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ABSTRACT 

Osteoarthritis (OA) is an irreversible degenerative joint disease characterized by low-

grade inflammation, mechanical inferiority, and structural changes to the various joint tissues. At 

the center of OA progression is the erosion of articular cartilage (AC) and its compromised 

interactions with the lubricating synovial fluid (SF). In healthy joints, SF-cartilage synergy make 

AC the smoothest natural bearing surface known to man. Inflammation-mediated destruction to 

the superficial cartilage and degradation to SF increase the friction coefficient at the cartilage 

surface. Cartilage has a limited intrinsic ability to repair itself; therefore, these phenotypic 

changes precede further joint degeneration. Current treatments to replenish diseased SF and 

restore cartilage lubrication are ineffective and at best, delay the need for joint arthroplasty.  

The goal of this work is to develop a SF supplement for intra-articular delivery into OA 

joints. To achieve this, we stimulate fibroblast-like synoviocytes (FLS) with cytokines associated 

with inflammatory and tissue remodeling macrophage lineages. The research herein first shows 

the ability to promote long-term SF secretions in cytokine-stimulated FLS cultures as 

characterized by hyaluronic acid (HA) synthesis and functional changes in viscosity. We next 

further optimize SF lubricant and mitigate inflammatory molecule synthesis through the 

temporal regulation of cytokine exposure. Finally, we test the effects of our derived SF secretions 

on chondrocytes and show their ability to promote chondrogenic marker expression and 

attenuate expression of catabolic enzymes. Future work merits the characterization of these SF-

like secretions for their disease-modifying ability in cartilage explants, OA chondrocytes, and 

animal models. 
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1. Background and significance 

1.1. Socioeconomic burden of osteoarthritis 

Osteoarthritis (OA) is a painful joint pathology affecting over 27 million Americans over 

the age of 25, with an annual economic burden of $90 billion.1, 2 Given the aging population in 

US, current projections estimate 50 million Americans will have OA by 2020.3 OA is currently an 

irreversible condition with insufficient non-surgical interventions. Therefore, significant efforts 

have been undertaken to understand synovial joints and the interactions of its tissues in 

development and disease.  

1.2. Synovial joint anatomy 

The synovial joint is an elegant organ comprised of multiple tissues functioning to provide 

stability, flexibility, and locomotion. The ends of long bones are lined with articular cartilage (AC), 

a smooth glossy surface bathed with a viscous, slippery synovial fluid (SF) to facilitate near 

frictionless joint articulation.4 SF lubricants are secreted by chondrocytes at the surface of AC5, 6 

as well as fibroblast-like synoviocytes (FLS) within the synovium encapsulating the joint.7-10 

Ligaments connect opposing long bones, providing stability and limiting the range of motion.11 In 

the knee, menisci act as load distributers and share the compressive loads with the AC.12, 13 While 

synovial joints can provide remarkably smooth mobility for a lifetime, the avascular nature of 

intra-articular tissues portend their inherent deficiency for self-repair. It is therefore essential 

that these joint structures are maintained over a lifetime. Preservation of cartilage and SF is vital 

to joint homeostasis. 
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1.3. Articular cartilage structure and function 

Healthy articular cartilage (AC) is a biomechanical masterpiece. Its smooth, glossy 

appearance is coupled with the ability to withstand compressive loads of 200 atm under near-

frictionless conditions (µ = 0.001).14, 15 These functional properties are attributed to the 

organization of the cartilage matrix and its interactions with other joint tissues. AC is comprised 

of mostly water (68-85%), type II collagen (10-20%), and proteoglycans (5-10%).16 It has a 

heterogeneous, hierarchical structure, which defines its mechanical properties. In the superficial 

zone, AC is rich in type II collagen whereas increasing sulfated-glycosaminoglycan (sGAG) content 

is a feature of the intermediate and deep zones.17-19 The collagen network in the superficial zone 

is tangentially oriented to the articular surface20 and is a vital anatomical feature for the smooth 

appearance and robust tensile and shear capabilities of AC.21, 22 The rich, negatively charged 

proteoglycan network in the intermediate and deep zones of AC bind water, interstitial fluid, and 

electrolytes, which pressurize the tissue and endow it with its compressive strength.23, 24 

Maintenance of the structure and function relationships of AC is essential to preserving joint 

health. AC integrity is in part dependent on the maintenance of the SF lubricating layer at the 

articular surface. 

1.4. Synovial fluid structure and function 

Synovial fluid (SF) is a viscous lubricating fluid that helps provide near-frictionless joint 

articulation and nutrition to the AC.4, 15 SF is a dialysate of blood plasma, containing sGAGs, 

proteins, phospholipids, and regulatory cytokines.25, 26 Interactions between HA, lubricin, and 

surface-active phospholipids (SAPL) with the AC are crucial to the complex lubrication regimes 

within the joint.15, 27, 28  
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SF becomes less viscous with age, but these changes do not necessarily alter its ability to 

lubricate cartilage nor compromise the structural integrity in joints.29 In diseases such as OA, 

however, significant changes to the composition of SF and organization at the articular surface 

lead to extracellular matrix (ECM) fragmentation, inflammation, SF degradation, increased 

friction, cartilage wear, and ultimately, irreversible disease progression.30-36  

1.4.1. Synovial fluid components are secreted by synovium and articular cartilage 

The molecules comprising SF are synthesized by cells in the synovium and AC. Two main 

cell types occupy the synovium, fibroblast-like synoviocytes (FLS) and synovial macrophages.37 SF 

synthesis is guided by chemical and physical cues. FLS produce significant HA in response to pro-

inflammatory cytokines inteleukin-1β (IL-1β), tumor necrosis factor-α (TNF-α), interferon-γ (IFN- 

γ), nitric oxide donors, and to a lesser extent, transforming growth factor-beta 1 (TGF-β1).9, 38, 39 

Lubricin synthesis in FLS can be promoted chemically by multiple growth factors from the TGF-β 

superfamily and mechanically by low magnitude shear stress.5, 6, 9, 10, 40, 41 These cytokines and 

growth factors fall within the spectrum of the macrophage secretome. In their pro-inflammatory 

state (M1 phenotype), macrophages secrete IL-1β and TNF-α.42, 43 Anti-inflammatory and tissue 

remodeling macrophages (M2a, M2c phenotypes) synthesize TGF-β1.44, 45 SAPL are filtered from 

the interstitial fluid in the synovial membrane and connective tissue surrounding the joint.8, 46, 47 

The mechanisms governing SAPL synthesis are less characterized than HA and lubricin.   

Also important to SF lubricant synthesis are the chondrocytes in the superficial layer of 

AC.48 Superficial chondrocytes show a heightened ability to produce lubricin compared with 

FLS.49 This can in part be attributed to the mechanosensitive nature of lubricin synthesis. 

Cartilage is subjected to a harsher mechanical environment than synovium. Regions of increased 
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contact pressures along the AC (e.g. the anterior medial and lateral femoral condyles) correlate 

with increased lubricin synthesis.50 Deposition of lubricin at the articular surface is crucial for the 

formation of effective boundary lubricating layers with HA and SAPL.  

1.4.2. Structure and interactions of HA, lubricin, and SAPL 

The interaction of the various SF lubricating molecules with each other and the AC is crucial 

to maintaining a near frictionless bearing surface. In SF, HA, lubricin, and SAPL are found at 

concentrations of 1-4 mg/mL,29, 51 0.05-0.35 mg/mL,48 and 0.1 mg/mL,51 respectively. HA, a long 

non-sulfated, anionic GAG of repeating D-glucuronic acid and N-acetyl-D-glucosamine 

disaccharide units,52, 53 is the most abundant molecule in SF and is responsible for crucial 

mechanical and molecular functions. HA in SF possesses a molecular weight distribution of 70% 

> 3 megadalton (MDa), 21% between 1-3 MDa, and 9% < 1MDa9 and is responsible for the viscous 

properties of SF.34, 35, 54 Its precise role in joint lubrication, however, remains unclear. Seminal 

work questioned the importance of viscosity on the boundary lubrication of cartilage.4, 55 This 

speculation was later clarified by distinguishing that the lubricating ability of HA depended on 

whether or not it was adsorbed to the surface it was lubricating. Free-floating HA molecules in 

SF provide viscosity but minimal lubrication.56 Conversely, Benz et al, showed that surface-bound 

HA could effectively prevent mica surfaces from wear at physiological pressures (P ≥ 200 atm), 

but still yielded high friction coefficients (µ =0.15-0.3).57 The reported high friction coefficients 

corroborate the earlier reports by Radin et al, who showed that HA provided only partial 

boundary lubricating abilities compared to SF,58 and more importantly pointed to an HA-free 

protein fraction within SF that produced similar lubricating abilities to SF.59  
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The lubricating protein fraction described by Radin et al, was later characterized to be 

lubricin, a highly conserved and glycosylated, brush-like protein essential in the boundary 

lubrication of cartilage.60, 61 Whereas viscosupplementation and grafting of HA show incremental 

improvements in boundary lubrication of bovine cartilage compared to saline controls, lubricin 

showed a similar ability to bovine SF in lowering friction coefficients between contacting cartilage 

surfaces.62 Furthermore, the lack of functional lubricin, as is the case in the rare genetic condition 

camptodactyly-arthropathy-coxavara-pericaditis syndrome (CACP), predisposes joints to a 

degenerative phenotype characterized by collagen fibrillation at the cartilage surface and loss of 

chondrocytes.63, 64 Lubricin knockout mice mimicking CACP showed increased joint friction and 

chondrocyte apoptosis. These observations were attenuated by lubricin supplementation.65  

The role of lubricin in minimizing boundary lubrication is further realized through its 

synergistic interactions with HA. Lubricin helps provide structural organization to HA, resulting in 

a reduced SF mesh size with subdiffusive properties.66 This lubricin-HA complex occurs through 

both the C- and N-termini of lubricin, and is thought to be crucial in the ability of SF to dissipate 

energy at physiological loads. HA alone is rigid with poor shear thinning capabilities.66 Lubricin is 

anchored to the dense type II collagen network at the cartilage surface.67, 68 This lubricin is 

believed to entrap HA by entanglement, thus increasing the local viscosity at the cartilage surface 

to provide boundary lubrication.66, 69 Removing lubricin from the cartilage surface eliminated the 

localization of HA, and increased joint friction.70 HA also enhances lubricin function by protecting 

its lubricating ability at contact pressures up to 40 atm71 and aids in the transition from fluid-film 

to boundary lubrication modes.72 The efficacy of HA-lubricin interactions in lowering friction 

between cartilage surfaces is enhanced with high MW HA (e.g. 1.5-5 MDa).73 The low friction 
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coefficient generated by HA-lubricin interactions (µ = 0.09 at 40 atm), however, unravels under 

at physiological loads (µ = 0.43), indicating that other molecules are important to the lubricating 

ability of SF. 

SAPLs are a family of important lubricating molecules. Early reports on the lubricating 

boundary layer at the articular surface described an oily hydrophobic surfactant4 similar to that 

observed in the lungs and other tissues.74 Schwarz and Hill identified that 11% of the lubricin in 

the non-HA lubricating fragment of SF, was phospholipid bound27, 75 and attached to the cartilage 

surface.61, 76, 77 Characterization of these SAPL by mass spectrometry identified a composition of 

41% phophatidycholine (PC), 27% phosphatidylethanolamine, and 32% sphingomyelin.46 PC 

species are the chief SAPL lubricant. Both bilayer and monolayer SAPL contribute to the 

lubrication in joints.69 The hydrophilic head region of SAPL is capable of binding up to 15 water 

molecules, a feature that may explain why boundary lubricating layers can maintain their near 

frictionless properties under high pressures (100-200 atm).78 Harnessing this property of SAPL is 

dependent on its molecular synergy with other SF lubricants. 

SAPL alone on quartz surfaces can lower friction to µ = 0.01-0.1, whereas the addition of 

HA had an additive effect (µ = 0.004), albeit at pressures of only 3 atm.79 Taking from the 

paradigm that HA is localized at the articular surface by the lubricin, Seror et al., found that 

attaching biotinylated-HA to mica substrates, followed by PC adhesion to the HA facilitated 

remarkably low friction (µ ≈ 0.001) near physiologic pressures (P ≈ 100 atm).69 Selection of PC 

species with higher Van der Walls attractions between acyl tails provided equivalent lubrication 

at even higher pressures (P ≈ 150 atm).80  
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The full paradigm of joint lubrication is not fully characterized, though considerable 

advances to our understanding of AC and its interactions with lubricating molecules have brought 

researchers closer to recapitulating the remarkable lubricating properties in joints. In summary, 

the latest research suggests that lubricin is anchored at the cartilage surface70 which helps entrap 

and provide structure to HA.66 PC then complexes with HA to form robust boundary layers with 

minimal friction under high loads.69, 80, 81 The preservation of these lubricating networks is 

essential in the prevention of joint pathology. 

