structure of a synovial joint is 

translatable across a range of mammalian species (e.g., human, equine, canine, feline, bovine, 

mice), which is beneficial in studying the interactions among tissue types among diverse animal 

models (Bendele, 2001; Boyce et al., 2013; Kim et al., 2018). Consequently, understanding the 

general structure of synovial joints and their constituents is vital in identifying abnormalities within 

the joint – the deterioration of articular cartilage, formation of osteophytes, or inflammation within 

the synovium – all of which occur during OA development. The specialized tissue constituents 

comprised in a synovial joint are discussed next in this section.  
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Figure 1.1 Generalized structure of the synovial knee joint. The synovial joint comprises articular 

cartilage, synovial membrane, intra- and extra-articular joint ligaments (not shown), articular capsule, and 

subchondral bone, organized into a specialized structure that enables movement and transfers load to 

prevent fracture to the bone. Diagram modified from Zhang et al., 2015 and created in BioRender.com 

1.4.2 Articular cartilage   

The articular cartilage is a complex, thin layer of specialized hyaline cartilage covering the 

ends of articulating bones in the joint. The specialized tissue provides cushion and support for 

movement and articulation, enabling the transmission of loads (Riemenschneider et al., 2019) 

while maintaining low friction (McNary et al., 2012) and wear properties (Estell et al., 2021). 

Articular cartilage has traditionally been considered a non-regenerative organ as it lacks nerves, 

blood vessels, and lymphatics, thus relying on diffusion for its nutritional supply. However, some 

research challenges this view due to the likely stem cell-like properties of the superficial zone 

(Karlsson & Lindahl, 2009). The outer surface of the articular cartilage is attached to a transitional 
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layer of collagen fibers that transitions into calcified cartilage once it reaches the underlying 

subchondral bone (Amundsen, 2007). It comprises specialized chondrocytes within a dense 

extracellular matrix (ECM) – a meshwork of dynamically interconnected macromolecules. Major 

ECM components are type I and II collagen, proteoglycans (PGs), water, and non-collagenous 

proteins and glycoproteins (i.e., protein core and glycosaminoglycans) (Karamanos, 2019). About 

70-80% of the ECM is aqueous, along with other components, such as collagen, accounting for 

~50%, and PGs, accounting for ~ 35% of the ECM dry weight (van Weeren, 2016). The remaining 

structure includes glycoproteins and other minor components (i.e., minerals, lipids, and cellular 

components) (Karamanos, 2019; van Weeren, 2016). All components of the ECM are intricately 

arranged to provide elastic support of articular cartilage for dispersing pressure and stress with 

joint movement (Becerra et al., 2010). The structure of articular cartilage at a macroscopic level 

seems homogeneous. However, it is depth-dependent, and changes occur in the collagen 

architecture as the cartilage surface transitions towards the subchondral bone (Guilak et al., 1994). 

The structure comprises four zones: the superficial zone, the intermediate (or middle) zone, the 

deep zone, and the calcified zone – all varying in composition and interactions with other 

surrounding tissues (Antons et al., 2018). The unique zoning of articular cartilage allows it to 

absorb moderate mechanical loading; however, overloading may cause ECM composition changes, 

promoting articular cartilage destruction and potentially triggering OA development  

(Musumeci, 2016). With pathological conditions such as OA, the physiological balance of 

anabolic and catabolic processes shifts resulting in an imbalance between chondrocytes breaking 

down ECM constituents and synthesizing new matrix components (Ströbel et al., 2010), thus 

promoting the deterioration of articular cartilage. 

1.4.3 Synovial membrane  

The synovial membrane, or synovium, is a soft tissue lining that envelops the joint, 

surrounds tendon sheaths, and shapes the bursae lining (Smith et al., 2003; van Weeren, 2016). 

The synovium comprises 2-3 layers of specialized cells, called synoviocytes, with underlying loose 

connective tissue consisting of collagen, blood vessels, and adipose cells (O’Connell, 2000; 

Smith et al., 2003). The essential role of the synovium is to contribute to the synovial fluid 

composition and maintain joint homeostasis (Levick & McDonald, 1995). The synovium is 

essentially a semi-permeable membrane that facilitates the diffusion of lubricants (hyaluronic acid, 
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lubricin) secreted by synoviocyte lining cells from the synovial ECM towards synovial fluid 

(Kiener et al., 2010). The synovium interacts with the underlying articular cartilage where the 

tissue folds within the joint space; thus, the articular cartilage and synovium interact to maintain 

the joint’s homeostasis (Bhattaram & Chandrasekharan, 2017; Estell et al., 2021). The normal 

synovium is distinctive from other barrier membranes. It is comprised of two layers, a subintima 

(an outer layer) and a continuous surface layer of cells known as the intima (an inner layer) 

(Smith, 2011). The subintima is comprised of multiple tissue types, such as fibrous (dense 

collagenous type), adipose, or areolar (loose collagenous type), and is primarily made up of type I 

and IV collagen with blood vessels, nerve fibers, and lymphatics (Smith, 2011; 

Stefani et al., 2019). The intima of the synovium is positioned next to the joint cavity. It is 

comprised of 2-3 layers of synoviocytes, a dominant cell population proposed to produce synovial 

fluid constituents, absorb fluid from the joint cavity, and perform fluid exchange 

(Kiener et al., 2010; O’Connell, 2000; Stefani et al., 2019).  

Two types of synoviocytes are found within the intima layer of the synovium, macrophage-

like (type A or MLS) and fibroblast-like (type B or FLS), with ~90% being FLS and 10% MLS 

(Stefani et al., 2019; Valencia et al., 2004). MLS have similar characteristics to the macrophage 

lineage with phagocytic activity and antigen-presenting ability (Bondeson et al., 2006; 

van Weeren, 2016). FLS produces lubricating constituents (e.g., lubricin, HA) of synovial fluid to 

aid in protecting the joint from wear and tear and maintaining its typical structure 

(Antonacci et al., 2012; Elsaid et al., 2005). Due to their residency within the intimal layer, FLS 

are directly exposed to the mechanical load distribution between the synovium and articular 

cartilage, and any abnormal load during locomotion may stimulate FLS (Estell et al., 2017; Rattner 

et al., 2010; Tetsunaga et al. 2011). Moreover, FLS are mechanosensitive, giving them the ability 

to respond to shear stresses and initiate a cascade of inflammatory cytokines, often contributing to 

OA progression (Estell et al., 2017). Similarly, frictional interactions between tissues in direct 

contact with the synovium may provide mechanical stimuli to synovium resident cells (e.g., FLS) 

(Estell et al., 2021). Thus, frictional interactions in the synovium may trigger the initiation of pro-

inflammatory and destructive mediators, which are of great interest in identifying symptoms of 

OA and studying its progression.  
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1.4.4 Subchondral bone  

The subchondral bone is a supportive structure for the articular cartilage present at synovial 

joints. The primary role of subchondral bone is to biomechanically attenuate the forces generated 

by movement and physical activity (van Weeren, 2016). Subchondral bone is typically compact 

bone positioned adjacent to the calcified articular cartilage and trabecular bone 

(van Weeren, 2016). The subchondral bone and articular cartilage can function as a single unit 

since they converge at the osteochondral junction in the joint space, consisting of the calcified 

cartilage zone and underlying subchondral plate (Lories & Luyten, 2011). Subchondral bone 

mechanically supports the articular cartilage during locomotion and undergoes modeling and 

remodeling as it adapts to joint loading (Lories & Luyten, 2011; Madry et al., 2010). The 

subchondral bone plate and the trabecular bone are two distinctive anatomic units that comprise 

the subchondral bone (van Weeren, 2016). Mechanical consequences arise with this arrangement 

considering that the subchondral bone plate provides rigidity support while enabling some 

flexibility and elasticity from the trabecular component (Lyons et al., 2006). Supportive trabeculae 

arise from the subchondral bone plate which typically performs shock-absorbing functions and 

may also contribute to the metabolic needs of the overlying articular cartilage (Brama et al., 2001;  

Zarka et al., 2019). The biochemical communication between the articular cartilage and the 

subchondral bone is accomplished by diffusion of small molecules (e.g., growth factors and 

cytokines) through the calcified cartilage (Pan et al., 2009). The properties of subchondral bone 

are modified by a cell-mediated balance (i.e., osteoblasts, osteocytes, and osteoclasts) of modeling 

and remodeling bone tissue. This mechanism may be altered during OA progression, resulting in 

excessive remodeling and potentially priming the tissue towards bone sclerosis (osteoid deposition) 

(Li et al., 2019), chondroplastic lesions (Myller et al., 2019), or gross fracture (Zarka et al., 2019). 

However, some studies hypothesize that bone sclerosis may precede cartilage degradation and loss 

(Lajeunesse, 2004). 

1.4.5 Other soft tissues 

Synovial joints comprise other soft tissues, including the articular or joint capsule, 

ligaments, and menisci. The articular capsule comprises an outer layer (fibrous tissue) and an inner 

layer, the synovium. This thin, fibrous connective tissue of the outer layer is fastened to extra-
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articular structures, i.e., collateral ligaments and epiphyses of the subchondral bone, to structurally 

support locomotion by keeping bones in their proper positions within the joint (van Weeren, 2016). 

The articular capsule has several proprioceptive nerve endings that provide information to the brain 

about joint position and movement (van Weeren, 2016). Intra- and extra-articular ligaments, i.e., 

anterior cruciate ligament and collateral ligaments, are bands of dense regular connective tissue 

(collagen type I) that thicken from the articular capsule and stretch the length of the joint to 

reinforce the articular capsule, limiting movement of the joint (Amundsen, 2007; 

Beynnon et al., 2020; Wu et al., 2015). Both the articular capsule and ligaments stiffen with age 

due to increased crosslinks in collagen fibers and decreased proportion of elastic fibers, impacting 

the quality of movement of the joint (Amundsen, 2007). Another soft tissue important in this 

context is the articular meniscus, which extends from the articular capsule residing in the synovial 

joint cavity and consists mainly of a network of collagen fibers (collagen type I), meniscal cells, 

and ECM (Ribitsch et al., 2018). The collagen fibers of the menisci are arranged in distinctive 

layers – a thin meshwork of fibrils on the surface, a lamellar layer with outwardly facing fibrils, 

and a middle layer of circular fibril bundles interconnected with radial bundles 

(Petersen & Tillmann, 1998; Ribitsch et al., 2018). This intrinsic arrangement is vital for joint 

biomechanics (e.g., absorbing shock and distributing loads), enhancing stability, and lubricating 

the articular cartilage surfaces (Fox et al., 2012). Regarding OA joint disease, the articular capsule, 

in particular, can become stiffer with its progression due to an increasing crosslink formation in 

collagen fibers, which impacts the joint’s quality of movement (Noble et al., 2010). Any insult to 

soft tissue structures is associated with an increased risk of OA, as the degenerative changes alter 

homeostasis and contribute to joint instability (Ribitsch et al., 2018). Moreover, there are many 

soft tissues within the joint, not limited to what has been mentioned in this section, which 

contributes to the support and articulation of the joint as they indirectly and directly interact with 

surrounding tissues (i.e., subchondral bone, articular cartilage).  

1.4.6 Potential alterations with disease  

Synovial joints comprise many specialized tissues, each of which plays a vital role in 

maintaining the structure and function of the joint. An imbalance in the structural or mechanical 

aspect of the joint often contributes to the development of conditions like OA. Since OA is a 

complex condition that comprises the whole joint, the disturbances in physiological relationships 
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and crosstalk between the tissues are incompletely understood during disease progression. Recent 

research has unraveled several potential mechanisms in OA's progression, which arise from 

modifications in joint homeostasis and tissues that interact within the joint space.  

1.5 Alteration of joint homeostasis during OA  

1.5.1 Potential development of OA 

OA often develops following imbalances or shifts in biological and mechanical events that 

disrupt the normal function of synovial joints, which result in articular cartilage degradation and 

subchondral bone remodeling. Other alterations that have been observed in OA-affected joints are 

osteophyte formation, articular capsule thickening with altered peri-articular ligaments and 

peripheral muscle structure, as well as synovium inflammation (Blom et al., 2004;  

Nair et al., 2012; Ribitsch et al., 2018). These alterations have been described in various in vivo 

and in vitro (cells and tissues) models; thus, OA effects are translatable amongst a variety of 

models (Kim et al., 2018; Lampropoulou-Adamidou et al., 2014). To date, no models fully mimic 

the initiation and timeline of OA due to the multi-factorial complexity of the disease that involves 

the abnormal cross-talk among the tissues in the joint space (Blom et al., 2004; Hayami et al., 2006; 

Nair et al., 2012). Furthermore, although OA is deemed a disease of the entire joint, many studies 

focus on a subset or specialized tissue that may participate in the maintenance of joint homeostasis. 

For example, studies may focus on the articular cartilage, the synovium, and/or the subchondral 

bone and a better understanding of how they potentially interact and/or individually contribute to 

OA progression.  

1.5.2 Articular cartilage 

In a healthy joint, the articular cartilage typically is maintained by a certain degree of 

natural biomechanical stresses (Antons et al., 2018; Li et al., 2021). However, abnormal stresses 

may lead to alterations in the articular cartilage’s composition and mechanical properties. For 

example, the articular cartilage undergoes alterations in the early stages of OA, often initiated by 

direct, prolonged loading to the synovial joint (Setton et al., 1999). The initial alterations in 

articular cartilage composition have been characterized as due to loss of proteoglycan (PG) content, 

disruption of type II collagen fiber content and orientation within the ECM, and the imbalance of 
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interstitial water content (Hada et al., 2014; Mäkelä et al., 2015). These alterations cause articular 

cartilage to lose its biomechanical properties (e.g., resilience) and increase its permeability, thus, 

decreasing its overall structure and stiffness (Mäkelä et al., 2015; Nissinen et al., 2021). 

Particularly, articular chondrocytes lose the capacity to synthesize new PGs to replace those lost, 

proliferate, and respond to catabolic and anabolic stimuli. An imbalance between catabolic factors 

(pro-inflammatory mediators, apoptosis, and degradative enzymes) and anabolic factors (growth 

factors, enzyme inhibitors, bone morphogenic proteins) leads to ongoing loss and destruction of 

ECM of the articular cartilage  (Alvarez et al., 2014; Sato et al., 2006; Wu et al., 2007). Hence, the 

cartilage homeostasis is disturbed by an imbalance between the synthesis and degradation of ECM 

macromolecules, resulting in further degeneration of articular cartilage. The articular cartilage 

becomes roughened with continued degeneration, causing fissuring and fibrillation that expands 

through the distinct cartilage zones until reaching the subchondral bone (Faisal et al., 2019; 

Korhonen et al., 2003). Fibrillation of the articular cartilage changes its mechanical properties, and 

frictional interactions between the articular cartilage and subchondral bone continue to increase as 

the tissue degenerates (Estell et al., 2021; Sadeghi et al., 2015). The frictional interactions in areas 

of direct contact stimulate cells in surrounding tissues due to the generation of cartilage wear 

particles or endogenous damage-associated molecular patterns (DAMPs) (Estell et al., 2021; 

Rosenberg et al., 2017). DAMPs originate from ECM degradation (collagen type II, fibronectin 

fragments), and these products activate both systemic and local inflammation, leading to the 

secretion of catabolic factors that can cause further damage to the articular cartilage (Rosenberg 

et al., 2017). The DAMPs are released into the synovial fluid as articular cartilage continues to 

deteriorate and attach to the synovium, stimulating pro-inflammatory signaling in synovial cells 

(Estell et al., 2019; Estell et al., 2021). An increase in the concentration of DAMPs within the joint 

space has been associated with OA pathogenesis (Rosenberg et al., 2017). Ultimately, 

deteriorating articular cartilage and its ability to promote pro-inflammatory responses in the 

synovium further contribute to OA's progression. This communication resembles the typical 

crosstalk among joint tissues but is modified toward the disease pathology (Estell et al., 2017).  

1.5.3 Synovial membrane 

The articular cartilage and synovium cross-talk to maintain joint homeostasis in standard 

conditions; however, the effects of OA and how it alters the physiological relationship between 
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these tissues are incompletely understood (Chou et al., 2020). The cellular constituents of the 

synovium are somewhat heterogeneous, making it challenging to determine which cell type might 

be stimulated by the accumulating DAMPs or which mediates the various stages of OA 

development (Chou et al., 2020; Nair et al., 2012). However, recent evidence suggests that some 

synovial monocytic and fibroblastic cells (e.g., FLS) can be stimulated via mechanotransduction 

by the presence of the DAMPs and other wear particles from the deteriorating articular cartilage  

(Estell et al., 2019; Nair et al., 2012; Rosenberg et al., 2017). DAMPs are detected by a type of 

pattern recognition receptor (PRR) called toll-like receptor (TLR), located on the outer surface of 

selective synovium cells. The activation of TLR4, for example, can promote the activation of 

innate immune responses that consist of pro-inflammatory cytokine and matrix metalloproteinases 

(MMPs) secretion and the formation of additional DAMPs (Rosenberg et al., 2017). Specifically, 

TLR4 expression by FLS stimulates the nuclear factor kappa B (NF-κB) signaling cascade, 

resulting in downstream expression and secretion of IL-1β, TNF-α, and IL-6 (Rosenberg et 

al., 2017). The synovium inflates, and the imbalance between catabolic and anabolic systems 

further propagates tissue damage (Kim et al., 2006; Park et al., 2020). These effects can be 

reversed experimentally and pose an advantage in developing potential therapeutics. Synovium 

inflammation and its contribution to OA progression are discussed in more detail in Section 1.6. 

1.5.4 Subchondral bone 

Another alteration occurring in OA-affected joints is remodeling the subchondral bone, 

particularly in the area adjacent to where the articular cartilage suffered degeneration. Even though 

much controversy remains regarding the changes in subchondral bone in an OA-affected joint,  it 

is argued that subchondral bone deterioration precedes changes in the articular cartilage 

(Wei & Bai, 2016; Ziemian et al., 2021). In order to increase stability in response to loading forces 

between subchondral bone and its neighboring tissues, osteophytes (Blom et al., 2004) and 

microcracks (Zarka et al., 2019) are formed. Osteophytes are osteocartilaginous outgrowths that 

usually develop where the synovium connects to the ends of the articular cartilage and combines 

with the periosteum of the bone. Although osteophyte formation may be an attempted repair 

mechanism to stabilize deteriorating tissues, it can cause adverse effects, such as loss of movement 

and pain sensations (Gelse et al., 2003; Zarka et al., 2019). Microcracks are also formed during 

abnormal joint loading (Burr et al., 1985) and allow the communication between the subchondral 
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bone and the articular cartilage – providing a stimulus for initiating bone remodeling 

(Pan et al., 2009; Zarka et al., 2019). During bone remodeling in the regions surrounding 

microcracks, the turnover of cells and matrix coincides with areas of osteoclastic resorption. In 

these areas, osteoclasts remove apoptotic osteocytes (Cardoso et al., 2009) and osteoblasts’ 

infilling replaces regions of lost bone  (Verborgt et al., 2000). Specifically, apoptotic osteocytes 

and their debris present cell surface signals (e.g., phosphatidylserine (Fadok & Henson, 2003)) 

that are used for target removal by osteoclasts (Cardoso et al., 2009; Kennedy et al., 2012). 

