
 
 

ABSTRACT 

 

GAGLIARDI, RACHEL. A Novel Equine Fibronectin Fragment Model of Osteoarthritis for 

Translational Use (Under the direction of Dr. Lauren V. Schnabel).  

 

 Osteoarthritis (OA) is a debilitating condition that impacts both humans and horses alike. 

Frustratingly, there are no therapeutics currently available to treat the disease. No therapeutics 

exist with the ability to markedly alter or reverse the progression of OA. Rather, current 

treatment strategies rely on symptom management, and primarily focus on OA-associated pain 

and inflammation. OA incidence is on the rise and affects more than 595 million people world-

wide. It is a disease of high morbidity and can drastically affect a person’s activity level and 

ability to complete daily tasks. Discovering new therapeutics to treat OA in a meaningful manner 

by slowing the progression of the disease or reversing the effects of cartilage degradation is 

imperative to improve quality of life. Thus, we are interested in taking a step-by-step approach to 

address this issue beginning with the lack of an in vitro model of OA that accurately represents 

chronic OA.  

 Current in vitro models of OA commonly rely on lipopolysaccharide (LPS) or 

interleukin-1beta (IL-1) to induce OA. These models produce an intense but transient 

inflammation. We hypothesize that these models more closely mimic a post-traumatic 

osteoarthritis (PTOA) or septic OA phenotype rather than a chronic OA phenotype. In order to 

assess this, we collaborated with the Loeser lab at the University of North Carolina Thurston 

Arthritis Research Center to utilize fibronectin fragments (FN7-10) to induce OA in equine 

synovial fibroblasts and chondrocytes. We initially started by examining the effects of FN7-10 on 

equine synovial fibroblasts and chondrocytes in monolayer. We examined how stimulation 

affected a pre-defined set of OA-related genes and observed that stimulation with FN7-10 



 
 

induced a phenotype of gene expression similar to what was observed in OA human articular 

chondrocytes.  

 Our next experiment examined FN7-10 stimulation of equine synovial fibroblasts and 

chondrocytes in co-culture in order to replicate a joint-like environment more accurately. 

Stimulating the cells in co-culture allowed us to observe not only how the gene expression of 

each cell type was affected, but also how the communication between cell types influenced 

protein production into the shared media. Additionally, we compared our novel FN7-10 

stimulation model with the traditional LPS and IL-1 models and observed three distinct gene 

expression phenotypes following stimulation. While each model shared common features such as 

increases in inflammatory markers and matrix metalloproteinases, the duration of the effects of 

stimulation and magnitude of the effects of stimulation varied between models. FN7-10 

stimulation resulted in sustained alterations to gene expression throughout the 24h recovery 

period, whereas the effect of LPS and IL-1 stimulation diminished following the recovery 

period. 

Ultimately, we determined our FN7-10 in vitro co-culture model mimics OA and utilized 

it to begin therapeutic testing. In order to validate this model we tested triamcinolone, a widely 

used corticosteroid, and rEqLub, a recombinant equine lubricin. We observed that both 

triamcinolone and rEqLub had anti-inflammatory effects and both positively increased 

expression of proteoglycan 4 (PRG4), hinting at potential for them to have positive effects on 

joint fluid quality.  

Together these data are exciting as they demonstrate that FN7-10 stimulation is a 

valuable model of OA for translational use. We believe these data support further work utilizing 

the FN7-10 in vitro model to test therapeutics as well as enabling further investigation into 



 
 

rEqLub as a potential OA therapeutic. Ultimately, the discovery and validation of this matrikine 

stimulation model of OA will advance therapeutic testing for human and equine OA. 
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Chapter 1 

 

In vitro models of osteoarthritis and the use of fibronectin fragments 

 

Rachel Gagliardi1,2 and Lauren V. Schnabel1,2 

1Department of Clinical Sciences, College of Veterinary Medicine, NC State University, Raleigh, 

North Carolina, USA 

2Comparative Medicine Institute, NC State University, Raleigh, North Carolina, USA  

 

Introduction 

 Osteoarthritis (OA) is a debilitating disease that impacts millions of individuals. The 

disease results in decreased athletic performance and pain, until it ultimately hampers people’s 

ability to perform basic daily functions. Despite the prevalence of OA and the burden it places on 

the lives of those affected by this condition, there are no disease-modifying therapeutics 

currently available. Therapeutic discovery is limited by the lack of in vitro OA models that 

translate reliably to in vivo preclinical animal models. Previous research has traditionally utilized 

LPS, IL-1, and TNF- stimulation in vitro models of OA, however these models invoke an 

inconsistent and short-lived response in stimulated synovial fibroblasts and chondrocytes. This 

article is intended to discover an alternative in vitro model of osteoarthritis that is more reliable 

for translational use. Thus, the objective is to utilize fibronectin fragments, an endogenous 

product of OA pathogenesis, as a stimulant to induce an OA-like phenotype in healthy equine 

synovial fibroblasts and chondrocytes in vitro to establish a novel biomedical model for 

translational use. 
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The pathophysiology of osteoarthritis 

Osteoarthritis is the most common joint disease in the world and affects more than 32 

million individuals in the United States alone.1 OA is a disease of the entire joint. It results in 

pathological changes to the synovium, cartilage, and subchondral bone, as well as the supporting 

ligaments, muscles, and periarticular fat.1 In humans, OA is naturally occurring with age and is 

exacerbated by common risk factors such as obesity.2 It begins with a derangement in joint tissue 

metabolism and over time results in physiologic and anatomic alterations.3 OA is not a classic 

“wear and tear” disease, but rather it is the product of tissue derangement caused by 

inflammatory mediators within the joint.4 The clinical hallmarks of OA include pain, reduced 

mobility, and structural alterations including osteophyte formation, cartilage calcification, 

thickened subchondral bone, synovial inflammation, and degeneration of the supporting 

structures of the joint.5 

  Within a healthy joint, synovium creates a barrier around the non-articulating surfaces of 

the joint and together with chondrocytes, the cells of articular cartilage, secretes hyaluronic acid 

and lubricin, to lubricate the joint. Cartilage functions to create a gliding surface on the ends of 

bones, allowing for smooth movement and optimal mobility, and the underlying bone is 

important for the structural integrity of the joint during mechanical loading. A healthy joint is a 

dynamic environment that frequently experiences minor trauma that requires healing and 

remodeling.6 

In OA, inflammation plays a key role in cellular dysfunction. Inflammation of the 

synovial lining, known as synovitis, contributes to OA pathogenesis and the development of 

pathologic lesions within the joint.7  Synovitis is known to occur early in the development of 

OA, and results in notable swelling of the joint and associated pain.7,8 The synovium is 
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comprised of a heterogenous population of cells, which play an important role in joint 

homeostasis. These cells types include: synovial fibroblasts, macrophages, T and B lymphocytes, 

plasma cells, neutrophils, mast cells, natural killer cells, and dendritic cells.6,9 Synovitis is 

characterized by hyperplasia of the synovial lining, which is attributed to proliferation of the 

fibroblast-like synoviocytes and macrophage recruitment.10,11 In OA, synovial fibroblast 

dysfunction results in decreased hyaluronic acid size, and reduced synovial fluid viscosity.12 The 

synoviocytes secrete many inflammatory cytokines including IL-1 and IL-6  and cross-talk with 

chondrocytes, resulting in downstream effects on the chondrocytes within the joint.13 

Within an osteoarthritic joint, activated chondrocytes proliferate, form clusters, and 

increase production of matrix-degrading enzymes.14 The matrix-degrading enzymes include 

matrix metalloproteinases, aggrecanases, collagenases, and cysteine proteinases.15 Specifically, 

matrix metalloproteinase 3 (MMP-3) and a disintegrin and metalloproteinase with 

thrombospondin motifs 5 (ADAMTS-5) may contribute to matrix degradation in early OA, via 

aggrecan degradation and activation of collagenases.4  

Inflammatory cytokines and chemokines also contribute to OA pathogenesis by creating 

an imbalance of anabolic and catabolic processes within the joint.16 In OA, concentrations of 

pro-inflammatory cytokines such as IL-1, IL-6, IL-17, and TNF-  increase within the joint. 

These cytokines upregulate MMPs and ADAMTS, resulting in matrix degradation and cartilage 

destruction.16   

Osteoarthritis is initiated by cellular damage and dysregulation which can be caused by 

trauma, age, or other risk factors such as obesity. Ultimately, osteoarthritis progresses as the 

checks and balances within the joint are unable to stop the disease progression and reverse the 

effects of the disease.  
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The role of fibronectin and fibronectin fragments  

During OA pathogenesis, inflammation contributes to the compromise and degradation of 

the extracellular matrix.17 Fibronectin (FN), a glycoprotein found within the extracellular matrix 

(ECM), becomes fragmented during OA and is found in increasing concentrations within the 

joint.18,19 Fibronectin fragments are matrikines, which are peptides that are freed by proteolysis 

of the ECM, that increase inflammation in the joint.20 They upregulate matrix-degrading 

proteins, and ultimately promote OA disease progression.21 FN plays an important role in cellular 

interactions with the ECM and it can bind to other matrix proteins.22 FN also interacts with 

chondrocytes through integrins that mediate intracellular signaling.22 The arginylglycylaspartic 

acid (RGD) motif is the primary integrin-binding domain of fibronectin.23 It binds integrin 

heterodimers, including the 51 fibronectin receptor integrin, which is responsible for cell 

migration and adhesion.23,24 FN is fragmented at specific cleavage sites based in its 3-

dimensional structure.23 The ability of FN to bind integrins is maintained after fragmentation, 

with specific fragments binding specific integrins. One example of this is FN7-10, which is a 

fragment spanning the 7-10th type III repeats of human fibronectin and contains the RGD cell 

binding domain.25 

 

Horses as a model of OA 

Horses, like humans, experience naturally occurring osteoarthritis.26 Changes to equine 

joints during OA mirror those in human joints and include osteophyte formation, subchondral 

bone sclerosis, cartilage degeneration, and synovitis.26 In addition to clinical OA similarity, 

equine joints have similar cellular structure, biochemical composition, and biomechanical 

properties making them valuable as a translational model.27 Further, there are well-established 
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scoring guidelines for equine lameness evaluation and there are multiple imaging modalities – 

magnetic resonance imaging (MRI), computed tomography (CT), and radiographs with 

established scoring systems for OA.27 Horses can undergo multiple arthroscopies that allow for 

internal visualization of the joint, and they have a large synovial fluid volume allowing for serial 

collections. Additionally, horses can also undergo regimented exercise, which is valuable for 

athletic models of OA. Importantly for this study, horses also have a large tissue volume, 

allowing for the collection of large quantities of synovium and articular cartilage for use to 

isolate chondrocytes and synovial fibroblasts. Equine cells have been used in monolayer culture 

as well as in synovial fibroblast and chondrocyte co-culture for the study of OA and the design of 

novel therapeutics for translational use.28,29  

 

Current in vitro models of osteoarthritis 

Osteoarthritis in vitro models include monolayer culture, co-culture, 3D-culture, and 

explant culture.30 The studies reviewed in this article encompass both monolayer culture and co-

culture of synovial fibroblasts and chondrocytes. Monolayer cultures allow for direct 

examination of the effects of stimulation on a single cell type and allow for close investigation of 

the stimulant’s mechanism of action on a single cell type, whereas co-cultures allow for cross-

talk between cell types and may better resemble the joint environment.30 

 Current in vitro models of osteoarthritis include stimulation of primary cells with: 

lipopolysaccharide (LPS), interleukin-1beta (IL-1), tumor necrosis factor-alpha (TNF-), and 

various fibronectin fragments (FN-f). LPS is used to stimulate cells in vitro to induce 

inflammation and replicate synovitis.31,32 Increased LPS concentration within systemic 

circulation and joint fluid is documented to be associated with knee OA severity and 
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inflammation.33 Stimulation with LPS is also believed to mimic septic OA due to its bacterial 

origin, and emerging research suggests there may be an additional link between LPS levels, 

obesity, metabolic syndrome, and OA.34 IL-1 and TNF- are detected within a joint following 

synovial inflammation, and both contribute to the expression of catabolic proteins.35 Catabolic 

proteins, together with pro-inflammatory cytokines are major contributors to OA pathogenesis, 

and thus IL-1 and TNF- are valuable in vitro stimulation models of OA.35 IL-1 stimulation 

has been readily used as an in vitro model of OA, due to the widely documented role of IL-1 in 

OA disease. Additionally, studies have investigated the interleukin-1 receptor (IL-1R) as a 

potential therapeutic target.36 TNF- stimulation also induces an osteoarthritis-like phenotype in 

vitro, since it is present in increased concentrations in synovial fluid of patients with OA.37,38 A 

critical limitation of IL-1 and TNF- models is that the levels of IL-1 and TNF- within OA 

synovial fluid are low, and in vitro models utilize stimulation doses that are much higher than 

physiologic levels.39,40 Although other cytokines besides those discussed above are known to be 

increased in OA and contribute to OA pathogenesis, they are not used for OA stimulation models 

as many of them are induced by IL-1 or TNF-.30   

 An emerging category of models of osteoarthritis utilize fibronectin fragments to 

stimulate healthy cells to induce an OA-like phenotype. As previously discussed, FN-f are found 

within diseased joints at micromolar levels and are thought to contribute to OA pathogenesis by 

upregulating pro-inflammatory factors and matrix degrading enzymes.41 Although some of the 

downstream effects of FN-f are similar to those of IL-1 and TNF-, FN-f are a product of 

extracellular matrix degradation rather than inflammatory cytokines.42  
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Fibronectin fragment models of osteoarthritis 

 Fibronectin fragment models of osteoarthritis include multiple species, culture types, cell 

types, and culture conditions. Prior studies have investigated the effects of fibronectin fragments 

on human articular choncrocytes43,44, human articular chondrocytes and synovial fibroblasts in 

co-culture45, and equine articular cartilage explants46, but no studies to date have investigated the 

effects of fibronectin fragment stimulation on equine synovial fibroblasts and equine 

chondrocytes in monolayer culture or co-culture.  

 Prior cell cultures utilized primary chondrocytes in monolayer43,44 and co-culture45 as 

well as passage 3 (P3) synovial fibroblasts in co-culture 45. These cultures originated from both 

healthy donors43,44 and those with documented OA44,45.  

 Fragment types utilized in previous studies include: 42kDa recombinant FN-fs containing 

the RGD cell-binding domain at a concentration of 1M43; 29, 45, and 80kDa FN-fs 

commercially available from Sigma used at a concentration of 0.5g/ml44; 45kDa FN-fs 

commercially available from Merck used at a concentration of 10nM45; and 30kDa FN-fs 

containing heparin binding domain I and 40kDa FN-fs containing heparin binding domain II 

used at concentrations 0.1-1.0M46. Stimulation lengths among previous studies include: 3h43, 

6h43,44, 18h43, 48h45,46, or 72h46.  

 

 

The future of in vitro models of osteoarthritis 

 

 In vitro studies pose great value to therapeutic development and are an important tool for 

making translational research discoveries. Current in vitro models of OA have numerous 

shortcomings, which may contribute to the failure of therapeutic development and poor 

translatability. The use of fibronectin fragments as a proposed alternative to traditional 
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stimulation models of OA which use IL-1, TNF-, or LPS, may offer a promising solution to 

recreate a phenotype in vitro that mimics OA. The harsh and unpredictable inflammation caused 

by IL-1, TNF-, and LPS, which makes the aforementioned models unreliable and difficult to 

replicate, may be circumvented by using FN-f, a product of matrix degeneration, which are 

known to contribute to OA disease progression and are found in joint with OA. There is a 

desperate need for therapeutics to treat OA and reverse the effects of the disease. Designing an in 

vitro model that better mimics OA is essential in order to better understand OA pathogenesis and 

to ultimately develop functional therapeutics that could positively impact the lives of millions of 

individuals. 
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CHAPTER 2 

Matrikine stimulation of equine synovial fibroblasts and chondrocytes results in an in vitro 

osteoarthritis phenotype  

 

Rachel Gagliardi1,2, Drew W. Koch1,2, Richard Loeser3,4, Lauren V. Schnabel1,2,4 

1Department of Clinical Sciences, College of Veterinary Medicine, North Carolina State 

University, Raleigh, North Carolina, USA 

2Comparative Medicine Institute, North Carolina State University, Raleigh, North Carolina, USA 

3Division of Rheumatology, Allergy and Immunology, University of North Carolina, Chapel Hill, 

North Carolina, USA 

4Thurston Arthritis Research Center, University of North Carolina, Chapel Hill, North Carolina, 

USA 

 

Osteoarthritis (OA) is a debilitating disease that impacts millions of individuals and has 

limited therapeutic options. A significant hindrance to therapeutic discovery is the lack of in vitro 

OA models that translate reliably to in vivo preclinical animal models. An alternative to traditional 

inflammatory cytokine models is the matrikine stimulation model in which fragments of matrix 

proteins naturally found in OA tissues and synovial fluid are used to stimulate cells of the joint. 

The objective of this study was to determine if matrikine stimulation of equine synovial fibroblasts 

and chondrocytes with fibronectin fragments (FN7-10) would result in an OA phenotype. We 

hypothesized that FN7-10 stimulation of equine articular cells would result in an OA phenotype 

with gene and protein expression changes similar to those previously described for human 

chondrocytes stimulated with FN7-10. Synovial fibroblasts and chondrocytes isolated from four 
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horses were stimulated in monolayer culture for 6 or 18 hours with 1uM purified recombinant 42 

kD FN7-10 in serum-free media. At the conclusion of stimulation RNA was collected for targeted 

gene expression analysis and media for protein production analysis. Consistent with our 

hypothesis, FN7-10 stimulation resulted in significant alterations to many important genes that are 

involved in OA pathogenesis including increased expression of IL-1, IL-4, IL-6, CCL2/MCP-1, 

CCL5/RANTES, CXCL6/GCP-2, MMP-1, MMP-3, and MMP13. The results of this study suggest 

that the equine matrikine stimulation model of OA may prove useful for in vitro experiments 

leading up to preclinical trials.  