1.4.3. SF composition and lubrication is compromised in joint pathology 

Given the avascular nature of synovial tissues, minor trauma and structural deviations 

lead to irreversible changes in the joint with debilitating consequences.7, 82-85 Whether joint 

pathology occurs due to wear and tear associated with aging, trauma (e.g. ligamentous rupture), 

or genetic factors, SF composition and function is compromised. In healthy joints, it is assumed 

that continual loading and unloading is associated with minimal disassembly and reassembly of 

boundary lubricating layers.81 In disease however, the imbalance of mechanical forces, 

inflammation, or a combination of both leads to a disruption of the SF-cartilage interface and 

superficial cartilage ECM. Inflammatory mediators such as IL-1β, TNF-α, various matrix 

metalloproteases (MMPs), and aggrecanases contribute to the early fragmentation of type II 

collagen and aggrecan from the cartilage ECM.31, 32, 86-90  While some of these inflammatory 

mediators are specific to cartilage degradation, other species such as IL-1β promote HA synthesis, 

yet simultaneously promote nitric oxide, which in turn catabolizes newly synthesized HA and 

sGAG.91  
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Persistent inflammation results in a decrease in HA concentration and MW,29, 92 leading 

to a host of inflammatory and functional consequences. HA oligomer fragments and disaccharide 

chains up to 50 kDa are established to be pro-inflammatory93, 94 and act through toll-like receptor 

2 and 4.95-97 1 MDa HA cannot prevent LPS induced NF-κB activation and toll-like receptor-4 

expression in chondrocytes.95, 98 Depolymerization of HA negatively affects its ability to interact 

with and protect other boundary lubricants. Fragmented HA accelerates phospholipase A2-

mediated SAPL lysis99 and reduces HA-lubricin binding affinity.73 Joint loading with a 

compromised SF-cartilage interface results in higher frictional coefficients and strains. Higher 

strains facilitate further collagen fibrillation and transduce apoptotic mechanical signals to the 

chondrocytes.65, 100, 101  

In the early stages of OA, the superficial cartilage tries to replenish the damaged ECM 

network through increased collagen turnover102 and mitigate increased friction by upregulating 

lubricin expression.85 Further catabolism of the AC, leads to erosion of type II collagen,103 

eventually resulting in severely diminished lubricin synthesis.36 Phospholipids are less 

incorporated at the articular surface in disease,51 however their synthesis increases in OA.92 

Inflammation both degrades HA and recruits the FLS to synthesize high MW HA to replenish the 

fragmented HA species.39 The persistence of this newly synthesized high MW HA is ephemeral 

due to other catabolic mediators. The inflammatory nature of OA coupled with the inability for 

cartilage to repair itself results in progressive cartilage damage and a steady decay in the ability 

of the boundary lubricants to minimize friction between articulating surfaces.  

1.5. Intra-articular treatments 
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Progressive decay to the SF-cartilage interface foreshadows debilitating changes to the 

joint. Significant efforts have been made to replenish the compromised lubricating properties of 

SF and promote cartilage repair. 

1.5.1. Hyaluronic acid viscosupplementation 

HA viscosupplements were developed in an attempt to replenish diseased SF via intra-

articular delivery to the affected joint. HA was targeted as a viscosupplement due to its essential 

role in SF viscoelastic properties and abundance in SF.35 The central hypothesis behind HA 

viscosupplementation was that replenishing depolymerized and cleared HA in pathological SF 

would restore SF viscosity, joint mobility and function. Efficacy of these viscosupplements, 

however, is controversial. 

Viscosupplementation was reported to provide pain relief and improved joint function in 

some studies.104, 105 However, better-controlled experiments questioned these findings, and 

showed that the reported improvements where in fact no better than saline controls106 or non-

steroidal  anti-inflammatory drugs (NSAIDs).107 The American Academy of Orthopaedic Surgeons 

was initially silent on their recommendation for viscosupplements, and as of 2013, no longer 

recommended their use.108  

In hindsight, the marginal effects of HA viscosupplements completely align with what is 

expected given the latest research. Clinical use of HA injections became available in the US during 

1990s,109 well before the importance of lubricin and SAPL in SF-cartilage lubrication was 

established. Clinical trials with HA viscosupplements were therefore conducted simultaneous to 

the emerging knowledge of other key molecules in the SF-cartilage lubrication paradigm. It is 

therefore unsurprising that HA viscosupplements fall short in restoring the native properties of 
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SF. While HA is the most abundant molecule in SF, it is not the only lubricating molecule. 

Furthermore, as summarized previously, it is the synergetic interaction between lubricating 

molecules that endows the SF-cartilage interface with its remarkable near frictionless properties. 

Such deficiencies in current viscosupplements have led to the exploration of other potential 

disease-modifying intra-articular injections.  

1.5.2. Lubricin tribosupplementation 

Intra-articular injection of lubricin has more recently been examined for its disease- 

modifying capabilities in pre-clinical models. It was found that lubricin tribosupplementation can 

prevent cartilage degradation110 and gait asymmetry in ACL-transected rats.111 Although lubricin 

tribosupplementation alone could attenuate the progression of post-traumatic OA, co-

supplementation with HA further improved results.112 Such findings again underline the 

importance of all SF boundary lubricants in promoting joint homeostasis and the shortcomings 

of targeting a particular molecule within the SF-cartilage lubricating paradigm. 

1.5.3. Amniotic fluid and stem cell intra-articular injections 

Treatment of joint pathology via intra-articular injection pre-dates the clinical use of HA 

viscosupplements. In 1938, Shimberg injected concentrated amniotic fluid into diseased joints, 

reporting both tissue repair and chondroprotective effects.113 The scarcity of follow up studies 

suggested that this seminal paper was not compelling enough to pursue. Later research however, 

characterized amniotic fluid as a rich depot of stem cells capable of chondrogenesis114 and 

immunomodulation115, 116 with dose dependent anti-inflammatory effects similar to adipose 

derived stem cells.117 Furthermore, the use of amniotic fluid had since showed promising results 

in the wound healing of critical size bone defects,118 damaged intestine,119 and large skin 
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wounds.120 The recent interest in stem cell therapies for treatment of OA and the promising 

application of amniotic fluid to other injured tissues provided the framework for its 

reintroduction into the arena of treatments for joint pathology. One clinical trial cited significant 

longitudinal OA relief (up to 2 years) in patients receiving amniotic fluid injections compared with 

corticosteroid controls.121 While these results are promising, concerns about proper control of 

experiments for this and other stem cell trials make it difficult to assess their true efficacy.122 

Another meta-analysis of 558 patients receiving stem cell injections concluded that there was no 

obvious advantage to receiving stem cell treatment for cartilage repair.123 Effective use of stem 

cells in the treatment of OA likely depends on selection of particular subpopulations of stem cells 

with enhanced immunomodulatory capabilities as well as targeted delivery to limit clearance into 

the lymphatic system.124 

1.5.4. Synthetic SF alternatives 

Synthetic alternatives to SF have been targeted since the 1960s. Silicone became an early 

candidate due to its oily nature and lubricating ability. Early studies suggested no adverse effects 

to the joint but were ambiguous on their therapeutic value.125 Better controlled experiments 

later showed no difference in joint mobility between silicone and saline injections.126 Use of 

silicone for cosmetic applications uncovered serious adverse granulomatous effects,127, 128 

dissuading researchers from further use. 

With the characterization of SF lubricating molecules came the development of synthetic 

lubricants that more accurately mimic the properties at the SF-cartilage interface. Synthetic high 

MW (2.5–3.5 MDa) anions resembling HA significantly lowered friction compared with saline and 

traditional viscosupplements but still does not perform like native SF.129 Polyelectrolyte brushes 
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capable of hydration lubrication similar to SAPL observed produced a low friction coefficient (µ ≈ 

0.01) under modest loading conditions. Such polymers have also been designed for 

thermosensitive drug release.130, 131 While such polymers have promising results thus far, 

questions remain over their ability to perform under dynamic physiological loads, their 

immunogenicity, and half-lives after intra-articular injection. Furthermore, they do not offer 

superior lubricating ability in an in-vitro setting compared to the surface force balance studies 

with HA, lubricin, and SAPL summarized above.69, 71, 80 These findings indicate that the optimal 

viscosupplements should ideally have a similar molecular makeup to native SF. 

1.6. In vitro synovial secretions 

One approach to producing a viable SF surrogate would be to harness the potential of the 

body to produce SF in biomimetic environments. As stated previously, both fibroblast-like 

synoviocytes (FLS) and superficial zone chondrocytes readily produce SF lubricants, HA and 

lubricin. Despite this knowledge, few efforts have been made to program these cells for the 

production of synovial secretions and therapeutic application. Blewis et al., considered the 

effects of tailoring FLS secretions through combinatorial cytokine exposure.9 It was found that 

the combination of IL-1β, TNF-α, and TGF-β1 produced an HA release profile closely mimicking 

the MW distribution found in native SF. TGF-β1 stimulation resulted in robust lubricin production, 

whereas IL-1β and TNF-α prevented lubricin synthesis. Combination of all three cytokines 

produced less lubricin than TGF-β1 alone, yet still significantly more than control, IL-1β, and TNF-

α treatment. These findings were then applied to a bioreactor with semi-permeable membranes 

of different pore sizes mimicking the porosity of the healthy and diseased synovium.10, 132 HA and 

lubricin were more readily retained in bioreactors featuring fine permeable meshes. For HA, 
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diffusive properties inversely correlated with MW. These studies are promising and potentially 

foundational in developing biomimetic SF secretions for therapeutic purposes. 

Despite the promise of tailoring FLS secretions, the methods outlined by Blewis et al., 

have their shortcomings. FLS secretions were only characterized for up to 3 days, which is not 

nearly enough time to generate the volume of SF lubricants reported in healthy joints. This could 

be addressed by attempting to extend the culture of FLS to quantify the longitudinal functional 

output of cells or by maintaining the culture duration and instead significantly increasing the 

required cell number. Additionally, the molecular constituents of SF closely interact with the 

articular cartilage. While IL-1β and TNF-α are crucial to generating SF secretions, their injurious 

effect on cartilage cannot be discounted.133 The studies available in the literature fail to propose 

methods to clear these pro-inflammatory molecules or their harmful by-products.   
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2. Innovation 

This is the first work of its kind aimed at developing an engineered synovial fluid 

supplement by cytokine stimulation of fibroblast-like synoviocytes (FLS) for treatment of 

osteoarthritis. This treatment could ultimately employ autologous cells. FLS can be isolated from 

synovial biopsies, and the cells grown in-vitro to generate SF secretions, which can be injected 

intra-articularly. 

Traditional viscosupplements focus only on replenishing depleted HA concentrations. 

These treatments at best offer partial relief of symptoms for 6 months. While HA is the most 

abundant molecule in SF it is not the only lubricant necessary for the near frictionless articulation 

observed at the cartilage interface. The proposed work is novel in that we seek to promote a 

more complete viscosupplement by stimulating the native cell type responsible for producing SF 

lubricants.  

While our aim is towards optimizing cytokine treatments to promote long-term FLS 

secretions for OA treatment, the principles herein could have broader impacts in tissue 

engineering. The concepts of immunomodulation and tailoring macrophage associated cytokine 

exposure can be applied to a host of inflammatory diseases. 
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3. Specific aims 

Osteoarthritis (OA) is an irreversible degenerative joint disease characterized by low-

grade inflammation, mechanical imbalances, and structural changes to the various joint tissues. 

At the center of OA progression is the erosion of the articular cartilage (AC) and its compromised 

interactions with the lubricating synovial fluid (SF). In healthy joints, articular cartilage (AC) has a 

smooth, glossy appearance, and is bathed with a viscous, lubricating and nutrient rich SF. Synergy 

between at the SF-cartilage interface make AC the smoothest natural bearing surface known to 

man, maintaining extremely low friction coefficients (μ = 0.001) at pressures up to 200 

atmospheres (atm). Slight deviations to this lubricating interface precede permanent 

degenerative changes. One of the first detectable changes in OA is fibrillation to the type II 

collagen network at the cartilage surface by inflammatory and mechanical processes. 

Inflammation-mediated destruction to the superficial cartilage and degradation to the SF 

increase friction at the cartilage surface. Cartilage has a limited intrinsic ability to repair itself; 

therefore, these phenotypic changes precede further joint degeneration.  

Current treatments to replenish diseased SF and restore cartilage lubrication are 

ineffective and at best, delay the need for joint arthroplasty. Development of disease-modifying 

viscosupplements with the ability to restore SF-cartilage lubrication and facilitate healthy 

cartilage remodeling likely depends on providing a SF surrogate that mimics the biochemical and 

functional makeup of healthy SF. 

Fibroblast-like synoviocytes (FLS) are one of the main cell types responsible for SF 

lubricant synthesis and can be programmed via cytokine stimulation using M1 inflammatory 

macrophage associated cytokines (e.g. interleukin-1 beta (IL-1β) and tumor necrosis factor-alpha 
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(TNF-α) and M2 tissue remodeling macrophage associated cytokines (e.g. transforming growth 

factor-beta 1 (TGF-β1)) to promote SF lubricant synthesis. These findings may provide the 

framework for the development of an engineered SF; however, prior work with FLS only analyzed 

the SF lubricant secretome over 3 day cultures. The development of a cell-derived SF 

viscosupplement requires significant lubricant accumulation to match the concentrations in 

native SF. This would require longer FLS culture times, improved methods for SF lubricant 

synthesis, larger numbers of FLS, or a combination of these factors.  

Our overall goal is to develop a novel, cell-derived viscosupplement that mimics the 

structural composition of SF for the treatment of OA. To achieve this, we designed the following 

specific aims: 

Aim 1. Test the ability of cytokine-stimulated FLS to generate long-term SF secretions 

 We hypothesized that cytokine-stimulated FLS cultures can promote long-term SF-like 

secretions. Since the capacity of FLS to promote SF lubricants has not been characterized beyond 

3 days, this aim investigated lubricant synthesis of cytokine-stimulated FLS over 12 day cultures. 