Microcrack formation offers a way for catabolic agents or other small molecules to cross the 

osteochondral junction and enables the diffusion of pro-inflammatory cytokines and growth factors 

(Jiang et al., 2021; Kennedy et al., 2012; Pan et al., 2009). Osteocytes stimulate osteoclast 

differentiation by the expression of cytokines such as RANKL (receptor activator of nuclear factor 

kappa-B ligand) (Boyce & Xing, 2007; Kennedy et al., 2012). It has been shown that RANKL is 

secreted from the non-apoptotic osteocytes neighboring the microcracks, not from the osteocytes 

undergoing apoptosis, and RANKL production is essential to bone remodeling during OA 

development (Kennedy et al., 2014). Moreover, the production of RANKL is controlled by 

osteoprotegerin (OPG), which is produced by osteogenic stromal stem cells and osteoblasts to 

prevent excessive bone resorption by binding to RANKL and blocking its interaction with RANK 

(receptor of RANKL) (Boyce & Xing, 2007). The RANKL/OPG ratio is essential in maintaining 

bone mass (Boyce & Xing, 2007), and its imbalance can contribute to further loss of subchondral 

bone during OA progression. Overall, deteriorating subchondral bone leads to the formation of 

osteophytes and microcracks in an attempt to stabilize the joint. However, osteophytes and 

microcracks may adversely impact joint function and further contribute to OA progression.  

1.5.5 Mechanisms of action 

The progression of OA in synovial joints is overly complex, and it remains challenging to 

unravel the disease's pathophysiology completely. OA development is complicated further due to 

the interactions among tissues of the entire joint, including the synovium, the articular cartilage, 

and the subchondral bone. Some interaction networks among these tissues are represented in 

Figure 1.2, which shows OA being initiated due to trauma to the joint space (McIlwraith 2013). 

After an initial trauma (either direct or indirect) to tissue, a network of biological events occurs, 

involving, but not limited to joint inflammation and articular cartilage degeneration. It is proposed 
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that the most effective therapeutic targets in treating OA’s alterations would ideally reduce 

inflammation in the synovium, reduce degradation of joint tissues, or improve ECM synthesis to 

promote articular cartilage repair, shown in green in Figure 1.2 (Eskelinen et al. 2020; McIlwraith 

2013). However, targeting an exact pathway in developing therapeutics can be challenging, 

considering that alterations in one tissue do not necessarily occur independently from the other 

tissue types in the joint space. OA’s complexity makes the development of effective therapeutics 

a challenging prospect in both human and equine medicine. It is essential to continue discovering 

and understanding the alterations impacting normal joint homeostasis at an early stage of OA since 

these changes could potentially be reversed or utilized in developing therapeutic approaches 

toward the disease.  

 

 

 

Figure 1.2 Mechanisms of OA development. Schematic outlining the interactions that occur among 

tissues during osteoarthritis development and the potential mechanisms of action (green) for 

supplementation or therapeutic interventions to alleviate these processes (e.g., reducing inflammation and 

cartilage degradation and improving ECM regeneration). Diagram modified from  McIlwraith, 2013 and 

created in Biorender.com. 
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1.6 Synovium in the pathophysiology of OA  

Non-cartilaginous tissues, like the synovium, have become of particular interest in studying 

the pathophysiology of OA. Early studies deemed OA as a disease predominantly of the articular 

cartilage and the subchondral bone; however, recent studies suggest that the synovium and its 

contribution to the inflammatory response are essential in the progression of OA 

(Bondeson et al., 2006; Harvanova et al., 2022; Huh et al., 2015). Synovial inflammation, 

clinically called synovitis, contributes to behavioral changes (i.e., production of inflammatory 

products) among resident synovial cells and neighboring chondrocytes (Bondeson et al., 2006; 

Ni et al., 2019). The gene expression changes in the synovium result in the secretion of pro-

inflammatory cytokines and mediators, which can be identified in the early stages of OA, i.e., prior 

to macroscopic cartilage degeneration   (Huang et al., 2018; Zhao, 2021; Zhu et al., 2012). It has 

been proposed that synovitis is induced initially by the degradation of ECM that produce cartilage 

breakdown products, such as DAMPs, following an imbalance between anabolism and catabolism 

of articular chondrocytes (Estell et al., 2019; Rosenberg et al., 2017). As mentioned in Section 1.5, 

these products initiate the release of proteolytic enzymes via transcription factor nuclear factor-κB 

(NF-κB) signaling, for example, and increase the secretion of pro-inflammatory cytokines and 

other mediators from stimulated FLS (Estell et al., 2019; Silverstein et al., 2017), followed by 

vascular hyperplasia and immune cell infiltration,  contributing to synovial inflammation 

(synovitis) (Stefani et al., 2019). Thus, the inflammatory cascade initiated by the release of pro-

inflammatory cytokines, such as IL-1α (Estell et al., 2017), from FLS causes chondrocytes to 

produce degradative enzymes, including the upregulation of discoidin domain receptor (DDR)-2 

and MMP-13 expression, that further deteriorate articular cartilage and inhibit regeneration of the 

tissue (Huh et al., 2015; Zhao et al., 2014). 

 

FLS have the primary function of maintaining joint homeostasis by sustaining the 

composition of both the ECM and synovial fluid (Jones et al., 2021; Thomsen et al., 2017). FLS 

maintain the synovial ECM by producing and secreting lubricating components of the synovial 

fluid, such as lubricin, hyaluronic acid, and a series of PGs (Blewis et al., 2010; 

Kiener et al., 2010). Lubricin, a glycoprotein encoded by the proteoglycan 4 gene, is considered a 

boundary lubricant and chondroprotective agent within synovial joints (Reesink et al., 2017; 

Rhee et al., 2005). Hyaluronic acid (HA), a non-sulfated glycosaminoglycan (GAG), facilitates 
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low-friction lubrication of articular cartilage and gives viscoelastic properties to synovial fluid, 

along with lubricin and other proteoglycans (e.g., heparan sulfate proteoglycan) 

(Fasanello et al., 2021; Rosenberg et al., 2017; Schröder et al., 2019). During OA progression, the 

average concentration of HA is reduced in synovial fluid, forming low-molecular-weight HA, 

reflecting pro-inflammatory attributes (Band et al., 2015). Also, there is an increase in the covalent 

crosslinking of HA monomers, adversely affecting the integrity of the articular cartilage 

(Fasanello et al., 2021). Lubricin regulation is not apparent during OA progression, as its levels 

have been shown to vary among animal and human models (Reesink et al., 2017; 

Watkins & Reesink, 2020). Various studies have reported either an increase or no change in 

lubricin during OA; however, a decrease in lubricin was reported 4 times more frequently 

(Watkins & Reesink, 2020). Moreover, the supportive (anabolic) role of FLS can be altered to a 

destructive (catabolic) role with exposure to the imbalances of HA and lubricin (Pap et al., 2020; 

Schröder et al., 2019). In this catabolic-inducing role, FLS produce diverse matrix-degrading 

enzymes (MMPs and ADAMs) and other growth factors and destructive tissue components 

(Pap et al., 2020). Major signaling pathways implicated in synovitis due to FLS involvement are 

NF-κB and mitogen-activated protein kinase (MAPK) (Huang et al., 2018; Pap et al., 2020). NF-

κB is responsible for regulating the innate immune response and has been considered the "holy 

grail" target for the development of anti-inflammatory drugs  (Choi et al., 2019; 

Haseeb & Haqqi, 2013). Inflammatory responses and other critical cellular functions (e.g., 

apoptosis) are regulated by the MAPK signaling pathways (Ayroldi et al., 2012; Sun et al., 2017). 

The signaling downstream of MAPK activates NF-κB in FLS and is triggered by several pro-

inflammatory cytokines and mediators, including TNF-α, interleukin (IL)-1β, and IL-6, cellular 

adhesion molecules, and various chemokines (Lee et al., 2013; Shi & Sun, 2018; Wen et al., 2014). 

Hence, there are many interactions among transcription factors, cytokines, and other mediators 

within various signaling pathways – all of which may contribute to the role of FLS in inflammation 

(Haseeb & Haqqi, 2013).  

 

Various interactions initiate the inflammatory response of FLS; thus, we sought to explore 

and summarize these interactions by querying Metascape (Zhou et al., 2019), a recently developed 

gene annotation and analysis resource for systems-level datasets. We referred to a recent study by 

Zahir et al. that analyzed FLS isolated from OA-affected human patients after TNF-α treatment to 
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uncover unique transcriptional profiles (Zahir et al., 2021). This report compared TNF-α-treated 

FLS with control untreated cells via NanoString analyses, which confirmed changes in the 

expression of genes identified by RNA-seq analyses in FLS in the same study. Robust upregulation 

of inflammation and NF-κB-responsive genes were identified in this study. Our analysis of this 

publicly available data (GSE157364) (Zahir et al., 2021) yielded 130 genes upregulated at least > 

1.2-fold with p < 0.05. We utilized these upregulated genes in a Metascape (Zhou et al., 2019) 

analysis to better understand pathways mediated by a 24-hour exposure to TNF-α (conditions 

similar to our studies) on OA FLS. The upregulated genes coincided with several genes we assayed 

in our study (e.g., IL-1α, IL-1β, TNF-α, and IL-8). The summary from the analysis report shows 

the critical pro-inflammatory interactions, as represented in Figure 1.3. 

 

The Molecular Complex Detection (MCODE) algorithm by Metascape connected at a high 

level of significance network components of interleukin-1 signaling, cellular response to cytokine 

stimulus, TNFR1-induced NF-κB signaling, and JAK-STAT/MAPK signaling in the STRING-DB 

analysis (Figure 1.3A). The MAPK signaling pathway was identified as an enhanced term across 

the inputted gene profile (Figure 1.3B). A substantial proportion of the upregulated genes showed 

strong enrichment in the transcriptional effectors RELA/NF-κB and TP53 by TTRUST analysis 

(Figure 1.3C). These analyses help support the concept that stimulation of FLS in vitro with TNF-

α or NF-κB-inducing agents (such as LPS) could induce a pro-inflammatory response in FLS. In 

the following sections, various in vitro models utilizing FLS will be further discussed, and the 

potential of FLS as a therapeutic target for OA. 
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Figure 1.3: Interaction networks identified among inflammatory components associated with OA-

FLS. (A) Pathway and process enrichment of MCODE networks with STRING-DB analysis of inputted 

gene profile. (B) Bar graph of enriched terms across inputted genes, and (C) a summary of TTRUST 

enrichment analysis for potential transcription factor regulators of the genes. For all panels, analysis by 

Metascape and rankings by p-value (-log10(p)) (Zhou et al., 2019).  

 

1.7 Target-based therapeutics for OA 

As discussed in the previous sections, due to the complexity of OA’s pathogenesis, there are 

incompletely effective treatment options accessible to modify degenerative tissue processes or 

inhibit disease progression. Current treatment options for OA predominantly address symptoms, 

such as swelling, pain, stiffness, and lack of function (Hunter et al., 2009; Yusuf, 2016). Many 

non-pharmacological and pharmacological treatment options are currently available, depending on 

the species and the onset of the disease (McIlwraith et al., 2010; Zhang et al., 2010). Common 

non-pharmacological approaches toward alleviating the symptoms of OA might include 

therapeutic exercise or weight management – both applied in human and equine medicine   (King 

et al., 2013; Woods et al., 2017; Zhang et al., 2010). Pharmacological treatment options in human 

medicine include but are not limited to nonsteroidal anti-inflammatory drugs (NSAIDs), 

acetaminophen, corticosteroids, opioids, hyaluronic acid, and topical analgesics 

(Cheng & Visco, 2012; Yusuf, 2016; Zhang et al., 2010). Of these, corticosteroids, hyaluronic 
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acid, and topical analgesics also are standard in equine medicine, as well as polysulfated 

glycosaminoglycan and glucosamine (Ferris et al., 2011; Frisbie et al., 2013; 

Goodrich & Nixon, 2006) . Other compounds that have been reported in equine medicine include 

dimethyl sulfoxide (DMSO); even if the definitive mechanism of action is not well-understood, 

studies have suggested some analgesic, anti-microbial, and anti-inflammatory activities 

(Sotelo et al., 2020). A survey comprised of equine practitioners reported that 18% of its 

participants use hyaluronic acid, N-acetyl-D-glucosamine, and sodium chondroitin sulfate 

combination (Polyglycan) for treating horses with OA (Ferris et al., 2011; Frisbie et al., 2013). 

Over 77% of the survey participants reported using triamcinolone acetonide to treat joints that 

undergo high motion, and 73% indicated using methylprednisolone acetate for treating low-motion 

joints in horses (Ferris et al., 2011). Various equine clinics may administer corticosteroids (e.g., 

triamcinolone acetate, methylprednisolone acetate, or betamethasone esters) in conjunction with 

NSAIDs (e.g., dexamethasone or phenylbutazone) for the highest effect in reducing inflammation, 

pain, and restoring mobility (de Grauw et al., 2014; Goodrich & Nixon, 2006; 

McIlwraith & Lattermann, 2019).  

 

Moreover, the use of non-pharmacological and pharmacological treatments together has 

provided the best result in treating OA (Brosseau et al., 2014;Yusuf, 2016). For instance, 

therapeutic exercise (e.g., aquatic therapy) would be combined with a regularly administered 

NSAID to help alleviate the pain aspect of the disease for both humans and horses 

(Goodrich & Nixon, 2006; Zhang et al., 2010). An algorithm of when it is appropriate to apply 

these treatments is often utilized in both human and equine medicine (Hochberg et al., 2012; 

Zhang et al., 2010). In human medicine, non-pharmacological therapies are first recommended, 

and then the administration of drugs. Acetaminophen is commonly a first-line drug therapy, 

followed by the administration of NSAIDs and/or corticosteroids, and then eventual opioid 

administration with further disease progression (Steinmeyer et al., 2018). Beyond pharmacological 

treatments, further interventions, such as surgery, may be the next option for addressing ongoing 

pain and functional disability in human and equine medicine (Goodrich & Nixon, 2006; 

Zhang et al., 2010). Surgery is an invasive approach to treating OA but is prioritized in the case of 

refractory pain to improve health-related quality of life (Goldberg & Wera, 2013; Yusuf, 2016). 

Total joint replacement surgery, osteotomy, joint lavage, and arthroscopic debridement are several 
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standard practices utilized in human medicine to address an OA-affected joint (Zhang et al., 2010). 

Total joint replacement surgery is not as common in equine medicine due to its expense, 

complexity, and high risk of failure (Richardson, 2008) – with the first successful total hip 

replacement taking place in 2020 at the University of Liverpool in the United Kingdom. Even 

though all of these approaches may be effective in alleviating symptoms of OA or improving joint 

function, they act as only a ‘bandage’ to the long-term impact of OA and may have adverse side 

effects (Goldberg & Wera, 2013). Thus, there is much-needed attention to developing effective 

treatments for halting or reversing structural changes within an OA-affected joint.  

 

The change in recent years in our understanding of the OA paradigm from a ‘wear and tear’ 

disease to a rather multifactorial etiology that includes age, genetic factors, mechanical overload, 

among others, has highlighted new opportunities for targeting multiple mechanisms implicated in 

OA (Harvanova et al., 2022; Yusuf, 2016). Thereby, recent efforts regarding the treatment of OA 

have been directed at developing therapeutic agents that can reverse, halt or modify the progression 

of OA (Arra et al., 2020; Fei et al., 2019; Johnson et al., 2012; Wang et al., 2017). Emerging 

therapies have been described, including disease-modifying osteoarthritis drugs, targeted synovial 

inflammation mediators, inhibitors of subchondral bone remodeling, and inhibitors of cartilage 

degeneration (Yusuf, 2016). Synovial inflammation has been suggested as a relevant target for 

developing therapeutics since this process is critical in initiating and promoting the progression of 

OA (Bondeson et al., 2006; Mathiessen & Conaghan, 2017; Stefani et al., 2019). Among the 

cytokines that promotes inflammation in the synovium are IL-1β and TNF-α, which play a central 

role in inducing downstream expression of several additional pro-inflammatory and catabolic 

mediators (Aida et al., 2006; Shen et al., 2014). One regenerative therapeutic approach has 

focused on reducing the degenerative effects of IL-1 by gene and cell delivery of its natural 

receptor antagonist, the IL-1Ra (Gabner et al., 2018; Nixon et al., 2018). A recent study evaluated 

the impact of early IL-1Ra (i.e., Anakinra) administration (days 1-7) on the metabolism and 

biosynthesis of lubricin after a traumatic joint injury in a rat model, finding that intra-articular 

treatments of IL-Ra reduced chondrocyte apoptosis (Elsaid et al., 2015). Likewise, anti-TNF-α 

(i.e., adalimumab) has been shown to halt joint damage progression compared to a placebo in an 

erosive hand OA study (Verbruggen et al., 2012). Another approach used RNA interference to 

silence IL-1β expression in a rabbit model of post-traumatic arthritis, as well as TNF-α, supporting 

https://sciwheel.com/work/citation?ids=843330&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=12705449&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=12701633&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=12646870&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=11081762&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=11134854&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=12685271&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=32008&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=11850809&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=11081762&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=8247756&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=5058093&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=12277366&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=12645549&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=254970&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=5063400&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=12646968&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=12705878&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=12705882&pre=&suf=&sa=0&dbf=0


 

 

41 

the relevance of both molecules as effective targets for therapeutic development (Tang et al., 2015). 

Additionally, TNF-α neutralizing therapies (TNF inhibitors) have shown clinical benefits in human 

medicine in reducing the effects of osteoarthritis (Li et al., 2018).  

 

Other promising therapeutic targets have included NF-κB, which has vital roles in 

promoting the expression of several inflammatory mediators and cytokines, and matrix-degrading 

enzymes (Marcu et al., 2010). Moreover, the NF-κB mediator can induce inflammation-mediated 

metabolic shifts in chondrocytes. It influences cells to reprogram toward glycolysis and lactate 

dehydrogenase production, promoting cartilage degradation through reactive oxygen species (ROS) 

generation (Arra et al., 2020). ROS can modify lipids and proteins, damage DNA structure, and 

stimulate other adverse effects in cells (Arra et al., 2020). Elevated levels of ROS in OA modify 

intracellular signaling, chondrocyte apoptosis, ECM metabolism, inflammatory responses, and 

subchondral bone dysfunction (Arra et al., 2020; Lepetsos et al., 2019). Recent studies have 

focused on these roles of NF-κB and how it compares to other signaling cascades, such as the p38 

MAPK/c-FOS/AP-1 or JAK/STAT pathways, to understand better the underlying mechanisms of 

synovial inflammation and degradation of cartilage. These studies have shown that inhibiting NF-

κB or p38 MAPK in the joint can halt the progression of OA by preventing the ROS-induced 

inflammatory response arising from chondrocytes (Arra et al., 2020) resulting in 

chondroprotective effects from reduced MMP-13 secretion, for example (Lim & Kim, 2011). 

