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Abstract 

Osteoarthritis (OA) of the knee, characterized by knee pain and eventual loss of 

joint function remains a significant unmet medical need worldwide.  Treatment of both 

pain and structural damage progression are challenging, with current pain therapies 

providing inconsistent benefit and treatments to halt or slow loss of structural integrity 

nonexistent.  Although the facets of OA are not well understood, it is clear that the 

disease represents a complex combination of metabolic processes affecting the cartilage, 

underlying bone, synovium, and surrounding tissues of articular joints.  This complexity 

makes it difficult to develop accurate models.  Given the cost, time, and complexity 

associated with performing in vivo studies, preliminary study of disease biology as well 

as identification, validation, and testing of potential therapeutic targets can benefit greatly 

from studies initially performed in vitro in well-designed models ideally translatable to 

both in vivo research and clinical settings. 

A human cell-based model of osteoarthritis progressing from early to late-stage 

OA was developed.  This work included the combination of synovial fibroblasts and 

monocytes as a model of synovium.  In culture with the synovium component, 

mesenchymal stem cell (MSC) pellets were used as the cartilage component.  At early 

time points, the model produced many cytokines and degradative enzymes present in 

clinical OA.  Glycosaminoglycan (GAG) was released from the cartilage component.  
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Also, the cartilage component mounted a repair response as measured by an increase in 

aggrecan gene expression.  These three criteria were evidence of a model of early stage 

OA.  At later time points, the cartilage component continued to lose GAG.  The repair 

response was lost.  Finally, the production of degradative enzymes, specifically matrix 

metalloproteinase 1 and 3 (MMP-1 and MMP-3), was diminished.  These criteria were 

evidence of a progression to late stage OA. Understanding the full progression of OA 

could lead to the development of new targets and new therapeutics and having a realistic 

in vitro model is one step in that process. 
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1. Introduction 

1.1. Osteoarthritis 

 Osteoarthritis (OA) is the most common type of arthritis and the major cause 

of chronic musculoskeletal pain and mobility disability in elderly populations worldwide, 

affecting nearly 40% of people older than 65 years [1].  Joint pain is the symptom most 

likely to present first, but OA is generally characterized by this pain, joint space 

narrowing and loss of joint function [2].  In a normal joint, there is a balance between 

synthetic and degradative activity.  In an OA joint, there is progressive cartilage 

degradation induced by loss of proteoglycan and eventual breakdown of the collagen 

network of the extracellular matrix [3].  While pain therapies are available, unfortunately 

there is not much for patients in the way of structural benefit.  For most patients, the only 

treatment option is inevitably joint replacement [4, 5].  Figure 1.1 depicts a sequential, 

pyramidal approach to the pain management process for osteoarthritis patients [6].  Table 

1.1 depicts the Kellgren-Lawrence grading scale, a radiographic measure of the severity 

of osteoarthritis [7]. 
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Figure 1.1: Pain management of osteoarthritis  

Table 1.1: Kellgren-Lawrence grading scale  

Grade Condition 

0 Normal 

1 Doubtful narrowing of joint space and possible osteophytic 
lipping 

2 Definite osteophytes, definite narrowing of joint space 

3 Moderate multiple osteophytes, definite narrowing of joints 
space, some sclerosis and possible deformity of bone contour 

4 Large osteophytes, marked narrowing of joint space, severe 
sclerosis and definite deformity of bone contour 
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Although the facets of OA are not well understood, it is clear that OA is chronic, 

slow progressing destruction of articular joints including the cartilage, synovium, and 

underlying bone.  The catabolic environment of OA is marked by increases in 

degradative enzymes and pro-inflammatory cytokines.  Matrix metalloproteinases 

(MMPs) play a large role in the destruction of the osteoarthritic joint.  MMP-1 and MMP-

3, an aggrecanase, are present in high levels in OA synovial fluid [8, 9].  In addition, 

although detected at much lower levels in OA synovial fluid (287-fold lower than MMP-

1, over 14,000 fold lower than MMP-3), the collagenase MMP-13 has been implicated 

due to the high gene expression in OA cartilage [8].  Although not known as an 

inflammatory disease, OA synovial fluid is full of pro-inflammatory cytokines and 

chemokines, including interleukin 8 (IL-8) [10, 11], monocyte chemo-attractant protein 1 