Different combinations and concentrations IL-1β, TNF-α, and TGF-β1 were investigated to 

determine a cytokine combination capable of promoting long-term high molecular weight (MW) 

hyaluronic acid (HA) secretions, meanwhile limiting cytotoxicity. The results from this aim were 

used to select a positive stimulatory control for further optimizations pursued in Aim 2. 

Aim 2. Evaluate the temporal effects of cytokine exposure on FLS secretions 

We hypothesized that FLS secretions could be maintained with intermittent cytokine 

exposure (Aim 1). We also hypothesized that FLS secretions can be further improved by 

decoupling the exposure of M1 macrophage associated cytokines (IL-1β and TNF-α) from M2 
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macrophage associated cytokine (TGF-β1). To investigate this aim, FLS cultures were established 

using the continuous control selected from Aim 1 and compared with intermittent and sequential 

cytokine regimes. Intermittent treatments comprised of alternating 3 day cycles of media with 

and without all 3 cytokines. Sequential treatments comprised of decoupling pro-inflammatory 

cytokine (IL-1β and TNF-α) exposure from the anabolic growth factor (TGF-β1) over 3 day 

intervals. FLS media was analyzed every 3 days for total HA content and molecular weight 

distribution (MW), lubricin content, and inflammatory marker regulation. Finally, cell number 

and morphology was assessed. The function of this aim was to select the superior cytokine regime 

for promoting SF secretions to test on chondrocyte gene expression in the final aim. 

Aim 3. Evaluate the effects of SF secretions on chondrocyte gene expression 

We hypothesized that conditioned SF secretions from cytokine-stimulated FLS cultures 

can promote chondrogenic gene expression. We also hypothesized that residual cytokines in the 

conditioned media containing SF secretions will have a pro-inflammatory effect on the 

chondrocytes and that filtration to remove residual cytokines will attenuate the inflammatory 

effect. To test these hypotheses, conditioned SF secretions from the superior cytokine regime 

was selected from Aim 2 and supplemented to chondrocyte cultures in unfiltered as well as 

filtered form to remove molecules below 3 kDa and 50 kDa. These filtrations account for 

metabolites, debris, and residual cytokines in the SF conditioned media. Chondrocytes were 

cultured for 1 and 3 days, and chondrogenic (Sox9, type II collagen, aggrecan) and pro-

inflammatory matrix metalloprotease (MMP-1, MMP-2, MMP-9, and MMP-13) gene expression 

was characterized.  
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The completion of these aim established proof-of-concept for using FLS-derived SF 

secretions as a potential therapeutic for OA treatment. Future studies will consider longitudinal 

effects of FLS secretions on damaged cartilage explants, osteoarthritic chondrocytes, and pre-

clinical in vivo models. 
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4. Evaluation of continuous cytokine stimulation on long-term 

lubricant secretions in fibroblast-like synoviocytes1 

4.1. Introduction 

Synovial Fluid (SF) is a viscous lubricating fluid that reduces friction between articular 

cartilage surfaces. Joint lubrication is largely affected by the molecular constituents of SF, 

hyaluronic acid (HA),29, 35, 54, 69, 134, 135 lubricin,60, 62, 66, 136 and phospholipids.69, 137-139  HA, a non-

sulfated glycosaminoglycan with repeating disaccharide units, is present in a range of molecular 

weights (MW) in SF. In healthy SF, HA is found at concentrations between 1-4 mg/mL with 70% 

of HA produced at a MW > 3 MDa.9, 29 In joint pathologies such as osteoarthritis (OA) and 

rheumatoid arthritis (RA), however, HA concentration and molecular weight are reduced due to 

inflammatory cytokine-mediated HA fragmentation.38, 83, 93, 134, 140-143  These negative changes to 

the molecular composition of HA lower SF viscosity and increase friction along the articular 

cartilage.85, 136, 144  Thus, replenishing diseased SF is likely necessary to prevent OA progression 

and restore joint homeostasis. 

                                                      
Portions of this chapter have been submitted to:  Abu-Hakmeh A.E., Fleck A., and Wan L.Q. Temporal effects of 

cytokine treatment on lubricant synthesis and MMP activity in fibroblast-like synoviocytes. J Tissue Eng Regen Med.  

Portions of this chapter previously appeared as: 

Abu-Hakmeh, A.E., Fleck, A., and Wan, LQ. Sequential cytokine treatment promotes synovial lubricant synthesis and 

reduces MMP activity in fibroblast like synoviocytes. Abstract presented at the Biomedical Engineering Society 

Annual Meeting, Phoenix, AZ, 2017. Abstract no. 1617 

Abu-Hakmeh A.E., Fleck A., and Wan L.Q. High molecular weight secretions of cytokine-stimulated fibroblasts 

promote matrix synthesis in chondrocytes. Abstract presented at the Orthopaedic Research Society Annual Meeting, 

New Orleans, LA, 2018. Abstract no. 465 
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One popular approach to replenish diseased SF is intra-articular delivery of HA 

viscosupplements. Viscosupplementation replenishes HA and is meant to relieve joint pain, 

lubricate the articular cartilage, promote cartilage matrix synthesis, and suppress inflammation. 

Low MW HA (0.75 MDa) was found to be less effective at producing an analgesic effect and 

improving joint mobility than high MW HA (6 MDa).145 HA viscosupplements ranging between 1-

7 MDa promote marginal improvements in clinical outcomes for up to 6 months146, 147 and fare 

no better than saline injections.106 The short-term relief leads patients to seek repeat courses of 

HA supplements.148 Most importantly, viscosupplementation does not prevent eventual joint 

arthroplasty.149-151 The shortcomings of current viscosupplements could be attributed to their 

incomplete formulation, consisting only of HA, compared to native SF. Thus, the development of 

effective SF supplements must better recapitulate the native composition of healthy SF. 

Blewis, et al. have shown the ability of fibroblast-like synoviocytes (FLS) to promote SF 

molecules HA and lubricin by cytokine stimulation.9 Inflammatory molecules IL-1β, TNF-α, and 

IFN-γ have potent synergistic effects on HA production in human FLS.38 Of these inflammatory 

cytokines, IL-1β and IFN-γ are superior in promoting HA of MW 1 MDa or greater.39 These same 

inflammatory molecules, however, have dose dependent inhibitory effects on lubricin 

synthesis.152 Growth factors TGF-β1, 3 and BMP-2, 4, 7 promote robust production of lubricin but 

have unremarkable effects on HA synthesis.6, 9, 39, 40, 49 More recently, FLS stimulation by both 

pro-inflammatory cytokines and growth factors resulted in significant high MW HA and lubricin 

synthesis.9 Specifically, in-vitro cultures of human FLS stimulated with IL-1β, TNF-α, and TGF-β1 

for 3 days produced HA with a MW distribution most similar to native SF and significant lubricin 

secretion compared to other cytokine combinations. These data point to the complex 
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biochemical environment that governs SF secretions. Development of effective SF supplements 

likely hinges on further optimization of the chemical cues exposed to FLS.  

To advance our understanding of cytokine guided FLS secretions, the present study 

examines whether synovial secretions can be extended beyond 3 days using different cytokine 

combinations. We examined the role of IL-1β, TNF-α, and TGF-β1 on HA and MMP-2 secretions 

over 12 days. The findings herein support the stimulation of FLS in long-term cultures as a method 

for sustained accumulation of SF secretions. 

4.2. Materials and methods 

4.2.1. Synoviocyte expansion and continuous cytokine culture 

Healthy human fibroblast-like synoviocytes (FLS) were purchased from Cell Applications, 

Inc. (San Diego, CA). The cells were expanded to passage 6 and inoculated on 24-well plates at a 

density of 10,000 cells/cm2 in Dulbecco’s Modified Eagle Medium (DMEM) with 10% fetal bovine 

serum (FBS) and 1% penicillin/streptomycin. Upon confluence, the FBS concentration was 

decreased to 0.5% for 2 days to suppress proliferation and facilitate a strong response to 

subsequent cytokine stimulation.40, 152 Cells were then cultured with 0.5% FBS in the presence or 

absence of cytokines for 12 days (Figure 1). 
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Figure 1. Overall experimental design. (A) Schematic of experimental procedure. Fibroblast-like synoviocytes (FLS) 
were starved for two days after reaching confluence, followed by various cytokine treatments. (B) Schematic of 
different cytokine combinations of 12 day FLS culture. In this study, the cells were continuously stimulated with 
different combinations of IL-1β, TNF-α, and TGF-β1 for selection of a positive control for subsequent experiments.  
 

Cytokine supplementation examined the effects of individual and combined cytokine 

treatments as previously reported in the literature with slight modifications.9 Briefly, confluent 

FLS were cultured in control media (CM) with either M1 macrophage associated cytokines, i.e., 

10 ng/mL IL-1β + 100 ng/mL TNF-α  (denoted as M1) or M2 macrophage associated cytokines, 

i.e., 10 ng/mL TGF-β1 (denoted as M2). Additionally, combinations of M1 and M2 cytokines were 

supplemented simultaneously. For this, IL-1β and TNF-α were used at the concentration listed 

above (denoted as M1+M2 H) as well as 50% (M1+M2 M) and 10% (M1+M2 L) concentrations 

while holding the TGF-β1 concentration constant for all groups. Cell morphology and secreted 

profile of lubricating and inflammatory molecules were used as a metric for selecting a group for 

further analysis. IL-1β, TNF-α, and TGF-β1 were purchased from PeproTech (Rocky Hill, NJ). 
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4.2.2. HA quantification and molecular weight distribution 

Aliquots from all culture time points were analyzed for total HA content using a 

Hyaluronan Duoset ELISA (R&D systems, Minneapolis, MN) as per manufacturers’ instructions. 

Collected media was diluted 1:500-1:1000 to fit within the standard curve. For MW distribution 

of HA, media was resolved by agarose gel electrophoresis, and detected using Stainsall.9 Briefly, 

collected media were pooled and treated with 10 U/mL Streptomyces hyaluronidase (Seikagaku, 

Tokyo, Japan) overnight at 37oC, and then with 0.5 mg/mL Proteinase K overnight at 37oC. 

Samples were loaded in 1% agarose gels (Lonza, Rockland, ME) and separated by horizontal 

electrophoresis for 3 hours at 100 V in TAE buffer (0.4M Tris-Acetate, 0.01M EDTA, pH 8.3).  MW 

bands were detected against HA standards of 0.11-6.1 MDa (Hyalose, Austin, TX) using 0.1% 

Stainsall reagent (Santa Cruz, Dallas, TX). Gel images were taken using a ChemiDoc Imaging 

System (Bio-Rad, Hercules, CA). Images were analyzed in Gimp to determine the relative HA 

content compared to a healthy bovine SF control in the MW ranges of < 1, 1-3, and > 3 MDa by 

comparing intensities of hyaluronidase and non-hyaluronidase treated samples.9 

4.2.3. Viscosity characterization 

To assess functional changes to the culture media as a result of cytokine-mediated HA 

secretions, we characterized the viscosity of the culture media at Day 12 using a DV2T  viscometer 

(Brookfield Engineering, Middleboro, MA). Briefly, 500 μL of media was warmed to 37o C and 

added to a stainless steel cone (0.8o angle) and plate assembly. Measurements of each sample 

were performed at spindle speeds of 100-200 rpm and measured in real time until the viscosity 
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reading was stable. The experiments were performed within 5 minutes of setup to avoid artifacts 

caused by evaporation and sample degradation. 

4.2.4. Gelatin-MMP zymography 

Matrix metalloproteinaise-2 (MMP-2) was quantified using zymography as previously 

described.153 Briefly, 6 µl of media were used per sample and separated on 10% polyacrylamide 

– 0.1% w/v gelatin gels by electrophoresis under non-denaturing conditions at 135 V for 120 

minutes. The gels were removed from the cassettes and incubated in renaturing solution (2.5% 

Triton-X, Sigma-Aldrich, St. Louis, MO) for 30 minutes at room temperature before being washed 

three times in deionized water. Gels were further incubated in developing buffer (50 mM Tris-

HCl, 0.2 M NaCl, 5 mM CaCl2, 0.02% Brij L23) for 30 minutes at room temperature, then the 

developing buffer was replaced and the gels were digested for 16 hours at 37 °C. Gels were then 

stained with GelCode Blue (Thermo Fisher), destained, and imaged with a ChemiDoc imaging 

system. Bands were quantified using the Gel Analyzer in ImageJ (NIH, Bethesda, MD). Active 

MMP-2 standards (PeproTech) were used to normalize band intensities between gels. 

4.2.5. Imaging and cell morphology 

Day 8 phase contrast images were acquired to assess morphology and confluence using a 

Keyence Microscope (Osaka, Japan).  

4.2.6. Statistical analysis 

Statistical tests were performed using SPSS v.23 (IBM, Armonk, NY). Two-way ANOVA was 

performed for cytokine stimulated FLS for secreted HA and MMP-2 content with Tukey’s HSD 

post-hoc analysis with experimental group and time point as independent factors. Testing for 

simple effects following a significant interaction was completed by pairwise comparisons.  One-
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way ANOVA with Tukey’s HSD post-hoc analysis was performed on day 12 conditioned media 

viscosity tests. A sample size of n = 3-5 was used for all experiments. The significance level was 

set at p < 0.05 for all experiments. Post-hoc power tests to determine appropriate sample size 

were performed using G*Power v3.1 (Brunsbuttel, Germany). Power was set at Power (1-β) ≥ 

0.8. 