Most of these studies are preliminary, especially in equine medicine, despite these advancements. 

Additional work is still necessary to understand the molecular pathways that initiate synovial 

inflammation and perpetuate cartilage degeneration. Overall, the inhibition of inflammation and 

its cellular contributors (i.e., FLS) are highly desirable components of developing more effective 

and safer therapeutics for OA (Chibber et al., 2020). Synoviocytes are discussed in the next section 

as a potential therapeutic target for developing therapeutics. 

 

1.8 Synoviocytes as a potential target for OA management 

Many studies of OA have focused on specific cell populations that take part in synovial 

inflammation, as the targeting of these cells may represent an opportunity for developing 
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therapeutic interventions for disease progression. Likewise, FLS have been studied for their ability 

to respond to inflammatory stimuli by upregulating specific genes that then contribute to further 

inflammation within OA-affected joints. FLS have been identified as a potential therapeutic target 

for OA, and assessing their responses to inflammation poses a promising in vitro model for 

studying OA (Harvanova et al., 2022; Huang et al., 2019). In developing an in vitro model 

utilizing FLS, some challenges include the isolation and characterization of FLS since only a few 

cell-specific markers have been characterized in equine cells, such as FOXO1, PXK, PYCARD, 

and SAMD9L (Thomsen et al., 2017). Further characterization of FLS markers could help 

improve the reproducibility and consistency of studies focused on FLS and improve our 

understanding of the synovium’s contribution to the progression of OA.  

 

The field is yet to fully uncover the complexity of how FLS contributes to cytokine 

production and the development of inflammation within an OA-affected joint. It would be 

clinically relevant to target the synovium to disrupt their production of pro-inflammatory cytokines, 

thus halting the initiation of destructive MMP upregulation, among other factors. Current research 

focuses on priming or stimulating FLS with pro-inflammatory molecules (e.g., lipopolysaccharide 

(LPS) or TNF-α) that participate in the innate immune response (Andreassen et al., 2015; 

Harvanova et al., 2022; Ohata et al., 2005). Upon stimulation with pro-inflammatory molecules, 

changes in FLS gene expression can be detected at various timepoints and characterized to help 

identify specific inflammatory response biomarkers. Moreover, changes that have been detected 

in human FLS in vitro are the upregulation of TNF-α, IL-6, IL-8, and IL-1β (Nair et al., 2012; 

Sharma et al., 2020). Equine FLS in vitro models have comparable responses, with galectin-1 and 

galectin-3 expression being additionally recognized (Reesink et al., 2017), although at lower 

levels than in bone marrow mesenchymal stromal cells.  

 

In summary, in vitro models using FLS can enable us to gain novel insights into the 

molecular signatures contributing to various stages of OA and examine potential therapeutic 

targets for reducing inflammation or helping reverse the effects of OA. In particular, co-culture 

models with other cell types or explants could help expand this knowledge gained from FLS 

culture towards more complex systems such as applicable to joints (e.g., articular cartilage 

deterioration and subchondral bone remodeling) (Harvanova et al., 2022; Pretzel et al., 2009; 
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Stefani et al., 2019). Continued research in the development and application of FLS models also 

is proposed to benefit from the rapidly growing field of modern bioinformatics research in 

musculoskeletal biology (Chen et al., 2019). 
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 AN IN VITRO MODEL FOR TESTING THE POTENTIAL 

OF NOVEL COMPOUNDS IN REDUCING THE INFLAMMATORY 

RESPONSE OF EQUINE SYNOVIOCYTES 

2.1 Introduction  

It has been hypothesized that the secretion of inflammatory cytokines from the synovium 

induces the release of MMPs, which contribute to ECM degradation, bone remodeling, and 

synovium inflammation (i.e., synovitis). The phases at which inflammation occurs in OA-affected 

synovium remain unclear. It is uncertain whether synovitis presents primarily due to a systemic 

innate immune response or secondary to the catabolic signals from the articular cartilage (Liu-

Bryan, 2013; Scanzello & Goldring, 2012). There are various histological signs of synovitis, such 

as hyperplasia, lymphocyte and macrophage infiltration, fibrosis, and neoangiogenesis 

(Scanzello & Goldring, 2012). Nevertheless, there is a considerable amount of evidence from the 

literature focusing on synovitis and its resulting association with the upregulation of several pro-

inflammatory cytokines and mediators – contributing to an imbalance in the catabolic and anabolic 

processes mediated by the articular cartilage (Chou et al., 2020; Pretzel et al., 2009).   

 

The latest insights into OA pathogenesis link mechanical damage and chronic inflammation  

(Haseeb & Haqqi, 2013; Schröder et al., 2019). Chronic, low-grade inflammation within the joint 

space has been associated with the induction of innate immune responses intricately involved in 

activating and perpetuating OA inflammation (Sokolove & Lepus, 2013). The innate immune 

system recognizes changes within the joint space and detects conserved patterns generated after 

damage to cellular and cartilage ECM products (Millerand et al., 2020; Silverstein et al., 2017). 

The detection of these damaged cellular components generates danger-associated molecular 

patterns (DAMPs) that subsequently activate the responses of the innate immune system 

(Millerand et al., 2020; Pulai et al., 2005; van Lent et al., 2012). FLS commonly express TLR 1-7 

and recognize both pathogen-derived and endogenous factors (PAMPs and DAMPs) 

(Nair et al., 2012; Rosenberg et al., 2017; Yoshitomi, 2019). Activation of TLRs triggers cellular 

signals leading to an intermediate immune response, activating surrounding cells to produce and 

release downstream cytokines and chemokines that mediate inflammation (Kim et al., 2006; 

Nair et al., 2012). In further detail, the binding of LPS to cells is known to cause TLR-4 receptor 

https://sciwheel.com/work/citation?ids=2810091&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=2810091&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=255570&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=255570&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=9448031&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=7214152&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=7100424&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=12275496&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=5366415&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=11847198&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=12652640&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=11847198&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=12751523&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=8018266&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=5912657&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=7110701&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=11562057&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=12557443&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=5912657&pre=&suf=&sa=0&dbf=0


 

 

45 

dimerization, resulting in the activation of downstream effectors, including the transcription factor 

NF-κB (Abella et al., 2016; Miguel et al., 2007; Nair et al., 2012). NF-κB is typically bound to the 

cytoplasmic protein IκB, remaining in its inactive state until the phosphorylation of IκB occurs, 

which then permits NF-κB dimers to translocate to the nucleus (Bondeson et al., 2006;  

Choi et al., 2019). DNA binding by NF-κB activates the transcription of several pro-inflammatory 

genes, resulting in the production and secretion of cytokines (e.g., TNF-α, IL-1β, and IL-6), 

chemokines, reactive oxygen and nitrogen species, and enzymes (Figure 2.1) (Choi et al., 2019;  

Gupta et al., 2010; Pulai et al., 2005; Shen et al., 2014). Therefore, upon activation of an innate 

immune response program, NF-κB induces catabolic gene transcription and significantly 

stimulates inflammatory mediators through a positive feedback loop – constituting a promising 

target in developing effective therapeutic agents (Choi et al., 2019; Ding et al., 2019). 
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Figure 2.1 Diagram of innate signaling pathways after stimulation of FLS with LPS. The innate 

immune system is initiated with stimulation (e.g., LPS) (A). The initial stimulation then signals the cell to 

release tumor necrosis factor (TNF), which binds to its receptor, TNFR, downstream in the signaling 

pathway (B). Next, the cell releases pro-inflammatory cytokines, such as interleukin (IL)-6, IL-1β, and 

IL-8 (C). This cascade promotes the generation and propagation of inflammatory signals in the joint 

space. Diagram created in BioRender.com. 
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Multiple studies suggest that other signaling pathways also contribute to regulating genes 

that impact the progression of OA, such as the TGF-β (Zhen et al., 2013), the AMPK/SIRT-

1/PGC-1α (Li et al., 2020), the p38 MAPK/c-FOS/AP-1 (MAPK) (Lim & Kim, 2011), and the 

JAK2/STAT1/2 (JAK/STAT) pathways (Qiao et al., 2019). A majority of these signaling 

pathways are triggered by IL-1β-stimulated chondrocytes or FLS, and recent studies have shown 

that both the MAPK and the JAK/STAT pathways contribute to the production of MMPs 

(Lim & Kim, 2011). Thus, blocking the NF-κB transcription factor and other pathways may be 

necessary to inhibit FLS-mediated inflammation and further degeneration of articular cartilage.  

 

FLS are mainly studied in RA for their production of chemokines and cytokines that attract 

various types of immune cells (e.g., lymphocytes and monocytes) into the synovium, inducing 

chondrocytes to secrete and stimulate ECM-degrading enzymes (Bottini & Firestein, 2013). In RA, 

and now also proposed in OA, FLS can migrate (Corrigall et al., 2001) and interact with 

surrounding tissues, i.e., occupy the articular cartilage and secrete cartilage matrix-degrading 

enzymes, or attack the underlying subchondral bone and initiate osteoclast-mediated bone 

resorption and ECM degradation processes (Bottini & Firestein, 2013; Tu et al., 2020). Overall, 

research from several types of arthritis implicates a role for FLS in inflammatory signaling within 

the synovium, making this cell type a candidate of interest for developing an in vitro model in 

which to characterize their response to novel therapeutic compounds, particularly for representing 

some of the early signaling and/or stages of OA development. 

 

 In vitro models of OA can be beneficial in better understanding the initial causes of the 

disease, as these models are more cost-effective relative to in vivo models and less complex; thus, 

they may provide more reproducible data  (Grenier et al., 2014; Haltmayer et al., 2019; 

Harvanova et al., 2022). The primary purpose of these models is to mimic some of the factors and 

conditions that initiate OA progression in synovial joints (Chan et al., 2022; Haltmayer et al., 2019; 

Singh et al., 2021). These models can help dissect signaling pathways or other mechanisms that 

trigger disease progression and are beneficial for screening and testing novel candidate 

therapeutics. Several temporal and concentration effects of compounds can be explored in a much 
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simpler environment utilizing in vitro models than in vivo and enable the selection and 

prioritization of compounds for future preclinical applications. Since inflammation is considered 

a hallmark in OA-affected joints, recent studies have focused on uncovering mechanisms to 

develop interventions to reduce or halt its impact on degenerating or poorly repairing (hypertrophic 

chondrocytes) joint tissues (Allas et al., 2020; Harvanova et al., 2022). Several pro-inflammatory 

stimuli can be considered candidates for inducing OA-related FLS signaling changes (e.g., TNF-

α, IL-1β, as well as LPS) (Andreassen et al., 2015; Liu et al., 2019). FLS transcribe many genes 

encoding pro-inflammatory cytokines and mediators downstream of NF-κB activation and other 

signaling pathways participating in the innate immune response (Chen et al., 2019; 

Chow & Chin, 2020). Therefore, establishing an in vitro model of an FLS-mediated pro-

inflammatory response using different stimuli (LPS, TNF, among others) may enable the 

development of therapeutics that may encompass several connecting proinflammatory pathways 

relevant to either early or late stages of OA.  

 

In developing our in vitro model of inflammation, the endotoxin LPS or the cytokine TNF-

α were used as stimuli for promoting specific pro-inflammatory characteristics in FLS that mimic 

signaling pathways elicited in the OA-affected joint. Numerous studies have utilized cytokines 

TNF-α and IL-1β to initiate inflammatory responses in FLS (Harvanova et al., 2022; 

Liu et al., 2019; Shen et al., 2014). LPS stimulation also has been used to promote inflammation 

(RA or OA) via TLR recognition of both endogenous factors and pathogens in FLS 

(Ding et al., 2019; Jin et al., 2016; Schwarzbach et al., 2019). TLR-3 and TLR-7 recognize single- 

and double-stranded RNA, and the TLR2/TLR4 heterodimer recognizes proteins and other low 

molecular weight molecules, such as LPS (Nair et al., 2012), with downstream NF-κB activation 

(Rosenberg et al., 2017). Thus, both LPS or TNF-α-stimulated FLS would activate NF-κB and 

MAPK signaling pathways and promote increases in gene expression for pro-inflammatory 

cytokines. Although these stimuli are most studied in RA-focused models, establishing a pro-

inflammatory response of FLS using these agents in an in vitro setting would allow for preliminary 

testing of potential therapeutic agents toward OA.  
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 Many studies have utilized inflammatory in vitro models to test the efficacy of potential 

therapeutic agents, like sulforaphane, hyperoside, lactate dehydrogenase A, or other novel agents 

undergoing early investigation (Arra et al., 2020; Davidson et al., 2014; Sun et al., 2021). 

Similarly, in collaboration with Dr. Herman Sintim, our laboratory recently developed a series of 

novel compounds incorporated in an in vitro model utilizing stimulated FLS to study inflammatory 

responses, further discussed in this chapter. This drug discovery project began with an in-silico 

approach that targeted a small interface where a portion of Pigment Epithelium Derived Factor 

(PEDF) interacted with one of its receptors, the non-integrin Laminin Receptor 1 (LAMR1) 

(Umbaugh et al., 2018). This study identified the compound “C3” – proposed to mimic the effects 

of a portion of PEDF (peptide p18) in binding the LAMR1. PEDF is also recognized as SERPINF1 

or EPC1 and is a 50-kDa multifaceted glycoprotein with various properties, such as anti-

inflammatory, anti-angiogenic, anti-oxidative, and anti-tumorigenic, thus of much interest as a 

therapeutic candidate (Bernard et al., 2009; Ma et al., 2021; Wen et al., 2017). Studies have 

shown that PEDF interacts through different receptors, including LAMR1 (also known as RPSA), 

a newer established receptor now known to mediate the effects of PEDF (Bernard et al., 2009). 

The binding of PEDF and LAMR1 has been a topic of several investigations, considering that 

modulating this interaction with a peptide mimic or a drug could lead to the development of 

therapeutic targets for various diseases (e.g., cancer, arthritis, and PCOS), depending on whether 

the LAMR1 is inhibited or activated (Belkacemi & Zhang, 2016; Nakamura et al., 2017; Silber et 

al., 2020). For example, a study treating myeloma cells with a LAMR1 antagonist suppressed the 

ability of PEDF to bind to this receptor, reducing myeloma cell viability (Matsui et al., 2014). 

Hence, the function of PEDF is flexible depending on the targeting of agonist or antagonist 

domains of its receptor, LAMR1.  

 

Studies focusing on inflammation (in various diseases) showed that increases in PEDF 

reduce the levels of pro-inflammatory cytokines (IL-1β, IL-17A, IL-6, and TNF-α) through the 

inhibition of MAPK p38 and JNK (Ma et al., 2021; Matsui et al., 2013). The exact functions of 

the PEDF/LAMR1 interactions in different cell systems are incomplete due to their involvement 

in complex signaling pathways. However, several reports indicate the signaling involves MAPK 

and JNK cascades (Gong et al., 2014; Ma et al., 2021) and also NF-kB inhibition (Ide et al., 2010).  

An analysis of the available literature describing the effects of PEDF or LAMR1 on signaling 

https://sciwheel.com/work/citation?ids=11134854&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=12817738&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=12745560&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=11173796&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=12745582&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=11847416&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=11847403&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=12745582&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=1344994&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=11847402&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=11847423&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=11847423&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=1302029&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=11847416&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=1302028&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=4994&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=11847416&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=12817793&pre=&suf=&sa=0&dbf=0


 

 

50 

relating to anti-inflammatory processes followed by Metascape (Zhou et al., 2019) visualization 

yielded the diagrams shown in Figure 2.2. Figure 2.2A suggests that there may be a significant 

role for TNF-α and NFκB1 in mediating the effects of PEDF/LAMR1 pathways. For 

PEDF/SERPINF1, the literature relating to its anti-inflammatory properties yielded 

downregulation in 25 genes or cytokines (Lu et al., 2014; Matsui et al., 2014; Zhou et al., 2009), 

with the impact on IL-10 remaining unclear with PEDF treatment (Yang et al., 2010; Zamiri et 

al., 2006). For LAMR1/RPSA, the literature relating to its anti-inflammatory properties yielded 7 

reported gene or cytokine expression changes (Kane et al., 2019; Matsui et al., 2014). PEDF is 

connected to reduced expression of a cluster of angiogenic/ECM molecules and reducing a 

network of inflammatory molecules, including TNF, NF-κB, and IL-1, for example. LAMR1 also 

reduced the expression of several of the central inflammatory molecules connected through the 

serine-threonine receptor-interacting protein kinase-1 (RIPK1) in our analysis results (Figure 

2.2A). Interestingly, RIPK1 is a crucial mediator of TNF-mediated apoptosis and inflammatory 

pathways (Yatim et al., 2015), and its downregulation can help alleviate osteoarthritis 

(Liang et al., 2019). Moreover, Figure 2.2B shows the top 20 pathways enriched in the Metascape 

analysis, and Figure 2.2C shows the transcription factors predicted as regulators of the genes 

inputted. In combination, these analyses suggest that PEDF and LAMR1 each or in combination 

can impact the regulation of several inflammatory or ECM-related pathways, with a potential focus 

on reduced NF-κB signaling. Additionally, the network is centered on the pro-inflammatory 

molecules TNF-α/IL1b/NFkB, although there may be contributions from other anti-inflammatory 

mechanisms such as increased IL-10 signaling and/or decreased CXCL8, CCL2, and IL18. The 

primary regulators suggested by the analysis in Figure 2.3 were NFkB/RelA, yet other regulators 

may also be implicated, such as JUN, SP1, or STAT1/3. 
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Figure 2.2 Network interactions of PEDF/LAMR1 signaling pathway constituents. (A) Interaction 

networks using Metascape with STRING-DB analysis after inputting genes and cytokine expression 

changes from our work and the literature on PEDF and LAMR1. Yellow, LAMR1/RPSA, and 

PEDF/SERPINF1. Red, the subnetwork highlighted by the Molecular Complex Detection (MCODE1) 

algorithm analysis, highlighting the IL-10 signaling and Cellular Response to Lipopolysaccharide 

pathways; (B) the top 20 enriched pathways detected by Metascape and ranked by p-value. (C)  The top 

10 enriched transcription factors predicted to regulate the expression of the genes inputted (TTRUST 

analysis) detected by Metascape and ranked by p-value. Diagrams created using Metascape.org 

(Yingyao Zhou et al., 2019). 
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As our lab has sought to develop small molecules that can mimic the interaction between 

PEDF and LAMR1 for arthritis therapy, we have begun to characterize the impact of a series of 

compounds based on the initially described compound C3. The novel C3 has been predicted to 

interact with Histidine-169 of the 37 kDa form of LAMR1 (37 LR) by a hydrogen bond, the known 

binding region of PEDF (Umbaugh et al., 2018). The interaction of C3 with LAMR1 has been 

proposed to modulate the overall activity of LAMR1 and mimic the effects of PEDF. Hence, it is 

assumed that the binding of C3 to LAMR1 allows PEDF to affect its role as an anti-inflammatory 

molecule. Additionally, recent work in the lab has shown that C3 has the potential for reducing 

angiogenesis (Umbaugh et al., 2018) and inflammatory gene expression (i.e., IL-1β) in human 

macrophages (THP-1) (Haffner et al., 2017), as well as for promoting upregulation of 

chondrogenic genes (e.g., COL2A1, among others) and reducing hypertrophic chondrocyte-related 

gene expression (e.g., COL10, among others) in differentiating eqMSC and hMSC 3D cultures 

(Keating et al., 2019). These preliminary studies support a role for C3 and related molecules under 

development as potential therapeutics for controlling inflammation and helping to promote 

cartilage repair.  