 

Introduction 

Osteoarthritis (OA) is a debilitating disease that impacts millions of individuals and has 

limited treatment options.1,47 Currently, OA therapeutics are limited to symptom modification 

rather than disease modification.48 There are no OA treatments that significantly slow the 

progression of the disease and there are none that reverse the pathological changes that occur 

within the joint.48,49 One significant challenge to the development of therapeutics for the treatment 

of OA is the lack of reliable and readily translatable in vitro models to screen novel therapeutics 

for future in vivo preclinical and clinical trials.  Historically, in vitro models of OA have utilized 

stimulation of chondrocytes, and more recently synovial fibroblasts, with supraphysiological 

levels of inflammatory cytokines such as IL-1β and TNF- or with lipopolysaccharide (LPS).30 

These stimulants invoke an intense, transient, and often inconsistent inflammatory response, rather 

than the chronic persistent low-level inflammation that occurs with naturally occurring OA.50,51  

 In 2021, Reed et al. reported on an alternative in vitro model of OA, utilizing stimulation 

of human chondrocytes with fibronectin fragments, which are a product of cartilage extracellular 
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matrix degradation found in OA cartilage and synovial fluid.43,52  Importantly, this matrikine model 

utilized a human recombinant fibronectin fragment containing domains 7-10 (FN7-10), which 

include the RGD cell-binding motif that is recognized by the 5β1 integrin and plays a role in OA 

pathogenesis.53  Previous studies, including one with equine cartilage explant cultures, have 

utilized fibronectin fragments from the N- and C-terminal portions of fibronectin, containing the 

heparin-binding domains I and II respectively, which are not involved in integrin signaling.54,55 

Using RNA-seq, Reed et al. determined differentially expressed genes when comparing normal 

femoral chondrocytes harvested from aged donors (50-61 years) that were stimulated with FN7-

10 for 3, 6, and 18 hours to those that were treated with PBS as a control.43  These differentially 

expressed genes were then compared to a published chondrocyte gene set from human OA 

cartilage, revealing that the FN7-10 model recapitulated many key aspects of the OA phenotype.43   

 Because normal human synovial fibroblasts and chondrocytes are difficult to routinely 

obtain, and because horses are widely accepted and approved by the FDA as a pre-clinical model 

for OA, the objective of this study was to determine if matrikine stimulation of equine synovial 

fibroblasts and chondrocytes with FN7-10 would result in an OA phenotype. We hypothesized that 

FN7-10 stimulation of equine synovial fibroblasts and chondrocytes would result in an OA 

phenotype with targeted gene and protein expression changes similar to those described for human 

chondrocytes stimulated with FN7-10. 

 

Materials and Methods 

Samples 

Synovium and cartilage samples were obtained postmortem using aseptic technique from the 

femoropatellar joints of four systemically healthy horses (2 females and 2 castrated males, ages 8-
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21 years, 3 Thoroughbreds and 1Warmblood) euthanized for reasons unrelated to this study and as 

approved by the Institutional Animal Care and Use Committee of North Carolina State University 

under protocol #20-454.  The age range of the horses was chosen to mimic the middle-aged nature 

of the human chondrocyte donors utilized in the previous FN7-10 study and all femoropatellar 

joints were free of any gross signs of joint disease.  

 

Synoviocyte Isolation  

Synovium was digested for synoviocyte isolation as previously described with modifications.56  

Briefly, synovium was placed in Phosphate Buffered Saline (PBS) with penicillin (200 units/mL), 

and streptomycin (200 µg/ml) and kept on ice for transport to the laboratory.  In the laboratory, the 

synovium was weighed and digested for 2 hours at 37°C under constant rotation with digest media 

(Hank’s Balanced Salt Solution (HBSS) with CaCl (0.44 mg/mL)) added at 5mL/g tissue and 

containing 1.5 mg/mL Gibco collagenase type II (ThermoFisher Scientific, Waltham, MA). The 

resulting digest was passed through a course stainless steel strainer with HBSS washes and then 

centrifuged at 800g for 20 minutes. The cell pellet was then resuspended in synoviocyte media and 

centrifuged at 250g for 10 minutes.  Following this centrifugation, the cell pellet was resuspended 

in synoviocyte media (high glucose (4.5g/L) DMEM medium with 10% fetal bovine serum (FBS), 

2mM l-glutamine, 1mM sodium pyruvate, 25mM HEPES, penicillin (100 units/mL), and 

streptomycin (100 µg/ml)) and passed through a 100µm nylon cell strainer before centrifugation 

at 500g for 5 minutes.  This step was repeated, and the cell pellet was then resuspended with fresh 

synoviocyte media and a live synoviocyte count was determined using a Cellometer® Auto 2000 

and ViaStain™ AOPI Staining Solution (Nexcelom Bioscience LLC, Lawrence, MA).  
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Synoviocytes were frozen in synoviocyte freeze media (80% synoviocyte media, 10% FBS, and 

10% dimethyl sulfoxide (DMSO)) in aliquots of 10 x 106cells/mL in liquid nitrogen until use. 

 

Chondrocyte Isolation 

Cartilage was digested for chondrocyte isolation as previously described with modifications.56 

Briefly, cartilage shavings were placed in PBS with penicillin (200 units/mL), and streptomycin 

(200 µg/ml) and kept on ice for transport to the laboratory. In the laboratory, cartilage shavings 

were minced into smaller pieces using a sterile #10 scalpel blade and digested overnight (16-18 

hours) at 37°C under constant rotation with chondrocyte media (Ham’s F12 medium with 10% 

FBS, 25 mM HEPES, ascorbic acid (50 μg/mL), α-ketoglutarate (30 μg/mL), L-glutamine (300 

μg/mL), penicillin (100 units/mL), and streptomycin (100 µg/ml)) added at 5 mL/g tissue and 

containing 1.5 mg/mL of Gibco collagenase type II (ThermoFisher Scientific, Waltham, MA). 

The resulting digest was passed through a 100µm nylon cell strainer and centrifuged at 800g for 

20 minutes. The cell pellet was then washed twice with fresh chondrocyte media and centrifuged 

at 500g for 5 minutes. Cells were resuspended in chondrocyte media and a live chondrocyte count 

was determined using a Cellometer® Auto 2000 and ViaStain™ AOPI Staining Solution.  

Chondrocytes were frozen in chondrocyte freeze media (80% chondrocyte media, 10% FBS, and 

10% DMSO) in aliquots of 10 x 106cells/mL in liquid nitrogen until use. 

 

Synovial fibroblast and chondrocyte stimulation with fibronectin fragments 

Cryopreserved synoviocytes were thawed and grown out in synoviocyte media to P3 in order to 

obtain a more homogenous population of synovial fibroblasts.57 Cryopreserved chondrocytes were 

thawed and grown out in chondrocyte media to P1. P3 Synovial fibroblasts and P1 chondrocytes 



 14 

were then seeded in monolayer onto 12-well tissue culture treated plates at 100,000 cells/well in 

their respective media and maintained at 5% CO2, 90% humidity, and 37°C. Cells were brought 

to approximately 90% confluency over 48 hours prior to stimulation with media changes 

performed every 24 hours. Two hours prior to the start of stimulation, cells for each time point and 

their corresponding control were washed with PBS and switched to serum-free media (synoviocyte 

or chondrocyte media devoid of FBS). Serum free media was utilized to eliminate the potential of 

a confounding effect from fibronectin in serum interfering with the FN7-10 binding to cell 

receptors.8 Cells were stimulated for 6 hours or 18 hours with 1uM purified recombinant 42 kD 

FN7-10 diluted in PBS as previously described for human chondrocytes43 or received no 

stimulation and remained in serum-free media for the entire duration of stimulation. Following 

stimulation, culture media was collected from each well, centrifuged at approximately 2,000g for 

5 minutes and frozen at -20°C until protein analysis. RNA was extracted from cells from each well 

for gene expression analysis.  

 

RNA extraction and quality control 

Total cellular RNA was extracted from synovial fibroblasts and chondrocytes using the RNeasy 

Mini Kit (Qiagen Inc., Germantown, MD) according to the manufacturer’s instructions with the 

modification that RNAse free water for elution was pre-warmed in a 37°C water bath and allowed 

to incubate on the column membrane for 2 minutes prior to elution to increase RNA yield. The 

RNA purity (260/280 > 1.8) and quantity (>20ng/uL) were evaluated using UV 

microspectrophotometry (NanoDrop 2000 Spectrophotometer, ThermoFisher Scientific, Waltham, 

MA) and RNA was stored at -80°C until gene expression analysis was performed. 
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Gene Expression Analysis 

A limited, targeted transcriptomic analyses of 28 genes (Supplemental Table 1) was performed on 

a NanoString (NanoString Technologies, Inc., Seattle, WA) custom code set of equine reporter 

probes designed for our laboratory based on previously published work from Reed et al. as well as 

previously published work on gene expression changes in human and equine OA (Table 2.1S)43,58-

23.  Following the manufacturer’s instructions, 100ng of RNA from each sample was hybridized 

with the custom codeset using the NanoString nCounter™ GX CodeSet RNA Hybridization Setup 

instructions in a thermocycler at 65°C with a heated lid at 70°C for 18 hours, then set at 4°C until 

the next step for a maximum of 12 hours. After hybridization, samples were placed in NanoString 

cartridges on the nCounter™ Prep Station for purification. Cartridges were then moved to the 

nCounter™ Digital Analyzer for fluorescence imaging and data collection, following which RNA 

counts were analyzed using the nSolver Analysis software.  All samples were assessed for quality 

control and data was normalized using the geometric mean of counts for the three reference genes 

beta-actin (ACTB), hypoxanthine phosphoribosyltransferase 1 (HPRT1) and glyceraldehyde 3-

phosphate dehydrogenase (GAPDH).  Normalized mRNA counts were then utilized for statistical 

comparisons for each gene between treatment groups.  

 

Protein Production Analysis 

A truncated version (IL-1β, IL-4, IL-6, MCP-1, TNF-α, RANTES) of the commercially available 

equine multiplex assay (MILLIPLEX MAP Equine Cytokine/Chemokine Magnetic Bead Panel, 

EMD Millipore, Burlington, MA) and the commercially available MILLIPLEX MAP Human 

TGF-β Magnetic Bead 3 Plex Kit (EMD Millipore, Burlington, MA) previously validated for the 

horse59 were used to quantify selected cytokine and chemokine production in response to FN7-10 



 16 

stimulation on a MAGPIX R System (Luminex Corp., Austin, TX, USA). All samples were 

analyzed in duplicate using a 96-well platform performed per manufacturer’s instructions. A 

minimum bead count of 50 for each cytokine was acquired for data analysis using Milliplex 

Analyst 5.1 software (Luminex Corporation, Austin, TX).  For the purpose of statistical analysis, 

undetectable values were set to zero, and values below the lower limit of quantification (LLoQ) 

were set to 1/10 of the LloQ when being compared to values above the LloQ. 

 

Statistical Analysis 

Statistical analysis was performed with Prism 9 software for gene and protein expression.  All data 

were normally distributed and reported as means in table format and as means ± standard deviation 

for all graphs with individual data points also displayed. Multiple two-tailed paired t-tests were 

used to assess significance between each stimulation time point and its corresponding unstimulated 

control with significance set at p<0.05. 

 

Results 

 

Fibronectin fragment stimulation of equine synovial fibroblasts and chondrocytes results in 

significant changes in expression of genes relevant to OA pathogenesis 

We hypothesized that FN7-10 stimulation of equine synovial fibroblasts and chondrocytes would 

significantly alter gene expression of many of the genes examined and result in an OA phenotype 

with gene expression changes similar to those described for human chondrocytes stimulated with 

FN7-10.  Consistent with our hypothesis, 27 of 28 genes examined were significantly altered in 

synovial fibroblasts stimulated with FN7-10 compared to unstimulated controls at either or both 
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time points examined, and 26 of 28 genes examined were significantly altered in chondrocytes 

stimulated with FN7-10 compared to untreated controls at either or both time points examined 

(Table 1).  In particular, IL-6, CCL2/MCP1, CCL5/RANTES, CXCL6/GCP-2, MMP1, MMP13, 

and MMP3 were markedly upregulated. Interestingly, FN7-10 stimulation significantly decreased 

expression of TGFβ1, TGFβ2, and TGFβ3 isoforms in both synovial fibroblasts and chondrocytes.   

 

Fibronectin fragment stimulation significantly increases gene expression of select 

inflammatory cytokines in equine synovial fibroblasts and chondrocytes.  

IL-6 was one of the genes with the greatest increase in expression on our codeset following FN7-

10 stimulation for both equine synovial fibroblasts and chondrocytes (Table 1).  The increase in 

IL-6 expression was particularly profound for equine synovial fibroblasts with 2,890- and 2639-

fold higher levels than the unstimulated controls at the 6 hour and 18 hour timepoints, respectively, 

compared to 104 and 23 fold increases from controls for equine chondrocytes at the same 

timepoints (Table 1, Fig. 1B and E).  Stimulation of equine synovial fibroblasts with FN7-10 also 

resulted in significant increases in gene expression of IL-1β at the 18 hour timepoint and of TNF-

 at the 6 hour timepoint (Table 1, Fig. 1A and C). In contrast, stimulation of equine chondrocytes 

with FN7-10 resulted in significant increases in gene expression of both IL-1β and TNF- at both 

the 6 hour and 18 hour timepoints (Table 1, Fig. 1D and F).  

 

Fibronectin fragment stimulation significantly increases gene expression of the 

immunomodulatory cytokines IL-4 and 1L-10 in equine synovial fibroblasts and 

chondrocytes.  
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Significant increases in IL-4 expression were observed in both equine synovial fibroblasts and 

chondrocytes following FN7-10 stimulation at both the 6 hour and 18 hour timepoints (Table 1, 

Fig. 2A and C).  Significant increases in IL-10 gene expression were observed in both equine 

synovial fibroblasts and chondrocytes following FN7-10 stimulation at the 6 hour timepoint only 

(Table 1, Fig. 2 B and D). 

 

Fibronectin fragment stimulation significantly increases gene expression of select 

chemokines in both equine synovial fibroblasts and chondrocytes.  

Stimulation of equine synovial fibroblasts with FN7-10 resulted in a significant increase in 

CCL2/MCP-1, CCL5/RANTES, and CXCL6/GCP-2 gene expression at both the 6 hour and 18 

hour timepoints (Table 1, Fig. 3A-3C). Similarly, in chondrocytes, gene expression of CCL2/MCP-

1, CCL5/RANTES, and CXCL6/GCP-2 was significantly increased at both stimulation timepoints 

although generally to a lesser extent than synovial fibroblasts (Table 1, Fig. 3D-F).  

 

Fibronectin fragment stimulation significantly increases gene expression of matrix 

metalloproteinases (MMPs) in both equine synovial fibroblasts and chondrocytes.  

FN7-10 stimulation of both equine synovial fibroblasts and chondrocytes resulted in significantly 

increased expression of MMP-1, MMP-3, and MMP-13 at both stimulation timepoints (Table 1, 

Fig. 4A-F). Similar to the trends observed for cytokines and chemokines, increases in gene 

expression were generally more pronounced for synovial fibroblasts compared to chondrocytes. 

 

Fibronectin fragment stimulation significantly increases gene expression of ADAMTS in 

both equine synovial fibroblasts and chondrocytes.  
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FN7-10 stimulation of both equine synovial fibroblasts and chondrocytes resulted in significantly 

increased expression of ADAMTS4 and ADAMTS5 at both stimulation timepoints (Table 1, Fig. 

5A-B and 5D-E).  The gene for Aggrecan (ACAN) was also significantly upregulated in equine 

synovial fibroblasts following FN7-10 stimulation at the 18 hour timepoint (Table 1, Fig. 5C).  In 

contrast, significantly decreased ACAN expression was observed in equine chondrocytes 

following FN7-10 stimulation at both timepoints (Table 1, Fig. 5F). 

 

Fibronectin fragment stimulation significantly decreases gene expression of TGF-β isoforms 

in both equine synovial fibroblasts and chondrocytes.  

Stimulation of both equine synovial fibroblasts and chondrocytes with FN7-10 resulted in 

significant decreases in TGF-β1, TGF-β2, and TGF-β3 isoform gene expression at both timepoints 

(Table 1, Fig. 6A-F). 

 

Fibronectin fragment stimulation resulted in significantly increased protein production of 

IL-6 in both equine synovial fibroblasts and chondrocytes. 

Within the relatively short timeframe of this 18-hour study, significant changes in protein secretion 

into the media following FN7-10 stimulation of equine synovial fibroblasts and chondrocytes were 

observed for IL-6 for both cell types and at both timepoints (Fig. 7A and B). This is consistent with 

IL-6 having the greatest increases in gene expression following FN7-10 stimulation in this study.  