4.3. Results 

4.3.1. Combined cytokine treatment promotes sustained HA synthesis 

Several combinations of M1 (IL-1β and TNF-α) and M2 (TGF-β1) macrophage associated 

cytokines were assessed for effects on fibroblast-like synoviocytes (FLS) secretions (Figure 1A). 

Combined M1 and M2 cytokines at middle (i.e. M1+M2 M) and high (i.e. M1+M2 H) doses 

sustained at least a 220—fold increase in HA synthesis at all time points compared to controls, 

and reached a peak at day 6 (Figure2). Combined M1 and M2 cytokines at low concentrations 

(i.e. M1+M2 L) did not maintain significant HA secretions beyond day 6 (10.8 ± 1.5 μg at day 6 

compared to 2.2 ± 0.4 μg at day 12) and secretions for M1 treatment alone were maintained at 

a low level until day 12 (0.15 ± 0.005 μg at day 3 compared to 10.0 ± 0.2 μg at day 12).  

4.3.2. Percentage of high MW HA increases throughout culture 

HA secreted by FLS was then assessed for molecular weight distribution by agarose gel 

electrophoresis. The MW distribution of HA was divided into three MW ranges of 1 MDa or 

below, 1-3 MDa, and 3 MDa and above.  By day 12, cells treated with combined M1 and M2 

cytokines at mid and high doses produced a significant amount of HA, which resembled native SF 

HA with at least 70% HA at 3 MDa or above (Figure 3).   
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Figure 2. Regulatory effects of IL-1β, TNF-α and TGF-β1 on fibroblast-like synoviocytes (FLS) total HA synthesis. 
FLS were cultured in (1) control media (CM; DMEM + 0.5% FBS), (2) M1 media (10 ng/mL IL-1β + 100 ng/mL TNF-
α), (3) M2 media (10 ng/mL TGF-β1), (4) M1+M2 L (1 ng/mL IL-1β + 10 ng/mL TNF-α + 10 ng/mL TGF-β1), (5) 
M1+M2 M (5 ng/mL IL-1β + 50 ng/mL TNF-α + 10 ng/mL TGF-β1), and (6) M1+M2 H (10 ng/mL IL-1β + 100 ng/mL 
TNF-α + 10 ng/mL TGF-β1). Treatments were applied continuously during the 12 day culture. Cytokine effects on 
total HA secretion detected by an ELISA-like assay on cytokine stimulated FLS at 3 day intervals at day 3, 6, 12. 
Data reported as mean ± SD. Differences within a time point are indicated by different letters, and differences 
within a group from day 3 basal values indicated by asterisk (*). 
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Figure 3. Regulatory effects of IL-1β, TNF-α and TGF-β1 on fibroblast-like synoviocytes (FLS) HA MW secretions. 
FLS were cultured in (1) control media (CM; DMEM + 0.5% FBS), (2) M1 media (10 ng/mL IL-1β + 100 ng/mL TNF-
α), (3) M2 media (10 ng/mL TGF-β1), (4) M1+M2 L (1 ng/mL IL-1β + 10 ng/mL TNF-α + 10 ng/mL TGF-β1), (5) M1+M2 
M (5 ng/mL IL-1β + 50 ng/mL TNF-α + 10 ng/mL TGF-β1), and (6) M1+M2 H (10 ng/mL IL-1β + 100 ng/mL TNF-α + 
10 ng/mL TGF-β1). Treatments were applied continuously during the 12 day culture. Cytokine effects on HA MW 
distribution were characterized by electrophoresis on 1% agarose gels at day 3, 6, 12.  

4.3.3. Viscosity increases in groups with robust HA synthesis 

To assess the effects of HA secretions on the physical properties of the collected media, 

viscosity measurements were taken on day 12 media aliquots. Consistent with the properties of 

native SF, groups with significant HA production at day 12 (e.g. M1, M1+M2 M, and M1+M2 H) 

had significantly higher media viscosities than groups with marginal HA synthesis (Figure 4). 
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Figure 4. Regulatory effects of cytokine-mediated secretions of fibroblast-like synoviocytes (FLS) on conditioned 
media viscosity. FLS were cultured in (1) control media (CM; DMEM + 0.5% FBS), (2) M1 media (10 ng/mL IL-1β + 
100 ng/mL TNF-α), (3) M2 media (10 ng/mL TGF-β1), (4) M1+M2 L (1 ng/mL IL-1β + 10 ng/mL TNF-α + 10 ng/mL 
TGF-β1), (5) M1+M2 M (5 ng/mL IL-1β + 50 ng/mL TNF-α + 10 ng/mL TGF-β1), and (6) M1+M2 H (10 ng/mL IL-1β + 
100 ng/mL TNF-α + 10 ng/mL TGF-β1). Media at day 12 was characterized for viscosity using a viscometer. Data 
reported as mean ± SD. Differences between groups are indicated by different letters. 

4.3.4. MMP-2 synthesis increases with time in all stimulations 

To determine the effects of cytokine stimulation on catabolic activities in FLS, we next 

characterized the secretion profile of MMP-2. Pro and active forms of MMP-2 were characterized 

with gelatin zymography. Pro MMP-2 did not show much variability between groups or at 

different time points (Figure 5A). For active MMP-2, all cells receiving M1 factors differed 

significantly from the control by day 12 (Figure 5B). Also, a general time dependent increase of 

active MMP-2 was noted in all groups. 
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Figure 5. Regulatory effects of IL-1β, TNF-α and TGF-β1 on fibroblast-like synoviocytes (FLS) MMP-2 secretions. 
FLS were cultured in (1) control media (CM; DMEM + 0.5% FBS), (2) M1 media (10 ng/mL IL-1β + 100 ng/mL TNF-
α), (3) M2 media (10 ng/mL TGF-β1), (4) M1+M2 L (1 ng/mL IL-1β + 10 ng/mL TNF-α + 10 ng/mL TGF-β1), (5) M1+M2 
M (5 ng/mL IL-1β + 50 ng/mL TNF-α + 10 ng/mL TGF-β1), and (6) M1+M2 H (10 ng/mL IL-1β + 100 ng/mL TNF-α + 
10 ng/mL TGF-β1). Treatments were applied continuously during the 12 day culture. Cytokine effects on (A) pro- 
and (B) activeMMP-2 were characterized by gelatin zymography at day 3, 6, 12. Data reported as mean ± SD. 
Differences within a time point are indicated by different letters, and differences within a group from day 3 basal 
values indicated by asterisk (*). 
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4.3.5. M1 cytokines cause dose-dependent cytotoxicity and irregular morphology 

The effect of cytokine combinations on FLS was further characterized by examining cell 

morphology at day 8 (Figure 6). Control and M2 treated cells had normal spindle-like morphology. 

Cells treated with M1 media alone had the lowest confluence and featured irregular, multi-polar 

morphology. If cells were treated with both M1 and M2 associated cytokines (i.e. M1+M2 L), the 

morphology was found to have a considerable recovery. Such an effect diminished if the 

concentration of M1 cytokines was very high (M1+M2 H). 

In summary, the combined treatment of M1 and M2 cytokines at the middle dose 

(M1+M2 M) was selected for further study due to favorable HA synthesis, HA MW distribution, 

and relatively improved morphology compared to M1+M2 H. M1+M2 M was therefore selected 

for further evaluation against intermittent and sequential cytokine exposure. 
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Figure 6. Regulatory effects of IL-1β, TNF-α and TGF-β1 on fibroblast-like synoviocytes (FLS) cell morphology and 
confluence. FLS were cultured in (1) control media (CM; DMEM + 0.5% FBS), (2) M1 media (10 ng/mL IL-1β + 100 
ng/mL TNF-α), (3) M2 media (10 ng/mL TGF-β1), (4) M1+M2 L (1 ng/mL IL-1β + 10 ng/mL TNF-α + 10 ng/mL TGF-
β1), (5) M1+M2 M (5 ng/mL IL-1β + 50 ng/mL TNF-α + 10 ng/mL TGF-β1), and (6) M1+M2 H (10 ng/mL IL-1β + 100 
ng/mL TNF-α + 10 ng/mL TGF-β1). Phase contract micrographs were captured at day 8. 3-5 images were taken per 
group. Scale = 50 μm. 
 

4.4. Discussion 

This study explored the possibility of promoting long-term synovial secretions of FLS with 

different combinations of M1 and M2 cytokines. The combination of M1 and M2 cytokines at the 

middle dosage (5 ng/mL IL-1β, 50 ng/mL TNF-α, and 10 ng/mL TGF-β1) promoted robust HA 

synthesis while minimizing cell death during 12 day culture. This finding on HA production is 
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consistent with previous reports indicating that M1 and M2 macrophage associated cytokines 

can promote SF secretions in FLS during 3 day culture.9, 40 We preferred the middle dosage to 

potentially minimize harmful side effects of pro-inflammatory cytokines. We noticed that the 

presence of IL-1β and TNF-α for the duration of the culture promoted significant MMP-2 activity 

(Figure 5B) compared to controls. Even low concentrations of M1 cytokines could not reduce the 

inflammatory activity of FLS despite having diminished HA synthesis.  

The MW distribution of HA synthesized by cytokine stimulation of FLS is an important 

consideration for functional properties of HA inside joints. In our study, we defined 3 MW ranges 

(> 3 MDa, 1-3 MDa, and < 1 MDa).  Native HA features a composition of approximately 70% > 

3MDa, 21% between 1-3 MDa, and 9% < 1 MDa.  High MW HA (> 3 MDa) endows SF with its 

viscosity, a crucial property for minimizing friction of between articular cartilage surfaces.66, 154 

Lower HA MW can promote a range of regulatory and destructive processes to joint health. For 

example, HA greater than 600 kDA has significant anti-inflammatory effects on FLS and OA 

chondrocytes; meanwhile HA of 1.6 MDa or greater promotes type II collagen production in 

chondrocytes.155, 156 HA oligomer fragments, however, are both products and activators of pro-

inflammatory mediators in joint pathologies.82, 93, 157, 158 We confirmed that HA greater than 3 

MDa is best produced when IL-1β, TNF-α, and TGF-β1 are all supplemented.9  At least 65% of the 

HA produced was 3 MDa or greater provided that both M1 and M2 cytokines were 

supplemented. 

As a result of these data, M1+M2 M was selected as a positive stimulatory control for 

comparison against temporal cytokine variations. 
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5. Temporal effects of cytokine treatment on lubricant synthesis 

and MMP activity of fibroblast-like synoviocytes2 

5.1. Introduction 

In the previous study, we identified M1+M2 M as a candidate to promote sustained 

lubricant synthesis. M1+M2 M utilized 50% concentration of IL-1β and TNF-α as M1+M2 H 

treated FLS. Higher concentrations of IL-1β and TNF-α were noted to alter cell morphology and 

lower confluence in FLS monolayers. For the longevity of FLS cultures, it was decided that M1+M2 

M would be pursued as a positive control for FLS secretions. 

The present study compared the effects of continuous cytokine exposure (M1+M2 M) to 

intermittent and sequential cytokine treatments. We hypothesized that significant SF lubricant 

(HA and lubricin) synthesis and suppression of inflammatory molecule (MMP-2) activity can be 

tuned by temporal variation of cytokine exposure. Intermittent treatment is comprised of cyclical 

exposure to cytokines every other medium change, whereas sequential supplementation is 

comprised of recurring cycles of FLS exposure to just pro-inflammatory cytokines IL-1β and TNF-

α followed by exposure to TGF-β1 only.  

                                                      
Portions of this chapter have been submitted to:  Abu-Hakmeh A.E., Fleck A., and Wan L.Q. Temporal effects of 

cytokine treatment on lubricant synthesis and MMP activity in fibroblast-like synoviocytes. J Tissue Eng Regen Med.  

Portions of this chapter previously appeared as: Abu-Hakmeh, A.E., Fleck, A., and Wan, LQ. Sequential cytokine 

treatment promotes synovial lubricant synthesis and reduces MMP activity in fibroblast like synoviocytes. Abstract 

presented at the Biomedical Engineering Society Annual Meeting, Phoenix, AZ, 2017. Abstract no. 1617 
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Intermittent and sequential treatments both provide attractive alternatives to continuous 

cytokine exposure. Successful FLS stimulation via intermittent cytokine exposure would imply 

that FLS are capable of producing sustained SF secretions in the absence of cytokines for at least 

3 days. This would limit the exposure of cells to cytokines, which may bode well for the fidelity 

of long-term FLS cultures. Sequential exposure on the other hand, in addition to limiting cytokine 

exposure, is intended to mimic the macrophage guided wound healing response and harness the 

individual potential of different cytokines. The traditional wound healing cascade is comprised of 

an acute inflammatory phase associated with the inflammatory M1 macrophage cytokines IL-1β 

and TNF-α. Following this phase is the wound healing and tissue remodeling M2 macrophage 

associated phase, in which TGF-β1 is expressed.159-162 Furthermore, total HA production and 

lubricin production is most robust when IL-1β and TGF-β1 are decoupled, respectively.9, 40 

Therefore, we hypothesized that separating inflammatory cytokines IL-1β and TNF-α from TGF-

β1 would have a positive effect on SF lubricant synthesis. The information herein shows the 

benefit of sequential cytokine supplementation in promoting SF lubricants and FLS proliferation 

meanwhile suppressing MMP-2 activity. 