 

Building on these recent laboratory preliminary studies, it was of interest in this work to 

utilize C3 for its potential anti-inflammatory activity in equine FLS-based models. C3 may be 

relevant to a future clinical application as the target LAMR1 is expressed on FLS 

(Konttinen et al., 2000) and has the potential to stimulate chondrocyte differentiation 

(Keating et al., 2019). Furthermore, second-generation compounds have been developed based on 

the C3 parent compound. Among these compounds, the II-09/02-09 analog (Figure 2.3) was the 

most promising in the pilot experiments, showing a ~3-fold improved affinity for LAMR1 

compared to C3 and improved activity in various cell types (Haffner et al., 2017; 

Keating et al., 2019). However, a significant barrier to translating C3 or 02-09 to a clinical study 

is their current micromolar activity level (~10 µM is the 50% effective concentration, EC50) in 

cell-based assays. For clinical intra-articular delivery in horses, one needs to have a compound 

with high activity at low doses to reduce production costs, increase efficacy, and have fewer off-

target effects (Evans et al., 2014). These compounds have been utilized in several studies within 

our laboratory and are currently included in a patent assigned to the Purdue Research Foundation 

(Diaz-Quinones et al., 2011; Umbaugh et al., 2018).  
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Figure 2.3 Chemical structures of C3 and 02-09. C3, or HTS07944, from the Maybridge high-

throughput screening (HTS) collection for drug discovery (Thermo Fisher) (left), was utilized as a parent 

molecule initially discovered from an in-silico screen (Umbaugh et al., 2018). C3 inspired the 

development of a series of derivative compounds tested in a pilot project (Haffner et al., 2017; 

Keating et al., 2019) (Haffner et al., 2017) with potential anti-inflammatory activity for OA treatment. II-

09, also known as 02-09 (right), is the derivative compound developed from C3 using medicinal 

chemistry approaches in collaboration with Dr. Herman Sintim.  

 

Therefore, in the present work, we aimed to develop an in vitro model of OA to test the 

efficacy of our novel compounds in reducing the pro-inflammatory activity of stimulated FLS. 

First, we utilized LPS or TNF-α as stimuli to achieve a pro-inflammatory response in equine FLS 

(eqFLS) to examine the anti-inflammatory potential of compounds C3 and 02-09. This in vivo 

inflammation model would potentially be useful for evaluating the anti-inflammatory potential of 

a more extensive series of therapeutic compounds, ultimately allowing us to improve drug activity 

at lower effective concentrations. Following various study designs and gene expression analyses, 

we characterized a model that induced OA-related gene expression changes in eqFLS and assessed 

novel therapeutic agents for their ability to counteract the inflammatory response of eqFLS. These 

novel compounds have the potential for future development into therapeutic agents for reducing 

inflammation and potentially promoting cartilage repair (studied by the lab in another project that 

utilizes MSCs) to treat equine OA. 
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2.2 Materials and Methods 

2.2.1 Cell isolation  

Equine fibroblast-like synoviocytes (eqFLS) were isolated from the synovial membrane 

of the carpal (knee) and stifle joint of an 11-year-old gelding (show horse), euthanized for 

reasons unrelated to this study, in collaboration with Dr. Timothy Lescun (VCS). The synovial 

membrane was minced into 3-4 mm pieces with sterile scalpels or fine scissors. The tissue pieces 

were washed once with 30 mL Hank’s Balanced Salt Solution (HBSS) (1X) containing calcium 

and magnesium (+Ca+Mg) (Thermo Fisher Scientific, Waltham, MA) and placed into a T-75 

flask (Corning Incorporated, Corning, KY) for the next steps. The tissue solution was treated 

with 10 mL/g of dissociation digest media consisting of 1.52 mg/mL Collagenase II 

(Worthington, CLS-2, 290U/mg dry weight, Lot # 45D15718) in 1xHBSS +Ca+Mg. The tissue 

solution was incubated at 37oC for 4 hours on a rocker platform, where the digest was also 

supplemented with 3 mM CaCl2  (Lee et al., 2013). Cells were then dispersed by passing through 

a 70 μm nylon mesh under sterile conditions, and remaining tissue fragments were disaggregated 

by gently use of forceps. The solution was centrifuged at 1,500 rpm for 5 minutes and washed 

with 30 mL HBSS +Ca+Mg. The cell pellet was resuspended in 12 mL Dulbecco’s modified 

Eagle’s medium (DMEM) (Gibco, Gaithersburg, MD) with 10% Fetal Bovine Serum (FBS) 

(Hyclone Laboratories, Logan, UT) and 1% Pen-Strep (Gibco). Cells were seeded at 6 x 105 per 

well of a 6-well plate (Corning) in 2.5-3 mL media each well and expanded at low passage 

number (P1-3), passaging at a split ration 1:3.  The low passages were collected and prepared 

with 1.0 x 106 cells/cryovial and 500 μL of Bambanker Serum-Free Freezing Medium (Thermo 

Fisher Scientific) and then preserved at -80oC until further use.  

2.2.2 Cell culture  

For experiments using eqFLS, the cells were expanded from the cryopreserved vials on 

100 mm culture dishes (Corning) until reaching passages between 4 and 12 (P4-12) in a complete 

growth medium consisting of DMEM (Gibco), 10% FBS (Hyclone), and 1% Antibiotic-

Antimycotic (Anti-Anti) (Gibco). Cells were incubated at 37oC in a controlled CO2 atmosphere to 

70-80% confluence with media changes every 3-4 days. At confluence, cells were washed with 

Dulbecco's Phosphate-Buffered Saline (DPBS) (Thermo Fisher Scientific), harvested using 0.25% 
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Trypsin-EDTA solution (Gibco), and counted using a Scepter 2.0 Handheld Cell Counter 

(Millipore Sigma, Saint Louis, MO). eqFLS were seeded at 1.2 x 106 cells/well in 6-well plates 

(Corning Incorporated) and incubated for 24 hours at 37oC in a controlled CO2 atmosphere to allow 

adherence of cells overnight. The culture media conditions varied in some experiments, as noted 

in other methods and results. 

2.2.3 Pro-inflammatory stimulation  

eqFLS were seeded at 1.2 x 106 cells/well in 6-well plates and incubated for 24 hours at 

37oC in a controlled CO2 atmosphere to allow adherence of cells. After 24 hours, the complete 

growth medium was removed, and cells were stimulated with either lipopolysaccharide (LPS) (1 

mg/mL) (Cat. #: 50-571-26; 3P LPS E Coli O111:B4, Millipore-Sigma, St Louis, MO) or 

recombinant equine tumor necrosis factor-alpha (TNF-α) (25 ng/mL) (R & D Systems) diluted in 

Opti-MEM Reduced-Serum Medium (Gibco) to a final concentration of 10 ng/mL. The dilutions 

were added to designated wells to a final volume of 2.5 mL in each well and incubated for 24 

hours at 37oC in a controlled CO2 atmosphere. After 24 hours, eqFLS were examined for cell 

viability and either harvested for gene expression or further treated with vehicle control or novel 

compounds (Section 2.2.5). Unstimulated cells were used as the negative control.  

2.2.4 Novel molecule treatment 

Control and novel compounds were tested for their ability to function in counteracting the 

pro-inflammatory response of eqFLS. Dimethyl sulfoxide (DMSO) (0.1%) was used as a vehicle 

control baseline in all samples. The compound P18 (1 μM) as a positive control PEDF peptide 

mimic; novel compounds C3 (10 μM), a PEDF/LAMR interaction mimic, and 02-09 (10 μM), a 

derivative to C3 with varying chemical groups predicted to augment drug-like interactions with 

LAMR1. The final concentrations of these compounds were diluted with Opti-MEM Reduced-

Serum Medium (Gibco) and then directly added to designated wells for 24 hours with or without 

the initial stimulation of TNF-α (10 ng/mL) or LPS (10 ng/mL). After 24 hours, eqFLS were 

washed with Dulbecco's Phosphate-Buffered Saline (DPBS) (Thermo Fisher Scientific), 

harvested using 0.25% Trypsin-EDTA solution (Gibco), and counted using a Scepter 2.0 

Handheld Cell Counter (Millipore Sigma). Cell suspensions of each sample were collected and 
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centrifuged at 1,500 rpm for 5 min. to obtain a cell pellet. Cell pellets were stored at -80oC until 

further analysis of gene expression (Section 2.2.7) 

2.2.5 Characterizing eqFLS inflammation response 

Three study designs were utilized to characterize the inflammatory response of eqFLS. 

Study Designs A and B (Figure 2.2) consisted of first stimulating eqFLS for 24 hours with either 

LPS or TNF-α as mentioned in Section 2.2.4. For all studies, the media used was Opti-MEM 

Reduced-Serum Medium (Gibco) with 1% Anti-Anti (Gibco), and the compounds were diluted 

to a final concentration mentioned in Section 2.2.4. For study design A, the initial stimulation 

was removed after 24 hours, the cells were washed with DPBS (Thermo Fisher Scientific), and 

then the control and novel compounds were added to the designated wells. The initial stimulation 

was not removed for study design B, and the control and novel compounds were added directly 

to designated wells. For study design C, eqFLS were first treated for 24 hours with control or 

novel compounds and then stimulated with either LPS or TNF-α for an additional 24 hours 

before sample collection. All study designs consisted of collecting cell suspensions by harvesting 

the cells using 0.25% Trypsin-EDTA solution (Gibco), washing with DPBS, to a final product of 

a cell pellet by centrifugation at 1500 rpm for 5 min. The cell pellet was then stored at -80oC 

until further processing for gene expression analysis. eqFLS that remained unstimulated or 

untreated were used as a negative control (Section 2.2.7). 
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Figure 2.4 Study designs utilized to characterize the inflammatory response of eqFLS. Various study 

designs were used to achieve the best model for eqFLS contribution to OA inflammation. Study Design A 

and Study Design B are similar, with eqFLS seeded in 24-well plates at 5 x 104 cells/well, incubated 

overnight to allow adherence, stimulated with LPS or TNF-α, incubated another 24 hours, and then novel 

and control compounds were added. The cell samples were collected after 24 hours. Study Design A 

consisted of washing the plate before adding the control and novel compounds to the wells. Study Design 

C consisted of adding the control and novel compounds prior to stimulating the eqFLS with LPS or TNF-

α; all other steps are like the other study designs. 

2.2.6 Cell viability screen  

eqFLS were seeded in 96-well plates at 5 x 103 cells/well using the Scepter 2.0 Handheld 

Automated Cell Counter (MilliporeSigma). eqFLS were stimulated with either LPS (0.1 μg/mL) 

or TNF-α (10 ng/mL) and treated with vehicle control (DMSO at 0.1% or 1.0%), or compounds, 

C3, 02-09, or P18 at concentrations of 1 μM, 5 μM, 10 μM, 50 μM, or 100 μM for 60 hours Cell 

viability was measured using the Cell Counting Kit-8 (CCK-8) (Dojindo Molecular 

Technologies, Rockville, MD) according to the manufacturer's instructions. Absorbance was 

quantified at 450 nm using a GloMax Reader (Promega, Fitchburg, WI). A baseline plate reading 

at 0 hours was obtained to normalize for variations in cell seeding. Additional plate readings 

were obtained at 72 hours and 120 hours. Then the relative cellular viability was calculated by 

dividing corrected absorbance values by the untreated control readings to obtain a % cell 

viability. The average % viability values and standard deviation were calculated from triplicates 

per plate using Microsoft Excel.  
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2.2.7 Gene expression analysis  

Frozen cell pellets were processed with RNeasy (Qiagen, Valencia, CA), as per the 

manufacturer's instructions, to isolate RNA. The nucleic acid content was determined 

spectrophotometrically using NanoDrop One Microvolume UV-Vis (Thermo Fisher Scientific). 

RNA was reverse transcribed into complementary DNA (cDNA) using the amfiRivert cDNA 

Synthesis Platinum Master Mix (GenDEPOT, Katy, TX), according to the manufacturer's 

instructions. Relative gene expression levels were determined by real-time quantitative 

polymerase chain reaction (RT-qPCR) with each sample containing 1 μL cDNA template, 2X 

SYBR Green reagents (Roche Diagnostics, Indianapolis, IN), and 20 μM of forward and reverse 

primer nucleotide sequences (Table 2.1). All real-time PCR assays were prepared in triplicates 

and performed using the ViiA7 Real-Time PCR System (Applied Biosystems, Foster City, CA) 

using 40 cycles of 95oC for 3 minutes, 95oC for 3 seconds, 60oC for 30 seconds, and 72oC for 19 

seconds. All expression levels were normalized to the control glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH). Fold changes were determined using the delta-delta C(T) method 

while comparing gene expression to baseline. The baseline was equal to the expression of eqFLS 

cultured in a complete medium without novel compounds or initial stimulation (Rao et al., 2013). 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://sciwheel.com/work/citation?ids=2068990&pre=&suf=&sa=0&dbf=0


 

 

59 

Table 2.1 Equine-specific gene primers used for RT-qPCR. Primers were used to amplify gene 

expression in stimulated/non-stimulated and treated/non-treated eqFLS. Interleukin 6, 1β, 8, 1α (IL-6, -1β, 

-8, -1α), ADAM Metallopeptidase with Thrombospondin Type 1 Motif 4 (ADAMTS4), Matrix 

Metalloproteinase 13 (MMP-13), tumor necrosis factor-α (TNF-α), cluster differentiation 90, 44 (CD90, 

CD44), Sterile Alpha Motif Domain Containing 9 Like (SAMD9L), and PX Domain Containing 

Serine/Threonine Kinase Like (PXK), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as the 

housekeeping gene control. 

 

2.2.8 Statistical analysis  

All assays were performed in triplicates (n = 3) with values expressed as the mean ± 

standard deviation (SD), and statistical analysis was performed using comparisons among groups 

with a 2-tailed t-test of the data, which utilized the delta-delta C(T) method to obtain gene 

expression changes relative to a housekeeping control gene, using Microsoft Excel. Statistical 

significance was defined as p < 0.05, and specific significance values are stated in the figure with 

an asterisk (*) representing significance to the untreated controls and a hashtag (#) representing 

significance (p < 0.05) relative to the DMSO vehicle-treated groups.  

2.3 Results  

2.3.1 The fibroblast-like synoviocyte (FLS) cell type was characterized in samples isolated 

from equine carpal joints   

The fibroblast-like synoviocytes (FLS) utilized for this study were isolated from the 

synovial membrane of a horse's equine carpal and stifle joints and maintained under the 

designation of equine FLS (eqFLS) in our laboratory. It was of interest to better characterize 

Gene Name Forward Sequence (5’→ 3’) Reverse Sequence (5’→ 3’) 

IL-6 CCTGGTGATGGCTACTGCTTTC GGATGTACTTAATGTGCTGTTTGGTT 

IL-8 CTTTCTGCAGCTCTGTGTGAAG GCAGACCTCAGCTCCGTTGAC 

IL-1α CAATATCTTGCGACTGCTGCATTAA CTCTTCTGATGTATAAGCACCCATGT 

IL-1β GAGCCCAATCTTCAACATCTATGG ATACCAAGTCCTTTTACCAAGCCTG 

ADAMTS-4 GCTGGGCTACTATTATGTGCTG GCTGGGCTACTATTATGTGCTG 

MMP-13 GTCCCTGATGTGGGTGAATAC ACATCAGACCAAACTTTGAAGG 

TNF-α TTCTCGAACCCCAAGTGACAAG GCTGCCCCTCGGCTT 

CD90 TCTCCTGCTGACAGTCTTGC GGACCTTGATGTTGTACTTGC 

CD44 TTCATAGAAGGGCACGTGGT GCCTTTCTTGGTGTAGCGAG 

SAMD9L GAACCGGAAAACGTCTGTGT GGGAGAAAGTCGGTGCATTA 

PXK CATTACCTCCACCTCCTCCA GATCACAGGTTTCGGCTTTC 

GAPDH GGGGCTGCCCAGAACATC GACTGACACGTTAGGGGTGG 
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eqFLS by culturing passage 0 until 70-80% confluence. eqFLS were cultured under specific 

protocols we adapted from several references specifically for FLS isolation, as mentioned in 

Section 2.2.2, and analyzed for common morphological characteristics of FLS which agreed with 

the literature on these cells, such as the presence of a relatively large nucleus (arrows in Figure 

2.5A) and a distinctive endoplasmic reticulum distributed throughout the cytoplasm. These 

features are typical of Type B but not Type A (monocytic) cells (Iwanaga et al., 2000). FLS 

presented more as spindle cells (Iwanaga et al., 2000) and became in our cultures the 

predominant adherent cell type after 10 days; we believe any suspension cells (i.e., 

monocyte/macrophage-like cells) were lost as the passage number increased with further 

culturing, a finding supported by other groups’ observations (Harvanova et al., 2022; 

Hatakeyama et al., 2017; Liu et al., 2019). Additionally, eqFLS formed sheet-like structures in 

culture following 10 days that suggested they may have some ability to form a lining-like layer 

in vitro (Figure 2.5B), as indicated by other groups (Kiener et al. 2006).  

 

 

Figure 2.5 Morphology and appearance of eqFLS in culture. A. Culture of eqFLS after 3 days of 

expansion shows the characteristics of long protrusions from the cell body, large nucleus (darkened 

arrows), and distinctive endoplasmic reticulum. B. eqFLS form a lining-like layer in extended (> 10-day) 

culture. Cells were seeded in 96-well plates at 2.0 x 104 cells/well and imaged using the IncuCyte Live-

Cell Analysis System (Sartorius) under the phase contrast channel.  

2.3.2 Stimulation of eqFLS with LPS for 24 hours resulted in an upregulation of pro-

inflammatory genes 

It was of interest to establish an in vitro eqFLS pro-inflammatory condition to test novel 

compounds with potential anti-inflammatory activity. We wanted to establish an ideal stimulus 

to elicit an inflammatory response from eqFLS. We initially selected LPS and used it at a final 
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10 ng/mL concentration, following the protocol mentioned in Section 2.2.3. After stimulating 

eqFLS with LPS for 24 hours, the samples were collected and processed for gene expression 

analysis. We observed significant upregulation of IL-6 and a trend towards increased ADAMTS-

4 gene expression. However, IL-1β and others did not significantly change in this pilot 

experiment (Figure 2.6). This pilot data provided the basis for exploring the development of a 

pro-inflammatory model using LPS-stimulated-eqFLS.  

 

 
 

Figure 2.6 eqFLS gene expression after LPS stimulation. eqFLS were stimulated with LPS for 24 

hours to achieve a pro-inflammatory response. Gene expression levels were analyzed using RT-qPCR and 

compared to a baseline control GAPDH (Table 2.1). As described in Materials and Methods, statistical 

analysis (*) indicates a significant difference at p < 0.05 relative to DMSO control.  