The remaining proteins examined (IL-1β, IL-4, MCP-1, TNF-α, RANTES, TGF-β1, TGF-β2, and 

TGF-β3) were all either undetectable or below quantifiable levels in media from both unstimulated 

and stimulated cells and at both time points and therefore did not undergo statistical analyses. 
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Discussion 

The objective of this study was to determine if matrikine stimulation of equine synovial fibroblasts 

and chondrocytes using FN7-10 would result in an in vitro OA phenotype. While prior studies have 

investigated the effects of differing types of fibronectin fragments on human and equine 

chondrocytes, studies to date have not examined the effects on equine synovial 

fibroblasts.43,55,4,60,61 Furthermore, no studies to date have utilized FN7-10 specific to α5β1 integrin 

activation26 on equine synovial fibroblasts or chondrocytes. Consistent with our hypothesis, FN7-

10 stimulation of equine synovial fibroblasts and chondrocytes resulted in a targeted OA-like 

phenotype similar to that previously reported for human chondrocytes following FN7-10 

stimulation43. Given the ease of availability of equine cells compared to human cells and the 

widespread acceptance of the horse as an FDA approved model of OA, the results of this study 

suggest that FN7-10 stimulation of equine synovial fibroblasts and chondrocytes could prove very 

useful for in vitro experiments leading up to in vivo preclinical trials.  

In the present study, equine synovial fibroblasts and articular chondrocytes in monolayer 

were stimulated with FN7-10 for either 6 hours or 18 hours based on the previous RNAseq study 

by Reed et al. with FN7-10 stimulation of human chondrocytes.43  Within the context of this 

relatively short time frame, FN7-10 stimulation significantly impacted the expression of many 

genes related to OA pathogenesis for both cell types, but with the greatest changes in gene 

expression noted in synovial fibroblasts.  This finding was most remarkable for IL-6, CCL2/MCP-

1, and MMP-1, and MMP-3 gene expression suggesting the synovium is an important source of 

these OA mediators within the joint. It has been widely documented that IL-6 is present in 

increased concentrations in the synovial fluid of human OA patients as well as equine OA 

patients.62,63,64,65 IL-6 interacts with its membrane-bound IL-6 receptor, which results in 
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downstream activation of the JAK/STAT signaling pathway and ultimately leads to increased 

production of MMPs and ADAMTS.62 Consistent with this, we observed that FN7-10 stimulation 

of equine synovial fibroblasts resulted in marked upregulation of IL-6 as well as MMP-1, MMP-

3, MMP-13, ADAMTS4 and to a lesser extent ADAMTS5.  The same trends were observed for 

FN7-10 stimulation of equine chondrocytes but to a lesser degree and are also consistent with the 

trends observed for human chondrocytes stimulated with FN7-10.43 Thus, in vitro matrikine 

stimulation of equine synovial fibroblasts and chondrocytes appears to replicate induction of a 

critical cluster of molecular pathways associated with OA. 

In addition to its effects on MMPs and ADAMTSs, the presence of IL-6 in areas of 

inflammation has been shown to cause the recruitment of circulating monocytes through 

upregulation of CCL2/MCP-1.66,67  As such, CCL2/MCP-1 has been shown to be increased in the 

synovial fluid of both human and equine OA patients,68–70 compared to non-OA patients and is 

now being investigated as a biomarker for OA.68,71 Menarim et al.68 found that synovial fluid 

CCL2/MCP-1 concentrations were significantly higher in OA joints compared to healthy joints 

and that increased CCL2/MCP-1 concentrations were associated with synovial intimal hyperplasia 

on histology.68 Consistent with these findings in both human and equine OA patients, we have 

shown that gene expression of CCL2/MCP-1 is markedly upregulated in equine synovial 

fibroblasts and to a lesser extent equine chondrocytes following FN7-10 stimulation. In addition 

to CCL2/MCP-1, the chemokines CCL5/RANTES and CXCL6/GCP-2 are also key contributors 

to inflammation and immune cell recruitment in OA and have been previously found to be 

upregulated following fibronectin fragment stimulation of human chondrocytes consistent with 

our current results.43,72 
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Although IL-4 and IL-10 have not been a focus of previous in vitro fibronectin fragment 

stimulation studies, the role of these regulatory cytokines in naturally occurring and experimentally 

induced OA is under continued investigation.  There is increasing evidence that IL-4 expression is 

increased in OA synovium compared to normal synovium while IL-10 expression is in increased 

in OA cartilage compared to normal cartilage and that these regulatory cytokines are 

chondroprotective but can have dual anti-inflammatory and pro-inflammatory effects.73  Notably, 

we have shown a significant increase in IL-4 gene expression following FN7-10 stimulation in 

both equine synovial fibroblasts and chondrocytes at both timepoints as well as a significant 

increase in IL-10 gene expression in both cell types at the 6 hour timepoint. 

Interestingly, we observed a significant decrease in gene expression of the TGF-β isoforms 

(TGF-β1, TGF-β2, and TGF-β3). TGF-β plays an important role in both healthy joints and those 

with OA, but its role changes as disease pathogenesis progresses. Although the literature 

conclusions vary on exactly when and how the role of TGF-β signaling changes in OA 

pathogenesis, some studies suggest that decreased TGF-β concentrations may be associated with 

increased OA susceptibility74 while increased TGF-β concentrations have primarily been 

documented in chronic well-established clinical OA cases.75  High levels of TGF-β result in the 

activation of the Smad 1/5/8 pathway, resulting in chondrocyte hypertrophy, synovial fibrosis, 

osteophyte formation, and many other pathological changes to the joint.75 While a previous study 

of FN7-10 stimulation of human chondrocytes found increased expression of TGF-β3, it found 

decreased expression of TGF-β2 consist with our results.43  

While FN7-10 stimulation of equine synovial fibroblast and chondrocytes in this study 

resulted in marked alterations in gene expression of several inflammatory cytokines, chemokines, 

and matrix degradation genes as described above, more modest and mixed alterations were 
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detected for COL, COMP, PRG4 (lubricin), and HAS genes as shown in Table 1.  This could either 

be due to the matrikine stimulation model itself or due to the relatively short time frame of this 

study.  There is existing evidence in the literature that HAS1 and HAS3 are more likely to be 

upregulated in the presence of inflammation than HAS2, which was corroborated with our findings 

as shown in Table 1.   

Several limitations to this study must be acknowledged.  A relatively small number of 

donors (n = 4) were used to obtain synovium and cartilage samples.  Additionally, gene and protein 

expression analyses in this study were targeted and not unbiased.  While our NanoString custom 

codeset was largely based on published literature from FN7-10 stimulation of human 

chondrocytes, it does not compare to an unbiased approach such as RNA-seq. The time frame of 

this study was limited and only observed the effects of FN7-10 stimulation up to 18 hours in 

duration. This study did not assess for any prolonged effects of FN7-10 stimulation on synovial 

fibroblasts or chondrocytes that may persist after the end of the stimulation period. Lastly, culture 

media samples used for protein production analysis were stored at -20°C rather than -80°C, which 

may have affected protein quality over time. Protein degradation may be the reason that only IL-6 

levels in the media were increased following FN7-10 stimulation compared to unstimulated 

controls, or the treatment time of 18 hours was not sufficient for detection of the other measured 

OA mediators in the media.  

In conclusion, the findings of this study support further investigation into the use of this 

novel in vitro equine matrikine stimulation model of OA. Future studies are needed to examine the 

effects of FN7-10 stimulation on equine synovial fibroblasts and chondrocytes in co-culture and 

to compare FN7-10 stimulation in co-culture to traditional equine in vitro IL-1β and LPS 

stimulation models of OA. A longer culture duration following FN7-10 stimulation may also be 
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useful for detecting additional gene and protein expression changes not identified in this current 

study.  Results of future studies will be critical for validating which in vitro stimulation model most 

reliably mimics OA pathogenesis and will provide an avenue for in vitro testing of OA therapeutics 

for both veterinary and translational uses. 
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Figures and Tables 

Table 2.1 Gene expression fold change following FN7-10 stimulation in synovial fibroblasts 

and chondrocytes in monolayer. 

Mean gene expression fold change of 28 genes assessed in equine synovial fibroblasts (SF) and 

chondrocytes (C) stimulated with fibronectin fragments (FN7-10) for 6 or 18 hours (h) relative to 

each corresponding serum free timepoint control. Significant differences are shown as gray 

highlighted blocks and defined as p<0.05. 

 

Gene 6h FN-f SF 18h FN-f SF 6h FN-f C 18h FN-f C

ACAN 1.57 3.81 -1.5 -2.88

ADAMTS4 23.11 40.03 19.47 17.07

ADAMTS5 5.05 5.46 4.85 2.68

CCL2/MCP1 391.33 132 16.65 6.78

CCL5/RANTES 17.98 42.04 18.96 48.45

CCR2 1.9 2.36 2.6 3.07

COL1A1 -1.06 -1.57 1.09 1.08

COL1A2 -1.08 -1.85 -1.09 -1.51

COL2A1 4.59 4.04 2.04 3.81

COL3A1 1.47 1.26 1.91 2.39

COMP -1.01 1.72 1.06 -1.71

CXCL6 151.64 265.69 31.03 22.55

HAS1 1.93 1.76 5.19 2.24

HAS2 1.4 2.07 1.9 2.06

HAS3 3.19 3.47 3.54 4.7

IL-1β 1.37 2.61 3.48 7.23

IL-4 37.16 29.62 21.18 10.8

IL-6 2890.24 2638.73 103.91 22.68

IL-10 1.23 1.17 1.96 1.04

MMP-1 518.56 5123.98 40.66 63.56

MMP-3 426.81 1786.52 49.08 65.91

MMP-13 69.88 162.93 47.4 28.18

PIEZO1 1.15 -1.09 1.03 -1.04

PRG4 1.58 3.25 1.26 -1.66

TGF-β1 -1.3 -1.42 -1.06 -1.63

TGF-β2 -2.62 -6.42 -2.03 -7.4

TGF-β3 -5.45 -11.26 -3.12 -4.6

TNF-α 2.85 1.72 4.24 2.15
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Table 2.1S NanoString custom codeset target sequences for osteoarthritis genes of interest.  

 

 

 

Gene Target Sequence

ACAN GGAGAGATTCATCTCGAGACCACTCCCTCTGGAGCAGAGGACCTTGGTGGACTTCCTTCTGGAGGAGAGATCCATCTCGAGCCCACTGCCTCTGGAGTAG

ADAMTS4 TACTGTGAGGGCCGGCGAACCCGCTTCCGTTCCTGCAATACCCAGGACTGCCCAACTGGCTCAGCATTGACCTTCCGTGAAGAGCAGTGTGCTGCCTACA

ADAMTS5 AAAGTCCGACAATTCAAAACCAAAGACCAGACTCGGTTCACTGCCTACTTAGCCCTTAAGAAGAAAAATGGTGAGTACCTTATCAATGGAAAGTACATGA

CCL2/MCP1 GCCAGATGCAATTAATTCTCCAGTCACCTGCTGCTATACATTCACCGGTAAGAAGATCTCATCTCAGAGGCTGGGGAGCTATAAAAGAGTCACCAGCAGC

CCL5/RANTESCCAAGAGTATTTCTACACCAGCAGCAAGTGCTCTATACCAGCAGTCGTCTTTGTCACCCGAAAGAAGCGCCAGGTGTGTGCCAATCCAGAGAAGAAATGG

CCR2 AGTTTTCTATGGGGAGACAGCAGACCGAGTGAGTTCAACATACACTCCTTCCACTGGGGAGCAGGAAGTCTCAGCTGGTTTGTAAGTGAGCAGCAGTTTG

COL1A1 CCCTGGCGAGCGTGGTGGACCTGGTGCCCGTGGCTTCCCTGGCGCAGATGGTGTTGCTGGTCCCAAGGGTCCCGCTGGTGAACGTGGTGCTCCTGGCCCT

COL1A2 CTCCTGGACTGAGAGGAAGTCCTGGTTCTCGCGGTCTTCCTGGAGCTGACGGCAGAGCTGGTGTCATGGGCCCTGCTGGTAGTCGTGGTGCAAGTGGCCC

COL2A1 AGAAACCATCAACGGTGGCTTCCACTTCAGCTATGGAGATGACAACCTGGCTCCCAACACTGCCAACGTCCAGATGACCTTCCTGCGTCTGCTGTCCACC

COL3A1 AATAGAAAACCTCATCAGTCCTGATGGTTCTCGCAAAAACCCTGCTCGGAACTGCAGAGACCTGAAATTCTGCCATCCTGAACTCAAAAGTGGAGAATAT

COMP GCTCGGAGCGCCAGTGTCGCAAGGATAACTGCGTGACGGTACCCAACTCAGGACAGGAGGACGCGGATCGCGACGGCATCGGAGACGCCTGCGACACGGA

CXCL6 TGTCGCGGCCGCAGTGAGAGAACTGCGTTGCATGTGTTTAACCGTCACACCTGGGATTCATCCCAAAATGATCAGTAGTCTGCAAGTGTTCGCCGTGGGT

HAS1 GCTGCAAGCGCCAGGTCGTGTACGCCGCCTTCAAGGCGCTGGGCGCCGCCTTTGGAGTGAGAAAAACTCCCAGGCATTTGGTAACCAGAGTACAGAAGTG

HAS2 CAAATCAGCCACTTACATCTGGAAGAACAACTTCCACGAGAAGGGTCCTGGTGAGACGGATGAGTCACATAAAGAAAGCTCTCAACATGTTACCCAATTG

HAS3 GGCTACCTATGCCTGCTTCCTTCGGGGCAATGCAGAGATGATCTTCATGTCCCTCTACTCCCTTCTCTATATGTCCAGCCTCTTGCCAGCCAAGATCTTT

IL-1β GACTCCGGGACATATACCATAAATCCCTGGTGCTGTCCGGTGCATGTGAGCTGCAGGCTGTCCACCTCAATGGAGAGAATACAAACCAACAAGTGGTGTT

IL-4 CTGGTCTGCTTACTAGCATGTACCAGCAACTTCATCCAGGGATGCAAATACGACATCACCTTACAAGAGATCATCAAAACGCTGAACAACCTCACAGATG

IL-6 GAAAACAACCTGAATCTTCCAAAGATGGCAGAAAAAGACGGATGCTTCCAATCTGGGTTCAATCAGGAGACCTGCCTGATGAAAATCACCACTGGTCTTT

IL-10 GCGGCGCTGTCATCGATTTCTGCCCTGTGAAAATAAGAGCAAGGCAGTGGAGCAGGTGAAGAGTGCCTTCAGTAAGCTCCAAGAGAAAGGTGTCTACAAA

MMP-1 GTTGCTGACAAGTACTGGAGGTACGATGAATATAAACGATCTATGGATGCAGGTTATCCCAAAATGATAGCAGATGACTTTCCTGGAATTGGCGACAAAG

MMP-3 AGCTCTGAAAATCTGGGAGGAGGTGACTCCACTTACATTCTCCAGGATTTATGAAGGAGAGGCTGACATAATGATCACTTTTGCAGTTCGAGAACATGGA

MMP-13 AGACGTTAAAAAGATAAGTGCAGCTGTTCACTTTGAGGACACAGGGAAGACTCTCTTCTTCTCAGGAAACCAGGTCTGGAGGTATGATGATACTAACCGT

PIEZO1 GCCCGTCTCGTGTTGTGGGACTGCCTCATTCTCTACAACGTCACCGTCATCATCTCCAAGAACATGCTCTCGCTCCTGTCCTGCGTCTTCGTGGAGCAAA

PRG4 ACCACCATGAAGCCTCCCACTACTCCCAAGAATCTTGCTGAATCAACTCCTGAGTTTCCTGCAGAACCCACACCAAAGGCTCTTGAAAACAGTCCCAAGG

TGF-β1 CAGAGCTGCGCCTCCTAAGGCTCAAGTTAAGCGTGGAGCAGCATGTGGAGCTGTACCAGAAATACAGCAATAATTCCTGGCGCTACCTCAGTAACCGGCT

TGF-β2 TTGGAAAAGTGGCCAGATGATAATCACACGGTGTTGATGATGATAACGACGACGACAATGACAATGTTTGTAACAAGAAAACATAAGAGAGCCTTGCTTC

TGF-β3 GCGTGAATGGCTCTTGCGAAGAGAGTCCAACTTAGGTCTGGAAATCAGCATCCATTGTCCATGTCACACCTTTCAGCCCAATGGAGATATCCTGGAAAAC

TNF-α CGACTTTGCGGAGTCCGGGCAGGTCTACTTTGGGATCATTGCCCTGTGAGGGGGGTACGTCCGTCCTCGCCCACCTCAATCCCTTTATTATCTGCTCCTT
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Figure 2.1 Fibronectin fragment stimulation significantly increases gene expression of select 

inflammatory cytokines in equine synovial fibroblasts and chondrocytes. Comparison of gene 

expression of inflammatory cytokines IL-β, IL-6, and TNF- in synovial fibroblasts (A-C) and 

chondrocytes (D-F) following stimulation with FN7-10 for 6h or 18h compared to the no 

stimulation corresponding timepoint control. A paired t-test was performed between each 

stimulation timepoint and its corresponding no-stimulation control. Statistical significance is 

denoted by *p<0.05, **p<0.01,***p<0.001, ****p<0.0001 



 28 

 

Figure 2.2 Fibronectin fragment stimulation significantly increases gene expression of the 

immunomodulatory cytokines IL-4 and 1L-10 in equine synovial fibroblasts and 

chondrocytes. Comparison of gene expression of IL-4 and IL-10 in synovial fibroblasts (A-B) 

and chondrocytes (C-D) following stimulation with FN7-10 for 6h or 18h compared to the no 

stimulation corresponding timepoint control. A paired t-test was performed between each 

stimulation timepoint and its corresponding no-stimulation control. Statistical significance is 

denoted by *p<0.05, **p<0.01,***p<0.001, ****p<0.0001 

 



 29 

 

Figure 2.3 Fibronectin fragment stimulation significantly increases gene expression of 

select chemokines in both synovial fibroblasts and chondrocytes. Comparison of gene 

expression of chemokines CCL2/MCP-1, CCL5/RANTES, and CXCL6/GCP-2 in synovial 

fibroblasts (A-C) and chondrocytes (D-F) following stimulation with FN7-10 for 6h or 18h 

compared to the no stimulation corresponding timepoint control. A paired t-test was performed 

between each stimulation timepoint and its corresponding no-stimulation control. Statistical 

significance is denoted by *p<0.05, **p<0.01,***p<0.001, ****p<0.0001 
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Figure 2.4 Fibronectin fragment stimulation significantly increases gene expression of 

matrix metalloproteinases (MMPs) in both synovial fibroblasts and chondrocytes. 