5.2. Materials and methods 

5.2.1. Synoviocyte expansion and initial cytokine culture 

Based on the results from continuous supplementation the middle dosage, 5 ng/mL IL-1β 

+ 50 ng/mL TNF-α, and 10 ng/mL TGF-β1 (M1+M2 M; now referred to as Continuous) was 

selected as a positive control for the remainder of experiments. We next sought to test the 

effects of intermittent and sequential cytokine supplementation on cell behavior and functional 

potential. For intermittent treatment, the middle (denoted as Intermittent (M)) and high 
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(Intermittent (H)) doses from the continuous regimes (M1+M2 M and M1+M2 H, respectively; 

see chapter 4) were supplemented for 3 days then replenished with control media (CM) for 3 

days. This process was repeated for the duration of the culture. For sequential supplementation, 

3 day media intervals comprised of M1 media for 1 day followed by M2 media for 2 days (denoted 

as Sequential (1+2)) and M1 media for 2 days followed by M2 media for 1 day (Sequential (2+1)). 

Sequentially treated cells received M1 cytokines at the middle dosage summarized above. 

Continuous, intermittent, and sequential cytokine treatments are summarized in Figure 7. 

  



 

36 

 

 

Figure 7. Overall experimental design. (A) Schematic of experimental procedure. Fibroblast-like synoviocytes (FLS) 
were starved for two days after reaching confluence, followed by various cytokine treatments. (B) Schematic of 
different cytokine combinations of 12 day FLS culture. M1+M2 M from the previous study was selected as a 
continuous cytokine control for FLS stimulation in this study (denoted continuous) and compared against 
intermittent and sequential cytokine supplementation regimes. The cells were stimulated with different temporal 
combinations of IL-1β, TNF-α, and TGF-β1 for 12 days. FLS secretions were characterized every 3 days and cell 
number and morphology were obtained at day 12.  

5.2.2. HA quantification and molecular weight distribution 

Aliquots from all culture time points were analyzed for total HA content using a 

Hyaluronan Duoset ELISA (R&D systems, Minneapolis, MN). For MW distribution of HA, media 

was resolved by agarose gel electrophoresis, and detected using Stainsall. Images were analyzed 

in Gimp to determine the relative HA content compared to healthy bovine SF control in the MW 

ranges of <1, 1-3, and >3 MDa by comparing intensities of hyaluronidase and non-hyaluronidase 

treated samples.9 
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5.2.3. Lubricin quantification 

Relative lubricin content was determined by western blot in the method previously 

described by Blewis et al., with slight modifications.9 Briefly, 500 μL of conditioned media per 

sample was centrifuged in 10 kDa MWCO concentrator tubes (Millipore, Billerica, MA) and then 

treated with 10 U/mL Streptomyces hyaluronidase overnight at 37oC. Equivalent volumes of 

concentrated media were loaded in 7.5% polyacrylamide gels and separated by electrophoresis 

at 150 V for 80 minutes in Tris-glycine-sodium dodecyl sulfate (TGS) buffer (50 mM Glycine, 50 

mM Tris base, and 0.1% SDS, pH 8.24). Gels were transferred onto nitrocellulose membranes (GE 

Healthcare, Chicago, IL) at 30 V for 1 h in transfer buffer (10% TGS buffer, 10% methanol in 

ddH2O). The membranes were then blocked in 5% BSA in phosphate buffered saline + 0.1% Tween 

20 (PBST, pH 7.4) and incubated overnight with primary polyclonal goat anti-human lubricin 

antibody (Santa Cruz) in PBST. Membranes were then washed and incubated with donkey anti-

goat secondary antibody conjugated to horseradish peroxidase (Santa Cruz) and developed by 

PierceTM ECL-Plus chemiluminescence (Thermo Fisher, Waltham, MA). Membranes were imaged 

using a ChemiDoc imaging system (Bio-Rad, Hercules, CA). Relative lubricin content was 

determined using Gimp by comparing band intensities of experimental groups against controls. 

5.2.4. Gelatin-MMP zymography 

Matrix metalloproteinaise-2 (MMP-2) was quantified by gelatin zymography as previously 

described.153 6 µL of media were used per sample and separated on 10% polyacrylamide – 0.1% 

w/v gelatin gels by electrophoresis under non-denaturing conditions at 135 V for 120 minutes. 

Gels were then stained with GelCode Blue (Thermo Fisher, Waltham, MA), destained, and 
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imaged. Bands were quantified and normalized against active MMP-2 standards using the Gel 

Analyzer in ImageJ (NIH, Bethesda, MD). 

5.2.5. Cell number and imaging 

10x phase contrast images were acquired to characterize morphology and confluence. 

After imaging on day 12, cell monolayers were disrupted using lysis buffer (QIAGEN, Hilden, 

Germany), and analyzed for double-stranded DNA content using an InvitrogenTM PicoGreen Assay 

Kit (Thermo Fisher) as per manufacturers protocol. 

5.2.6. Statistical analysis 

Statistical tests were performed using SPSS v.23 (IBM, Armonk, NY). Two-way ANOVA was 

performed for cytokine stimulated FLS for secreted HA, lubricin, and MMP-2 content with Tukey’s 

HSD post-hoc analysis with experimental group and time point as independent factors (n=3-5). 

Testing for simple effects following a significant interaction was completed by pairwise 

comparisons.  One-way ANOVA with Tukey HSD post-hoc analysis was performed on cell number 

as determined from PicoGreen (n=4). The significance level was set at p < 0.05 for all experiments. 

Post-hoc power tests to determine appropriate sample size were performed using G*Power v3.1. 

Power was set at Power (1-β) ≥ 0.8. 

5.3. Results 

5.3.1. Effects of intermittent cytokine supplementation of FLS 

As an effort to reduce cytokine exposure and test the latent effect of cytokine stimulation 

on FLS secretions, we compared lubricant and MMP synthesis in continuous and intermittent 

cytokine cultures.  The continuously treated cells received combined M1 and M2 factors at the 

middle dosage summarized in Chapter 4 (5 ng/mL IL-1β, 50 ng/mL TNF-α, and 10 ng/mL TGF-β1; 
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i.e. Continuous) consecutively for 12 days, while the intermittently treated groups received 

alternating 3 day intervals of either middle (i.e. Intermittent (M)) or high (i.e. Intermittent (H)) 

concentrations of combined cytokines and control media (Figure 7). We examined the high 

concentration group for M1 cytokines for Intermittent (H), considering that the cells may tolerate 

higher doses of M1 cytokines under periodic supplementation.  Surprisingly, continuous and 

intermittent treatments produced similar patterns of HA synthesis (Figure 8). Cytokine 

stimulated cells produced the most HA at day 3 (Figure 8) and retained at least a 320—fold 

increase compared to untreated controls (e.g. 59.68 ± 10.15 μg for Intermittent (M) vs. 0.18 ± 

0.002 μg for Control at day 3) for the duration of the culture.  HA MW distribution resembled 

native SF in MW distribution for both continuous and intermittent treatments (Figure 9, 

Supplemental Figure 1).  Over 70% of HA synthesized had a MW of 3 MDa or above by day 12.   
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Figure 8. Intermittent and continuous cytokine supplementation promote HA synthesis in fibroblast-like 
synoviocytes (FLS) over a 12 day culture. Cells were cultured in control media (DMEM + 0.5% FBS) with the 
following treatments: (1) Continuous (5 ng/mL IL-1β + 50 ng/mL TNF-α + 10 ng/mL TGF-β1), (2) Intermittent (M) 
(alternating 3 day cycles of continuous and control), and (3) Intermittent (H) (alternating 3 day cycles of 10 ng/mL 
IL-1β + 100 ng/mL TNF-α + 10 ng/mL TGF-β1 and control). Treatment effects on total HA secretion detected by an 
ELISA-like assay on cytokine stimulated FLS at 3 day intervals at day 3, 6, 9, 12. Data reported as mean ± SD. 
Differences within a time point are indicated by different letters, and differences within a group from day 3 basal 
values indicated by asterisk (*). 
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Figure 9. Intermittent and continuous cytokine supplementation result in promote native HA MW distribution in 
fibroblast-like synoviocytes (FLS) over a 12 day culture. Cells were cultured in control media (DMEM + 0.5% FBS) 
with the following treatments: (1) Continuous (5 ng/mL IL-1β + 50 ng/mL TNF-α + 10 ng/mL TGF-β1), (2) 
Intermittent (M) (alternating 3 day cycles of continuous and control), and (3) Intermittent (H) (alternating 3 day 
cycles of 10 ng/mL IL-1β + 100 ng/mL TNF-α + 10 ng/mL TGF-β1 and control). Cytokine effects on HA MW 
distribution were characterized by electrophoresis on 1% agarose gels at day 3, 6, 9, 12.  

 

Lubricin, another major component of synovial fluid responsible for lubricating articular 

cartilage, was minimally produced for all continuous or intermittent treatments throughout the 

culture (Figure 10, Supplemental Figure 2).  
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Figure 10. Intermittent and continuous cytokine supplementation have unremarkable effect on lubricin synthesis 
in fibroblast-like synoviocytes (FLS) over a 12 day culture. Cells were cultured in control media (DMEM + 0.5% FBS) 
with the following treatments: (1) Continuous (5 ng/mL IL-1β + 50 ng/mL TNF-α + 10 ng/mL TGF-β1), (2) 
Intermittent (M) (alternating 3 day cycles of continuous and control), and (3) Intermittent (H) (alternating 3 day 
cycles of 10 ng/mL IL-1β + 100 ng/mL TNF-α + 10 ng/mL TGF-β1 and control). Cytokine effects on relative lubricin 
content were characterized by western blot and day 3, 6, 9, 12. Data reported as mean ± SD. Differences within a 
time point are indicated by different letters, and differences within a group from day 3 basal values indicated by 
asterisk (*). 
 

No differences were detected for pro and active MMP-2 levels between continuous and 

intermittent treatments at the middle dosage (Figure 11A, B; Supplemental Figure 3). While a 

slight effect for Intermittent (M) is suggested in active MMP-2 synthesis at day 6 and 12, power 

tests indicated that a larger sample size would be necessary to evaluate this finding. High 

concentration of cytokines supplemented intermittently (Intermittent (H)) had a slightly elevated 

pro and active MMP-2 secretion. Surprisingly, active MMP-2 levels were higher when 

intermittently treated cells were not receiving cytokines at day 6 and 12, compared to when they 

were receiving cytokine-containing media at day 3 and 9.  
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Figure 11. Intermittent and continuous cytokine supplementation stimulate MMP-2 synthesis in fibroblast-like 
synoviocytes (FLS) over a 12 day culture. Cells were cultured in control media (DMEM + 0.5% FBS) with the 
following treatments: (1) Continuous (5 ng/mL IL-1β + 50 ng/mL TNF-α + 10 ng/mL TGF-β1), (2) Intermittent (M) 
(alternating 3 day cycles of continuous and control), and (3) Intermittent (H) (alternating 3 day cycles of 10 ng/mL 
IL-1β + 100 ng/mL TNF-α + 10 ng/mL TGF-β1 and control). Cytokine effects on (A) pro and (B) active MMP-2 were 
characterized by gelatin zymography at day 3, 6, 9, 12. Data reported as mean ± SD. Differences within a time 
point are indicated by different letters, and differences within a group from day 3 basal values indicated by 
asterisk (*). 
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For FLS proliferation, no differences were detected between continuous and intermittent 

treatments. A slight effect in preventing proliferation is suggested for both intermittent 

treatments compared with continuous treatment; however, satisfactory statistical power was 

not achieved with the employed sample size. All treatments significantly enhanced proliferation 

compared with the control group (Figure 12, Supplemental Figure 4). Cytokine treated groups 

had at least a 4.5—fold greater DNA content at day 12 than controls (e.g. 3.07 ± 0.19 for 

Intermittent (M) vs. 0.68 ± 0.16 μg for Control).  

In summary, the data suggested that intermittent supplementation of M1 and M2 

cytokines can work with similar efficacy to continuous treatment. The continuous presence of 

M1 and M2 cytokines is not necessary to maintain a sustained level of high molecular weight HA 

secretion.  
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Figure 12. Intermittent and continuous cytokine supplementation effects on fibroblast-like synoviocytes (FLS) 
proliferation over a 12 day culture. Cells were cultured in control media (DMEM + 0.5% FBS) with the following 
treatments: (1) Continuous (5 ng/mL IL-1β + 50 ng/mL TNF-α + 10 ng/mL TGF-β1), (2) Intermittent (M) (alternating 
3 day cycles of continuous and control), and (3) Intermittent (H) (alternating 3 day cycles of 10 ng/mL IL-1β + 100 
ng/mL TNF-α + 10 ng/mL TGF-β1 and control). Cytokine effects on cell number were characterized dsDNA 
quantification using the PicoGreen Assay at day 12. Data reported as mean ± SD. Differences between groups are 
indicated by different letters. No significance was detected between continuous and intermittent treatments. 
 