2.3.3 Optimizing the concentration of vehicle (DMSO) that would not detrimentally affect 

eqFLS viability  

DMSO was selected as a solvent or vehicle for our compounds since these drugs are 

under development and typically have poor solubility in water. The disadvantage is that DMSO 

can have toxic effects on cells’ viability and normal morphology (Lee & Park, 2019). A 

reference suggested that a final vehicle concentration greater than 1% DMSO might reduce 

eqFLS cell viability (Chen & Thibeault, 2013). Our novel compounds, C3 and 02-09, and the 

positive control peptide mimic of the PEDF/LAMR interaction (P18), were delivered in DMSO 
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concentrations at or below the 1% DMSO mark. We investigated the influence of DMSO on 

eqFLS viability using a Cell Counting Kit-8 (CCK-8), as mentioned in Section 2.2.6. We 

evaluated the effects of two different concentrations of DMSO, 0.1 % and 1.0 % of the total 

media volume, on the cell viability of eqFLS and found significant differences relative to 

untreated control for both effects. We observed that a higher concentration of DMSO (1.0 % of 

media volume) significantly impacted cellular viability during a 120-hour assay (a ~ 40% 

reduction). The relative value (%) of eqFLS viability was significantly higher for the lower 

DMSO concentration (0.1 % of media volume) at both 72 and 120 hours, suggesting the 0.1% 

DMSO should be selected for further studies, as it does not seem to impact eqFLS viability 

detrimentally. These findings were consistent with the literature, although it was surprising that 

our cells were more sensitive to the impact of 1% DMSO than prior reports.  

 

Figure 2.7 Effect of DMSO on eqFLS viability. CCK-8 assay results at 0, 72, and 120 hours cultured 

with complete growth media. A baseline plate reading at 0 hours was obtained to normalize for variations. 

Microsoft Excel was utilized for analysis with a significance of p < 0.05, and both DMSO groups (n = 3, 

mean ± SEM) were compared to cells-only control. Statistical analysis as described in Materials and 

Methods, where (*) indicates a significant difference at p < 0.05.   

2.3.4 Novel compounds did not significantly reduce cell viability of eqFLS  

Considering that the novel compounds, C3 and 02-09, and positive control, P18, were 

dissolved in DMSO and the interaction of the vehicle and the compounds is unknown, we 
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wanted to investigate the impact of these compounds on eqFLS viability relative to DMSO 

alone. Using the CCK-8 assay, we found that the novel compounds did not dramatically impact 

the overall cellular viability on Days 3 and 5. Different concentrations of the compounds either 

enhanced or slightly reduced the viability of eqFLS. Several concentrations enhanced the 

viability of eqFLS under these normal culture conditions (non-inflammatory). The viability of 

eqFLS remains close to the same for P18 at 5 μM for Days 3 and 5, with the highest viability % 

among the other P18 concentrations, indicating that higher concentrations of P18 may impact 

eqFLS viability. Based on other prior work from the lab indicating promising effective 

concentrations of 10-25 μM for C3 and 02-09 for other cell lines, we selected a concentration of 

10 μM for using the control and novel compounds in future study designs and the favorable 

viability date (Figure 2.8).  

 

 

Figure 2.8 eqFLS viability following treatment with novel compounds. CCK-8 assay results at day 3 

and day 5 post-seeding and cultured in complete growth media. A baseline plate reading at 0 days was 

obtained to normalize for variations, and treatment groups (n = 3, mean ± SEM) were compared to cells-

only control. Statistical analysis as described in Materials and Methods, where (*) indicated a significant 

difference at p < 0.05.  
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2.3.5 Novel compounds C3 and 02-09 demonstrated similar downregulation of 

inflammatory response as DMSO control in Study Design A  

Study Design A, mentioned in Section 2.2.5, was utilized as an initial in vitro model to 

test the effectiveness of the novel compounds against the inflammatory response of LPS-

stimulated eqFLS. A comparison of -/+ LPS in the control sample showed an upregulation of IL-

6 expression in eqFLS upon LPS stimulation. Thus, LPS appeared successful in promoting a pro-

inflammatory response in eqFLS. However, the DMSO vehicle appeared to dampen the IL-6 

inflammatory gene expression induced by LPS. Interestingly, the literature suggests some anti-

inflammatory activity for DMSO in equine joints (Brien et al., 2008). The compound C3 

significantly reduced IL-6 relative and DMSO, although this was significantly different (#, p < 

0.05) in LPS-stimulated eqFLS (Figure 2.9). The fold change among the groups was so similar 

(~1.34-1.69 ± 0.03-0.08), indicating that the DMSO either reduced the LPS stimulation of IL-6 

in this design or Study Design A was likely not a good model for examining the compound 

performance relative to the vehicle in downregulating IL-6. However, P18 significantly 

decreased IL-6 relative to the control.   

 

Figure 2.9 IL-6 gene expression utilizing Study Design A with LPS. Expression of IL-6 cytokine from 

eqFLS cells using Study Design A consisting of washing the wells before +/- LPS stimulation and 

treatment with novel compounds, C3 and 02-09 at 10 μM, compared to DMSO control and normalized to 

GAPDH (n = 3, mean ± SEM). A delta-delta C(T) method was used for calculating gene expression 

changes and statistical analysis as described in Materials and Methods, where (*) indicates a significant 

difference at p < 0.05 relative to control and (#) represents a significant difference relative to DMSO with 

p < 0.05.  
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2.3.6 The derivative compound 02-09 showed a promising ability to downregulate the 

eqFLS inflammatory response in Study Design B 

Study Design B, mentioned in Section 2.2.5, was utilized next as an in vitro model to test 

the effectiveness of the novel compounds against the LPS-mediated eqFLS inflammatory 

response. A comparison of the effect of -/+ LPS in the control sample showed upregulation of 

IL-6 expression in eqFLS. In this design, LPS appeared to induce a pro-inflammatory response in 

eqFLS, as seen by an upregulation in IL-6 levels; however, the levels reached were more modest 

than with Study Design A. DMSO appeared not to attenuate the LPS-induced IL-6 gene 

expression in this design. C3 with LPS stimulation did not show a promising trend among the 

treatment groups. Its fold change (2.15 ± 0.06) was close to both DMSO and P18, making it 

ineffective in downregulating the inflammatory response of eqFLS (Figure 2.10). C3 and 02-09 

appeared to reduce IL-6 gene expression without LPS stimuli. However, 02-09 with LPS 

stimulation further (though slightly relative to 02-09 lacking LPS) downregulated IL-6 with a 

fold change of -3.31 ± 0.02. Considering that 02-09 was significantly downregulated compared 

to the controls, we proposed that Study Design B was a potential model for downregulating the 

inflammatory expression of LPS-stimulated eqFLS. 02-09 is an analog to C3, so this may also 

indicate that the second generation of the compounds is becoming more efficient in controlling 

the inflammatory response of LPS-stimulated cells. This study design was more representative of 

more complex in vivo conditions, considering that the inflammatory stimulation is present 

throughout the entire study, rather than being removed, as in Study Design A.  
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Figure 2.10 eqFLS IL-6 gene expression utilizing Study Design B with LPS. The expression of IL-6 

cytokine from eqFLS cells using Study Design B consisted of +/- LPS stimulation and treatment with 

novel compounds, C3 and 02-09 at 10 μM, compared to DMSO control normalized to GAPDH (n = 3, 

mean ± SEM). A delta-delta C(T) method was used for calculating gene expression changes and statistical 

analysis as described in Materials and Methods, where (*) indicates a significant difference at p < 0.05 

relative to control and (#) represents a significant difference relative to DMSO with p < 0.05.  

2.3.7 The expression trends were not substantial between non-stimulated and LPS-

stimulated eqFLS in Study Design C  

Study Design C, mentioned in Section 2.2.5, was utilized as an in vitro model to test the 

effectiveness of the novel compounds for reducing gene expression representing the 

inflammatory response of LPS-stimulated eqFLS. The LPS control had a robust and significant 

fold change (284.37 ± 3.38) relative to the control without LPS (1.00 ± 0.05), validating that 

eqFLS can upregulate pro-inflammatory genes at elevated levels when stimulated with LPS. The 

gene expression of key inflammatory mediator IL-6 with C3 and 02-09 was our primary response 

investigated in LPS-stimulated eqFLS. The compounds effectively downregulated the IL-6 in 

eqFLS; however, there were no significant differences among the groups (Figure 2.11). The IL-6 

expression fold changes for C3 (13.49 ± 0.15) and 02-09 (11.87 ± 0.36) were similar to the 

DMSO control (13.14 ± 0.15), suggesting Study Design C was not ideal for studying the 

inflammatory response of eqFLS.  
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Figure 2.11 eqFLS IL-6 gene expression utilizing Study Design C with LPS. Expression of IL-6 

cytokine from eqFLS cells using Study Design C consisting of treatment with novel compounds, C3 and 

02-09 at 10 μM, and then +/- LPS stimulation, compared to DMSO control and normalized to GAPDH (n 

= 3, mean ± SEM). A delta-delta C(T) method was used for calculating gene expression changes and 

statistical analysis as described in Materials and Methods, where (*) indicates a significant difference at p 

< 0.05 relative to control and (#) represents a significant difference relative to DMSO with p < 0.05. 

2.3.8 IL-6 gene expression was the best marker for assessing the pro-inflammatory activity 

of eqFLS in response to TNF-α 

We next wanted to investigate whether TNF-α could replace the use of LPS as 

stimulation in initiating the pro-inflammatory response of eqFLS (Figure 2.12). We stimulated 

eqFLS with TNF-α for 24 hours and analyzed the gene expression of various pro-inflammatory 

cytokines and mediators selected from literature for TNF-α stimulation of both human and 

equine FLS. All the analyzed genes were upregulated to such a high extent that we present the 

fold changes on a logarithmic (log 10 base) scale. The IL-6-fold change was 113.02 ± 0.46, and 

IL-8 had a fold change of 146.54 ± 1.97. The fold change of IL-1α was the lowest value at 1.15 ± 

0.07. We established that TNF-α was effective in initiating the pro-inflammatory response of 

eqFLS, and it elicits fold changes greater than with LPS stimulation for a similar incubation 

time. Thus, TNF-α was utilized in the studies to establish a model that represented a relatively 

more robust inflammatory response of eqFLS.  
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Figure 2.12 eqFLS gene expression after TNF-α stimulation. eqFLS were stimulated with TNF-α for 

24 hours to achieve a pro-inflammatory response relative to control. Gene expression levels were 

analyzed using RT-qPCR and compared to a baseline control GAPDH (Table 2.1). The fold change was 

presented on a log10 base scale. Statistics were as described in Materials and Methods, and significant 

differences represented with (*) at p < 0.05. 

2.3.9 Stimulation of eqFLS with TNF-α promoted a higher and more reliable upregulation 

of IL-6 expression as compared to LPS stimulation  

We established that IL-6 gene expression was the best marker among those assayed for 

detecting the pro-inflammatory response of eqFLS when stimulated with LPS; however, we 

wanted to confirm if the same would be true for TNF-α stimulation. We evaluated TNF-α at a 10 

ng/mL concentration, following the protocol mentioned in Section 2.2.3, and compared its 

effects on gene expression relative to LPS stimulation. After stimulating eqFLS with either LPS 

or TNF-α, we observed a significant upregulation of IL-6 with TNF-α relative to LPS (Figure 

2.13). At 24 hours, IL-6 expression was increased by 113.55 ± 7.61-fold with TNF-α, whereas 

LPS mediated an IL-6-fold change of only 4.65 ± 1.07. The IL-6 expression fold change gap 

increased at 72 hours, and fold change extensively increased at 72 hours, with TNF-α at 720.41 ± 

132.26 and LPS at 673.02 ± 12.45. IL-6 gene expression was maintained at significantly higher 

levels at 72 hours for TNF-α. Thus, this result characterized that TNF-α has a stronger influence 

on initiating the pro-inflammatory response of eqFLS than the LPS stimulus at the earlier (24h or 

48h) timepoints, although both can sustain their expression for the period assayed.  
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Figure 2.13 eqFLS IL-6 gene expression with TNF-α or LPS stimulation. eqFLS were stimulated with 

LPS or TNF-α for a duration of 72 days to assay for IL-6 expression, a pro-inflammatory response. IL-6 

gene expression levels were analyzed using RT-qPCR and compared to a baseline control GAPDH (Table 

2.1). Statistics were described in Materials and Methods, where (*) indicates a significant difference at p 

< 0.05 relative to control and (#) represents a significant difference relative to LPS with p < 0.05.  

2.3.10 Study Design B with TNF-α stimulation might be the best model for inducing a pro-

inflammatory response of eqFLS that can be used to test anti-inflammatory 

compounds.  

Study Design B, mentioned in Section 2.2.5, was utilized as an in vitro model to test the 

effectiveness of the novel compounds against the TNF-α-stimulated inflammatory response of 

eqFLS. TNF-α alone upregulated IL-6 expression of eqFLS by a small amount (control -/+ TNF-

α; Figure 2.14), where the cells treated with TNF-α showed only a 13% increase in gene 

expression. Interestingly, in the DMSO vehicle, TNF-α successfully reproduced a pro-

inflammatory response in eqFLS as assessed by a significant increase in IL-6 expression (~12-

fold). However, C3 was inefficient in preventing TNF-α-stimulated IL-6 upregulation among the 

treatment groups. However, 02-09 and the P18 (positive control) were efficient in reducing or 

maintaining IL-6 expression at levels like that of control in the presence of TNF-α stimulation. 
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Figure 2.14 eqFLS IL-6 gene expression utilizing Study Design B with TNF-α. Expression of IL-6 

cytokine from eqFLS cells using Study Design B consisting of +/- TNF-α stimulation and treatment with 

novel compounds, C3 and 02-09 at 10 μM, compared to DMSO control and normalized to GAPDH (n = 

3, mean ± SEM). A delta-delta C(T) method was used for gene expression analysis. Statistics were as 

described in Materials and Methods and significant differences where (*) indicates a significant 

difference at p < 0.05 relative to control and (#) represents a significant difference relative to DMSO with 

p < 0.05.  

2.3.11 Novel C3-derivative compound, 02-09, seems promising in downregulating pro- 

inflammatory cytokines and mediators  

Study Design B was utilized, as mentioned in Section 2.2.5, which stimulated eqFLS 

with TNF-α for 24 hours, treated with control and novel compounds, and then collected the cell 

samples for further processing and gene analysis. A heatmap with a color-coding system was 

developed to represent the up- and downregulation of the various pro-inflammatory cytokines 

and mediators (i.e., IL-1β, IL-1α, ADAMTS-4, MMP-13, IL-6, and IL-8) across multiple 

experiments. The heatmap enabled a quick visualization of all groups. The red color represented 

an upregulation in gene expression (fold change relative to the GAPDH housekeeping gene). The 

green color represented a downregulation in gene expression relative to GAPDH (Figure 2.15). 

This representation illustrated that C3 was not as effective as 02-09 in downregulating or 

reducing the inflammatory response of eqFLS to TNF-α. The expression of pro-inflammatory 

cytokine IL-1β was the most downregulated when 02-09 was used relative to C3. This pattern 
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matched that of the positive control, P18, although limitations to this data have included 

downregulation of genes also being detected at times in -TNF groups.  

 

 

Figure 2.15 Heatmap representing gene expression changes in response to compound treatment and 

corrected to vehicle (DMSO) control utilizing Study Design B. The heatmap represents the up-and 

downregulation of the pro-inflammatory cytokines and mediators +/- TNF stimulation for 24 hours. 

Upregulation is signified with red with the highest fold change reaching 2.76, and downregulation is 

signified with green with the lowest fold change reaching -31.20. This map was generated using 

Microsoft Excel, and delta-delta C(T) method was used for gene expression analysis. *, p < 0.05 relative 

to DMSO control 

2.4 Discussion  

Cells were initially isolated from the synovial membrane of equine joints utilizing 

published protocols, and these cells appear to be morphologically eqFLS. From the literature, we 

know that the synovium comprises a heterogeneous cell population (i.e., Type A and B cells, 

macrophages, fibroblasts) with Type B cells, or FLS, making up almost 90% of the population 

(Stefani et al. 2019; Valencia et al. 2004). Our cell cultures are consistent with an FLS 

morphology, where the cells have a larger nucleus, a distinctive ER distributed throughout the 

cytoplasm, and spindle-like protrusions from the cell body, as compared to the physical 

appearance of normal fibroblasts, Type A cells (MLS), and MSCs (Shikichi et al. 1999). This 
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cell population should be enriched for adherent cells consistent with eqFLS since monocytic 

cells would have been removed from the cultures when expanding into 100 mm plates. Thus, 

passages of 4 and no greater than 12 (P4-P12) were utilized for experimentation to ensure the 

cultures comprised FLS and that their maintained viability. FLS are also known to form a 

network or sheet-like structure when cultured over 10 days with a complete growth medium 

supply. This supports a recent study that suggested that FLS have the intrinsic capacity to form a 

lining-like layer in vitro, reminiscent of their roles in the synovium as components of a synovial 

membrane structure that supply constituents to the articular cartilage ECM (Prado et al., 2015; 

Shikichi et al. 1999).  

 

To help characterize the FLS cell population in the samples, we sought to analyze common 

surface markers. We analyzed the relative gene expression of surface markers thought to be 

specific to FLS from human cell studies (SAMD9L and PKX) in comparison to surface markers 

specific to MSCs (CD90 and CD44), as well as inflammatory markers (IL-6 and IL-8). This 

experiment consisted of expanding eqFLS, equine bone marrow-derived MSCs (eqBM-MSCs), 

and equine adipose-derived MSCs (eqASC). Once the three different cell populations reached 

70-80% confluence, they were harvested and processed for gene expression analysis using RT-

qPCR. From this experiment, the trends were not as expected; however, we did observe that 

eqBM-MSCs and eqASCs showed a higher gene expression of CD44 and CD90 than eqFLS. 

The FLS did not express surface markers PXK and SAMD9L as expected, but this could be due 

to them not being ideal markers for eqFLS compared to human FLS. This data was not shown 

but instead used as a reference for better classifying FLS to be an independent cell type within 

the isolated samples. Future directions may involve characterizing the eqFLS population isolated 

here in more detail using flow cytometry to confirm or discover FLS-unique equine markers.  

 

We next investigated the inflammatory response of eqFLS in an in vitro model that 

attempted to mimic factors and conditions which may initiate inflammation in OA. We initially 

utilized lipopolysaccharide (LPS) to induce an inflammatory response in eqFLS, effective in 

previous studies with human FLS (Jin et al., 2016). We found that LPS-stimulated eqFLS 

showed a significant upregulation of IL-6 and ADAMTS-4 by RT-qPCR. From the literature, we 

know that IL-6 is expressed in strong association with inflammation (Choi et al. 2010; Schröder 
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et al. 2019), and this was an inflammatory phenotype confirmed by this experiment. However, 

other pro-inflammatory cytokines and mediators (i.e., IL-1β, MMP-13, and TNF-α) also 

expected to be upregulated showed downregulation of gene expression in this setting, reflecting 

the timing or pattern of expression differences between humans and equine for the LPS stimulus.  