Comparison of gene expression of MMP-1, MMP-3, and MMP-13 in synovial fibroblasts (A-C) 

and chondrocytes (D-F) following stimulation with FN7-10 for 6h or 18h compared to the no 

stimulation corresponding timepoint control. A paired t-test was performed between each 

stimulation timepoint and its corresponding no-stimulation control. Statistical significance is 

denoted by *p<0.05, **p<0.01,***p<0.001, ****p<0.0001 
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Figure 2.5 Fibronectin fragment stimulation significantly increases gene expression of 

ADAMTS in both synovial fibroblasts and chondrocytes. Comparison of gene expression of 

ADAMTS4, ADAMTS5, and Aggrecan (ACAN) in synovial fibroblasts (A-C) and chondrocytes 

(D-F) following stimulation with FN7-10 for 6h or 18h compared to the no stimulation 

corresponding timepoint control. A paired t-test was performed between each stimulation 

timepoint and its corresponding no-stimulation control. Statistical significance is denoted by 

*p<0.05, **p<0.01,***p<0.001, ****p<0.0001 
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Figure 2.6 Fibronectin fragment stimulation significantly decreases gene expression of 

TGF-β isoforms in both equine synovial fibroblasts and chondrocytes. Comparison of gene 

expression of TGF-β1, TGF-β2, and TGF-β3 isoforms in synovial fibroblasts (A-C) and 

chondrocytes (D-F) following stimulation with FN7-10 for 6h or 18h compared to the no 

stimulation corresponding timepoint control. A paired t-test was performed between each 

stimulation timepoint and its corresponding no-stimulation control. Statistical significance is 

denoted by *p<0.05, **p<0.01,***p<0.001, ****p<0.0001 
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Figure 2.7 Fibronectin fragment stimulation significantly increases protein production of 

IL-6 in both equine synovial fibroblasts and chondrocytes. Comparison of media 

concentration of IL-6 from synovial fibroblasts (A) and chondrocytes (B) following stimulation 

with FN7-10 for 6h or 18h compared to the no stimulation corresponding timepoint control. A 

paired t-test was performed between each stimulation timepoint and its corresponding no-

stimulation control. Statistical significance is denoted by *p<0.05, **p<0.01,***p<0.001, 

****p<0.0001 
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Osteoarthritis is a widely prevalent public health issue, with millions of individuals 

impacted annually across the world. Currently, there are no therapeutics to treat the disease process 

in osteoarthritis, which may be attributed to poor in vitro models to replicate the disease state and 

allow for therapeutic development. The objective of this study was to investigate if fibronectin 

fragments (FN7-10) used in an equine in vitro co-culture model of osteoarthritis is a viable 

alternative to the traditional lipopolysaccharide (LPS) and interleukin-1beta (IL-1) models of 

osteoarthritis (OA). Synovial fibroblasts (SF, P3) and chondrocytes (C, P1) were isolated from the 

stifle (equivalent to the human knee) of 6 horses (4 females, 1 intact male, and 1 castrated male 

ages 8-21 years) euthanized for reasons unrelated to this study. SF and C were grown in co-culture 
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and stimulated with FN7-10, LPS, or IL-1. Expression of a select set of genes that are widely 

documented to be altered in an OA disease state was analyzed using a Nanostring nCounter. 

Protein production was analyzed using a multiplex ELISA. The FN7-10 model of OA produced 

similar trends in gene expression to those of traditional LPS and IL-1 models. Importantly, the 

FN7-10 treatment resulted in significant sustained alterations to gene expression at 24h post-

stimulation, whereas LPS appeared to lose its effect at 24h post-stimulation. Notably, the 

magnitude of gene expression for many OA related genes was greatest for the FN7-10 stimulation 

treatment. FN7-10 stimulation also resulted in increased production of IL-6, MMP-3, and MMP-

13. These gene expression and protein production profiles are consistent with OA and with 

previous FN7-10 research in human articular chondrocytes. Overall, the FN7-10 model shows 

promise as an alternative to traditional LPS and IL-1 models of OA. 

 

Introduction 

 Co-cultures are an important tool for understanding OA pathogenesis and ultimately for 

future use designing and testing novel therapeutics in vitro.30 Co-cultures using the two primary 

cell types of joints, synovial fibroblasts and chondrocytes, help recreate the joint environment in 

vitro. Not only are co-cultures economically efficient, they also allow for close examination of 

cell-to-cell interactions and for isolated analysis of each cell type.30 The most commonly used OA 

in vitro models rely on IL-1 or LPS stimulation to induce inflammation in an attempt to mimic 

OA disease. However, it is known that age-related, chronic OA is not a severe inflammatory-

mediated disease, but rather a disease of altered cell metabolism.3 Using fibronectin fragments 

(FN-f), a native product of OA in the joint, to stimulate healthy cells and induce an OA-like 

phenotype has shown promise when used in vitro to stimulate human articular chondrocytes43 and 
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in the previously mentioned studies in equine synovial fibroblasts and chondrocytes in monolayer 

culture. 

 Specifically, stimulation of equine synovial fibroblasts and equine chondrocytes with FN7-

10 in monolayer culture resulted in significant changes in gene expression and protein production, 

mimicking those found in previous research performed on human articular chondrocytes.43 These 

results suggested that an FN7-10 stimulated equine in vitro model of OA may show promise as an 

alternative to traditional IL-1 and LPS models of OA.  

 Therefore, the objectives of this study were to 1) determine how FN7-10 stimulation affects 

equine synovial fibroblasts and chondrocytes in co-culture and 2) to compare the FN7-10 

stimulated model of OA to the traditional IL-1 and LPS models of OA in vitro. 

 

Materials and Methods 

Samples 

Synovium and cartilage samples were obtained postmortem using aseptic technique from the 

femoropatellar joints of six systemically healthy horses (4 females,1 castrated male, and 1 intact 

male, ages 8-21, 5 Thoroughbreds and 1 Warmblood) euthanized for reasons unrelated to this 

study and as approved by the Institutional Animal Care and Use Committee of North Carolina 

State University under protocol #20-454.  The age range of the horses was chosen to mimic the 

middle-aged nature of the human chondrocyte donors utilized in the previous FN7-10 study and 

all femoropatellar joints were free of any gross signs of joint disease. 
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Synoviocyte Isolation 

Synovium was digested for synoviocyte isolation as previously described with modifications.56  

Briefly, synovium was placed in Phosphate Buffered Saline (PBS) with penicillin (200 units/mL), 

and streptomycin (200 µg/ml) and kept on ice for transport to the laboratory.  In the laboratory, the 

synovium was weighed and digested for 2 hours at 37°C under constant rotation with digest media 

(Hank’s Balanced Salt Solution (HBSS) with CaCl (0.44 mg/mL)) added at 5mL/g tissue and 

containing 1.5 mg/mL Gibco collagenase type II (ThermoFisher Scientific, Waltham, MA). The 

resulting digest was passed through a course stainless steel strainer with HBSS washes and then 

centrifuged at 800g for 20 minutes. The cell pellet was then resuspended in synoviocyte media and 

centrifuged at 250g for 10 minutes.  Following this centrifugation, the cell pellet was resuspended 

in synoviocyte media (high glucose (4.5g/L) DMEM medium with 10% fetal bovine serum (FBS), 

2mM l-glutamine, 1mM sodium pyruvate, 25mM HEPES, penicillin (100 units/mL), and 

streptomycin (100 µg/ml)) and passed through a 100µm nylon cell strainer before centrifugation 

at 500g for 5 minutes.  This step was repeated, and the cell pellet was then resuspended with fresh 

synoviocyte media and a live synoviocyte count was determined using a Cellometer® Auto 2000 

and ViaStain™ AOPI Staining Solution (Nexcelom Bioscience LLC, Lawrence, MA).  

Synoviocytes were frozen in synoviocyte freeze media (80% synoviocyte media, 10% FBS, and 

10% dimethyl sulfoxide (DMSO)) in aliquots of 10 x 106cells/mL in liquid nitrogen until use. 

 

Chondrocyte Isolation 

Cartilage was digested for chondrocyte isolation as previously described with modifications.56 

Briefly, cartilage shavings were placed in PBS with penicillin (200 units/mL), and streptomycin 

(200 µg/ml) and kept on ice for transport to the laboratory. In the laboratory, cartilage shavings 
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were minced into smaller pieces using a sterile #10 scalpel blade and digested overnight (16-18 

hours) at 37°C under constant rotation with chondrocyte media (Ham’s F12 medium with 10% 

FBS, 25 mM HEPES, ascorbic acid (50 μg/mL), α-ketoglutarate (30 μg/mL), L-glutamine (300 

μg/mL), penicillin (100 units/mL), and streptomycin (100 µg/ml)) added at 5 mL/g tissue and 

containing 1.5 mg/mL of Gibco collagenase type II (ThermoFisher Scientific, Waltham, MA). 

The resulting digest was passed through a 100µm nylon cell strainer and centrifuged at 800g for 

20 minutes. The cell pellet was then washed twice with fresh chondrocyte media and centrifuged 

at 500g for 5 minutes. Cells were resuspended in chondrocyte media and a live chondrocyte count 

was determined using a Cellometer® Auto 2000 and ViaStain™ AOPI Staining Solution.  

Chondrocytes were frozen in chondrocyte freeze media (80% chondrocyte media, 10% FBS, and 

10% DMSO) in aliquots of 10 x 106cells/mL in liquid nitrogen until use. 

 

Synovial fibroblast and chondrocyte co-culture and stimulation 

Cryopreserved synoviocytes were thawed and grown out in synoviocyte media to P3 in order to 

obtain a more homogenous population of synovial fibroblasts.57 Cryopreserved chondrocytes 

were thawed and grown out in chondrocyte media to P1. P3 Synovial fibroblasts and P1 

chondrocytes were independently seeded onto their respective components of 12-well tissue 

culture treated plates with transwell inserts with synovial fibroblasts on the insert and 

chondrocytes on the base well. P3 synovial fibroblasts were seeded at 20,000 cells per insert and 

P1 chondrocytes were seeded at 100,000 cells per base well in their respective media and 

maintained at 5% CO2, 90% humidity, and 37°C. After 24h the inserts were joined with the base 

wells and placed in 50/50 chondrocyte/synovial fibroblast growth media and allowed to gain 

confluency for an additional 24h prior to stimulation. Cells receiving LPS (100ng/mL) or IL-1 
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(10ng/mL) stimulation were stimulated for 24h, with corresponding control receiving no 

stimulation. Cells receiving FN7-10 stimulation had their growth media replaced with serum-free 

media 2 hours prior to the start of stimulation. Cells remained in serum-free media for the entire 

duration of stimulation. Cells were stimulated for 18 hours with 1uM purified recombinant 42 

kD FN7-10 as previously described for human chondrocytes.43 A corresponding serum free 

media treatment with no stimulation added served as a control for each FN7-10 timepoint. RNA 

was isolated from cells either immediately following the duration of stimulation, or cells were 

washed with PBS and returned to 50/50 growth media for an additional 24h. 

 

RNA extraction and quality control 

Total cellular RNA was extracted from synovial fibroblasts and chondrocytes using the RNeasy 

Mini Kit (Qiagen Inc., Germantown, MD) according to the manufacturer’s instructions with the 

modification that RNAse free water for elution was pre-warmed in a 37°C water bath and allowed 

to incubate on the column membrane for 2 minutes prior to elution to increase RNA yield. The 

RNA purity (260/280 > 1.8) and quantity (>20ng/uL) were evaluated using UV 

microspectrophotometry (NanoDrop 2000 Spectrophotometer, ThermoFisher Scientific, Waltham, 

MA) and RNA was stored at -80°C until gene expression analysis was performed. 

 

Gene Expression Analysis 

Gene expression analysis was performed on a NanoString (NanoString Technologies, Inc., Seattle, 

WA) custom code set of equine reporter probes designed for our laboratory based on previously 

published work from Reed et al. as well as previously published work on gene expression changes 

in equine OA. 43,58  Following the manufacturer’s instructions, 100ng of RNA from each sample 
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was hybridized with the custom codeset using the NanoString nCounter™ GX CodeSet RNA 

Hybridization Setup instructions in a thermocycler at 65°C with a heated lid at 70°C for 18 hours, 

then set at 4°C until the next step for a maximum of 12 hours. After hybridization, samples were 

placed in NanoString cartridges on the nCounter™ Prep Station for purification. Cartridges were 

then moved to the nCounter™ Digital Analyzer for fluorescence imaging and data collection, 

following which RNA counts were analyzed using the nSolver Analysis software.  All samples 

were assessed for quality control and data was normalized using the geometric mean of counts for 

the three reference genes beta-actin (ACTB), hypoxanthine phosphoribosyltransferase 1 (HPRT1) 

and glyceraldehyde 3-phosphate dehydrogenase (GAPDH).  Normalized mRNA counts were then 

utilized for statistical comparisons for each gene between treatment groups.  

 

Protein Production Analysis 

A truncated version (IL-1β, IL-4, IL-6, MCP-1, TNF-α, RANTES) of the commercially available 

equine multiplex assay (MILLIPLEX MAP Equine Cytokine/Chemokine Magnetic Bead Panel, 

EMD Millipore, Burlington, MA) and the commercially available MILLIPLEX MAP Human 

MMP Magnetic Bead Panel (EMD Millipore, Burlington, MA) previously validated for the horse76 

were used to quantify selected cytokine and chemokine production in response to FN7-10, IL-1, 

and LPS stimulation on a MAGPIX R System (Luminex Corp., Austin, TX, USA). All samples 

were analyzed in duplicate using a 96-well platform performed per manufacturer’s instructions. A 

minimum bead count of 50 for each cytokine was acquired for data analysis using Milliplex 

Analyst 5.1 software (Luminex Corporation, Austin, TX).  For the purpose of statistical analysis, 

undetectable values were set to zero, and values below the lower limit of quantification (LloQ) 

were set to 1/2 of the LloQ when being compared to values above the LloQ. 
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Statistical Analysis 

Descriptive statistics using means and standard deviations were produced for gene expression and 

protein concentration by group,stimulation, time point, gene, and culture. Repeated measures 

ANOVA were fit including main effects for stimulation. Gene expression values were log2 

transformed for significantly better model fit. Separate models were fit for each of 28 genes 

assessed. A conservative Bonferroni correction for multiple comparisons was applied of 28 with 

the alpha level set at 0.05/28=0.001786. LS-means differences and corresponding p-values were 

assessed at this alpha level. Similarly for co-culture concentration in protein production, values 

were log2 transformed for significantly better model fit. Separate models were fit for each of 6 

cytokines/chemokines assessed (some failing to converge due to little or no variability) for the 6-

plex assay and additional 3 cytokines assessed (some failing to converge due to little or no 

variability) for the TGF assay. A conservative Bonferroni correction for multiple comparisons was 

set at 6 with the alpha level set at0.05/6=0.0083333 for the 6-plex assay and was set at 3 with the 

alpha level set at 0.05/3=0.016667 for the TGF assay. LS-means differences and corresponding p-

values were assessed at this alpha level. Repeated measures ANOVA were performed using the 

statistical software package SAS version 9.4 (SAS Institute Inc., Cary, NC). 

 

Results 

 

Fibronectin fragment stimulation of equine synovial fibroblasts and chondrocytes in co-

culture results in significant changes in expression of genes relevant to OA pathogenesis. 

Expression of a set of previously defined OA-related genes (Table 2.S1) was examined post-

stimulation (PS), 24h of stimulation for LPS and IL-1 or 18h of stimulation for FN7-10, and post-
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recovery (PR), return to growth media for an additional 24h (Tables 3.1, 3.3). We hypothesized 

that FN7-10 stimulation of equine synovial fibroblasts and chondrocytes in co-culture would result 

in significant alterations to gene expression of many of the genes examined and result in an OA 

phenotype. Consistent with our hypothesis, 11 of 28 genes examined PS and 9 of 28 genes 

examined PR were significantly altered in synovial fibroblasts stimulated with FN7-10 compared 

to unstimulated controls at each timepoint (Tables 3.1, 3.2). Additionally, 11 of 28 genes examined 

PS and 8 of 28 genes examined PR were significantly altered in chondrocytes stimulated with 

FN7-10 compared to unstimulated controls at each timepoint (Tables 3.3, 3.4). Specifically, 

CCL2/MCP1, CCL5/RANTES, CXCL6/GCP-2, MMP-1, MMP-3, and MMP-13 were markedly 

upregulated (Tables 3.1-3.4). 

 

Fibronectin fragment stimulation results in significant alterations in gene expression through 

a 24h recovery period following stimulation.  

FN7-10 stimulation resulted in significant alterations to gene expression of OA-related genes PR.  