(MCP-1) [12, 13], macrophage inflammatory protein 1�  (MIP-1� ) [14, 15], regulated and 

normal T cell expressed and secreted (RANTES) [16, 17], and vascular endothelial 

growth factor (VEGF) [17, 18], among others.  These proteins have been found at 

detectable levels, but the concentration of interleukin 1�  (IL-1� ) and tumor necrosis 

factor �  (TNF-� ) in OA synovial fluid is much more varied.  While most patients have 

extremely low or undetectable concentrations of IL-1�  or TNF-� , some patients have 

considerably higher concentrations of these proteins in their synovial fluid.  [19 – 26].  

Due to this wide variation in OA synovial fluid, these pro-inflammatory cytokines remain 

controversial. 

With no current treatment for structural changes in OA, research into the 

mechanisms for the changes involved in osteoarthritis continues.  The difficulty in 

researching OA begins with the idea that OA is not a single disease, but rather a complex 

combination of metabolic processes affecting the joint and surrounding tissues [27, 28].  

See Figure 1.2 [29].  This complexity makes it difficult to develop accurate models.  
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There are animal models that are used for studying OA including surgical instability 

models, such as anterior cruciate ligament (ACL) transection or spontaneous models, 

such as the STR/ort mouse model [30, 31].  The cost, time, and animals associated with 

performing in vivo studies means a new OA target has to be sufficiently studied in vitro 

first.  In vitro, OA is most often studied through monolayer cultured primary cells 

exposed to high concentrations of cytokines or chemokines, usually IL-1�  [32].  

However, IL-1�  may not be the best stimulant when modeling clinical OA.  Further, 

although many studies have used 2-D models, cartilage is a 3-D structure with 

chondrocytes existing in an extracellular matrix of proteoglycan and collagen. Cell-cell as 

well as cell-matrix interactions are important for the study of cartilage [33].  As shown in 

recent studies [34 – 36], much of this can be mimicked by better tissue engineered 

models including clinically relevant stimulants at physiological concentrations. 

 

Figure 1.2:  Disease perpetuation, catabolic cycle.  Disease initiation of clinical OA is 

due to several possible causes including trauma, poor alignment or inflammation.  After 
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initiation joints undergo a catabolic cycle as shown.  This catabolic cycle includes 

synovitis, pain, increases in pro-inflammatory cytokines and degradative enzymes, and 

extracellular matrix degeneration.  Interrupting this cycle is likely essential to slowing the 

progression of OA. 

1.2. Catabolic stimulants and current model systems 

1.2.1. Role of IL-1�  in catabolism in vitro 

Although OA is not considered to be an inflammatory disease, studies have found 

elevated levels of cytokines and growth factors in synovial fluid of individuals with OA 

[37 – 39].  Given that cartilage breakdown is one of the most recognizable changes in 

OA, much research has been done looking at this destruction in vitro.  The only cell type 

in hyaline cartilage is the chondrocyte.  It follows then that in order to study the effects of 

OA on cartilage, chondrocytes have been the focus of research efforts.  Although it is 

clear the cartilage biology is changed in OA, the reason for the change is not fully 

understood.  In order to study these effects in vitro, chondrocytes have been stimulated 

with IL-1�  or TNF-� .  Both IL-1�  and TNF-�  have been shown to down-regulate the 

synthesis of major extracellular matrix (ECM) components as well as inhibiting anabolic 

activity of chondrocytes [40, 41]. 

Two hallmarks of OA are the loss of glycosaminoglycan (GAG) and collagen II 

content in the cartilage [42].  Human OA chondrocytes cultured in alginate suspension 

were treated with 100 pg/mL of IL-1� .  In these cultures, aggrecan gene expression was 

down-regulated two to three fold compared to media alone controls [43].  Similar results 

were seen with human and porcine cartilage explants [44].  Monolayer cultures of rabbit 

articular chondrocytes treated with 10 ng/mL IL-1�  had greater than a 40% reduction in 

collagen II mRNA [45].  In human monolayer cultures of chondrocytes, IL-1�  reduced 

type II collagen expression [46].  It should be noted, all culture systems used very high 
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concentrations of IL-1�  as the stimulant, several orders of magnitude higher than what is 

found in OA synovial fluid.  This is described in more detail below. 