5.3.2. Effects of sequential cytokine supplementation on FLS  

To mimic the repair process occurring in human body, we next examined the effects of 

sequential supplementation of M1 and M2 cytokines. Sequential supplementation of M1 

followed by M2 cytokines was repeated in 3 day cycles. In the first case, M1 cytokines (IL-1β and 

TNF-α) were supplemented for 1 day followed by M2 cytokine (TGF-β1) for 2 days (i.e. Sequential 

(1+2)). In the second, M1 cytokines were supplemented for 2 days followed by M2 cytokines for 

1 day (i.e. Sequential (2+1); Figure 7). These groups were compared against the continuous 

cytokine treatment group (5 ng/mL IL-1β, 50 ng/mL TNF-α, and 10 ng/mL TGF-β1, i.e. 

Continuous). All cytokine stimulations promoted significant HA synthesis throughout the culture 

(Figure 13). Continuous and sequential treatments had different HA secretion profiles with time. 
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Whereas HA secretions from combined M1 and M2 cytokines (Continuous) peaked at day 3 (60 

± 9.3 μg) followed by a lower HA output at later time points (26-42 μg), Sequential (1+2) and 

Sequential (2+1) had their lowest HA output at day 3 (27 ± 3.6 and 19 ± 3.4 μg, respectively) and 

highest HA output at day 6 (57 ± 4.1 and 52 ± 11.8 μg, respectively). Further, while day 3 and day 

6 values showed significant differences between continuous and sequential treatments, day 9 

and day 12 HA content showed no detectable differences between groups. At least 65% of the 

synthesized HA was of MW 3 MDa or greater by day 12 for continuous and sequential treatments 

(Figure 14, Supplemental Figure 1). 

  



 

47 

 

 

Figure 13. Sequential and continuous cytokine supplementation promote different HA secretion profiles in 
fibroblast-like synoviocytes (FLS) over 12 day culture. Cells were cultured in control media (DMEM + 0.5% FBS) 
with the following treatments: (1) Continuous (5 ng/mL IL-1β + 50 ng/mL TNF-α + 10 ng/mL TGF-β1), (2) Sequential 
(1+2) (5 ng/mL IL-1β + 50 ng/mL TNF-α for 1 day followed by 10 ng/mL TGF-β1 for 2 days), and (3) Sequential (2+1) 
(5 ng/mL IL-1β + 50 ng/mL TNF-α for 2 days followed by 10 ng/mL TGF-β1 for 1 day). Treatment effects on total 
HA secretion detected by an ELISA-like assay on cytokine stimulated FLS at 3 day intervals at day 3, 6, 9, 12. Data 
reported as mean ± SD. Differences within a time point are indicated by different letters, and differences within a 
group from day 3 basal values indicated by asterisk (*). 
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Figure 14. Sequential and continuous cytokine supplementation promote high MW HA synthesis in fibroblast-like 
synoviocytes (FLS) over 12 day culture. Cells were cultured in control media (DMEM + 0.5% FBS) with the following 
treatments: (1) Continuous (5 ng/mL IL-1β + 50 ng/mL TNF-α + 10 ng/mL TGF-β1), (2) Sequential (1+2) (5 ng/mL IL-
1β + 50 ng/mL TNF-α for 1 day followed by 10 ng/mL TGF-β1 for 2 days), and (3) Sequential (2+1) (5 ng/mL IL-1β + 
50 ng/mL TNF-α for 2 days followed by 10 ng/mL TGF-β1 for 1 day). Cytokine effects on HA MW distribution were 
characterized by electrophoresis on 1% agarose gels at day 3, 6, 9, 12. 

Western blots showed significant lubricin production in synoviocytes receiving sequential 

supplementation of M1 and M2 cytokines compared to continuous cytokine treatment (Figure 

15, Supplemental Figure 2)). Cells receiving M1 cytokines for 1 day followed by M2 cytokines for 

2 days cyclically (Sequential (1+2)) had consistently upregulated lubricin expression (4.1—fold at 

day 3 and 3.4—fold at day 12). Cells receiving M1 cytokines for 2 days followed by M2 cytokines 

for 1 day (Sequential (2+1) showed a time-dependent increase in lubricin from day 3 (2.9—fold) 

to day 12 (6.3—fold). 
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Figure 15. Sequential cytokine supplementation significantly upregulates lubricin synthesis compared to 
continuous cytokine treatment in fibroblast-like synoviocytes (FLS) over 12 day culture. Cells were cultured in 
control media (DMEM + 0.5% FBS) with the following treatments: (1) Continuous (5 ng/mL IL-1β + 50 ng/mL TNF-
α + 10 ng/mL TGF-β1), (2) Sequential (1+2) (5 ng/mL IL-1β + 50 ng/mL TNF-α for 1 day followed by 10 ng/mL TGF-
β1 for 2 days), and (3) Sequential (2+1) (5 ng/mL IL-1β + 50 ng/mL TNF-α for 2 days followed by 10 ng/mL TGF-β1 
for 1 day). Treatment effects on relative lubricin content was detected by western blot on cytokine stimulated FLS 
at 3 day intervals at day 3, 6, 9, 12. Data reported as mean ± SD. Differences within a time point are indicated by 
different letters, and differences within a group from day 3 basal values indicated by asterisk (*). 

Interestingly, MMP-2 activity differed between treatments (Figure 16A, B; Supplemental 

Figure 3). Whereas Continuous and Sequential (1+2) exhibited elevated active MMP-2, FLS 

receiving M1 cytokines for 2 day followed by M2 cytokine for 1 day (i.e. Sequential (2+1)) had 

significantly reduced active MMP-2 at day 6 and day 9 (Figure 16B, Supplemental Figure 3). These 

trends, however, did not match with our findings for pro MMP-2, which showed no detectable 

differences in MMP-2 levels between all treatments from day 6-12 (Figure 16A). FLS proliferation 

was slightly lower in the Sequential (2+1) group compared with other cytokine stimulations 

(Figure 17, Supplemental Figure 4) but still showed a 3.71—fold increase in DNA at day 12 

compared with controls (e.g. 2.52 ± 0.60 μg for Sequential (2+1) vs. 0.68 ± 0.16 μg for Control). 
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In summary, the sequential treatments, especially the Sequential (2+1) group, produced 

significant levels of HA, elevated lubricin expression, and decreased MMP-2 activities. Both 

sequential treatments may possess a better potential in protecting articular cartilage. 

 

Figure 16. Sequential (2+1) cytokine supplementation attenuated active MMP-2 synthesis in fibroblast-like 
synoviocytes (FLS) over 12 day culture. Cells were cultured in control media (DMEM + 0.5% FBS) with the following 
treatments: (1) Continuous (5 ng/mL IL-1β + 50 ng/mL TNF-α + 10 ng/mL TGF-β1), (2) Sequential (1+2) (5 ng/mL IL-
1β + 50 ng/mL TNF-α for 1 day followed by 10 ng/mL TGF-β1 for 2 days), and (3) Sequential (2+1) (5 ng/mL IL-1β + 
50 ng/mL TNF-α for 2 days followed by 10 ng/mL TGF-β1 for 1 day). Cytokine effects on (A) pro- and (B) 
activeMMP-2 were characterized by gelatin zymography at day 3, 6, 9, 12. Data reported as mean ± SD. Differences 
within a time point are indicated by different letters, and differences within a group from day 3 basal values 
indicated by asterisk (*). 
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Figure 17. Sequential and continuous cytokine supplementation have differential effects on cell proliferation in 
fibroblast-like synoviocytes (FLS) over 12 day culture. Cells were cultured in control media (DMEM + 0.5% FBS) 
with the following treatments: (1) Continuous (5 ng/mL IL-1β + 50 ng/mL TNF-α + 10 ng/mL TGF-β1), (2) Sequential 
(1+2) (5 ng/mL IL-1β + 50 ng/mL TNF-α for 1 day followed by 10 ng/mL TGF-β1 for 2 days), and (3) Sequential (2+1) 
(5 ng/mL IL-1β + 50 ng/mL TNF-α for 2 days followed by 10 ng/mL TGF-β1 for 1 day).  Cytokine effects on cell 
number were characterized dsDNA quantification using the PicoGreen Assay at day 12. Data reported as mean ± 
SD. Differences between groups are indicated by different letters. No significance was detected between 
continuous and intermittent treatments. 
 

5.4. Discussion 

This study explored the possibility of promoting long-term synovial secretions of 

fibroblast-like synoviocytes (FLS) with temporal exposure of cytokine combinations. We found 

that sequential treatments of FLS with the reduced use of cytokines associated with M1 (IL-1β 

and TNF-α) and M2 (TGF-β1) macrophages can promote a secretion profiles most similar to 

healthy synovial fluid.  

Continuous cytokine treatment is not required for robust HA secretions. In an attempt to 

minimize the negative effects of inflammatory cytokines while maintaining robust HA secretions, 

we next cyclically discontinued the supplementation of M1 and M2 cytokines. Surprisingly, the 
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middle intermittent treatment (i.e., 5 ng/mL IL-1β, 50 ng/mL TNF-α, and 10 ng/mL TGF-β1 for 3 

days followed by control media for 3 days; Intermittent (M)) offered a similar cytokine 

stimulation profile to continuous cytokine supplementation. Specifically, HA secretions for 

Continuous and Intermittent (M) showed no statistical differences (Figure 8). These findings 

indicate that FLS secretions can be sustained for at least 3 days after disrupting supplementation. 

Both sequential treatments also had robust HA production, but their secretion profile featured a 

later peak (day 6) compared to continuous and intermittent treatments (day 3). This may point 

to an initial adjustment phase of FLS to when responding to frequent medium changes in 

sequential supplementation. 

Synthesis of high MW HA in cytokine-stimulated FLS is an important consideration for the 

functional properties of SF inside joints. Similar to the findings at day 12 in Figure 3 (Chapter 4), 

at least 65% of the HA produced was 3 MDa or greater for intermittent (Figure 9) and sequential 

(Figure 14) treatments. The present study resulted in robust high MW HA synthesis at all time 

points whereas HA MW matured only at day 12 in the previous study (Chapter 4, Figure 3). This 

could be attributed to the difference in biological samples used in the studies in both studies. In 

the present study, it was found that HA MW distribution at later time points more closely 

resembled native SF than earlier time points (Figure 9, 14). Nevertheless, while HA is the most 

abundant and extensively studied component of SF, the full repertoire of biomechanical and 

cellular interactions involving SF extends beyond HA alone. 

Another key molecule in SF function is lubricin, a protein that coats the articular surface 

and helps with boundary lubrication. In the present study, only FLS exposed to sequential 

supplementation of M1 and M2 cytokines produced a significant amount of lubricin whereas 
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continuous and intermittent treatments had unremarkable lubricin levels. For sequential (2+1), 

lubricin secretions steadily increased at each time point (Figure 15). Sequential (2+1) also showed 

greater high MW HA at later time points (Figure 14). These combined findings indicate the 

accumulated effects of long-term sequential exposure of cytokines.  

Low levels of lubricin in continuous treatments were not anticipated. Previous reports 

indicated that TGF-β1 alone promotes the most robust expression of lubricin while IL-1β and TNF-

α did not stimulate lubricin. Combined supplementation of these 3 cytokines produced reduced 

levels of lubricin compared to TGF-β1 alone, but was still significantly greater than controls and 

IL-1β and TNF-α treated samples.9 The discrepancies between previous reports and our findings 

could be attributed to cell source; whereas Blewis et al., used FLS from rheumatoid arthritis 

patients, our study uses FLS from healthy donors. Further tests would be needed to show 

whether synoviocytes from healthy and diseased joints respond differently when exposed to the 

same cytokines. 

To gain a more complete picture of how cytokine stimulation governs FLS secretions, it is 

important to consider the upregulation of inflammatory markers. Matrix metalloproteinase-2 

(MMP-2) levels were thus examined by gelatin zymography. MMP-2, a gelatinase that cleaves 

type IV collagen and digests collagens of all types, is upregulated in SF and cartilage from patients 

with osteoarthritis, rheumatoid arthritis, and in animal models following joint trauma.88, 163-166 In 

our experiments, only sequential treatment of M1 cytokines (2 days) followed by M2 cytokines 

(1 day) suppressed active MMP-2. Little variation was noted in the expression of pro-MMP-2 

between stimulation regimens.  MMP-2 can be activated by many pathways and it is unclear 

which pathway was used in this study. Membrane-type MMPs can form a complex with tissue 
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inhibitors of MMP-2 and MMP-2 to cleave the pro domain and activate the enzyme, but MMP-2 

has also been activated by MMP-1, MMP-7, thrombin, activated protein C, and even by auto-

activation in the presence of low concentrations of collagen IV α2 chains.167 Furthermore, 

gelatinases have been shown to activate expression of TNF-α, TGF-β and IL-1β, which then work 

in a feedback loop to activate more gelatinases.168 While the exact pathway of MMP-2 activation 

is unknown and beyond the scope of this study, higher concentrations of active MMP-2 show a 

more inflammatory, pro-migratory phenotype which is undesirable in synovial fluid. SF mainly 

interacts with articular cartilage, whose tensile properties are heavily dependent on a rich type 

II collagen matrix. Significant MMP-2 levels in SF foreshadow collagen matrix breakdown and 

progression in joint pathology. Taken together, only sequential treatment of M1 cytokines (2 

days) followed by M2 cytokines (1 day) suppresses MMP-2 activity while promoting the long-

term synthesis of HA and lubricin.  