9 of 28 genes examined PR were significantly altered in synovial fibroblasts stimulated with FN7-

10, and 8 of 28 genes examined PR were significantly altered in chondrocytes stimulated with 

FN7-10 (Tables 3.2, 3.4) Specifically, FN7-10 stimulation resulted in sustained significant 

alterations in expression of CCL2/MCP-1, CCL5/RANTES, CXCL6, IL-6, MMP-1, MMP-3, 

MMP-13, TGF-1, and TGF-3 in synovial fibroblasts (Table 3.2) and CCL2/MCP-1, 

CCL5/RANTES, CXCL6, IL-6, MMP-1, MMP-3, TGF-3, and TNF- in chondrocytes (Table 

3.4).  
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Compared to LPS and IL-1 co-culture models of OA, FN7-10 stimulation resulted in the 

more alterations to gene expression of OA-related genes in both number and magnitude 

through a 24h recovery period following stimulation.  

We hypothesized that FN7-10 would result in more sustained alterations in gene expression as 

compared to LPS and IL-1 models of OA. LPS, IL-1, and FN7-10 induced significant 

differences in gene expression of OA-related genes as compared to their corresponding no 

stimulation controls in both synovial fibroblasts and chondrocytes post-stimulation (Tables 3.2, 

3.4). The number of genes significantly altered in synovial fibroblasts at the PS timepoint was 

LPS:8; IL-1:11; FN7-10:11 and at the PR timepoint was LPS:0; IL-1:8; FN7-10:9 (Table 3.2). 

The number of genes significantly altered in chondrocytes at the PS timepoint was LPS:5; IL-1:6; 

FN7-10:11 and at the PR timepoint was LPS:0; IL-1:6; FN7-10:8 (Table 3.4). Collectively, FN7-

10 stimulation induced the most alterations to gene expression of OA-related genes in both number 

and magnitude at the PR timepoint (Tables 3.1-3.4). 

 

Fibronectin fragment stimulation resulted in significantly increased protein production of 

IL-6, MMP-3, and MMP-13. 

Within the short time frame of this study, significant changes in protein concentration in the media 

were observed following FN7-10 stimulation of equine synovial fibroblasts and chondrocytes in 

co-culture. FN7-10 stimulation, as well as LPS and IL-1 stimulation resulted in significantly 

increased media concentrations of IL-6 as compared to their unstimulated controls PS and PR 

(Figure 3.1 A,B, Table 3.5). Notably, the fold change between each stimulation treatment and its 

corresponding no stimulation control, was significantly higher following FN7-10 stimulation at 

both PS and PR (Figure 3.1 C,D, Table 3.5). MMP-3 concentration was significantly increased 
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following IL-1 and FN7-10 stimulation, but it was not significantly different following LPS 

stimulation (Figure 3.2A, Table 3.5) Concentrations of MMP-3 were not significantly increased 

PR for any stimulant, but IL-1 and FN7-10 stimulation did result in an increase in concentration 

(Figure 3.3A, Table 3.5) FN7-10 and IL-1 stimulation resulted in significantly higher fold change 

in concentration of MMP-3 as compared to LPS stimulation (Figure 3.2 E,F, Table 3.5). MMP-13 

concentration was significantly increased following LPS, IL-1, and FN7-10 stimulation PS and 

PR, but was most significantly increased following FN7-10 stimulation (Figure 3.2 C, D, G, H, 

Table 3.5). The remaining proteins examined (IL-1β, IL-4, CCl2/MCP-1, TNF-α, CCL5/RANTES, 

MMP-12, TGF-β1, TGF-β2, and TGF-β3, Table 3.5) were all either undetectable or below 

quantifiable levels in media from both unstimulated and stimulated cells and at both time points 

and therefore did not undergo statistical analyses. 

 

Discussion 

This is the first study of its kind to investigate FN7-10 stimulation of equine synovial 

fibroblasts and chondrocytes in co-culture as a potential in vitro model of OA for translational use. 

This study is also the first of its kind to perform a side-by-side comparison of current in vitro 

models of OA using a pre-defined OA-related gene codeset to define an “OA phenotype” following 

stimulation. The objectives of this study were to 1) determine how FN7-10 stimulation affects 

equine synovial fibroblasts and chondrocytes in co-culture and 2) to compare the FN7-10 

stimulated model of OA to the traditional IL-1 and LPS models of OA in vitro. Previous 

experiments (Table 2.1) have investigated the effects of FN7-10 stimulation on equine synovial 

fibroblasts and chondrocytes in monolayer, however no studies to date have examined the effects 

of FN7-10 stimulation on equine synovial fibroblasts and chondrocytes in co-culture. Consistent 
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with our hypothesis and previous results (Table 2.1), FN7-10 stimulation of equine synovial 

fibroblasts and chondrocytes in co-culture resulted in significant changes in expression of genes 

relevant to OA pathogenesis (Tables 3.1-3.4). All three stimulants induced alterations in gene 

expression of OA-related genes PS and PR. However, FN7-10 resulted in more alterations in gene 

expression PR overall as compared to LPS and IL-1 both in quantity and magnitude.  

It is widely documented that synovial fibroblasts and chondrocytes crosstalk within the 

joint and communication and feedback play an important role in OA pathogenesis.4 In the present 

study, equine synovial fibroblasts and articular chondrocytes were grown in co-culture and allowed 

to gain confluency prior to being stimulated with FN7-10 for 18h, LPS for 24h, or IL-1 for 24h. 

Cells were either collected immediately PS or returned to 50/50 GM for an additional 24h and 

collected PR. Within this relatively short time frame, LPS, IL-1, and FN7-10 resulted in 

significant gene expression changes to OA-related genes. Notably, FN7-10 resulted in more 

sustained significant changes in gene expression PR. This difference suggests an alternative 

mechanism of the FN7-10 model. It is widely documented that defects in the extracellular matrix 

(ECM) can have long-term detrimental effects and result in OA disease progression.77 The gene 

expression alterations observed may be similar to those seen in clinical chronic OA due to chronic 

breakdown of the ECM. Alternatively, the LPS and IL-1 models induce an intense, but transient 

inflammation, the effects of which were diminished after a 24h recovery period. This is consistent 

with post-traumatic osteoarthritis, where an injury causes an acute period of inflammation.78 

In our stimulation side-by-side comparison, LPS resulted in significant alteration to 15 

genes PR in synovial fibroblasts and 17 genes PR in chondrocytes, as compared to 19 genes and 

23 genes following FN7-10 stimulation respectively (Table 3.1- 3.4). Some notable genes that were 

no longer significantly affected following LPS stimulation and recovery in both cell types were 
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IL-4, IL-10, and TNF-. All three of these cytokines can act as inflammatory mediators in OA 

disease.79 Their increase PS and decrease PR suggests an initial stage of inflammation following 

LPS stimulation and a return towards baseline at the PR timepoint. IL-1 stimulation resulted in 

significant alteration to 19 genes PR in synovial fibroblasts and 21 genes PR in chondrocytes, and 

shares similarities in profile to both LPS and FN7-10 stimulation, suggesting that this model may 

be an intermediary between the other two groups. It is worth noting that the PS gene expression 

profiles were very similar across stimulants, suggesting that all three stimulants resulted in 

inflammation and were able to induce an OA-like phenotype PS.  

There is a subset of genes that were profoundly affected by FN7-10 stimulation, as 

evidence by the large magnitude of the fold change of gene expression. These include: ADAMTS4, 

CCL2/MCP-1, CCL5/RANTES, CXCL6, IL-6, MMP-1, MMP-3, and MMP-13. These findings 

are consistent with previous research examining the effects of FN7-10 stimulation on equine 

synovial fibroblasts and chondrocytes in monolayer (Table 2.1) and are consistent with an OA 

disease phenotype. Further, FN7-10 stimulation resulted in significantly increased media 

concentration of IL-6, MMP-3, and MMP-13, which further supports the gene expression findings 

and a clinical OA phenotype across both gene expression and protein production. 

Several limitations of this study must be acknowledged. A small number of donors was 

utilized (n=6), and the sexes were not represented equally (4 females, 1 intact male, and 1 castrated 

male). The variance between individuals contributed to some large standard deviation values, 

resulting in large numerical difference in fold change of gene expression not having statistical 

significance. This could be remedied in the future by adding additional individuals to the study 

population or separating sexes to investigate potential sex differences. Gene and protein analyses 
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were targeted based on previous research, but as a result they are not unbiased. A future alternative 

we may utilize to limit bias in gene expression analysis is RNA-seq.  

In conclusion, the results of this study support further investigation and usage of this novel 

in vitro equine matrikine stimulation model of OA. This model shows promise as an alternative to 

traditional LPS and IL-1 stimulation models of OA and may better mimic OA pathogenesis. 

Future studies are needed to further elucidate the full mechanism of FN7-10 stimulation in co-

culture to better understand its potential uses for therapeutic development. Testing and validating 

this model with currently available OA symptom-modifying treatments is an important next step.  
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Figures and Tables 

Table 3.1 Gene expression log2counts following LPS, IL-1, or FN7-10 stimulation in 

synovial fibroblasts grown in co-culture with chondrocytes. Values displayed represent the 

average log2count values for each gene ± the standard deviation. LPS, IL-1, and FN7-10 

represent the post-stimulation (PS) timepoint and LPS +24h, IL-1 +24h, and FN7-10 +24h 

represent the post-recovery timepoint (PR). 

 

 

 

 

 

LPS LPS +24h IL-1β IL-1β +24h FN7-10 FN7-10 +24h

ACAN 5.16 ± 0.36 4.50 ± 0.63 5.02 ± 0.70 5.00 ± 0.45 5.56 ± 0.74 5.08 ± 0.32

ADAMTS4 8.46 ± 0.53 7.25 ± 0.29 8.64 ± 0.97 8.03 ± 0.71 10.45 ± 0.65 7.56 ± 0.36

ADAMTS5 13.35 ± 0.45 12.89 ± 0.46 12.95 ± 0.81 13.18 ± 0.55 14.25 ± 0.55 13.02 ± 0.25

CCL2/MCP1 15.12 ± 0.73 11.41 ± 0.27 14.66 ± 1.02 13.83 ± 0.80 15.78 ± 0.45 14.64 ± 0.36

CCL5/RANTES 8.05 ± 1.04 5.92 ± 0.57 7.02 ± 1.05 6.06 ± 1.05 10.62 ± 0.97 9.77 ± 0.54

CCR2 4.08 ± 0.64 4.71 ± 0.29 3.83 ± 1.36 4.96 ± 0.81 4.27 ± 0.54 3.78 ± 0.46

COL1A1 12.85 ± 0.48 13.76 ± 0.35 12.37 ± 0.67 13.57 ± 0.60 12.24 ± 0.34 12.38 ± 0.28

COL1A2 13.02 ± 0.48 14.13 ± 0.36 12.41 ± 0.92 13.56 ± 0.72 12.51 ± 0.41 12.44 ± 0.38

COL2A1 6.25 ± 0.56 6.68 ± 0.49 5.77 ± 0.70 6.51 ± 0.71 6.82 ± 0.34 5.95 ± 0.28

COL3A1 16.99 ± 0.43 17.35 ± 0.32 16.54 ± 0.93 17.42 ± 0.67 16.61 ± 0.35 16.25 ± 0.19

COMP 5.11 ± 0.51 4.52 ± 0.44 5.60 ± 0.96 4.65 ± 1.11 6.27 ± 0.70 5.37 ± 0.37

CXCL6 17.76 ± 0.33 13.01 ± 0.39 18.51 ± 0.92 16.97 ± 0.63 17.59 ± 0.30 18.17 ± 0.21

HAS1 4.19 ± 0.55 4.23 ± 0.55 3.65 ± 1.06 4.60 ± 0.68 3.93 ± 0.64 3.29 ± 0.78

HAS2 9.02 ± 0.64 7.84 ± 0.32 8.36 ± 0.86 8.12 ± 0.50 7.32 ± 0.34 8.90 ± 0.28

HAS3 5.45 ± 0.33 5.74 ± 0.34 4.99 ± 0.86 5.84 ± 0.62 5.25 ± 0.45 4.85 ± 0.47

IL-1β 5.26 ± 0.63 5.23 ± 0.39 5.74 ± 1.08 5.82 ± 0.53 5.98 ± 0.48 5.15 ± 0.20

IL-4 4.46 ± 0.19 4.20 ± 0.59 4.23 ± 1.14 4.45 ± 0.57 4.90 ± 0.52 4.37 ± 0.29

IL-6 15.75 ± 0.54 12.17 ± 0.42 16.90 ± 1.03 15.00 ± 0.88 17.11 ± 0.59 16.89 ± 0.46

IL-10 4.36 ± 0.39 3.83 ± 0.42 4.91 ± 0.94 4.30 ± 0.58 4.44 ± 0.57 4.89 ± 0.15

MMP-1 16.13 ± 1.27 13.56 ± 0.71 17.42 ± 1.07 15.61 ± 0.49 18.53 ± 0.91 16.54 ± 0.54

MMP-3 15.33 ± 0.74 11.60 ± 0.59 16.16 ± 1.00 13.69 ± 0.54 17.62 ± 0.52 15.56 ± 0.55

MMP-13 12.87 ±1.48 12.05 ± 0.97 13.09 ± 0.86 14.01 ± 0.76 14.91 ± 1.26 12.38 ± 1.11

PIEZO1 7.63 ± 0.38 7.39 ± 0.26 6.99 ± 1.02 7.25 ± 0.74 7.54 ± 0.25 7.44 ± 0.18

PRG4 6.57 ± 0.46 6.20 ± 1.26 6.86 ± 0.94 5.93 ± 0.86 7.58 ± 1.19 7.06 ± 0.51

TGF-β1 8.40 ± 0.31 7.65 ± 0.12 8.23 ± 0.88 8.14 ± 0.49 8.08 ± 0.67 8.56 ± 0.23

TGF-β2 9.09 ± 0.29 9.78 ± 0.28 7.98 ± 1.02 8.72 ± 0.63 8.34 ± 0.23 9.10 ± 0.39

TGF-β3 9.59 ± 0.33 11.77 ± 0.29 7.69 ± 0.83 10.41 ± 0.55 7.34 ± 0.55 8.68 ± 0.60

TNF-α 4.34 ± 0.38 3.51 ± 0.44 5.11 ± 0.78 4.29 ± 0.79 4.68 ± 0.69 4.80 ± 0.25
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Table 3.2 P-values for repeated measures ANOVA results for gene expression in synovial 

fibroblasts. Each row shows results from a repeated measures ANOVA including main effects for 

NS and after stimulation, three treatment groups, and interaction.  Concentration values were log2 

transformed for significantly better model fit.  No convergence for models with little to no 

variability.  P-values shown are adjusted using Bonferroni correction of 28 for the interaction p-

value (for total of 28 genes modeled) and 196 for the total number of multiple comparisons for 

LS-means differences across all models (7 per model for 28 models).  Significant differences 

shown in BOLD at 0.05 level after multiple comparison correction. 

 

 

 

Post- Gene

Interaction: 

stimulation by 

group effects

Stimulation 

effect for LPS

Stimulation 

effect for IL-

1B

Stimulation 

effect for FN7-

10

FN7-10 vs 

LPS effect for 

NS 

FN7-10 vs IL-

1B effect for 

NS

FN7-10 vs 

LPS effect for 

stimulated

FN7-10 vs IL-

1B effect for 

stimulated

ACAN 1 1 1 0.5019 1 1 1 1

ADAMTS4 0.0027 0.0503 0.0148 <.0001 1 1 0.0315 0.0646

ADAMTS5 0.872 0.3558 0.8765 0.003 1 1 1 0.2142

CCL2/MCP1 1 0.0001 0.0001 0.0002 1 1 1 1

CCL5/RANT

ES
0.1769 0.0041 0.0113 0.0001 1 1 0.0934 0.0064

CCR2 1 1 1 1 1 1 1 1

COL1A1 1 1 1 1 1 1 1 1

COL1A2 1 1 1 0.3057 1 1 1 1

COL2A1 1 1 1 1 1 1 1 1

COL3A1 1 1 1 1 1 1 1 1

COMP 1 1 0.1609 0.0084 1 1 1 1

CXCL6 1 <.0001 <.0001 <.0001 1 1 1 1

HAS1 1 1 1 1 1 1 1 1

HAS2 1 1 1 1 0.0662 0.9443 0.0552 1

HAS3 1 1 1 1 1 1 1 1

IL-1B 1 1 1 1 1 1 1 1

IL-4 1 1 1 1 1 1 1 1

IL-6 0.3129 0.0024 0.0001 <.0001 1 1 1 1

IL-10 1 1 0.0359 1 1 1 1 1

MMP-1 1 0.0011 0.0002 <.0001 1 1 0.6988 1

MMP-3 1 0.0002 <.0001 <.0001 1 1 0.6063 1

MMP-13 1 0.018 0.04 0.003 1 1 1 1

PIEZO1 1 1 1 1 1 1 1 1

PRG4 1 1 1 1 1 1 1 1

TGF-B1 1 0.4981 0.066 1 1 1 1 1

TGF-B2 1 1 1 1 1 1 1 1

TGF-B3 0.8949 0.0171 0.0002 0.0007 0.5805 1 0.0102 1

TNF-a 1 1 0.008 1 1 1 1 1

ACAN 1 1 1 1 1 1 1 1

ADAMTS4 0.4145 1 0.0922 1 1 1 1 1

ADAMTS5 1 1 1 1 1 1 1 1

CCL2/MCP1 0.0031 1 0.0013 0.0008 1 1 0.0004 1

CCL5/RANT

ES
0.0008 1 0.1488 0.0001 1 1 0.0005 0.0007

CCR2 1 1 1 1 1 1 1 0.2465

COL1A1 1 1 1 1 1 1 0.0433 0.1288

COL1A2 0.4842 1 1 0.1059 1 1 0.0177 0.3704

COL2A1 1 1 1 1 1 1 1 1

COL3A1 1 1 1 1 1 1 0.0729 0.0481

COMP 1 1 1 1 1 1 1 1

CXCL6 <.0001 1 <.0001 <.0001 0.1553 <.0001 <.0001 0.0432

HAS1 0.4985 1 1 1 1 1 1 0.1948

HAS2 1 1 1 1 0.004 0.0054 0.1163 0.9151

HAS3 1 1 1 1 1 1 1 0.6327

IL-1B 1 1 1 1 1 1 1 1

IL-4 1 1 1 1 1 1 1 1

IL-6 0.0001 1 <.0001 <.0001 1 0.1016 <.0001 0.0257

IL-10 0.2862 1 1 0.053 1 1 0.8589 1

MMP-1 0.0015 1 0.0016 0.0002 0.5416 1 0.0125 1

MMP-3 0.0001 1 <.0001 <.0001 1 0.9964 0.0002 0.1222

MMP-13 0.0357 1 0.0139 0.0142 0.0327 1 1 1

PIEZO1 1 1 1 1 1 1 1 1

PRG4 0.7584 1 0.6051 1 1 1 1 1

TGF-B1 0.011 1 0.0453 0.0012 0.9242 1 0.11 1

TGF-B2 1 1 1 1 1 1 1 1

TGF-B3 0.0015 1 0.0131 0.0001 1 1 <.0001 0.0028

TNF-a 1 1 1 0.6521 1 1 0.5671 1

Post-Stim

Post-Recovery
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Table 3.2 (Continued) 