 

Once we established that LPS was effective in at least activating an inflammatory 

response in eqFLS that could be detected via IL-6 upregulation, we wanted to test the efficacy of 

our novel compounds in suppressing the inflammatory response. These novel compound series, 

which included C3 and 02-09, started being developed in 2018 in our laboratory 

(Umbaugh et al., 2018) and have shown promising effects in reducing inflammation and 

promoting cartilage regeneration in other pilot projects using equine or human cells 

(Haffner et al., 2017; Keating et al., 2019). These compounds have initially been tested in the 

context of LPS as a stimulus for human macrophages (Haffner et al., 2017). However, for 

eqFLS, we needed to examine study design variations to enhance the effect of LPS on 

inflammatory gene expression to enable us to detect any therapeutic impact of suppression of 

inflammation (by C3 and 02-09). Before developing an in vitro model that encapsulates these 

effects, we considered many variations. There is no data shown, but we found that for eqFLS, the 

utilization of 6-well plates was necessary for optimal RNA concentration yields relative to 24-

well plates. We also found that Opti-MEM Reduced-Serum Medium (Gibco) was better suited 

for experimentation, considering it did not influence the growth rate or morphology of eqFLS. 

The effects of Opti-MEM were likely due to its reduced serum content but may indicate a 

positive impact of several supplements within the media, including insulin, transferrin, 

hypoxanthine, and thymidine.  

 

It was also of interest to analyze the impact that the control compounds DMSO (- Ctrl) 

and P18 (+ Ctrl) and the novel compounds (C3 and 02-09) could have on the viability of eqFLS 

by utilizing a cell viability screen. This assay allowed us to determine an effective compound 

concentration range that would not impact the normal viability and function of eqFLS. Thus, we 

found that a lower concentration of DMSO (0.1 % media volume) did not significantly harm the 

viability of eqFLS over a 120-hour assay. We also found that the compounds did not 

significantly reduce the cellular viability on Days 3 and 5, which was favorable since these were 
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non-inflammatory conditions (i.e., the therapeutics may not harm normal cells). Finally, the 

cellular viability at 10 μM was the lowest concentration that significantly enhanced viability 

when using derivative compound 02-09; thus, a standardized concentration of 10 μM was 

utilized for control and novel compounds in future study designs.  

 

We established a model that would induce inflammation in eqFLS with LPS and allow us 

to detect reduced pro-inflammatory gene expression by the novel compounds (C3 and 02-09). 

We developed and tested three study designs (A, B, and C). Study Design A represented a 

“treatment” approach, where eqFLS were initially stimulated with LPS and then treated with 

novel compounds. However, this design removed the stimulus (LPS) before adding the control 

and novel compounds, making Study Design A less relevant relative to in vivo models of OA. 

Nonetheless, it allowed us to compare the novel compounds' impact on counteracting the initial 

LPS stimulation. From Study Design A, we learned that LPS effectively stimulated eqFLS, 

although the compounds were not quite efficient in downregulating IL-6 expression. On the other 

hand, Study Design B was more likely to be relevant as a “treatment” design. The LPS stimulus 

was not removed after 24 hours; eqFLS were stimulated for the duration of the experiment, 

which better represented the occurrence of inflammation in an OA-affected joint. In Study 

Design B, C3 with (+) LPS-stimulated eqFLS did not show a promising trend; however, 02-09 

significantly downregulated IL-6 compared to C3 and the DMSO and P18 controls. Thus, Study 

Design B was a promising model for downregulating the inflammatory response of LPS-

stimulated eqFLS. It also supported some prior data from the lab (Keating et al., 2019; 

Haffner et al., 2017) that the second-generation compound, 02-09, could be more effective than 

C3. Study Design C represented a “preventative” approach, as eqFLS were exposed to the novel 

compounds prior to LPS stimulation. The magnitude of IL-6 upregulation was higher in this 

design, but, in Study Design C, there were no significant differences among any of the groups, 

making it suboptimal for studying the inflammatory response of eqFLS. Therefore, among the 

three study designs, we found that Study Design B was the most promising in allowing us to 

obtain an inflammatory response in LPS-stimulated eqFLS.  

 

Even though we determined that Study Design B seemed promising as an in vitro model 

of OA inflammation, we wanted to investigate the effects of an alternative stimulus that could 
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elicit more robust gene expression changes for testing the impact of the novel compounds. For 

this purpose, we selected tumor necrosis factor-alpha (TNF-α) for inducing an inflammatory 

response of eqFLS. TNF-α has been implicated in joint degeneration and is one of the most 

prominent cytokines in the acute OA stages (Kamm et al., 2010). We were first interested in 

examining its impact on eqFLS by utilizing a cell viability screen, finding that TNF-α had less 

impact than LPS on cellular viability. We noted that 24 hours would be a good exposure time to 

accomplish an inflammatory response of eqFLS. By using TNF-α as an alternative stimulus to 

LPS, we found a significant upregulation (~10-fold change) of all pro-inflammatory cytokines 

and mediators assayed (i.e., IL-6, IL-1β, IL-1α, IL-8, ADAMTS-4, and MMP-13), suggesting 

that TNF-α might more uniformly promote the NF-κB pathway and its target genes to stimulate 

inflammation responses in FLS (Ding et al., 2019). With TNF-α stimulation, the IL-6 gene 

expression was also an excellent marker for detecting the inflammatory response of eqFLS, with 

TNF-α inducing a 10-fold increase relative to LPS at 24 hours. Once we discovered that TNF-α 

could be a more uniform and robust inflammatory stimulus in FLS, we applied it in Study 

Design B. We observed that TNF-α could initiate a ~13% increase in pro-inflammatory gene 

expression in eqFLS relative to untreated control, but not in vast amounts compared to previous 

designs. C3 was inefficient in preventing TNF-α stimulated IL-6 upregulation among the 

treatment groups. However, 02-09 and the P18 PEDF mimic peptide (+ Ctrl) were efficient in 

reducing or maintaining IL-6 expression at levels like control in the presence of TNF-α 

stimulation, although limitations to this data have included downregulation of genes also being 

detected at times in -TNF groups.   

 

We expanded the gene expression analysis, utilizing Study Design B with TNF-α, and 

represented the data with a heatmap that illustrated that the pro-inflammatory cytokine IL-1β was 

the most downregulated when 02-09 was used relative to C3. This pattern matched that of the 

positive control, P18. Also, 02-09 was promising at downregulating most of the genes of interest 

assayed (i.e., IL-1α, IL-1β, IL-6); either due to the 02-09’s compound derivative structure having 

a higher affinity for binding with LAMR1 or an ability to induce more potent effects at the same 

effective concentration (10 μM) via additional targets.  

 

https://sciwheel.com/work/citation?ids=12746514&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=12685279&pre=&suf=&sa=0&dbf=0


 

 

76 

In closing, we have thus far established a preliminary yet novel, eqFLS-based in vitro 

model with flexible designs that can induce various pro-inflammatory genes in response to LPS or 

TNF-α, which can be examined for testing the efficacy of novel compounds such as 02-09 by gene 

expression changes. However, it is challenging to fully understand the inflammatory response of 

eqFLS and how different signaling pathways come into play, considering that this model only 

captures inflammatory marker expression at specific time points rather than analyzing cellular 

activity in real-time. Chapter 3 of this thesis explores an IL-1β promoter cell-based drug screen 

that would provide a better understanding of the inflammatory response in eqFLS, at least in what 

pertains to the IL-1β mediator expression, and how effective our novel and future series of 

molecules can be in counteracting the inflammatory response in FLS. 
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 DEVELOPMENT OF AN IL-1Β PROMOTER-GFP CELL-

BASED DRUG SCREEN FOR REAL-TIME REPORTING ON THE 

INFLAMMATORY RESPONSE OF EQUINE SYNOVIOCYTES 

3.1 Introduction  

As discussed in Chapters 1 and 2, FLS have shown to be vital for the joint-destructive 

process seen in OA and participate by secreting abundant inflammatory cytokines and promoting 

inflammatory cell infiltration (macrophages) that contribute to local and systemic inflammation  

(Moradi et al., 2015; Nair et al., 2012; Qiao et al., 2020; Stefani et al., 2019). TNF-α and IL-1β are 

increased in OA-affected joints (Kamm et al., 2010; Shen et al., 2014), and both contribute to the 

increased activity observed in the NF-κB and MAPK signaling pathways (Sharma et al., 2020; 

Shen et al., 2014; Wang & He, 2018). The intermediates of the NF-κB and MAPK pathways, in 

turn, upregulate the expression of MMPs, cyclooxygenase-2 (COX-2), prostaglandins, and nitric 

oxide synthase (iNOS), promoting cartilage degradation and further increases in joint 

inflammation (Haseeb & Haqqi, 2013; Viana et al., 2020). These inflammatory and degradative 

processes can be modulated with recently described therapeutics (Wang et al., 2016). There is a 

promise for continued research into therapeutics that could help reduce the impact of TNF or IL-

1β during OA development.  

 

Past and recent studies of OA have concentrated on the role of the pro-inflammatory 

cytokine IL-1β, as it is known to exacerbate damage to articular cartilage once signaling through 

its pathway is initiated (Ji et al., 2016). IL-1β is produced and secreted by various cells, including 

FLS, as a 31 kDa precursor (pro-IL-1β) in response to specific molecular motif patterns, such as 

recurring protein folding or debris of cellular components (Lopez-Castejon & Brough, 2011). The 

process of IL-1β secretion is complex, considering that there are multiple mechanisms, including 

regulation by cyclophilin A (Yang et al., 2022), but each contributes to IL-1β-dependent 

inflammation (Lopez-Castejon & Brough, 2011). The mechanism of IL-1β secretion may 

influence the level of the inflammatory stimulus (e.g., TNF-α); for example, the IL-1β 

concentration must be relatively high to initiate an inflammatory response (Lopez-

Castejon & Brough, 2011). Hence, detecting and monitoring the activity of IL-1β in a cellular 

https://sciwheel.com/work/citation?ids=5367222&pre=&suf=&sa=0&dbf=0
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https://sciwheel.com/work/citation?ids=11847130&pre=&suf=&sa=0&dbf=0
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model (i.e., FLS) could help give insights into the type of influences (and thresholds) that activate 

its expression and how its secretion might be reduced. In the current work, we sought to use IL-1β 

expression to monitor the inflammatory response in FLS following pro-inflammatory stimuli 

treatment. Future studies could also aim to incorporate systems that would monitor its secretion. 

 

Since we proposed monitoring IL-1β expression in a live cell-based screen, we chose to 

utilize transfection as a method for FLS gene modification. Typically, genetic material can be 

introduced into eukaryotic cells via various strategies, including cationic lipids such as 

Lipofectamine 2000 Transfection Reagent (Thermo Fisher Scientific) and physical electroporation 

such as the Neon Transfection System (Thermo Fisher Scientific). We sought to compare the 

transfection efficiency of FLS with plasmid DNA containing an IL-1β promoter driving expression 

of a marker gene, Green Fluorescent Protein (GFP), using two transfection techniques. These 

transfection methods have been utilized to study the activation of various signaling pathways and 

their downstream regulators. The novelty of our approach lies in utilizing an IL-1β promoter for 

querying in real-time the inflammatory response (or reduction thereof) in FLS cells. 

 

Several methods exist to analyze cells post-transfection (i.e., flow cytometry, luminometry, 

fluorometry, microscopy). Fluorescent microscopy enables us to directly visualize positively 

transfected cells to analyze genetic material encoding for GFP expression. A fluorescent 

microscope can examine any differences among the groups qualitatively; however, quantitative 

analysis of transfection efficiency requires extensive cell counting and analysis, which is a 

daunting prospect with many replicates. It is thus desirable to use an image analysis software 

capable of counting positive cells over time to streamline the image collection and analysis. The 

IncuCyte Live-Cell Analysis System (Sartorius, Bohemia, NY) is an innovative system that 

enables visualization and quantification of cell marker gene expression or behavior over time by 

automatically gathering and analyzing images in real-time within a standard laboratory incubator 

(Figure 3.1).  

 

We were interested in developing a screen-based analysis to detect IL-1β expression upon 

stimulation and monitor its expression in a real-time setting compared to previous studies. We 

obtained some insights into the biological impact of our novel therapeutic molecules on reducing 



 

 

79 

the inflammatory response of eqFLS. Consistent with our previous study design, it was interesting 

to monitor the inflammatory response of equine FLS (eqFLS) in a real-time analysis following 

TNF-α stimulation (100 ng/mL) and/or exposure to novel compounds, C3 and 02-09. Initially, we 

sought to obtain a promoter element that could be translatable between equine cells and human 

cells for potentially screening drugs with promise for treating inflammation in OA. The IL-1β 

promoter was chosen as this gene upregulation promotes increased levels of IL-1β, a classical 

central mediator of several inflammatory processes in the joints of both species. Interestingly, a 

recent paper (Chou et al., 2020) with human OA single-cell RNA sequencing (scRNA-seq) 

characterization indicated that the most prevalent pathogenic synoviocyte in humans is monocytic, 

with crucial contributions also from synovial fibroblast (FLS) populations. IL-6 was widely 

expressed in synoviocytes, including FLS, whereas TNF-α and IL-1β were expressed in 60% of 

acquired cells, including chondrocytes. Another interesting observation was that > 55% of crucial 

OA-related cytokines (e.g., TNF-α, IL-1β, IL-1α, and IL-6) were produced by synoviocytes 

(Chou et al., 2020). Thus, this screen concept could also be extrapolated to other promoters active 

in FLS, monocytic cells, and/or chondrocytes for drug screening in either species.  

  

https://sciwheel.com/work/citation?ids=9448031&pre=&suf=&sa=0&dbf=0
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Figure 3.1 Unprocessed image from IncuCyte Live-Cell Analysis System (Sartorius) An image was 

obtained from the IncuCyte Live-Cell Analysis System (Sartorius) to show the appearance of images 

before analysis, in which the green background would be removed using ‘spectral unmixing’ and 

adjustment of other parameters on the software were performed before obtaining graphical 

representations.  

3.2 Materials and Methods  

3.2.1 Cell culture  

eqFLS were isolated following the protocol described in Section 2.2.1. Before 

experimentation, eqFLS were expanded on non-coated 100 mm culture dishes (Corning) at 

passages no higher than P12 in the complete growth medium, consisting of 500 mL high glucose 

DMEM (Gibco), 50 mL of FBS, and 5 mL of Antibiotic-Antimycotic solution (Gibco) and 

incubated at 37oC in a controlled CO2 atmosphere until 70-80% confluence with media changes 

every 3-4 days. At confluence, the cells were harvested using 0.25% Trypsin-EDTA (Gibco) and, 

dependent on the experiment, seeded in a 96-well plate at no less than 2.5 x 104 cells/well. The 

culture media conditions varied in some experiments, as noted in other methods and results. 

3.2.2 DNA plasmid information  

Three different DNA plasmids were utilized: a control plasmid, pDr5.GFP2 (Invivogen, 

San Diego, CA) was initially used to test for the transfection efficiency of eqFLS. pDr5.GFP2 is 
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a DNA plasmid with the composite mCMV-hEF1-HTLV promoter sequence and features a GFP 

reporter cDNA sequence for monitoring promoter activity. The strength of the promoter was 

assessed qualitatively by using the Olympus 1X71 Inverted Fluorescence Microscope (Olympus 

Life Science Solutions, Waltham, MA). The second plasmid, pIL-1βp.GFP was designed by us 

and cloned by GeneCopoeia (Rockville, MD), using the human promoter region for the IL-1β 

gene. This promoter was determined to share a high homology both in sequence (75.6% by 

BLASTN) and in crucial transcription factor binding sites (PU.1 and CEBPA/B) using Tfbind 

software (Tsunoda and Takagi 1999). The equine IL-1β promoter was obtained from e-Ensembl 

(Cunningham et al. 2022) (e-Ensembl, 2022) using the sequence EquCab3.0:15:16416738: 

16446697:1. This DNA plasmid would ideally serve as a reporter of IL-1β gene expression in 

real-time. It could be applied to screen a more considerable number of medium to high 

throughput compounds for the inflammatory response of eqFLS. The pIL-1βp.GFP plasmid 

consists of a pEZX-PF02.1 vector backbone with the hIL-1β promoter region driving a green 

fluorescence protein (GFP) cDNA expression. The third plasmid, pmCherry.N1 (Clontech, 

Mountain View, CA), was utilized as a cotransfection control marker for characterizing 

transfection efficiency transfected with pIL-1βp.GFP. pmCherry.N1 is a mammalian expression 

vector that can create fusion proteins with the mCherry on the N-terminus. However, we only 

used it for its red fluorescence properties as a transfection control (~2-5% of total plasmid DNA).  

3.2.3 Transfection with Lipofectamine 2000 Transfection Reagent  

eqFLS were at 70-80% confluence on the day of transfection. eqFLS were collected and 

counted to a cell density no less than 2.5 x104 cells/well for each transfection reaction. 

Lipofectamine 2000 Transfection Reagent (Thermo Fisher Scientific) was utilized for 

transfection and performed per the manufacturer’s instructions. pIL-1β.GFP was transfected at 

0.2 μg/well with pmCherry.N1, a cotransfection marker, calculated as 5% of the pIL-1βp.GFP 

concentration. The complexes were added to designated wells within the 96-well plate and then 

incubated at 37oC in a controlled CO2 atmosphere for 18-48 hours prior to testing expression for 

DNA plasmids under fluorescence detection methods.  

https://sciwheel.com/work/citation?ids=8707692&pre=&suf=&sa=0&dbf=0
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3.2.4 Transfection with the Neon Transfection System  

eqFLS were at 70-80% confluence on the day of transfection, with each transfection 

consisting of cells at a density no less than 2.5 x104 cells/well. eqFLS were prepared and 

transfected using the Neon Transfection System (Thermo Fisher Scientific), performed as per 

manufacturer’s instructions. An optimization protocol was performed with a control plasmid 

containing a constitutive promoter (not inflammation-responsive), pDr5.GFP2, to test the 

transfection efficiency in eqFLS using this method. The optimization parameters used are shown 

in Table 3.1. The pIL-1β.GFP plasmid was transfected at 0.5 μg/well with pmCherry.N1, a 

cotransfection marker, was used at 5% of the pIL-1βp.GFP concentration. After transfection, 

eqFLS were directly transferred into a 96-well plate with 100 μL/well of pre-warmed DMEM 

(Gibco) media consisting of 50% FBS without antibiotics. eqFLS were incubated at 37oC in a 

controlled CO2 atmosphere to allow adherence before adding designated conditions to the wells. 

Testing expression for DNA plasmids was conducted immediately under fluorescent methods of 

analysis. 

 

 Table 3.1 Optimization of parameters of the Neon Transfection System. Using the Neon 

Transfection System, various parameters were utilized to optimize the transfection efficiency of eqFLS 

transfected with plasmid DNA. Protocol #5 from the manufacturer’s guidelines for the Neon Transfection 

System was most successful in transfecting eqFLS with a transfection efficiency > 72%. 