Sequential treatment mimics the native response to injury, an acute inflammatory 

response followed by a repair phase. The separate supplementation of pro-inflammatory 

cytokines IL-1β and TNF-α from TGF-β1 was found to have the best effect on synovial lubricant 

synthesis while suppressing inflammatory molecule synthesis. These findings underline the 

power of biomimetic cytokine exposure on replicating native cell behavior. 

This is the first study that examined the long-term secretory potential of fibroblast-like 

synoviocytes (FLS) with temporal regulation of cytokine exposure. Our results show that FLS 

secretions can be sustained for up to 12 days while promoting robust HA and lubricin synthesis 

and limiting MMP-2 activity. Future work will investigate the therapeutic effects of synovial 
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secretions on chondrocyte cultures as well as normal and diseased cartilage explants as an 

alternative to traditional viscosupplements. 
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6. High molecular weight secretions of cytokine-stimulated 

fibroblasts promote matrix synthesis and attenuate MMP 

activity in chondrocytes3 

6.1. Introduction 

OA is an irreversible degenerative joint disease characterized by low-grade 

inflammation169-171 and mechanical instability.100, 101, 172 In OA, the cartilage surface is damaged 

and the SF loses its lubricating properties and features increased inflammatory marker 

expression. SF has different effects on cell fate depending on joint health. Healthy synovial fluid 

was reported to be sufficient in driving MSC chondrogenesis and produce chondrogenic pellets 

greater in size than MSCs receiving either TGF-β or traditional HA viscosupplements.173 

Conversely, SF from injured joints inhibited or delayed chondrogenic differentiation.174, 175 

Replenishing diseased SF is a long-standing unfulfilled objective in OA treatment. Characterizing 

the efficacy of our FLS-derived SF secretions on chondrocyte metabolism would provide a 

reasonable benchmark for assessing the therapeutic value of our SF secretions (denoted 

engineered synovial fluid or eSF) and provide feedback for further optimizations necessary for 

improved clinical outcomes. 

                                                      
Portions of this chapter previously appeared as: Abu-Hakmeh A.E., Fleck A., and Wan L.Q. High molecular weight 

secretions of cytokine-stimulated fibroblasts promote matrix synthesis in chondrocytes. Abstract presented at the 

Orthopaedic Research Society Annual Meeting, New Orleans, LA, 2018. Abstract no. 465 
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In the present study, we evaluate the effects of eSF generated from sequentially treated 

FLS (see Chapter 5) on in vitro cultured chondrocytes. Both sequential treatments had robust HA 

production at physiologically relevant MW and significant lubricin synthesis. Although Sequential 

(2+1) exhibited lower MMP-2 synthesis, Sequential (1+2) was selected for the present study due 

to the lower exposure time of FLS to pro-inflammatory cytokines (IL-1β and TNF-α)  which have 

established roles in preventing chondrogenic marker expression, upregulating other 

inflammatory markers, and promoting chondrocyte apoptosis.133, 176-179   

The goal of this study was to test the effects of eSF the expression of chondrogenic 

markers and suppressing inflammation in chondrocytes. We hypothesized that high MW 

secretions (e.g. HA and lubricin) within the eSF would help drive chondrogenic marker expression 

and suppress inflammation. We also hypothesized that low MW entities (e.g. HA fragments, 

residual cytokines, cell debris, etc.) would be pro-inflammatory. To address this question, we 

compared the effects of ultrafiltration (e.g. removal of low MW molecules) on the efficacy of eSF 

supplementation. The results herein show expression of chondrogenic markers and a reduced 

inflammatory response in ultrafiltered eSF. 

6.2. Materials and methods 

6.2.1. Production of conditioned media 

Engineered synovial fluid (eSF) was synthesized by sequential supplementation of 

cytokines to stimulate hyaluronic acid (HA) and lubricin synthesis. Briefly, human fibroblast-like 

synoviocytes (FLS) were purchased from Cell Applications Inc. (San Diego, CA) and cultured to 

passage 6 at a density of 10,000 cells/cm2  in high glucose Dulbecco’s Modified Eagle’s Medium 

(DMEM-HG) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin 
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(P/S). Upon confluence, serum was reduced to 0.5% FBS for 2 days to make for a more robust cell 

response to cytokine treatment.9 Then, FLS were maintained in low serum media for 12 days in 

the presence of cytokines. Specifically, cells were treated with 5 ng/mL IL-1β and 50 ng/mL TNF-

α for 1 day, and then replenished with fresh media supplemented with 10 ng/mL TGF-β1 for 2 

days. Media was pooled in 3 day intervals. Media from day 7-9 were used for the present study. 

6.2.2. Chondrocyte culture 

eSF from Sequential (1+2) cultures (see Chapter 5) was tested for its effect on 

chondrocyte gene expression. Briefly, passage 4 hTERT immortalized chondrocytes (Applied 

Biological Materials, British Columbia, Canada) were seeded on 24-well plates at a density of 

20,000 cells/cm2 in Chondrocyte Media (CM): DMEM-HG + 10% FBS + 50 μg/ml Ascorbic Acid 2-

Phosphate (AA2P). Upon confluence, treatments were added to CM as summarized in Table 1.  

Table 1. Conditioned media regimes for chondrocyte culture. 

Group Description 

CM DMEM-HG, 10% FBS, 50 µg/mL AA2P 

1% SF 1% bovine SF, control for anti-inflammatory effect in CM  

1+2 Control Sequential (1+2) media cultured without FLS secretions in CM (1:3 ratio) 

1+2 Sequential (1+2) media cultured in CM (1:3 ratio) 

1+2 3k > 3 kD filtered Sequential (1+2) media in CM (1:3 ratio)  

1+2 50k > 50 kD filtered Sequential (1+2) media in CM (1:3 ratio) 

 

CM is a non-stimulatory control to maintain baseline gene expression in chondrocytes. 

1% SF was selected as a positive control for suppressing MMP-2 expression as shown in our 

previous work.180 1+2 control is derived from the cytokine-laden media from the Sequential (1+2) 
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group in the absence of cell culture. This control helps decouple the effects of residual cytokines 

within the media from the secretions deposited by FLS. 1+2 control is added as a ratio of 1 part 

to 3 parts CM. 1+2 contained the eSF secretions from Sequential (1+2) added 1:3 in CM. 1+2 3k 

and 1+2 50k constitutes ultrafiltered eSF from Sequential (1+2) media to remove molecules less 

than 3 kDa and 50 kDa, respectively. Concentrated media is then replenished and added to 1:3 

in CM. 400 μL of media was added per well for all groups. For groups 1+2 and 1+2 control, 300 

μL CM + 100 μL of cytokine media was added to the wells. For 1+2 3k and 1+2 50k, 100 μL was 

centrifuged in 3 kDa and 50 kDa ultracentrifuge filters (EMD Millipore) and added to fresh CM to 

a final volume of 400 μL. Chondrocytes were cultured for up to 3 days prior to lysis and RNA 

extraction 

6.2.3. Reverse transcription quantitative polymerase chain reaction (qPCR) 

RNA was extracted from chondrocytes at day 1 and 3 using the QIAGEN RNeasy Mini Kit 

as per manufacturer’s instructions. RNA concentration and purity was measured using a Synergy 

H1 microplate reader (BioTek Instruments). 200 ng of RNA was reverse transcribed to cDNA using 

the Applied Biosystems High-Capacity Kit. Quantitative RT-PCR analysis was performed using the 

Applied Biosystems StepOnePlus Real-Time PCR system (Thermo Fisher) with 10 ng RNA per 

reaction and TaqMan Gene Expression Master Mix. Taqman primers were purchased from Life 

Technologies. Available Taqman IDs are provided in Table 2. Gene expression was normalized to 

the reference gene β-actin expressed relative to day 1 control chondrocytes using the 2-ΔΔCt 

method.181 A full description of the experimental design, including cell culture and RNA extraction 

is summarized in Figure 18. 
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Figure 18. Overall experimental design. (A) Schematic of experimental procedure. hTERT-immortalized 
chondrocytes were cultured to confluence, followed by supplementation with conditioned media from Sequential 
(1+2) treated fibroblast-like synoviocytes (FLS). Cells were cultured for 1 and 3 days, RNA was extracted to 
evaluate the effects of synovial fluid-like secretions on chondrogenic and catabolic enzyme gene expression. 
 
Table 2. Taqman Assay IDs for qRT-PCR of chondrocytes. 

Function Gene Marker Assay ID 

Reference/Housekeeping β-actin Hs01060665_g1 

Anabolic/Chondrogenic 

Sox9 Hs00165814_m1 

Type II Collagen Hs00264051_m1 

Aggrecan Hs00153936_m1 

Catabolic/Pro-inflammatory 

MMP-1 Hs00899658_m1 

MMP-2 Hs01548727_m1 

MMP-9 Hs00957562_m1 

MMP-13 Hs00942584_m1 
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6.2.4. Statistical analysis 

Statistical tests were performed using SPSS v.23 (IBM, Armonk, NY). Two-way ANOVA was 

performed for qRT-PCR with Tukey’s HSD post-hoc analysis using experimental group and time 

point as independent factors (n=3). Testing for simple effects following a significant interaction 

was completed by pairwise comparisons. The significance level was set at p < 0.05 for all 

experiments. 

6.3. Results 

6.3.1. Conditioned media promotes significant Sox9 and type II collagen gene expression 

To assess the therapeutic potential of eSF, we evaluated the effects of synovial secretions 

on chondrocyte gene expression. eSF from Sequential (1+2) conditioned media was added to 

chondrocytes in unfiltered and filtered regimes (3 kDa and 50 kDA MWCO). RNA was extracted 

from eSF-supplemented chondrocytes at day 1 and 3 and gene expression was assessed. 

 Expression of Sox9, the master chondrocyte transcription factor,182, 183 showed an early 

upregulation in 1+2 and 1+2 3k treatments at day 1. By day 3, all eSF treatments significantly 

upregulated Sox9 expression compared with controls (Figure 19A; 1+2 = 2.28—fold; 1+2 3k = 

2.39—fold; 1+2 50k – 2.08 fold). Type II Collagen, the major collagen subtype in chondrocytes 

comprising 10-20% of wet weight in AC,16 was sharply upregulated in unfiltered and 3 kDa filtered 

eSF (Figure 19B; 1+2 = 13.4—fold; 1+2 3k = 15.9—fold) at day 1. By day 3, all treatments 

significantly increased type II collagen expression at least 10—fold compared to controls. 

Aggrecan, the major proteoglycan in cartilage comprising 4-7% of AC wet weight,16 was sharply 

downregulated in all treatments including controls (Figure 19C; at least 0.5—fold) by day 3. 
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Figure 19. Sequential (1+2) media promotes chondrogenic gene expression in monolayer cultured chondrocytes 
over 3 days cultures. Chondrocytes were cultured in control media (DMEM + 10% FBS, 50 μg/mL Ascorbic Acid 2-
phosphate) with the following treatments: (1) Control media (CM) (2) 1% bovine synovial fluid (SF), (3) Sequential 
(1+2) media incubated without fibroblast-like synoviocytes (FLS) (1:3 ratio of (1+2):CM), (4) Sequential (1+2) 
conditioned media from FLS cultures mixed 1:3 with CM, (5) 3 kDa filtered Sequential (1+2) conditioned media 
from FLS cultures mixed 1:3 with CM, and (6) 50 kDa filtered Sequential (1+2) conditioned media from FLS cultures 
mixed 1:3 with CM. Gene expression analysis was assessed at day 1 and 3 for (A) Sox9, (B) Type II Collagen, and 
(C) Aggrecan using β-actin as a control. Data reported as mean ± SD. Differences within a time point are indicated 
by different letters, and differences within a group from day 1 basal values indicated by asterisk (*). 
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6.3.2. 50 kDa filtration reduces expression of some catabolic MMP species 

To further assess the efficacy of eSF on chondrocyte biology, we examined the effects of 

eSF on chondrocyte matrix catabolism through matrix metalloprotease (MMP) activity. MMP-1, 

an enzyme that degrades types I-III collagen,184 was upregulated in all eSF treatments (Figure 

20A; day 1 ≈  3—fold; day 3 ≈ 2—fold). MMP-2, a gelatinase upregulated in OA implicated in the 

breakdown of type IV collagen,164, 166, 184 was upregulated in unfiltered  and  3 kDa filtered eSF at 

both time points (Figure 20B, 1+2 = 2.15—fold; 1+2 3k = 1.81—fold). Interestingly, 50 kDa 

filtration (1+2 50k) removed this inflammatory effect from chondrocytes (Figure 20B). MMP-9, 

another gelatinase elevated in OA and hypertrophic chondrocytes with similar cleavage patterns 

to MMP-2,184 was slightly upregulated in unfiltered and 3 kDa filtered eSF at day 1 (Figure 20C; ≈ 

1.2—fold). Again, 50 kDa filtration (1+2 50k) attenuated MMP-9 expression. 50 kDa filtration 

limited MMP-9 expression to control levels at day 1 and exhibited a sharp downregulation at day 

3 (Figure 20C; 0.55—fold). MMP-13, the dominant MMP species implicated in cartilage 

destruction via type II collagen,184 was significantly upregulated in unfiltered and 3 kDa filtered 

eSF at day 1 (Figure 20D; 1+2 = 3.51—fold; 1+2 3k = 2.46—fold) but downregulated at day 3 

compared with time-matched controls (1+2 = 0.60—fold; 1+2 3k = 0.76—fold). 50 kDa filtration 

resulted in robust MMP-13 downregulation at both time points compared with time-matched 

controls (Figure 20D; ≈ 0.5—fold). 
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Figure 20. 50 kDa filtration of Sequential (1+2) media suppresses MMP activation in monolayer cultured 
chondrocytes over 3 days cultures. Cells were cultured in control media (DMEM + 10% FBS, 50 μg/mL Ascorbic 
Acid 2-phosphate) with the following treatments: (1) Control media (CM) (2) 1% bovine synovial fluid (SF), (3) 
Sequential (1+2) media incubated without fibroblast-like synoviocytes (FLS) (1:3 ratio of (1+2):CM), (4) Sequential 
(1+2) conditioned media from FLS cultures mixed 1:3 with CM, (5) 3 kDa filtered Sequential (1+2) conditioned 
media from FLS cultures mixed 1:3 with CM, and (6) 50 kDa filtered Sequential (1+2) conditioned media from FLS 
cultures mixed 1:3 with CM. Gene expression analysis was assessed at day 1, 3 for (A) MMP-1, (B) MMP-2, (C) 
MMP-9, and (D) MMP-13 using β-actin as a control. Data reported as mean ± SD. Differences within a time point 
are indicated by different letters, and differences within a group from day 1 basal values indicated by asterisk (*). 