 

 

 

 

 

 

 

 

 

 

 

Post- Gene

Interaction: 

stimulation by 

group effects

Stimulation 

effect for LPS

Stimulation 

effect for IL-

1B

Stimulation 

effect for FN7-

10

FN7-10 vs 

LPS effect for 

NS 

FN7-10 vs IL-

1B effect for 

NS

FN7-10 vs 

LPS effect for 

stimulated

FN7-10 vs IL-

1B effect for 

stimulated

ACAN 1 1 1 0.5019 1 1 1 1

ADAMTS4 0.0027 0.0503 0.0148 <.0001 1 1 0.0315 0.0646

ADAMTS5 0.872 0.3558 0.8765 0.003 1 1 1 0.2142

CCL2/MCP1 1 0.0001 0.0001 0.0002 1 1 1 1

CCL5/RANT

ES
0.1769 0.0041 0.0113 0.0001 1 1 0.0934 0.0064

CCR2 1 1 1 1 1 1 1 1

COL1A1 1 1 1 1 1 1 1 1

COL1A2 1 1 1 0.3057 1 1 1 1

COL2A1 1 1 1 1 1 1 1 1

COL3A1 1 1 1 1 1 1 1 1

COMP 1 1 0.1609 0.0084 1 1 1 1

CXCL6 1 <.0001 <.0001 <.0001 1 1 1 1

HAS1 1 1 1 1 1 1 1 1

HAS2 1 1 1 1 0.0662 0.9443 0.0552 1

HAS3 1 1 1 1 1 1 1 1

IL-1B 1 1 1 1 1 1 1 1

IL-4 1 1 1 1 1 1 1 1

IL-6 0.3129 0.0024 0.0001 <.0001 1 1 1 1

IL-10 1 1 0.0359 1 1 1 1 1

MMP-1 1 0.0011 0.0002 <.0001 1 1 0.6988 1

MMP-3 1 0.0002 <.0001 <.0001 1 1 0.6063 1

MMP-13 1 0.018 0.04 0.003 1 1 1 1

PIEZO1 1 1 1 1 1 1 1 1

PRG4 1 1 1 1 1 1 1 1

TGF-B1 1 0.4981 0.066 1 1 1 1 1

TGF-B2 1 1 1 1 1 1 1 1

TGF-B3 0.8949 0.0171 0.0002 0.0007 0.5805 1 0.0102 1

TNF-a 1 1 0.008 1 1 1 1 1

ACAN 1 1 1 1 1 1 1 1

ADAMTS4 0.4145 1 0.0922 1 1 1 1 1

ADAMTS5 1 1 1 1 1 1 1 1

CCL2/MCP1 0.0031 1 0.0013 0.0008 1 1 0.0004 1

CCL5/RANT

ES
0.0008 1 0.1488 0.0001 1 1 0.0005 0.0007

CCR2 1 1 1 1 1 1 1 0.2465

COL1A1 1 1 1 1 1 1 0.0433 0.1288

COL1A2 0.4842 1 1 0.1059 1 1 0.0177 0.3704

COL2A1 1 1 1 1 1 1 1 1

COL3A1 1 1 1 1 1 1 0.0729 0.0481

COMP 1 1 1 1 1 1 1 1

CXCL6 <.0001 1 <.0001 <.0001 0.1553 <.0001 <.0001 0.0432

HAS1 0.4985 1 1 1 1 1 1 0.1948

HAS2 1 1 1 1 0.004 0.0054 0.1163 0.9151

HAS3 1 1 1 1 1 1 1 0.6327

IL-1B 1 1 1 1 1 1 1 1

IL-4 1 1 1 1 1 1 1 1

IL-6 0.0001 1 <.0001 <.0001 1 0.1016 <.0001 0.0257

IL-10 0.2862 1 1 0.053 1 1 0.8589 1

MMP-1 0.0015 1 0.0016 0.0002 0.5416 1 0.0125 1

MMP-3 0.0001 1 <.0001 <.0001 1 0.9964 0.0002 0.1222

MMP-13 0.0357 1 0.0139 0.0142 0.0327 1 1 1

PIEZO1 1 1 1 1 1 1 1 1

PRG4 0.7584 1 0.6051 1 1 1 1 1

TGF-B1 0.011 1 0.0453 0.0012 0.9242 1 0.11 1

TGF-B2 1 1 1 1 1 1 1 1

TGF-B3 0.0015 1 0.0131 0.0001 1 1 <.0001 0.0028

TNF-a 1 1 1 0.6521 1 1 0.5671 1

Post-Stim

Post-Recovery
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Table 3.3 Gene expression log2counts following LPS, IL-1, or FN7-10 stimulation in 

chondrocytes grown in co-culture with synovial fibroblasts. Values displayed represent the 

average log2count values for each gene ± the standard deviation. LPS, IL-1, and FN7-10 

represent the post-stimulation (PS) timepoint and LPS +24h, IL-1 +24h, and FN7-10 +24h 

represent the post-recovery timepoint (PR). 

 

 

 

 

 

 

LPS LPS +24h IL-1β IL-1β +24h FN7-10 FN7-10 +24h

ACAN 5.16 ± 0.36 4.50 ± 0.63 5.02 ± 0.70 5.00 ± 0.45 5.56 ± 0.74 5.08 ± 0.32

ADAMTS4 8.46 ± 0.53 7.25 ± 0.29 8.64 ± 0.97 8.03 ± 0.71 10.45 ± 0.65 7.56 ± 0.36

ADAMTS5 13.35 ± 0.45 12.89 ± 0.46 12.95 ± 0.81 13.18 ± 0.55 14.25 ± 0.55 13.02 ± 0.25

CCL2/MCP1 15.12 ± 0.73 11.41 ± 0.27 14.66 ± 1.02 13.83 ± 0.80 15.78 ± 0.45 14.64 ± 0.36

CCL5/RANTES 8.05 ± 1.04 5.92 ± 0.57 7.02 ± 1.05 6.06 ± 1.05 10.62 ± 0.97 9.77 ± 0.54

CCR2 4.08 ± 0.64 4.71 ± 0.29 3.83 ± 1.36 4.96 ± 0.81 4.27 ± 0.54 3.78 ± 0.46

COL1A1 12.85 ± 0.48 13.76 ± 0.35 12.37 ± 0.67 13.57 ± 0.60 12.24 ± 0.34 12.38 ± 0.28

COL1A2 13.02 ± 0.48 14.13 ± 0.36 12.41 ± 0.92 13.56 ± 0.72 12.51 ± 0.41 12.44 ± 0.38

COL2A1 6.25 ± 0.56 6.68 ± 0.49 5.77 ± 0.70 6.51 ± 0.71 6.82 ± 0.34 5.95 ± 0.28

COL3A1 16.99 ± 0.43 17.35 ± 0.32 16.54 ± 0.93 17.42 ± 0.67 16.61 ± 0.35 16.25 ± 0.19

COMP 5.11 ± 0.51 4.52 ± 0.44 5.60 ± 0.96 4.65 ± 1.11 6.27 ± 0.70 5.37 ± 0.37

CXCL6 17.76 ± 0.33 13.01 ± 0.39 18.51 ± 0.92 16.97 ± 0.63 17.59 ± 0.30 18.17 ± 0.21

HAS1 4.19 ± 0.55 4.23 ± 0.55 3.65 ± 1.06 4.60 ± 0.68 3.93 ± 0.64 3.29 ± 0.78

HAS2 9.02 ± 0.64 7.84 ± 0.32 8.36 ± 0.86 8.12 ± 0.50 7.32 ± 0.34 8.90 ± 0.28

HAS3 5.45 ± 0.33 5.74 ± 0.34 4.99 ± 0.86 5.84 ± 0.62 5.25 ± 0.45 4.85 ± 0.47

IL-1β 5.26 ± 0.63 5.23 ± 0.39 5.74 ± 1.08 5.82 ± 0.53 5.98 ± 0.48 5.15 ± 0.20

IL-4 4.46 ± 0.19 4.20 ± 0.59 4.23 ± 1.14 4.45 ± 0.57 4.90 ± 0.52 4.37 ± 0.29

IL-6 15.75 ± 0.54 12.17 ± 0.42 16.90 ± 1.03 15.00 ± 0.88 17.11 ± 0.59 16.89 ± 0.46

IL-10 4.36 ± 0.39 3.83 ± 0.42 4.91 ± 0.94 4.30 ± 0.58 4.44 ± 0.57 4.89 ± 0.15

MMP-1 16.13 ± 1.27 13.56 ± 0.71 17.42 ± 1.07 15.61 ± 0.49 18.53 ± 0.91 16.54 ± 0.54

MMP-3 15.33 ± 0.74 11.60 ± 0.59 16.16 ± 1.00 13.69 ± 0.54 17.62 ± 0.52 15.56 ± 0.55

MMP-13 12.87 ±1.48 12.05 ± 0.97 13.09 ± 0.86 14.01 ± 0.76 14.91 ± 1.26 12.38 ± 1.11

PIEZO1 7.63 ± 0.38 7.39 ± 0.26 6.99 ± 1.02 7.25 ± 0.74 7.54 ± 0.25 7.44 ± 0.18

PRG4 6.57 ± 0.46 6.20 ± 1.26 6.86 ± 0.94 5.93 ± 0.86 7.58 ± 1.19 7.06 ± 0.51

TGF-β1 8.40 ± 0.31 7.65 ± 0.12 8.23 ± 0.88 8.14 ± 0.49 8.08 ± 0.67 8.56 ± 0.23

TGF-β2 9.09 ± 0.29 9.78 ± 0.28 7.98 ± 1.02 8.72 ± 0.63 8.34 ± 0.23 9.10 ± 0.39

TGF-β3 9.59 ± 0.33 11.77 ± 0.29 7.69 ± 0.83 10.41 ± 0.55 7.34 ± 0.55 8.68 ± 0.60

TNF-α 4.34 ± 0.38 3.51 ± 0.44 5.11 ± 0.78 4.29 ± 0.79 4.68 ± 0.69 4.80 ± 0.25
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Table 3.4 P-values for repeated measures ANOVA results for gene expression in 

chondrocytes. Each row shows results from a repeated measures ANOVA including main effects 

for NS and after stimulation, three treatment groups, and interaction.  Concentration values were 

log2 transformed for significantly better model fit.  No convergence for models with little to no 

variability.  P-values shown are adjusted using Bonferroni correction of 28 for the interaction p-

value (for total of 28 genes modeled) and 196 for the total number of multiple comparisons for 

LS-means differences across all models (7 per model for 28 models).  Significant differences 

shown in BOLD at 0.05 level after multiple comparison correction. 

 

 
 

 

 

Post- Gene

Interaction: 

stimulation by 

group effects

Stimulation 

effect for LPS

Stimulation 

effect for IL-

1B

Stimulation 

effect for FN7-

10

FN7-10 vs 

LPS effect for 

NS 

FN7-10 vs IL-

1B effect for 

NS

FN7-10 vs 

LPS effect for 

stimulated

FN7-10 vs IL-

1B effect for 

stimulated

ACAN 1 1 0.2728 0.0869 1 1 1 1

ADAMTS4 0.0043 1 0.0627 <.0001 0.4893 1 0.0545 0.7878

ADAMTS5 1 0.095 0.0298 0.0012 1 1 1 1

CCL2/MCP1 1 0.045 0.0235 0.0015 1 1 1 1

CCL5/RANT

ES
0.0622 0.0035 0.0916 0.0001 1 1 0.0581 0.0017

CCR2 1 1 1 1 1 1 1 1

COL1A1 1 1 1 1 1 1 1 1

COL1A2 1 1 1 1 1 1 1 1

COL2A1 1 1 1 1 1 1 1 1

COL3A1 1 1 1 0.4649 1 1 1 1

COMP 1 1 1 1 1 1 1 1

CXCL6 1 0.0008 0.0001 0.0001 1 1 1 1

HAS1 1 1 1 0.9664 1 1 1 1

HAS2 1 1 1 1 0.3157 1 0.2218 1

HAS3 1 1 1 0.4509 1 1 1 1

IL-1B 0.6138 1 1 0.0076 1 1 0.2 1

IL-4 1 1 1 1 1 1 1 1

IL-6 0.6357 0.002 0.0003 <.0001 1 1 1 1

IL-10 1 1 0.5553 1 1 1 1 1

MMP-1 1 0.0022 0.0002 0.0001 1 1 0.0924 1

MMP-3 1 0.0005 0.0001 0.0001 1 1 0.0741 1

MMP-13 1 0.3108 0.1127 0.0042 1 1 0.5747 1

PIEZO1 1 1 1 1 1 1 1 1

PRG4 1 1 1 1 1 1 1 1

TGF-B1 1 1 1 1 0.0086 0.0955 0.0008 0.004

TGF-B2 0.1801 1 0.3826 0.0016 1 1 0.0622 0.9977

TGF-B3 1 1 0.0068 0.0107 0.3348 1 0.0043 1

TNF-a 1 1 1 1 1 1 1 1

ACAN 1 1 1 1 1 1 1 1

ADAMTS4 1 1 0.5457 1 1 1 1 1

ADAMTS5 1 1 1 0.7202 1 1 1 1

CCL2/MCP1 0.0518 1 0.0393 0.0132 1 1 0.0037 1

CCL5/RANT

ES
0.0001 1 1 <.0001 1 1 0.0002 0.0001

CCR2 1 1 1 1 1 1 1 1

COL1A1 1 1 1 1 0.0342 0.1363 0.4896 0.0342

COL1A2 1 1 1 1 0.4059 0.5307 0.0554 0.0776

COL2A1 1 1 1 1 1 1 1 1

COL3A1 0.8344 1 1 0.2423 0.0497 0.3641 1 1

COMP 0.146 1 0.0238 0.9065 1 1 1 1

CXCL6 <.0001 1 <.0001 <.0001 1 0.4041 <.0001 0.0813

HAS1 1 1 1 1 1 1 1 1

HAS2 1 1 1 1 1 1 0.4805 1

HAS3 1 1 1 1 1 1 1 1

IL-1B 0.7966 1 1 0.2159 0.3015 1 1 1

IL-4 1 1 1 1 1 1 1 1

IL-6 0.0003 1 0.0003 <.0001 1 1 <.0001 0.0465

IL-10 0.3065 1 1 0.0865 1 1 0.0125 1

MMP-1 0.0001 1 0.0001 <.0001 0.226 1 0.0005 1

MMP-3 0.0003 1 0.0003 <.0001 1 1 0.0005 0.0706

MMP-13 1 1 1 1 1 1 1 1

PIEZO1 1 1 1 1 1 1 1 1

PRG4 1 1 1 1 1 1 1 1

TGF-B1 0.2703 1 1 0.0527 1 0.0549 0.0009 0.001

TGF-B2 1 1 0.4018 1 1 1 1 1

TGF-B3 0.1526 1 0.34 0.0307 1 1 0.0045 1

TNF-a 0.157 1 1 0.0249 1 1 0.0169 1

Post-Stim

Post-Recovery
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Table 3.4 (Continued) 

 

  