In addition to reducing anabolic activity, IL-1�  has been shown to increase 

catabolism.  IL-1�  stimulated chondrocytes release several matrix metalloproteinases 

(MMPs), including MMP-1, MMP-3 and MMP-13, and aggrecanases, including 

aggrecanase 1 and 2 (ADAMTS-4 and ADAMTS-5).  These degradative enzymes with 

aggrecanase and collagenase activity have been shown important in OA [47 – 50].  

Further, osteoarthritic cartilage has been shown to express these MMPS [51] and 

aggrecanases [52]. Stimulation of chondrocytes with IL-1� , has been shown to induce the 

production of many of the pro-inflammatory cytokines commonly found in OA synovial 

fluid including interleukin 6 (IL-6) [53], IL-8 [54], MCP-1 [55] and RANTES [56].  It 

can be shown that chondrocytes stimulated with IL-1�  appear to produce an environment 

similar to OA synovial fluid.  Further, due to IL-1� , this increase in cartilage breakdown 

factors in combination with the reduction in repair capabilities mimics many aspects of 

clinical OA.  This dual role, makes IL-1�  appear to be a logical target for OA therapies. 

1.2.2. Natural inhibition of IL-1 � : IL-1Ra 

IL-1�  appears to be a mediator of joint damage in OA, at least based on in vitro 

data.  There is plenty of evidence implicating cytokines in the progression of rheumatoid 

arthritis, a disease with a major inflammatory component [57 – 60].  The lower number 

of synovial cells secreting IL-1�  [61], combined with the inconsistent or outright absence 

of detectable IL-1�  in OA synovial fluid, serum or synovial tissue [19 – 26] makes the 

concept of IL-1�  driving the degradation in OA questionable. 

IL-1 receptor antagonist (IL-1Ra) is a naturally occurring, specific antagonist of 

either IL-1�  or IL-1� .  IL-1Ra binds to the IL-1 receptors with similar affinities as IL-1�  

or IL-1� , but does not transduce a signal [62].  It has been shown that in vitro 10-100 
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times the amount of IL-1Ra is needed to inhibit IL-1� .  In vivo, there needs to be 100-

2000 times more IL-1Ra than IL-1�  [63, 64].  In a study of candidates awaiting total knee 

arthroplasty, synovial fluid was analyzed for levels of IL-1� , TNF-� , and IL-1Ra among 

others.  In this study, IL-1�  and TNF-�  were undetectable even though the detection limit 

was <0.1 pg/mL.  In male patients, IL-1Ra was detected at 485.90 pg/mL.  In female 

patients, IL-1Ra was found at 332.68 pg/mL [65].  With at least 4000 times the amount of 

IL-1Ra to IL-1� , it is unlikely additional anti-IL-1�  treatment would be effective at this 

stage. 

These patients clearly represent end-stage OA.  However, given that the disease 

may be relatively painless and asymptomatic in the initial stages, by the time the patient 

seeks treatment, significant damage may have occurred in the cartilage.  Thus, at the 

point a patient appears at the doctor, it may be too late to use an anti-IL-1 treatment.  

Anti-IL-1 treatment has been attempted in the clinic.  Anakinra is an interleukin-1 

receptor antagonist used to treat rheumatoid arthritis (RA).  A total of 160 patients with 

OA were randomized and treated with anakinra.  At week 4, there was no improvement 

in knee pain, function, stiffness, or cartilage turnover in patients treated with anakinra 

compared with the placebo [66].  The major difference between RA and OA is the levels 

of inflammation.  The level of IL-1 �  is so high it can be measured in the peripheral blood 

of RA patients.  This is not the case with OA patients [67].  In RA patients, the synovial 

membrane is highly thickened and inflamed.  This is not seen as frequently in OA 

patients [68].  The low level of inflammation, the low concentrations of IL-1� , the high 

concentration of the natural inhibitor to IL-1� , and the lack of benefit with anti-IL-1�  

therapy in the clinic suggests the role of IL-1�  in OA is limited by the time patients 

present in the clinic.  This suggests the use of IL-1�  blocking therapy is probably limited. 
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1.2.3. IL-6: Induction of catabolism by other cytokines 