6.4. Discussion 

This was the first study to investigate the effects of bioengineered SF secretions on 

chondrocyte biology. We hypothesized that removal of low MW molecules in the SF secretions, 

of which include fragments of HA, residual cytokines and some of their downstream effectors, 

would facilitate expression of chondrogenic markers and prevent upregulation of catabolic 

matrix enzymes. SF secretions were found to have a positive effect on chondrocyte gene 

expression with a slight advantage to unfiltered (1+2) and 3 kDa filtered (1+2 3k) treatments 
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(Figure 19A, B). Removal of molecules below 50 kDa (1+2 50k) was necessary to downregulate or 

stabilize expression of some MMP species (Figure 21B-D).  

The finding that unfiltered (1+2) and 3 kDa (1+2 3k) but not 50 kDa (1+2 50k) filtered 

media had superior type II collagen expression at day 1 indicates the presences of molecules ≤ 

50 kDa responsible for type II collagen upregulation (Figure 19B). Characterization of the 3 kDa 

and 50 kDa flow-through from ultracentrifugation via mass spectrometry could help identify 

target molecules responsible for this observed effect. The upregulation in type II collagen at day 

3 in all treatments can be attributed to the presence of high MW HA,185 residual TGF-β1,186 other 

uncharacterized secretions, or a combination of these factors.  

Aggrecan was downregulated at day 3 for all treatments including control (Figure 19C). 

This observation was not initially anticipated but is likely a result of culture parameters selected 

for this study. Chondrocyte cultures in monolayer are known to have difficulty maintaining 

expression of aggrecan.187 3D culture via cell pellet formation,188-190 transwell culture,191-195 or 

encapsulation in a hydrogel scaffold186, 196-202 would have provided better alternatives for 

promoting aggrecan expression. Short-term cultures are also not ideal for measuring aggrecan 

expression. Chondrocytes and chondrogenically induced stem cells typically show sharp 

increases in aggrecan expression after 3 weeks culture.186, 203 Longer culture durations would 

require considerably larger amounts of SF secretions and was therefore beyond the scope of this 

preliminary gene expression analysis.  

50 kDa filtration (1+2 50k) but not unfiltered (1+2) and 3 kDA filtered (1+2 3k) treatments 

prevented upregulation of MMP-2, -9 (Figure 20B, C) and downregulated MMP-13 expression 

(Figure 20D). This indicates the presence of a subset of molecules < 50 kDa responsible for MMP 
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activation. This inflammatory effect could be attributed to HA fragments,93, 94 residual IL-1β and 

TNF-α,133, 204-206 matrix fragments,90, 207-211 and cell debris. Further characterization of the 3 kDa 

and 50 kDA flow-through could help identify which molecules are contributing to the observed 

inflammatory response. Interestingly, 50 kDa filtration did not prevent an upregulation of MMP-

1 (Figure 20A). This indicates the persistence of some inflammatory mediators after filtration. 

Indeed, some species of MMPs,164 aggrecanases and their digestion products,86, 87, 212 

microvesicles,213 and matrix fragments can all reside above the 50 kDa threshold. 

Characterization of the > 50 kDA concentrate would be needed to identify which molecular 

species are at play in MMP-1 upregulation. We may consider employing higher MWCO strategies 

or mechanisms for denaturing catabolic enzymes in future eSF studies. 

Curiously, MMP-13 expression was upregulated at day 1 but downregulated at day 3 for 

unfiltered (1+2) and 3k (1+2 3k) filtered eSF (Figure 20D). This suggests the presence of both pro- 

and anti-inflammatory cues within these media, which likely have different diffusive properties. 

High MW molecules such as HA and lubricin are anti-inflammatory,98, 214 whereas low MW HA 

fragments, residual cytokines, and matrix fragments are pro-inflammatory. Smaller, pro-

inflammatory molecules could diffuse more rapidly to the chondrocyte monolayers and therefore 

have an acute, upregulatory effect on MMP-13 expression. The presence of other anti-

inflammatory molecules in the eSF, with slower diffusion kinetics (e.g. HA 1-6 MDa, and lubricin 

220-345 kDa), may explain the delayed anti-inflammatory effect in 1+2 and 1+2 3k groups. 

In summary, this study demonstrated that FLS-derived SF secretions are capable of 

promoting chondrogenic marker expression and that filtration to remove molecules below 50 

kDa can prevent upregulation of some catabolic matrix enzymes. This study provides a proof-of 
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concept needed for further development of FLS-derived SF secretions for OA treatment. Moving 

forward, SF secretions will be subjected to more rigorous characterization to improve selection 

of a suitable ultrafiltration MWCO. Furthermore, SF secretions will be tested in more 

physiologically relevant culture platforms, such as cartilage damage models using bovine explants 

and osteoarthritic chondrocytes. Finally, the effects of eSF on pre-clinical OA models will also be 

examined. 
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7. Conclusions and future studies 

7.1. Conclusions 

Osteoarthritis is a disease triggered, in part, by mechanical and inflammatory factors that 

compromise the synovial fluid-cartilage interface. These changes increase friction at the cartilage 

surface. Cyclical loading and persistent inflammation lead to a gradual loss of cartilage structure 

and lubrication. The present thesis aimed to develop a novel synovial fluid surrogate by long-

term cytokine stimulation of fibroblast-like synoviocytes. Prior to the present studies, the 

capacity of fibroblast-like synoviocytes to produce long-term synovial fluid-like secretions and 

the effect of such secretions on chondrocyte biology was unknown. Thus, the major goal of the 

present thesis was to demonstrate the long-term fidelity of cytokine stimulated fibroblast-like 

synoviocyte secretions (Chapters 4-5) and their ability to promote chondrogenic marker 

expression meanwhile attenuating inflammatory marker expression in chondrocytes (Chapter 6).  

7.2. Future studies 

The data herein merits further development of our engineered synovial fluid to produce 

a viable therapeutic for osteoarthritis. To arrive at this goal, I recommend multiple improvements 

to advance our understanding of engineered synovial fluid secretions and their interactions with 

cartilage. The shortcomings and potential solutions of our current work are discussed below. 

7.2.1. Approaches to further characterize the molecular constituents of engineered 

synovial fluid and their effects on cartilage 

In the present work, we characterized hyaluronic acid (HA), lubricin, and MMP-2 content 

in cytokine-stimulated fibroblast-like synoviocyte (FLS) cultures. While these molecules are 

undoubtedly important in guiding the biochemical interactions between synovial fluid (SF) and 
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cartilage, the molecular composition of SF extends beyond the molecules considered in this 

study. This much can be observed in Specific Aim 3 (chapter 6), where we noted interesting 

effects in the unfiltered and filtered treatments, which can be attributed to molecules other than 

HA, lubricin, and MMP-2. We found that unfiltered (1+2) and 3 kDa (1+2 3k) but not 50 kDa (1+2 

50k) filtered media had superior type II collagen expression at day 1. This indicates the presences 

of molecules < 50 kDa responsible for type II collagen upregulation. Also, while 50 kDa filtration 

(1+2 50k) produced a desirable effect in modulating inflammatory expression of MMP-2, -9, and 

-13, MMP-1 was upregulated. This indicates the presence of pro-inflammatory molecules above 

the 50 kDa threshold. While higher molecular weight cutoffs (e.g. 100 kDa) may be considered to 

remove other inflammatory molecules, this would not serve to harness the potential of low 

molecular weight molecules that are having a positive effect on chondrocytes. These findings 

therefore, merit detailed characterization of the molecular species contributing to these effects.  

To complete such analysis requires identification of candidate molecules, evaluation of 

their biochemical effects, and strategies to harness the potential of the anabolic and 

chondroprotective factors, meanwhile eliminating or attenuating the effect of catabolic factors. 

For identification, analysis of the < 3 kDa, < 50 kDa, and > 50 kDa flow-through by approaches 

such as mass spectrometry and luminex multiplex assays would provide broad characterization 

of differences in disaccharide, cytokine, chemokine, and growth factor species in each media 

subset. Next, we can compare the effects of these media subsets on a spectrum of signaling 

pathways in cartilage cultures using membrane based antibody array technology. Differential 

regulation in pathways between experimental groups can help identify the disease-modifying 

ability of various filtration methods. Comparing the results from both analyses against healthy SF 
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controls will help identify which molecular deviations in our engineered SF must be reconciled to 

produce a viable therapeutic option.  

7.2.2. Approaches to further characterize the biomechanical behavior of engineered 

synovial fluid  

The ability of SF to minimize friction at the cartilage surface is a vital feature to joint 

homeostasis. Our current analysis does not contain data beyond the preliminary viscosity 

characterization (Chapter 4) noted in different FLS stimulations. This was a calculated 

shortcoming given that significant efforts had to be initially be dedicated to identifying promising 

cytokine treatments to guide FLS secretions. Future studies must consider the tribological effects 

of engineered SF on cartilage. Again, selection of an adequate culture platform is crucial. 

Monolayer chondrocyte cultures employed in chapter 6 would not be suitable for such testing. 

The use of biopsied cartilage explants, however, provides a viable platform for frictional 

characterization of the SF-cartilage interface using a rheometer. For a controlled experiment 

eliminating some biological complexity, the lubricating properties of engineered SF can also be 

measured on glass or mica substrates using surface force balance technology.69, 80 This 

technology also affords the feasibility of testing the lubricating ability of engineered SF at 

physiological loads. With this platform, we can also supplement other crucial lubricating 

molecules that were omitted from our analysis such as surface active phospholipids.  

7.2.3. Other approaches to further improve engineered synovial fluid and its effects on 

cartilage 

From there we can consider which methods for optimization of our engineered SF, from 

modified centrifugal filtration techniques to alternative methods for engineered SF generation, 
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such as mechanical stimulation of FLS, should be employed. While these studies can be 

conducted on chondrocyte cultures similar to those used in aim 3 (chapter 6), it would be 

preferable to consider culture platforms more representative of native SF-cartilage interactions. 

Cartilage is a 3-dimensional tissue and extended chondrocyte monolayer cultures are well 

established to undergo dedifferentiation.187 We chose a 3 day culture, to reduce demands of 

engineered SF volume and to minimize phenotypic changes due to culture platform. Still, we 

experienced a downregulation of aggrecan, an essential molecule to cartilage matrix. Employing 

a 3D platform such as cartilage explants while extending culture duration to several weeks would 

provide a more physiologically relevant model for assessing the effects of engineered SF on 

chondrocyte biology. The use of cartilage explant cultures would be invaluable in determining 

the disease-modifying ability of various treatments. Results from the molecular assays 

summarized above can be correlated with chemical quantification, histology, and 

immunohistochemistry of essential cartilage matrix components.  

Taken together, these additional considerations will provide necessary insights to the 

biochemical and biophysical interactions of our engineered SF. Such characterization is crucial in 

our goal to develop a viable intra-articular viscosupplement for the treatment of osteoarthritis. 
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APPENDICES 

Supplemental figures herein correspond to the studies summarized in chapter 5. 

 

Supplemental Figure  1. Representative agarose gel for HA molecular weight distribution for  continuous, 
intermittent, and sequential cytokine stimulation of fibroblast-like synoviocytes (FLS). Plus (+) signs indicate 
negative controls digested with Streptomyces hyaluronidase. 
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Supplemental Figure  2. Representative lubricin western blot for continuous, intermittent, and sequential cytokine 
stimulation of fibroblast like synoviocytes (FLS). 

 

Supplemental Figure 3. Representative gelatin zymography of pro and active MMP-2 secretion for continuous, 
intermittent, and sequential cytokine stimulation of fibroblast like synoviocytes (FLS). 

  



 

92 

 

 

Supplemental Figure 4. 10x phase contrast images showing morphology at day 12 of cytokine stimulated 
fibroblast-like synoviocytes (FLS). Control; Continuous; Intermittent (M); Intermittent (H); Sequential (1+2); 
Sequential (2+1). All stimulations show enhanced proliferation of FLS compared to controls. Scale bar = 50μm. 