Post- Gene

Interaction: 

stimulation by 

group effects

Stimulation 

effect for LPS

Stimulation 

effect for IL-

1B

Stimulation 

effect for FN7-

10

FN7-10 vs 

LPS effect for 

NS 

FN7-10 vs IL-

1B effect for 

NS

FN7-10 vs 

LPS effect for 

stimulated

FN7-10 vs IL-

1B effect for 

stimulated

ACAN 1 1 0.2728 0.0869 1 1 1 1

ADAMTS4 0.0043 1 0.0627 <.0001 0.4893 1 0.0545 0.7878

ADAMTS5 1 0.095 0.0298 0.0012 1 1 1 1

CCL2/MCP1 1 0.045 0.0235 0.0015 1 1 1 1

CCL5/RANT

ES
0.0622 0.0035 0.0916 0.0001 1 1 0.0581 0.0017

CCR2 1 1 1 1 1 1 1 1

COL1A1 1 1 1 1 1 1 1 1

COL1A2 1 1 1 1 1 1 1 1

COL2A1 1 1 1 1 1 1 1 1

COL3A1 1 1 1 0.4649 1 1 1 1

COMP 1 1 1 1 1 1 1 1

CXCL6 1 0.0008 0.0001 0.0001 1 1 1 1

HAS1 1 1 1 0.9664 1 1 1 1

HAS2 1 1 1 1 0.3157 1 0.2218 1

HAS3 1 1 1 0.4509 1 1 1 1

IL-1B 0.6138 1 1 0.0076 1 1 0.2 1

IL-4 1 1 1 1 1 1 1 1

IL-6 0.6357 0.002 0.0003 <.0001 1 1 1 1

IL-10 1 1 0.5553 1 1 1 1 1

MMP-1 1 0.0022 0.0002 0.0001 1 1 0.0924 1

MMP-3 1 0.0005 0.0001 0.0001 1 1 0.0741 1

MMP-13 1 0.3108 0.1127 0.0042 1 1 0.5747 1

PIEZO1 1 1 1 1 1 1 1 1

PRG4 1 1 1 1 1 1 1 1

TGF-B1 1 1 1 1 0.0086 0.0955 0.0008 0.004

TGF-B2 0.1801 1 0.3826 0.0016 1 1 0.0622 0.9977

TGF-B3 1 1 0.0068 0.0107 0.3348 1 0.0043 1

TNF-a 1 1 1 1 1 1 1 1

ACAN 1 1 1 1 1 1 1 1

ADAMTS4 1 1 0.5457 1 1 1 1 1

ADAMTS5 1 1 1 0.7202 1 1 1 1

CCL2/MCP1 0.0518 1 0.0393 0.0132 1 1 0.0037 1

CCL5/RANT

ES
0.0001 1 1 <.0001 1 1 0.0002 0.0001

CCR2 1 1 1 1 1 1 1 1

COL1A1 1 1 1 1 0.0342 0.1363 0.4896 0.0342

COL1A2 1 1 1 1 0.4059 0.5307 0.0554 0.0776

COL2A1 1 1 1 1 1 1 1 1

COL3A1 0.8344 1 1 0.2423 0.0497 0.3641 1 1

COMP 0.146 1 0.0238 0.9065 1 1 1 1

CXCL6 <.0001 1 <.0001 <.0001 1 0.4041 <.0001 0.0813

HAS1 1 1 1 1 1 1 1 1

HAS2 1 1 1 1 1 1 0.4805 1

HAS3 1 1 1 1 1 1 1 1

IL-1B 0.7966 1 1 0.2159 0.3015 1 1 1

IL-4 1 1 1 1 1 1 1 1

IL-6 0.0003 1 0.0003 <.0001 1 1 <.0001 0.0465

IL-10 0.3065 1 1 0.0865 1 1 0.0125 1

MMP-1 0.0001 1 0.0001 <.0001 0.226 1 0.0005 1

MMP-3 0.0003 1 0.0003 <.0001 1 1 0.0005 0.0706

MMP-13 1 1 1 1 1 1 1 1

PIEZO1 1 1 1 1 1 1 1 1

PRG4 1 1 1 1 1 1 1 1

TGF-B1 0.2703 1 1 0.0527 1 0.0549 0.0009 0.001

TGF-B2 1 1 0.4018 1 1 1 1 1

TGF-B3 0.1526 1 0.34 0.0307 1 1 0.0045 1

TNF-a 0.157 1 1 0.0249 1 1 0.0169 1

Post-Stim

Post-Recovery
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Table 3.5 P-values for repeated measures ANOVA results for co-culture concentration in 

protein production. 

Post- Gene Interactio

n: 

stimulatio

n by 

group 

effects 

Stimulati

on effect 

for LPS 

Stimulati

on effect 

for IL-1B 

Stimulatio

n effect 

for FN7-

10 

FN7-

10 vs 

LPS 

effect 

for 

NS  

FN7-

10 vs 

IL-1B 

effect 

for 

NS 

FN7-10 

vs LPS 

effect for 

stimulate

d 

FN7-10 

vs IL-1B 

effect 

for 

stimulat

ed 

Post-

Stim 

IL-1B <.0001 1.0000 <.0001 1.0000 1.000

0 

1.000

0 

1.0000 <.0001 

IL-6 0.0003 <.0001 <.0001 <.0001 <.000

1 

<.000

1 

0.74147 0.0050 

IL-4 no convergence 

MCP-1 no convergence 

IL-10 <.0001 1.0000 1.0000 <.0001 <.000

1 

<.000

1 

1.0000 1.0000 

TNF-a <.0001 1.0000 1.0000 <.0001 1.000

0 

<.000

1 

<.0001 0.0006 

RANTE

S 

no convergence 

MMP-3 0.0023 1.0000 0.0002 0.0042 1.000

0 

1.000

0 

0.0036 1.0000 

MMP-

12 

1.0000 1.0000 1.0000 1.0000 1.000

0 

1.000

0 

1.0000 1.0000 

MMP-

13 

0.2175 0.0015 0.0013 <.0001 1.000

0 

0.162

5 

0.2655 1.0000 

Post-

Recover

y 

IL-1B no convergence 

IL-6 0.0007 0.0076 <.0001 <.0001 1.000

0 

1.000

0 

<.0001 1.0000 

IL-4 no convergence 

MCP-1 no convergence 

IL-10 no convergence 

TNF-a 1.0000 1.0000 1.0000 1.0000 1.000

0 

<.000

1 

1.0000 <.0001 

RANTE

S 

no convergence 

MMP-3 0.1574 1.0000 0.5566 0.0170 1.000

0 

1.000

0 

0.0156 1.0000 

MMP-

12 

1.0000 1.0000 1.0000 1.0000 1.000

0 

1.000

0 

1.0000 1.0000 

MMP-

13 

0.0220 0.4785 0.0198 0.0001 0.559

6 

0.029

0 

0.1134 1.0000 

Each row shows results from a repeated measures ANOVA including main effects for NS and after stimulation, three 

treatment groups, and interaction.  Concentration values were log2 transformed for significantly better model fit.  No 

convergence for models with little to no variability.  P-values shown are adjusted using Bonferroni correction of 10 

for the interaction p-value (for total of 10 genes modeled) and 49 or 35 for the total number of multiple comparisons 

for LS-means differences across all models (7 per model for 7 converging models for stimulation and 7 per model 

for 5 converging models for recovery).  Significant differences shown in BOLD at 0.05 level after multiple 

comparison correction. 
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Figure 3.1 IL-6 concentrations are increased in the media following stimulation with LPS, 

IL-1, and TNF-, with FN-f stimulation resulting in the greatest increase in concentration 

sustained through 24h.  Media concentration of IL-6 following LPS, IL-1, or FN7-10 

stimulation post-stimulation (A) post-recovery (B) compared to each treatment’s no stimulation 

corresponding timepoint control. A paired t-test was performed between each stimulation 

timepoint and its corresponding no-stimulation control with statistical significance is denoted by 

*p<0.05, **p<0.01,***p<0.001, ****p<0.0001 (A, B). Fold change of media concentration 

between each stimulation treatment, LPS, IL-1, or FN7-10, and its corresponding no 

stimulation control (C, D). One-way ANOVAs were performed to compare values between 

stimulation treatments, and significant differences are denoted by differing letters and defined as 

p<0.05 (C, D). 
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Figure 3.2 Concentration of MMPs are increased in the media following stimulation with 

LPS, IL-1, and TNF-, with FN-f stimulation resulting in the greatest increase in 

concentration sustained through 24h.  Media concentration of MMP-3 and MMP-13 following 

LPS, IL-1, or FN7-10 stimulation post-stimulation (A, C) and post-recovery (B, D) compared 

to each treatment’s no stimulation corresponding timepoint control. A paired t-test was 

performed between each stimulation timepoint and its corresponding no-stimulation control with 

statistical significance is denoted by *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 (A-D). Fold 

change of media concentration of MMP-3 and MMP-13 between each stimulation treatment, 

LPS, IL-1, or FN7-10, and its corresponding no stimulation control (E-H). One-way ANOVAs 

were performed to compare values between stimulation treatments, and significant differences 

are denoted by differing letters and defined as p<0.05 (C, D). 
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CHAPTER 4 

Evaluation of recombinant equine lubricin in a novel matrikine stimulated equine synovial 
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Current therapeutics to treat osteoarthritis do not treat the disease itself, but function as 

symptom modifying agents which aid in attempting to control pain and inflammation. No 

therapeutics are able to markedly reverse the effects of OA. The objective of this study was to 

test the ability of the fibronectin fragment (FN7-10) stimulated equine in vitro co-culture model 

of osteoarthritis to test potential therapeutics for the treatment of OA via modulation of the 

previously defined OA phenotype. Synovial fibroblasts (SF, P3) and chondrocytes (C, P1) were 

isolated from the stifle (equivalent to the human knee) of 6 horses (4 females, 1 intact male, and 
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1 castrated male ages 8-21 years) euthanized for reasons unrelated to this study. SF and C were 

grown in co-culture and stimulated with 1M FN7-10. At 6h into the 18h stimulation cells were 

treated with triamcinolone at 0.06mg/ml, recombinant equine lubricin (rEqLub) at 200g/ml or 

no treatment. Expression of a select set of genes that are widely documented to be altered in an 

OA disease state was analyzed using a Nanostring nCounter. Treatment with triamcinolone and 

rEqLub significantly altered expression of OA-related genes as compared to non-treated controls. 

Preliminary results suggest that rEqLub has anti-inflammatory effects and may have promise as 

an OA therapeutic. 

 

Introduction 

 There is a dire need for progress designing and testing OA therapeutics in order to get 

disease-modifying treatments to market. Currently, there are no disease-modifying therapeutics 

available, and current treatment of OA relies on symptom management with variable success.48 

Bringing therapeutics to market begins with an in vitro model that accurately replicates OA 

disease. An accurate and readily translatable model to begin early-stage testing of therapeutics is 

essential to the success of drug development as therapeutics transition to in vivo studies and 

human clinical trials. In vitro models of OA that are currently available result in an intense and 

transient, and variable degree of inflammation that is highly variable which fails to accurately 

replicate chronic, age-related OA, which represents the majority of OA cases.80,81     

Previous work has shown that FN7-10 stimulation induces an OA phenotype in both 

monolayer and co-culture of synovial fibroblasts and chondrocytes (Table s2.1, 3.1, 3.2, 3.3, 

3.4). When compared to other traditional models of OA, FN7-10 stimulation resulted in 

prolonged alterations to OA-related genes and displayed a gene expression phenotype more 
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consistent with chronic OA (Tables 3.1, 3.2, 3.3, 3.4). Due to the similar disease pathology, joint 

biology, and gene expression profiles, between horses and humans, the equine FN7-10 in vitro 

co-culture model may result in better translatability as compared to traditional LPS and IL-1 

models. 

 Osteoarthritis incidence is increasing both in the United States and globally, with more 

than 595 million individuals affected as of 2020.82 Similarly to humans, horses also suffer from 

age-related, naturally occurring OA. Current treatment of the disease in both species often 

utilizes corticosteroids and viscosupplementation with hyaluronic acid or hydrogrels. 

Viscosupplements are designed to increase the viscosity of synovial fluid, provide cushion to the 

joint, and reduce joint wear-and-tear.83 Corticosteroids such as triamcinolone are used to reduce 

inflammation which is known to contribute to OA disease pathogenesis.84 However, 

triamcinolone is known to have detrimental effects on cartilage health, and while it may provide 

some temporary relief, it may also cause cartilage damage that could advance OA disease 

progression.85 Orthobiologics, such as platelet rich plasma and stem cells, are another modality 

to treat OA, but they are labor intensive, expensive, and can vary based on the donor’s nutritional 

and health status.86 Emerging research investigating novel biologics that have both anti-

inflammatory and lubricating properties has focused on lubricin, encoded by the proteoglycan 4 

(PRG4) gene. Lubricin is a glycoprotein that plays an essential role as a boundary lubricant 

within the joint.87 Previous research conducted in rodents and mini-pigs has shown promise for 

genetic restoration of Prg4 expression or intra-articular lubricin supplementation as a therapeutic 

for OA.88–90  

  Therefore, the objective of this study was to validate the equine FN7-10 in vitro co-

culture model for the evaluation of therapeutics using triamcinolone, which is currently used in 
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clinical practice to treat OA, and rEqLub, a novel equine-specific recombinant lubricin produced 

in mammalian cells for the treatment of OA.   

 

Materials and Methods 

Samples 

Synovium and cartilage samples were obtained postmortem using aseptic technique from the 

femoropatellar joints of six systemically healthy horses (4 females,1 castrated male, and 1 intact 

male, ages 8-21, 5 Thoroughbreds and 1 Warmblood) euthanized for reasons unrelated to this 

study and as approved by the Institutional Animal Care and Use Committee of North Carolina 

State University under protocol #20-454.  The age range of the horses was chosen to mimic the 

middle-aged nature of the human chondrocyte donors utilized in the previous FN7-10 study and 

all femoropatellar joints were free of any gross signs of joint disease. 

 

Synoviocyte Isolation 

Synovium was digested for synoviocyte isolation as previously described with modifications.56  

Briefly, synovium was placed in Phosphate Buffered Saline (PBS) with penicillin (200 units/mL), 

and streptomycin (200 µg/ml) and kept on ice for transport to the laboratory.  In the laboratory, the 

synovium was weighed and digested for 2 hours at 37°C under constant rotation with digest media 

(Hank’s Balanced Salt Solution (HBSS) with CaCl (0.44 mg/mL)) added at 5mL/g tissue and 

containing 1.5 mg/mL Gibco collagenase type II (ThermoFisher Scientific, Waltham, MA). The 

resulting digest was passed through a course stainless steel strainer with HBSS washes and then 

centrifuged at 800g for 20 minutes. The cell pellet was then resuspended in synoviocyte media 

(high glucose (4.5g/L) DMEM medium with 10% fetal bovine serum (FBS), 2mM l-glutamine, 
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1mM sodium pyruvate, 25mM HEPES, penicillin (100 units/mL), and streptomycin (100 µg/ml)) 

and centrifuged at 250g for 10 minutes.  Following this centrifugation, the cell pellet was 

resuspended in synoviocyte media, and passed through a 100µm nylon cell strainer before 

centrifugation at 500g for 5 minutes.  This step was repeated, and the cell pellet was then 

resuspended with fresh synoviocyte media and a live synoviocyte count was determined using a 

Cellometer® Auto 2000 and ViaStain™ AOPI Staining Solution (Nexcelom Bioscience LLC, 

Lawrence, MA).  Synoviocytes were frozen in synoviocyte freeze media (80% synoviocyte media, 

10% FBS, and 10% dimethyl sulfoxide (DMSO)) in aliquots of 10 x 106cells/mL in liquid nitrogen 

until use. 

 

Chondrocyte Isolation 

Cartilage was digested for chondrocyte isolation as previously described with modifications.56 

Briefly, cartilage shavings were placed in PBS with penicillin (200 units/mL), and streptomycin 

(200 µg/ml) and kept on ice for transport to the laboratory. In the laboratory, cartilage shavings 

were minced into smaller pieces using a sterile #10 scalpel blade and digested overnight (16-18 

hours) at 37°C under constant rotation with chondrocyte media (Ham’s F12 medium with 10% 

FBS, 25 mM HEPES, ascorbic acid (50 μg/mL), α-ketoglutarate (30 μg/mL), L-glutamine (300 

μg/mL), penicillin (100 units/mL), and streptomycin (100 µg/ml)) added at 5 mL/g tissue and 

containing 1.5 mg/mL of Gibco collagenase type II (ThermoFisher Scientific, Waltham, MA). 

The resulting digest was passed through a 100µm nylon cell strainer and centrifuged at 800g for 

20 minutes. The cell pellet was then washed twice with fresh chondrocyte media and centrifuged 

at 500g for 5 minutes. Cells were resuspended in chondrocyte media and a live chondrocyte count 

was determined using a Cellometer® Auto 2000 and ViaStain™ AOPI Staining Solution.  
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Chondrocytes were frozen in chondrocyte freeze media (80% chondrocyte media, 10% FBS, and 

10% DMSO) in aliquots of 10 x 106cells/mL in liquid nitrogen until use. 

 

Synovial fibroblast and chondrocyte co-culture and stimulation 

Cryopreserved synoviocytes were thawed and culture expanded in synoviocyte media to P3 in 

order to obtain a more homogenous population of synovial fibroblasts.57 Cryopreserved 

chondrocytes were thawed and grown out in chondrocyte media to P1. P3 Synovial fibroblasts 

and P1 chondrocytes were independently seeded onto their respective components of 12-well 

tissue culture treated plates with transwell inserts with synovial fibroblasts on the insert and 

chondrocytes on the base well. P3 synovial fibroblasts were seeded at 20,000 cells per insert and 

P1 chondrocytes were seeded at 100,000 cells per base well in their respective media and 

maintained at 5% CO2, 90% humidity, and 37°C. After 24h the inserts were joined with the base 

wells and placed in 50/50 chondrocyte/synovial fibroblast growth media and allowed to gain 

confluency for an additional 24h prior to stimulation. Cells were washed and media was replaced 

with serum-free 50/50 media 2h prior to the start of stimulation. Cells remained in serum-free 

media for the entire duration of stimulation. Cells were stimulated for 18 hours with 1uM 

purified recombinant 42 kD FN7-10 as previously described for human chondrocytes.43 A 

corresponding serum free media treatment with no stimulation added served as a control for each 

FN7-10 timepoint. Six hours into the 18h stimulation period, cells were treated with 10mg/ml 

triamcinolone, 200g/ml recombinant equine lubricin (rEqLub), or no treatment. RNA was 

isolated from cells either immediately following the duration of stimulation, or cells were 

washed with PBS and returned to 50/50 growth media with 0.06mg/ml triamcinolone, 200g/ml 

recombinant equine lubricin (rEqLub), or no treatment for an additional 24h. 
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RNA extraction and quality control 

Total cellular RNA was extracted from synovial fibroblasts and chondrocytes using the RNeasy 

Mini Kit (Qiagen Inc., Germantown, MD) according to the manufacturer’s instructions with the 

modification that RNAse free water for elution was pre-warmed in a 37°C water bath and allowed 

to incubate on the column membrane for 2 minutes prior to elution to increase RNA yield. The 

RNA purity (260/280 > 1.8) and quantity (>20ng/uL) were evaluated using UV 

microspectrophotometry (NanoDrop 2000 Spectrophotometer, ThermoFisher Scientific, Waltham, 

MA) and RNA was stored at -80°C until gene expression analysis was performed. 