 

 

 

 

 

 

3.2.5 Qualitative analysis of plasmid DNA transfection of eqFLS 

eqFLS were transfected using either the Lipofectamine 2000 Transfection Reagent 

(Section 3.2.4) or the Neon Transfection System (Section 3.2.5), depending on the experiment. 

Expression levels of DNA plasmids, pDr5.GFP2, IL-1βp.GFP and mCherry.N1 were analyzed 

using the Olympus 1X71 Inverted Fluorescence Microscope (Olympus Life Science Solutions, 

Optimization Number Pulse Voltage (V) Pulse Width (ms) Pulse Number 

#5 1,700 20 1 

N/A 1,000 40 2 

#16 1,400 20 2 

#22 1,400 10 3 

#24 1,600 10 3 
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Waltham, MA). Data were collected as raw images from the Olympus cellSens Software, and 

qualitative analysis was performed to determine plasmid expressions. Quantitative analysis of 

pIL-1βp.GFP expression was further discussed in Sections 3.2.7 and 3.2.8. 

3.2.6 Developing a method to screen eqFLS pro-inflammatory response  

eqFLS were transfected as described in Section 3.2.2 and incubated at 37oC in a 

controlled CO2 atmosphere in the IncuCyte Live-Cell Analysis System (Sartorius) to allow 

adherence and initial analysis of cell viability after transfection. eqFLS were stimulated (+/-) 

TNF-α or LPS at concentrations of 10, 50, 100, or 200 ng/mL and incubated for 24 hours. The 

pro-inflammatory response of eqFLS was assessed by detecting fluorescence signals from the 

pIL-1βp.GFP plasmid. The expression levels of pIL-1βp.GFP and pmCherry.N1 control were 

analyzed for up to 5 days to capture the inflammatory activity of eqFLS. Each sample condition 

was prepared in triplicates, and the average expression levels of IL-1βp.GFP was exported from 

the IncuCyte Live-Cell Analysis System (Sartorius) into Microsoft Excel for statistical analysis 

(Section 3.2.9). 

3.2.7 Assaying the anti-inflammatory potential of compounds with eqFLS imaging 

eqFLS were transfected following the methods in Section 3.2.5. After the incubation 

period, eqFLS were stimulated with TNF-α (100 ng/mL) for 24 hours and then exposed to 

control compounds DMSO (0.1%) or P18 (1 μM), and novel compounds C3 (10 μM) or 02-09 

(10 μM) for an additional 24 hours. The expression levels of pIL-1βp.GFP and pmCherry.N1 

were detected using the IncuCyte Live-Cell Analysis System (Sartorius). The expression of pIL-

1βp.GFP was evident as green fluorescence, and the expression of pmCherry.N1 as red 

fluorescence signals. The expression levels of pIL-1βp.GFP and pmCherry.N1 control were 

analyzed for 5 days according to the conditions defined in Section 3.2.6. Each sample condition 

was prepared in triplicates, and the average expression levels of IL-1βp.GFP has been exported 

from the IncuCyte Live-Cell Analysis System (Sartorius) software into Microsoft Excel for 

statistical analysis (Section 3.2.9). Figure 3.2 shows the screening methodology for the anti-

inflammatory response of novel compounds on eqFLS. 
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Figure 3.2 Methodology of the screen of eqFLS inflammatory response. eqFLS were harvested as 

mentioned in Section 3.2.1 and prepared for transfection (A). eqFLS were transfected with pIL-1.P.GFP 

plasmid and control vector pmCherry.N1 using the Neon Transfection System, directly transferred into a 

96-well plate at a final concentration of 2.0 x 104 cells/well, and then incubated for 24 hours to allow 

adherence (B). eqFLS were stimulated with TNF-α (C), and then novel compounds or controls were 

added (D). The IncuCyte Live-Cell Analysis System (Sartorius) was used to detect the expression of the 

IL-1βp.GFP plasmid I. Diagram was created on BioRender.com. 

3.2.8 Statistical analysis  

All assays were performed using technical triplicates (n =3) with values expressed as the 

mean ± standard deviation (SD), and statistical analysis was performed using the IncuCyte Live-

Cell Analysis System (Sartorius) and exported into Microsoft Excel for the development of 

graphical representations. Comparisons among groups were analyzed using a 2-tailed t-test. A 

one-way ANOVA analysis defined statistical significance to compare across the groups using the 

mean and SD, with (*) indicating p < 0.04 (Girden 1992). 

3.3 Results  

3.3.1 The Lipofectamine 2000 Transfection Reagent was successful in transfecting plasmid 

DNA into eqFLS  

eqFLS were transfected with plasmid DNA using the lipid-based reagent, Lipofectamine 

2000 Transfection Reagent (Invitrogen), as mentioned in Section 3.2.3. A control plasmid, 

pDr5.GFP2 was applied at a final concentration of 0.2 ng/mL to evaluate the efficiency of this 

transfection method in eqFLS. We seeded at four different cell densities (10,000; 20,000; 30,000; 

and 40,000 cells/well) with four different Lipofectamine 2000 dilutions (0.2, 0.3, 0.4, and 0.5 

https://sciwheel.com/work/citation?ids=9974261&pre=&suf=&sa=0&dbf=0
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μL) in Opti-MEM Reduced-Serum media (Gibco). The various groups were qualitatively 

analyzed using a fluorescent microscope (Section 3.2.5). We observed that a cell density of over 

3,000 cells/well performed poorly regarding the negative transfection efficiency and viability of 

eqFLS. The 0.3 and 0.4 μL dilutions of the Lipofectamine 2000 reagent appeared to be more 

effective in the transfection protocol than 0.2 and 0.5 μL. It is evident that the Lipofectamine 

2000 Transfection Reagent successfully transfected eqFLS; however, we were interested in 

trying various transfection methods to attain the highest transfection efficiency in eqFLS (Figure 

3.3). 

 

Figure 3.3 Transfection of eqFLS with Lipofectamine 2000 Transfection Reagent. eqFLS were 

transfected with control plasmid DNA, pDr5.GFP2, to determine the transfection efficiency among 

groups with 0.2, 0.3, 0.4, or    0.5 μL Lipofectamine 2000 reagent per transfection and cell densities of 

1x104 (1.0e4), 2.0e4, 3.0e4, or 4.0e4 per well. Data was collected as raw images from the Olympus cellSens 

Software, and qualitative analysis was performed to determine the percent GFP+ to indicate transfection 

efficiency among the groups.  
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3.3.2 Optimization of parameters within the Neon Transfection System protocol revealed 

the most effective method for transfecting plasmid DNA into eqFLS  

eqFLS were transfected with plasmid DNA using an electroporation transfection method, 

the Neon Transfection System, as mentioned in Section 3.2.4. eqFLS were prepared at a cell 

density of 2,000 cells/well and a control plasmid, pDr5.GFP2 was applied at a final 

concentration of 0.5 ng/mL to test the transfection efficiency of this transfection method. Various 

parameters were optimized in the initial transfection of eqFLS (Table 3.1). The expression level 

of the plasmid and the transfection efficiency among all groups were qualitatively compared 

using a fluorescent microscope (Section 3.2.5). It was evident that the plasmid was expressed 

with all the protocols, except in the control. Protocol number #5, shown in Figure 3.4B, appeared 

to be the most effective in transfecting pDr5.GFP2 into eqFLS, as its expression was detectable 

in virtually all eqFLS within the collected image. The transfection efficiency of protocol #5 

using the Neon Transfection System was also compared to the Lipofectamine 2000 Transfection 

Reagent, shown in Figure 3.3. We observed that protocol #5 using the Neon Transfection System 

was the most efficient method of transfecting eqFLS with plasmid DNA compared to the 

Lipofectamine 2000 Transfection Reagent. Notably, the expression of pDr5.GFP2 was more 

prominent with protocol #5 using the Neon Transfection System than the Lipofectamine 2000 

Transfection Reagent. The Neon Transfection System was a more efficient process of 

maintaining cellular count per transfection and allowed immediate analysis of plasmid 

expressions.  
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Figure 3.4 Optimizing parameters of transfecting eqFLS with the Neon Transfection System. eqFLS 

were transfected with plasmid DNA (pDr5.GFP2) at a 0.5 μg/well concentration using the Neon 

Transfection System. Various parameters were optimized to reveal the highest transfection efficiency 

with this transfection method: (A) control with no transfection, (B) transfection with optimization #5, (C) 

transfection with an unnumbered optimization protocol, (D) transfection with optimization #16, (E) 

transfection with optimization #22, and (F) transfection with optimization #24 (Table 3.1).  

3.3.3 TNF-α stimulation showed more significant induction of IL-1βp.GFP expression 

relative to LPS stimulation   

Once we established a method with the Neon Transfection System that matched the 

Lipofectamine 2000 Transfection Reagent and successfully transfected eqFLS with plasmid 

DNA, we moved forward with transfecting the plasmid for our inflammatory screen, pIL-

1βp.GFP, with its cotransfection control marker, pmCherry.N1. It was of interest to analyze the 

effectiveness of LPS and TNF-α stimuli on initiating an inflammatory response in eqFLS 

assayed as changes in expression of the pIL-1βp.GFP plasmid. We qualitatively compared the 

expression levels of IL-1βp.GFP and mCherry.N1 between LPS and TNF-α stimulated eqFLS at 

various concentrations of inflammatory stimulus (50, 100, and 150 ng/mL) (Section 3.2.6). The 

mCherry.N1 plasmid was expressed among all the groups, suggesting the transfection method 

could be successful – the IL-1βp.GFP expression was not detected among the LPS stimulated 

groups, as shown in Figure 3.5. However, its expression was detectable after TNF-α stimulation 

at 50 and 100 ng/mL. This data provided us with the information that TNF-α was likely a better 

pro-inflammatory stimulus for promoting the expression of IL-1βp.GFP compared to LPS.  
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Figure 3.5 Expression of mCherry.N1 and IL-1βp.GFP after stimulation with LPS or TNF-α eqFLS 

were transfected with IL-1βp.GFP and pmCherry.N1 (Section 3.2.5) and stimulated with either LPS or 

TNF-α at various concentrations (50, 100, and 150 ng/mL). Images were obtained using the Olympus 

1X71 Inverted Fluorescence Microscope. Data was collected as raw images from the Olympus cellSens 

Software, and groups were qualitatively analyzed for plasmid expressions.  

3.3.4 TNF-α at a 100 ng/mL concentration promoted higher levels of IL-1βp.GFP 

expression relative to other concentrations  

It was of interest to determine the most effective concentration of TNF-α to stimulate the 

expression of IL-1βp.GFP. eqFLS were stimulated with various concentrations of TNF-α (10, 

20, 50, and 100 ng/mL (Section 3.2.7) and the expression of the IL-1βp.GFP plasmid was 

compared among all groups, as shown in Figure 3.6. Day 2 showed the first 24 hours at which 

the eqFLS were exposed to TNF-α, the expression of IL-1βp.GFP seemed to remain close to 0 

and then increased on Day 3 to 100 ng/mL. After Day 3, IL-1βp.GFP expression significantly 

increased for TNF-α at 100 ng/mL and remained constant for 10, 20, and 50 ng/mL. IL-1βp.GFP 
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showed its greatest expression with TNF-α at a 100 ng/mL concentration, even though it showed 

an unexplainable pattern of reduced expression from Day 1 to Day 3, as do all the expression 

levels among these groups. From this, we can conclude that TNF-α at a 100 ng/mL concentration 

was promising for reaching the most significant and consistent expression increase with IL-

1βp.GFP. 

 

 

Figure 3.6 Expression levels of IL-1βp.GFP after stimulation with TNF-α at various concentrations. 

eqFLS were transfected with IL-1βp.GFP and pmCherry.N1 (Section 3.2.5) and then stimulated with 

TNF-α at various concentrations (10, 20, 50, 100, 200 ng/mL). A screen of IL-1βp.GFP expression 

(Section 3.2.7) was performed using the IncuCyte Live-Cell Imaging software and quantitatively analyzed 

using Microsoft Excel. A one-way ANOVA was used using the mean and SD, with (*) indicating p < 

0.04 relative to either day 1 (TNF200), day 4 (TNF100), or day 5 (TNF100) groups. 

3.3.5 Stimulation of IL-1βp.GFP with TNF-α at 100 ng/mL revealed a promising 

expression pattern over 6 days 

Once establishing that 100 ng/mL was the most effective concentration of TNF-α, we 

wanted to investigate the expression pattern of IL-1βp.GFP over a period. The stimulus was 

added on Day 1, and the expression levels were analyzed over 6 days. The control group lacking 

plasmid or TNF-α (-IL-1βp.GFP/-TNF; Figure 3.7, red line) had only baseline expression. The 

group with plasmid alone (+IL-1βp.GFP/-TNF; Figure 3.7, blue line) mainly showed baseline 

expression until Day 6, when there was an increasing trend in IL-1βp.GFP upregulation, but this 
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was not significant relative to control. We believe that future optimizations would have to correct 

data to the proliferation rate of cells in culture. The third group, containing both plasmid and 

TNF-α (Figure 3.7, green line), showed the highest expression levels from the IL-1β promoter as 

detected by higher than control GFP signals, which were significant on Days 3 and 6. The overall 

trend shown by +IL-1βp.GFP/+TNF was promising since the expression of the IL-1β promoter 

was significantly activated at least by 3 days post-stimulation with TNF-α.  Although not 

significant, a trend of IL-1β promoter activation could be detected as early as 24 hours (150 

μm2/Image), considering that eqFLS were incubated with TNF-α prior to the data represented in 

Figure 3.7.  The concentration of TNF-α (100 ng/mL) was successful in promoting IL-1β 

expression in eqFLS. 

 

 

Figure 3.7 Expression level of IL-1βp.GFP after stimulation with TNF-α. eqFLS were transfected 

with IL-1βp.GFP and pmCherry.N1 (Section 3.2.5) and then stimulated with TNF-α (100 ng/mL). A 

screen of IL-1βp.GFP expression (Section 3.2.7) was performed using the IncuCyte Live-Cell Imaging 

software and quantitatively analyzed using Microsoft Excel. A one-way ANOVA was used using the 

mean and SD, with (*) indicating p < 0.04 for that group relative to the other groups on either Day 3 or 

Day 6. 
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3.3.6 Novel compounds, C3 and 02-09, reduced IL-1β promoter-driven GFP expression 

following initial stimulation with TNFα 

 In parallel with Study Design B mentioned in Chapter 2, we wanted to develop a model 

that would capture the inflammatory response of eqFLS in real-time. We utilized TNF-α (100 

ng/mL) as the stimulus and evaluated the effectiveness of the novel compounds, C3 and 02-09, 

against the inflammatory response of TNF-α-stimulated eqFLS assessed by IL-1βp.GFP. This 

pilot screen showed promise for compounds C3 on Day 3 and 02-09 on Day 5 if compared to the 

DMSO+TNF control. However, there was high variability in the results collected, likely due to 

an impact of TNF on cell viability or cell seeding variability, and this approach will undoubtedly 

have to be optimized in future studies. These results were contrary to those expected since the 

IL-1β promoter was upregulated in the DMSO -TNF control relative to DMSO +TNF on Days 3 

and 5, and the same pattern was repeated for C3 and P18 on Day 5.  

 

Figure 3.8 Heatmap of expression levels of IL-1βp.GFP after stimulation with TNF-α and treatment 

with novel or control compounds. eqFLS were transfected with IL-1βp.GFP and pmCherry.N1 (Section 

3.2.5) and then stimulated with TNF-α (100 ng/mL). A screen of IL-1βp.GFP expression (Section 3.2.7) 

was performed using the IncuCyte Live-Cell Imaging software and quantitatively analyzed using 

Microsoft Excel. Upregulation is signified with red with the highest expression of IL-1β promoter (total 

area – μm2/image) reaching 1,586, and downregulation is signified with green with the lowest expression 

of IL-1β promoter (total area – μm2/image) reaching -29.92. This map was generated using Microsoft 

Excel, and a one-way ANOVA was used using the mean and SD, with (*) indicating p < 0.05 for C3 or 

02-09+TNF relative to the other +TNF groups at Days 3 or 5.  

3.4 Discussion  

IL-1β is a downstream regulator of the NF-κB signaling pathway and is considered a 

suitable candidate for mediating the inflammatory response of eqFLS. To examine the real-time 

IL-1β activity in eqFLS, we chose our best previously established study design and utilized a DNA 

plasmid containing an IL-1β promoter driving GFP expression, or pIL-1βp.GFP. In designing this 
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experiment, the availability of an equine IL-1β promoter was limited from GeneCopoeia; thus, we 

designed the vector with the human promoter. We analyzed the sequence of the promoters between 

the two species, and due to relatively high sequence homology, we determined that the human IL-

1β promoter would be compatible for expression by eqFLS.  

 

Since the literature is scarce on transfecting eqFLS with plasmid DNA, it was critical to 

establish an effective method. We utilized pDr5.GFP2 to establish a transfection method to achieve 

high transfection efficiency and cellular viability. The pDr5.GFP2 plasmid contains a promoter 

region that is continuously expressed without stimulation, which allowed us to qualitatively 

analyze the efficiency of these two transfection methods. In a pilot, we transfected eqFLS utilizing 

Lipofectamine 2000 (Thermo Fisher Scientific). We observed that a cell density of over 30,000 

cells per well in a 96-well plate reduced the transfection efficiency of eqFLS. Optimization led to 

a cell density of 2,000 cells/well for future experimentation. We found this transfection method to 

be successful in transfecting eqFLS. However, due to some cell toxicity (estimated at ~ 45% with 

0.5 μL of Lipofectamine 2000), we chose to explore the Neon Transfection System (Thermo Fisher 

Scientific) as a transfection method to enable more efficient DNA uptake.  

 

Supporting literature for transfecting eqFLS with the Neon Transfection System was 

limited. Thus, it was of interest to optimize its parameters (i.e., pulse voltage, pulse width, number 

of pulses) and troubleshoot the manufacturer’s protocol. To reveal the most effective protocol for 

eqFLS transfection, we experimented with five different parameters and the number of 

transfections prepared per “batch” — mentioned in the manufacturer’s protocol as the number of 

transfections prepared collectively in a single 1.5 mL tube. We found protocol #5 (pulse voltage 

(V): 1,700; pulse width (ms): 20; pulse number: 1) to be the most effective in transfecting 

pDr5.GFP, as its expression was successfully detected in virtually all eqFLS within the well. Using 

a hemocytometer and cell counting using the method of  Trypan Blue exclusion (Thermo Fisher 

Scientific, 2022), we also found that transfection efficiency and viability were greater when 

transfection was carried out in smaller (3 transfections/batch) than in larger batches (15 

transfections/batch). The smaller batches showed 73.53 % cell viability compared to 37% viability 

for larger batches (data not shown). Overall, comparing these findings to the Lipofectamine 2000 

Transfection Reagent, we concluded that the Neon Transfection System using protocol #5 was the 

https://sciwheel.com/work/citation?ids=12874110&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=12874110&pre=&suf=&sa=0&dbf=0
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most efficient method of transfecting eqFLS with plasmid DNA and virtually all cells were 

transfected. 