 

Gene Expression Analysis 

Gene expression analysis was performed on a NanoString (NanoString Technologies, Inc., Seattle, 

WA) custom code set of equine reporter probes designed for our laboratory based on previously 

published work from Reed et al. as well as previously published work on gene expression changes 

in equine OA. 43,58  Following the manufacturer’s instructions, 100ng of RNA from each sample 

was hybridized with the custom codeset using the NanoString nCounter™ GX CodeSet RNA 

Hybridization Setup instructions in a thermocycler at 65°C with a heated lid at 70°C for 18 hours, 

then set at 4°C until the next step for a maximum of 12 hours. After hybridization, samples were 

placed in NanoString cartridges on the nCounter™ Prep Station for purification. Cartridges were 

then moved to the nCounter™ Digital Analyzer for fluorescence imaging and data collection, 

following which RNA counts were analyzed using the nSolver Analysis software.  All samples 

were assessed for quality control and data was normalized using the geometric mean of counts for 

the three reference genes beta-actin (ACTB), hypoxanthine phosphoribosyltransferase 1 (HPRT1) 
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and glyceraldehyde 3-phosphate dehydrogenase (GAPDH).  Normalized mRNA counts were then 

utilized for statistical comparisons for each gene between treatment groups.  

 

Statistical Analysis 

Statistical analysis was performed with NanoString nSolver and Prism for gene expression log2 

counts. Multiple two-tailed paired t-tests were used to assess significance between each stimulation 

time point and its corresponding unstimulated control with significance set at p<0.05. One-way 

ANOVAs were utilized to compare fold change values between stimulation treatments with 

significance set at p<0.05. 

 

Results 

 

Fibronectin fragment stimulation of equine synovial fibroblasts and chondrocytes in co- 

culture results in significant changes in expression of genes relevant to OA pathogenesis 

within 6h. 

Expression of a set of previously defined OA-related genes (Table 2.S1) was examined 6h post-

stimulation (PS), 12h post-treatment (PT12) or 36h post-treatment (PT36). Consistent with 

previous research, FN7-10 stimulation resulted in significant alterations to gene expression of 

OA-related genes PS in both synovial fibroblasts and chondrocytes (Table 4.1, 4.2). Of the 28 

genes examined, 22 and 23 genes were significantly altered PS in synovial fibroblasts and 

chondrocytes respectively (Table 4.1, 4.2). Alterations in gene expression following FN7-10 

stimulation were maintained in groups receiving no treatment as compared to the corresponding 
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serum free controls PT12 (22 of 28 genes in SF and 24 of 28 genes in C) and PT36 (21 of 28 

genes in SF and 25 of 28 genes in C).  

 

Triamcinolone significantly altered expression of OA-related genes following FN7-10 

stimulation.  

Treatment with triamcinolone significantly decreased gene expression of CCL2/MCP-1, 

CCL5/RANTES, CXCL-6, IL-6, MMP-13, and TGF-3 as compared to treatment with rEqLub 

and no treatment at PT12 in synovial fibroblasts (Table 4.3). In synovial fibroblasts PT36, 

triamcinolone significantly decreased expression of CCL2/MCP-1, CCL5/RANTES, COMP, 

CXCL6, IL-6, MMP-13, and TGF-3 as compared to no treatment and treatment with rEqLub 

(Table 4.4) HAS2, IL-10, MMP-1, PIEZO1, and TNF- expression were significantly decreased 

by triamcinolone treatment PT36 as compared to no treatment (Table 4.4). Triamcinolone 

significantly increased gene expression of PRG4 PT36 (Table 4.4). In chondrocytes PT12, 

triamcinolone significantly decreased gene expression of CCL2/MCP-1, CXCL6, IL-1, IL-6, 

MMP-13, TGF-1, TGF-3, and TNF- as compared to no treatment and treatment with rEqLub 

(Table 4.5). Triamcinolone significantly increased gene expression of COMP and PRG4 PT12 

(Table 4.5). In chondrocytes PT36, triamcinolone significantly decreased gene expression of 

Col1A1, Col3A1 and MMP-13 as compared to no treatment and treatment with rEqLub (Table 

4.6). Expression of Col2A1 was decreased following treatment of triamcinolone PT36 as 

compared to no treatment, and expression of COMP, PRG4, and TGF-2 were increased 

following treatment of triamcinolone PT36 as compared to no treatment (Table 4.6). 
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rEqLub significantly altered expression of OA related genes post 36h of treatment. 

Treatment with rEqLub had no significant effect on gene expression PT12 as compared to the no 

treatment control in synovial fibroblasts or chondrocytes (Tables 4.3, 4.5). Treatment with 

rEqLub significantly decreased expression of CXCL6, HAS2, IL-6, TGF-3, and TNF- in 

synovial fibroblasts (Table 4.4) as well as HAS2 and TGF-3 in chondrocytes (Table 4.6) as 

compared to no treatment PT36. Treatment with rEqLub significantly increased expression for 

PRG4 in synovial fibroblasts as compared to no treatment PT36. 

 

Discussion 

This study is the first of its kind to validate and investigate OA therapeutics in an FN7-10 

stimulated in vitro co-culture model of equine synovial fibroblasts and chondrocytes. The 

objectives of this study were to 1) evaluate the potential use of this model to test the efficacy of 

novel OA treatments by using triamcinolone as a positive control and examining rEqLub and 2) 

to investigate the potential for rEqLub as a novel OA therapeutic. Previous experiments 

discussed in Chapters 2 and 3 have validated the ability of FN7-10 stimulation to induce an OA 

phenotype in equine synovial fibroblasts and chondrocytes in vitro. In this study, cells were 

stimulated for 18h with FN7-10, and treatment was added 6h into the stimulation time period. 

Consistent with previous findings reported in monolayer culture, FN7-10 stimulation resulted in 

significant alterations to expression of OA-related genes as soon as 6h post-stimulation (Chapter 

2, Tables 4.1, and 4.2). As seen in Chapter 3, in this experiment, FN7-10 stimulation resulted in 

sustained gene expression alterations through a 24h recovery period without treatment (Tables 

4.1, 4.2). Together, these results continue to support the use of FN7-10 stimulation of equine 

synovial fibroblasts and chondrocytes as an in vitro model of OA.  
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Therapeutic development for OA is an expanding area of research and current efforts are 

focused on discovering disease-modifying therapeutics for OA in addition to symptom-

modifying medications. Previous research has investigated the role of lubricin in a variety of 

species including horses, sheep, pigs, dogs, and rodents, and research investigating lubricin 

supplementation has reported beneficial outcomes.89,90 Lubricin serves as a boundary lubricant 

within the joint and its depletion can result in trauma to articular cartilage and the progression of 

OA.88 Efforts to produce recombinant lubricin in the scale required for in vivo clinical trials have 

been hampered by highly repetitive sequence and extensive glycosylation of the mucin-rich 

region; however a novel codon scrambling and custom gene synthesis strategy has led to 

production and purification of full-length, highly glycosylated recombinant equine lubricin 

(rEqLub).91 The secondary objective of this study was to investigate the potential for rEqLub as a 

novel OA therapeutic using triamcinolone as a positive control. Within 12h of treatment with 

triamcinolone, expression of OA-related genes was significantly altered. Notable genes affected 

by treatment include CCL2/MCP-1, CCL5/RANTES, CXCL6, IL-6, MMP-13, and TGF-3. 

This supports previous research demonstrating that triamcinolone is a potent anti-inflammatory 

agent. Although we compare rEqLub and triamcinolone in this study, it is important to note that 

we recognize that rEqLub and triamcinolone are not the same type of therapeutic nor do they 

have the same mechanism of action. Their commonality is in their ability to have anti-

inflammatory effects and their potential to alter gene expression of OA-related genes. rEqLub 

significantly altered OA-related gene expression following 36h of treatment. rEqLub 

significantly decreased the expression of key genes recognized as hallmarks of OA inflammation 

such as IL-6 and TNF-. The initial lack of efficacy of rEqLub PT12 suggests that rEqLub may 

take a longer time to be effective as compared to triamcinolone which displayed gene expression 
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alterations PT12. It is worth noting that in addition to many anti-inflammatory effects, 

triamcinolone did result in increased PRG4 (lubricin) expression, as did rEqLub treatment at 

PT36. Previous research has demonstrated that OA may increase PRG4 expression, thus the 

lower magnitude of increase in PRG4 expression following treatment with rEqLub as compared 

to treatment with triamcinolone may be a protective mechanism of rEqLub.92,93 

A limitation to this study is that it had a relatively short time course and based on the 

delayed response following rEqLub treatment as compared to triamcinolone. It is possible that 

the effects of rEqLub may be even more pronounced at later timepoints. We used 200g/ml of 

rEqLub based on hypothesized clinically relevant concentrations in the joint, but we did not 

investigate additional concentrations. It is possible that at higher or lower doses, a stronger 

response may have been observed. We did not perform any ELISAs to assess protein production 

in the media, and therefore have a limited view of the full effects of rEqLub and triamcinolone 

treatment. Additionally, a small number of donors was utilized (n=6), and the sexes were not 

represented equally (4 females, 1 intact male, and 1 castrated male). Gene expression analyses 

were targeted based on previous research, and as a result they are not unbiased. In future 

experiments we may utilize RNA-seq to gain a more comprehensive understanding of the effects 

of rEqLub. 

 In conclusion, the results of this study support the use of this in vitro equine matrikine 

stimulation model of OA as a tool for investigation of OA therapeutic development. Additionally, 

these results support further investigation of rEqLub as a potential therapeutic to treat OA. As a 

biologic that is naturally found within healthy joints, rEqLub use poses reduced risk for adverse 

effects as compared to triamcinolone. Lubricin is also widely documented to be 
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immunomodulatory, anti-inflammatory, and have chondroprotective effects.94,95 Future studies are 

needed to investigate the effects of rEqLub at longer durations and at different concentrations.  
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Figures and Tables 

Table 4.1 Gene expression log2counts following FN7-10 stimulation +/- treatment in synovial 

fibroblasts grown in co-culture with chondrocytes. Paired t-tests were performed to compare 

stimulation treatments to their corresponding no stimulation controls. Significant differences are 

shown as gray highlighted blocks and defined as p<0.05 (NT = no treatment; TA = triamcinolone 

acetonide; rEqLub = recombinant equine lubricin). 
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Table 4.2 Gene expression log2counts following FN7-10 stimulation +/- treatment in 

chondrocytes grown in co-culture with synovial fibroblasts. Paired t-tests were performed to 

compare stimulation treatments to their corresponding no stimulation controls. Significant 

differences are shown as gray highlighted blocks and defined as p<0.05 (NT = no treatment; TA = 

triamcinolone acetonide; rEqLub = recombinant equine lubricin). 
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Table 4.3 Gene expression log2counts post 12h of treatment 1 (PT12) in synovial fibroblasts. 

One-way ANOVAs were performed to compare values between stimulation treatments. Significant 

differences are denoted by differing letters and gray rows indicate genes with significant 

differences between treatments. Significance defined as p<0.05. 

 



 73 

Table 4.4 Gene expression log2counts post 36h of treatment (PT36) in synovial fibroblasts. 

One-way ANOVAs were performed to compare values between stimulation treatments. Significant 

differences are denoted by differing letters and gray rows indicate genes with significant 

differences between treatments. Significance defined as p<0.05. 
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Table 4.5 Gene expression log2counts post 12h of treatment 1 (PT12) in chondrocytes. One-

way ANOVAs were performed to compare values between stimulation treatments. Significant 

differences are denoted by differing letters and gray rows indicate genes with significant 

differences between treatments. Significance defined as p<0.05. 
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Table 4.6 Gene expression log2counts post 36h of treatment 2 (PT36) in chondrocytes. One-

way ANOVAs were performed to compare values between stimulation treatments. Significant 

differences are denoted by differing letters and gray rows indicate genes with significant 

differences between treatments. Significance defined as p<0.05. 
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CHAPTER 5 

Future Directions: optimizing usage of the FN7-10 in vitro model for therapeutic testing 

and translational applications 

 In Chapter 2, we began working to determine if FN7-10 stimulation of equine synovial 

fibroblasts and chondrocytes was a viable model of OA. We demonstrated that similarly to  prior 

research in human articular chondrocytes,43 FN7-10 stimulation resulted in an OA phenotype. 

We progressed our work into an equine synovial fibroblast and chondrocyte co-culture model in 

Chapter 3 and consistently demonstrated that FN7-10 induced significant changes in gene 

expression of OA-related genes. We validated our model and compared it with two other pre-

existing models, presenting evidence that FN7-10 stimulation is a valuable in vitro model of OA. 

Ultimately, we validated the model for therapeutic testing and utilized the model to test a novel 

OA therapeutic, rEqLub. These data are meaningful as they are the first steps in determining the 

applications of a novel equine model of OA for translational use. Together, these have positive 

implications for therapeutic development. To further elucidate the validity of this model and its 

applications for therapeutic testing, this work will continue in two primary directions: 1) 

definition of clinical OA cases using RNA-seq to categorize types of OA and related gene 

expression changes and 2) determining optimal concentrations of rEqLub for the treatment of 

OA as well as testing additional novel OA therapeutics such as BIO-PLY, a platelet rich plasma 

lysate, and alpha-2-macroglobulin (A2M). 

 Defining the clinical gene expression phenotypes of OA cases would provide valuable 

insight on the variation within OA disease. There are many stages to OA, and each would likely 

result in different OA phenotypes. This knowledge could be extremely valuable for tailoring 

treatments to different stages or types of OA. In the equine population, life expectancy has 
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increased as seen with humans, and with this increase in life expectancy comes management 

challenges for chronic diseases like OA. We propose performing RNA-seq on equine synovium 

and articular cartilage of 3 cohorts of horses: 1) 3-6y, healthy horses with no history or injury or 

clinical signs of OA, 2) healthy horses 3-6y with experimentally induced OA – osteochondral 

fragment in middle carpal joint, and 3) geriatric horses, 18y+ with clinical signs of OA and 

radiographic changes but no prior history of traumatic injury. Our goal with the cohorts is to 

capture a cohort of young, healthy skeletally mature horses, a cohort with induced post-traumatic 

osteoarthritis (PTOA), and a cohort with age-related, chornic degenerative OA. Although it will 

be challenging to distinguish groups with absolute certainty, there are well established clinical 

lameness scoring and imaging scoring modalities that will allow us to make objective 

quantitative evaluations about OA disease status. The most widely used PTOA model for horses 

is the carpal chip model, in which an osteochondral fragment is created in the middle carpal joint 

(MCJ). Although our prior research has focused on the stifle, equine PTOA models in this joint 

are very limited. As a result, we propose using the carpal chip as our model of PTOA and 

gathering a split third cohort of geriatric horses, some with OA of the middle carpal joint and 

others with stifle OA. Both wrist and knee arthritis affect humans, making MCJ and stifle OA 

strong translational models.96,97 A projected challenge of this study will be finding elderly horses 

with no known trauma. In order to remedy this, horses must not have had a known incidence of 

lameness related to the stifle joint or middle carpal joint.  

 An additional future research objective is determining optimal concentrations of rEqLub 

for the treatment of OA as well as testing additional novel OA therapeutics such as BIO-PLY, a 

platelet rich plasma lysate, and alpha-2-macroglobulin (A2M). Many OA therapeutics focus on 

one area of treatment (i.e. inflammation or viscosupplementation) and as a result there are few 
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therapeutics that have more than one function to treat OA. This is a noteworthy shortcoming as 

OA is a multi-faceted disease. rEqLub has the potential to have multiple positive effects on the 

joint that include chondroprotection, immunomodulation, and reduced inflammation. In Chapter 

4, we scratched the surface of examining the effects of rEqLub treatment in an in vitro FN7-10 

stimulation model of OA. Further investigation to optimize the FN7-10 co-culture model of OA 

for therapeutic testing is warranted to identify additional important timepoints specific to each 

therapeutic. Future goals also include determining an optimal concentration of rEqLub to use to 

achieve maximum effect. One challenge to this is the large volume of rEqLub needed to achieve 

larger concentrations per ml of media. A possible solution to this is concentrating the rEqLub 

solution or expanding the cultures to allow for greater media volumes. 

 In order to expand our therapeutic testing, we propose using the FN7-10 model of OA to 

examine and validate the use of BIO-PLY and A2M. BIO-PLY, a platelet-rich plasma lysate, 

showed promising anti-inflammatory effects when used to treat joint infections.98 BIO-PLY also 

reduced the loss of proteoglycan when used to treat septic OA, suggesting that it may have the 

ability to prevent cartilage degradation.98 Together these data support the potential for BIO-PLY 

to have multiple positive effects within the joint, as it has both anti-inflammatory and 

chondroprotective potential. An additional therapeutic we are interest in investigating is A2M, 

which is a broad-spectrum protease inhibitor.99 While the full effects of A2M are unknown, we 

hypothesize that A2M may have anti-inflammatory and chondroprotective effects. 

 Collectively, we have presented compelling data in support of our novel equine in vitro 

FN7-10 stimulated model of OA. We have begun testing novel therapeutics and we aspire to 

investigate and advance disease-modifying OA therapeutics.  
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