  

We used the Neon Transfection System to transfect the IL-1βp.GFP plasmid with a 

cotransfection control, pmCherry.N1 – a common approach to control transfection variability 

and/or efficiency, where the cotransfection control represents ~1-5% of the total plasmid 

transfected. Considering that IL-1βp.GFP is a promoter sequence that would respond to 

inflammatory stimuli (inducible); we compared the pro-inflammatory stimuli LPS and TNF-α. The 

initial investigation compared the expression of IL-1βp.GFP after stimulation with LPS or TNF-α 

at the concentrations of 50, 100, and 150 ng/mL. Using qualitative analysis (microscopy), we 

found that GFP expression was not detected among any LPS stimulated groups. TNF-α stimulation 

was more promising in stimulating GFP expression from the plasmid at 50 and 100 ng/mL.  

 

In our preliminary study comparing LPS and TNF-α stimulation, we utilized 50, 100, and 

150 ng/mL concentrations. We found that the IL-1β promoter could be activated with 50 and 100 

ng/mL with TNF-α stimulation. We found that LPS was ineffective in inducing the expression of 

the IL-1β promoter, considering the expression of GFP was lacking by qualitative analysis. This 

experiment allowed us to compare qualitative and quantitative analyses and gave us insight into 

investigating these findings utilizing a quantitative analysis approach. Using the IncuCyte Live-

Cell Imaging equipment and software (Sartorius), we detected the promoter expression following 

stimulation with various concentrations of TNF-α (10, 20, 50, and 100 ng/mL). The expression 

pattern of the IL-1β promoter was slightly reduced between Days 1 and 2 after seeding; it is 

proposed that there is a lag time likely related to attachment and adaptation to the culture surface. 

When cells were stimulated with TNF-α, the promoter expression level substantially increased 

from a total area value of 0 to 500 with a TNF-α, but at a relatively high 100 ng/mL concentration. 

The expression of mCherry.N1 was consistent from Day 1 to Day 5, suggesting transfection could 

be efficient and that there were viable eqFLS cells. Thus, we observed that TNF-α, at 100 ng/mL, 

was the most promising concentration for reaching significant expression levels of the IL-1β 

promoter relative to control (-IL-1βp.GFP/-TNF; Figure 3.7, red line) over a 6-day analysis. This 

experiment provided us with an understanding of the pro-inflammatory activity that eqFLS 

displayed after being stimulated. When eqFLS were transfected but unstimulated, it was evident 
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that expression of the promoter did not occur, supporting the idea that the IL-1β promoter must be 

activated by pro-inflammatory stimuli to drive reporter gene expression (GFP). The expression of 

the IL-1β promoter showed a promising trend after stimulation with TNF-α. However, it 

underwent a lag phase, then increased on Day 2 (24 hours after TNF-α stimulation) and maintained 

its expression for at least 6 days. Future studies could examine more extended periods to determine 

the upper limit of maintenance of expression.  

 

We thus developed the basis for a model providing real-time activity that can be used in a 

future medium- to high-throughput drug discovery screens for identifying molecules that could 

counteract inflammation in eqFLS. We hypothesized that at least one of our novel molecules, C3 

and/or 02-09, could reduce the inflammatory activity of eqFLS, as assessed by this screen. Ideally, 

we wanted to see that the IL-1β promoter was activated in the control groups receiving TNF-α (as 

assessed by increased GFP levels) and not expressed or significantly reduced (GFP reductions) in 

the C3 and/or 02-09 treatment groups. TNF-α exposure successfully initiated IL-1βp.GFP 

expression relative to the control lacking TNF-α, and this was an expected result. C3 and 02-09 

significantly reduced the expression of IL-1βp.GFP relative to DMSO+TNF-α control after Day 4 

(Figure 3.8). Although interesting, these results should be interpreted cautiously, as they are 

preliminary. This pilot screen showed some promise for compounds C3 on day 3 and 02-09 on 

Day 5 if compared to the DMSO+TNF control. However, there was high variability in the results, 

likely due to an impact of TNF on cell viability or cell seeding variability, and will undoubtedly 

have to be optimized in future studies. Nevertheless, this screen appears promising for future 

screening of the next-generation compounds and/or novel drugs that could inhibit the 

inflammatory activity of eqFLS. The screen so far reports on the TNF-α activation stimulus but 

can be further expanded to other inflammatory stimuli. Additional troubleshooting of the 

transfection protocol and variations in cell culture (i.e., Poly-L-Lysine coating of 96-well plates to 

augment cell attachment) will be critical to enhancing the application of this screen to capture the 

real-time inflammatory activity of eqFLS.  

 

 Exploring an IL-1β promoter cell-based drug screen provided some dynamic information 

on ‘how’ and ‘when’ eqFLS begin activating a pro-inflammatory gene in real-time, which was 

possible with the transfection of a novel DNA plasmid. We detected and tracked eqFLS response 
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to the simulation and some promising initial responses to the exposure to the novel compounds. 

Overall, this screen allowed us to detect an inflammatory gene expression pattern upon stimulation 

and monitor its expression in a real-time setting and began to provide an insight into the biological 

impacts of our novel therapeutic molecules on reducing the inflammatory response of eqFLS. 
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 LIMITATIONS, CONCLUSIONS, AND FUTURE 

DIRECTIONS 

4.1 Limitations  

We wanted to acknowledge some limitations that may influence the conclusions possible 

from the research conducted in this thesis. We identified several limitations to the methodology 

that could be refined in future studies; for instance, we had complications with low cell viability 

during the cell-based screen experiments presented in Chapter 3. Sample size also could have been 

a limitation in gene expression analyses presented in Chapter 2 and the expression of IL-1βp.GFP 

is described in Chapter 3. Additionally, only one donor was used for the eqFLS isolation, and 

future studies should reproduce these results in primary cells from an independent donor. During 

experiments described in Chapters 2 and 3, we had challenges reproducing the same gene 

expression levels in eqFLS following TNF-α stimulation and/or exposure to our novel compounds. 

Some technical factors that may have contributed to the challenges in reproducibility included 

some equipment malfunctions, which limited some data acquisition with the IncuCyte Live-Cell 

Analysis System (Sartorius). Some of these challenges were overcome, whereas others remain for 

further studies to refine with increased sample size numbers and experiment repetitions. 

 

One of the methodological limitations we encountered was the low viability of eqFLS. We 

propose eqFLS viability was influenced by numerous factors, including the combined processes 

of transfection and stimulation with TNF-α. Most mammalian cell lines are vulnerable to losses in 

viability following transfection (Maeß et al., 2014). We obtained a higher transfection efficiency 

(~ 72%) when we transfected eqFLS using the Neon Transfection System (Thermo Fisher 

Scientific); however, we observed some physical damage that still contributed to some loss in 

cellular viability. We also suspect that stimulating eqFLS with TNF-α could have influenced the 

overall loss of viability. The concentration of TNF-α is critical considering that high concentrations 

trigger cell death, whereas low concentrations could promote cell survival. We evaluated various 

concentrations of TNF-α to achieve significant changes in the expression of our IL-1β promoter in 

eqFLS. We determined 100 ng/mL to be the most effective concentration in eliciting a response 

from the IL-1β promoter. We hypothesize that the high cytokine level was necessary since it was 

a human promoter activated in equine cells, thus having incomplete compatibility in transcription 

https://sciwheel.com/work/citation?ids=4767068&pre=&suf=&sa=0&dbf=0
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factors or complexes that might be necessary for the most efficient equine-specific transcription. 

The level of cytokine necessary could render it toxic to eqFLS, and further studies should re-make 

the construct with an equine promoter or assay differently made cytokines. For instance, the TNF-

α utilized in our experiments was obtained from R & D Systems as a recombinant protein produced 

in Escherichia coli (E. coli). Thus, it lacks eukaryotic post-translational modifications (PTMs) 

with potential essential roles in modulating physiological functions. The lack of PTMs (i.e., residue 

81 glycosylation or other lipidation sites) (Gaudet et al. 2011) could have influenced the higher 

concentration of TNF-α needed to activate the IL-1β promoter we had to use higher-than-

endogenous levels to reach a similar activity.  

 

The sample size was another limitation we propose that may have impacted the conclusions 

possible from experiments described in Chapters 2 and 3. We obtained low RNA concentrations 

(< 50 ng/μL) in the initial pilot experiments and had issues with low cell counts. We had to 

troubleshoot culturing protocols until we could achieve reliable RNA concentrations to move 

forward with RT-qPCR. During the cell-based screen experiments, we propose that a refinement 

to detecting statistically significant differences among averages of different conditions could 

include designs where more samples are added per condition (> triplicates). The sample size and 

potential toxicity of TNF-α or novel compounds limited reproducibility, which was evident in gene 

expression variability after stimulation. The same issue was encountered when analyzing the 

results from the cell-based screen. The expression levels of the IL-1β promoter varied across 

similar experiments, limiting the conclusions possible from the current data. We propose that 

DMSO and novel compounds may have off-target effects on eqFLS in both sets of experiments, 

even though the compounds were developed against the crystal structure of LAMR1. This is not 

completely surprising since DMSO, the vehicle or negative control for C3 and 02-09, has been 

shown to induce alterations in miRNA levels and some epigenetic effects (e.g., changes in 

mitochondrial pathways) that may hinder basal cell metabolism. Future studies would aim to alter 

compounds by medicinal chemistry to have them soluble in other, more biocompatible aqueous 

vehicles.  

 

Data collection using different equipment and software might have also limited the possible 

conclusions across different experiments. For example, we had to utilize a fluorescent microscope 

https://sciwheel.com/work/citation?ids=3982192&pre=&suf=&sa=0&dbf=0
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to identify IL-1βp.GFP expression due to the unexpected repair of our IncuCyte Live-Cell Analysis 

System (Sartorius); thus, for some time, we were unable to quantitatively analyze our results, 

which impacted our ability to choose the best method of transfecting eqFLS (i.e., Lipofectamine 

2000 or Neon Transfection System) and limited our ability to precisely identify the expression 

levels of the IL-1β promoter after stimulating with LPS or TNF-α at concentrations of 50, 100, or 

150 ng/mL.   

 

We must acknowledge these limitations to be addressed in future studies. The present studies 

gave the following insights, which can be used to refine and improve the future experiments in this 

project. First, to avoid the issue of low viability of eqFLS after transfection and/or stimulation with 

TNF-α, it would be beneficial to continue troubleshooting and optimizing the transfection protocol 

using the Neon Transfection System and utilize a TNF-α concentration that induces the expression 

of the IL-1β promoter but does not significantly impact cell viability. Second, in refining these 

models, it would also be beneficial to use lower passages of eqFLS during experimentation. A 

lower passage number would decrease the odds of eqFLS changing their phenotype and genotype 

characteristics during experimentation. Third, using flow cytometry with antibody markers 

specific to FLS (e.g., CD11b, CD106/VCAM-1, and CD45/ICAM-1) would allow us to 

characterize our population of eqFLS better. Fourth, it would be beneficial to utilize a greater 

sample size per condition (> triplicates) when planning future experiments with biological 

replicates and a higher number of technical replicates (Lazic et al., 2018). A greater sample size 

per condition during the cell-based screen experiment would have assisted in eliminating 

influences from a low cell count, for example. Overall, we have identified some limitations that 

we propose have impacted the conclusions possible from the results presented. It is essential to 

acknowledge these limitations to better design future experiments to continue this study. 

4.2 Conclusions 

The work in this thesis examines the aspects of an in vitro model that was developed to 

induce OA-like inflammatory signaling in equine fibroblast-like synoviocytes (eqFLS). Candidate 

therapeutic compounds were examined in this model by characterizing their impact on reducing 

pro-inflammatory cytokine gene expression (Chapter 2) and by their performance in a novel screen 

(Chapter 3) that utilized an IL-1β promoter to enable real-time detection of changes in green 

https://sciwheel.com/work/citation?ids=5056157&pre=&suf=&sa=0&dbf=0
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fluorescent protein expression as a response to therapeutics. Moreover, this model provided an 

understanding of the inflammatory activity of eqFLS and insight into inflammation as a therapeutic 

target in reducing or reversing the effects of equine OA.  

  

In Chapter 2, we developed an in vitro model for testing the potential of novel compounds 

in reducing the inflammatory response of eqFLS. We classified our collected samples from equine 

joints to be predominantly FLS by light microscopy, which we called eqFLS. eqFLS showed 

distinctive morphological characteristics in cell culture, such as having a unique endoplasmic 

reticulum, a relatively large nucleus, and long elongated spindles from the cell body. As mentioned 

by other groups, these cells also formed a lining layer in vitro (Kiener et al. 2006). However, 

limitations to this approach include the absence of specific markers assessed in these cultures. 

Future characterization could involve flow cytometry or other methods for detecting FLS-specific 

protein expression in this cell population.  

 

The literature and previous studies suggested that eqFLS were promising candidates in 

studying OA-related inflammation, as they play a pivotal role in OA's early and late stages. We 

utilized LPS as the initial stimulus to achieve a pro-inflammatory response of eqFLS. We found 

that eqFLS displays immunomodulatory properties in response to LPS stimulation after 24 hours 

(Figure 2.6), thus resulting in the upregulation of pro-inflammatory cytokines and mediators (e.g., 

ADAMTS-4, IL-1β, IL-6, MMP-13, and TNF-α). The limitations of this approach were that we 

assayed gene expression changes; thus, in some cases may not match protein level changes. Future 

studies could examine the respective changes in secreted molecules using techniques such as 

ELISA.  

 

Once we accomplished a preliminary pro-inflammatory model, we were interested in 

examining the efficacy of our novel compounds in reducing the initial inflammatory response of 

eqFLS. We wanted to ensure that the control and novel compounds would not reduce the viability 

of eqFLS and observed that DMSO (vehicle) should be utilized at a lower concentration (0.1 % of 

media volume), as eqFLS can be sensitive to its exposure. This cell viability assay showed that the 

novel compounds, C3 and P18, did not significantly impact eqFLS viability, also uncovering 10 

μM to be an ideal effective concentration for the follow-up experiments. We utilized three different 

https://sciwheel.com/work/citation?ids=6411204&pre=&suf=&sa=0&dbf=0
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study designs, A, B, and C. In doing so, we determined that Study Design B was the most 

promising in capturing the inflammatory response of eqFLS after treatment with compounds C3 

and 02-09. We chose to enhance the magnitude of gene expression modulated by the inflammatory 

stimulus and thus reduce some of the variability from LPS-stimulated gene expression by 

investigating the effects of an alternative stimulus, TNF-α. TNF- α promoted greater eqFLS 

viability and upregulated pro-inflammatory cytokines to a greater extent, particularly for common 

inflammatory marker IL-6 (a ~10-fold increase relative to LPS stimulation). We utilized Study B 

with TNF-α stimulated eqFLS and found promising trends in this model, with 02-09 

downregulating the initial inflammatory response of eqFLS (Figure 2.10). Overall, we were able 

to develop a preliminary in vitro model that provided us with some understanding of the role of 

eqFLS in inflammation and an ability to assay the efficiency of our novel compounds in reducing 

the inflammatory response. Still, examining gene expression changes in larger culture sizes 

(needed to obtain enough RNA for analyses) was not amenable to high-throughput drug screening. 

We wanted to develop a screen where we could more dynamically examine gene expression over 

time and potentially test multiple compounds in a second or third-generation series simultaneously.  

 

In Chapter 3, we developed a dynamic screen to detect the inflammatory response of eqFLS 

in real-time. The literature was minimal on transfection conditions for eqFLS, and the plan 

involved introducing a plasmid into these cells to detect a pro-inflammatory gene promoter driving 

a reporter gene (GFP). Thus, much of our work was novel and entailed many optimizations to 

achieve sufficient transfection efficiency for GFP detection. We first investigated the ability of 

eqFLS to be transfected by using a control vector, pDr5.GFP2, in two transfection methods, 

chemical: Lipofectamine 2000 Transfection Reagent, or physical: Neon Transfection System. We 

transfected IL-1βp.GFP to detect the inflammatory responses of eqFLS when stimulated with 

TNF-α and/or the novel compounds. A range of TNF-α concentrations was compared, with 100 

ng/mL achieving the highest IL-1βp.GFP expression. Moving forward with this real-time screen, 

we expected that the IL-1βp.GFP would express at its highest after stimulation with TNF-α relative 

to wells lacking TNF-α, and this pattern was achieved successfully. Our primary interest was to 

examine if our molecules could successfully reduce inflammation. The real-time screen, utilizing 

the IncuCyte Live-Cell Imaging software, was promising in providing this information as the novel 

compounds effectively reduced the IL-1β promoter expression in the presence of TNF, at least by 
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Day 5 and for the 02-09, C3, and P18 groups relative to DMSO control. Overall, we successfully 

screened for the pro-inflammatory activity of eqFLS after stimulation with TNF-α and analyzed 

the efficacy of our novel compounds in real-time, showing promising trends in reducing a common 

pro-inflammatory biomarker, the IL-1β promoter. 

4.3 Future Directions 

In the future directions of this project, it will be of interest to test the efficacy of newer-

generation compounds based on the parent C3 and its first-generation derivative, 02-09, by 

utilizing the recently established models. Second-generation novel compounds are currently being 

developed, collaborating with Dr. Herman Sintim, with modifications designed toward achieving 

a higher affinity for the LAMR1 and enabling dissolution in more aqueous solvents, thus 

enhancing their chance of translation in therapeutic settings. These novel compounds have been 

shown to reduce inflammation in previous studies, this one included, and have shown promise in 

promoting chondrogenic differentiation of MSCs into chondrocytes in previous pilot studies by 

the lab. In a therapeutic setting, these novel compounds or the next generation derivatives could 

serve as an anti-inflammatory and pro-chondrogenic agents, as diagrammed in Figure 4.1. These 

combined properties would be beneficial since, thus far, therapies are not available to inhibit 

structural deterioration of articular cartilage effectively, or that can effectively reverse its existing 

structural defects. Thus, even though only preliminary data has been collected thus far for these 

novel compounds, they have the exciting potential to mitigate structural changes in an OA joint by 

reducing inflammation (i.e., innate immune response) that leads to tissue deterioration and 

potentially also promote chondrogenesis.  

 

We propose that these novel compounds have a high potential for future development into 

therapeutic agents for OA in equine and other species. In preclinical or clinical application, it might 

be interesting to utilize C3-related compounds to promote therapeutic synergy with steroids, 

potentially helping to reduce steroid doses commonly administered to treat diseases like OA. Other 

current therapeutics focus on TNF and IL-1β inhibition and have several disadvantages, including 

a high cost and a lack of an ability to promote articular cartilage regeneration. Thus, utilizing our 

novel compounds as therapeutic agents and hyaluronic acid and/or doses of steroids that are lower 

than those currently used could be a potential avenue for treating OA-affected joints. 
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Figure 4.1 Representation of in vivo future direction of study. Novel compounds would be utilized as 

therapeutics that would be administered directly to the joint space with the goal of the compounds to 

reduce the inflammatory response within the synovium and promoting articular cartilage regeneration by 

initiating MSCs to differentiate into chondrocytes within the articular cartilage. 
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