While IL-1�  is the classical pro-inflammatory cytokine, several others have been 

shown to play a role in catabolism.  TNF-� , has long been hypothesized to be important 

in the progression of OA, although the role of TNF-�  in cartilage degradation is generally 

regarded as less clear.  TNF-�  activates the production and release of MMPs, which leads 

to matrix breakdown and could explain cartilage degeneration [69].  Interleukin-17 (IL-

17) and interleukin-18 (IL-18) are two additional cytokines that are potent inducers of 

catabolic responses in chondrocytes.  IL-17 and IL-18 stimulate the production of IL-6, 

inducible nitric oxide synthase (iNOS), cyclooxygenase 2 (COX-2), and MMPs.  

Adenoviral over-expression of IL-17 induces cartilage proteoglycan loss in the joint.  In 

animal models, IL-18 deficiency or blockade reduced cartilage destruction and 

inflammation [70].  While much work has been done to explore the role of these catabolic 

cytokines, the role of IL-6 is less obvious. 

IL-6 is a pleiotropic cytokine with a wide range of biological activities in immune 

regulation, hematopoiesis, inflammation, and oncogenesis.  IL-6 is produced by many 

different cell types including T cells, B cells, monocytes, fibroblasts, keratinocytes and 

endothelial cells [71].  In OA patients, the level of IL-6 in synovial fluid is quite high.  

Due to this high level of IL-6, its regulatory action might be crucial to the progression of 

OA.  The exact role of IL-6 in OA is controversial.  In studies, IL-6 has been shown to be 

both a pro-inflammatory cytokine [72] and an anti-inflammatory mediator [73].  Due to 

these confounding results, IL-6 remains an active research area in the progression of OA. 

There has been some investigation into the correlation between IL-6 and knee pain 

severity, development and progression leading to inconsistent results.  Stannus et al. 

found an increase in IL-6 concentrations in the serum led to a significant increase in joint 

pain when standing.  Pain was measured by questionnaire using the Western Ontario 
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McMaster osteoarthritis index (WOMAC) [74].  Conversely, Pelletier et al. found no 

such correlation between IL-6 and pain [75].  It is important to note the difference in 

timeline and statistical analysis.  In Stannus’ study, patients were followed out to 5 years 

as compared to 2 years in Pelletier’s study.  Further, Stannus et al. adjusted results for 

potential confounders including age, sex, and body mass index (BMI). 

 Data about the role of IL-6 in structural degradation is equally confounding.  IL-6 

levels were investigated in synovial fluid from patients with increasing severity of joint 

destruction as measured by the Kellgren-Lawrence (KL) grading scale.  In this study, the 

authors found a significant inverse relationship between KL grade and concentration of 

IL-6 [76].  The conclusion from this correlation could indicate IL-6 represents a pro-

anabolic factor able to mitigate cartilage damage early in the disease, but is decreased as 

OA progresses.  Based on in vitro data, IL-6 may be more integral in the pathogenesis of 

OA.  Based on that assumption, the data could suggest active cartilage destruction occurs 

at the highest rate in earlier grades of OA and tapers off as the disease reaches end-stage. 

Although Pelletier et al. did not find a correlation of IL-6 to pain, this study did support 

IL-6 as a possible predictor of knee OA progression.  Also, similarly to previous work, 

cartilage volume lost over time was associated with a decrease in IL-6 concentrations.  

Additionally, increased levels of IL-6 have been considered an indicator for sarcopenia.  

Sarcopenia is the degenerative loss of muscle mass and physical function associated with 

age.  Sarcopenia is an aggravating factor that increases the progression of knee OA.  

Similarly, IL-6 was found to correlate with the loss of strength in knee flexor muscles 

[77]. 

Many of the functions of IL-6 are mediated via its soluble receptor (sIL-6R).  

This soluble receptor forms a complex with IL-6, which can then transduce signals 

through the ubiquitously expressed glycoprotein 130 (gp130).  Thus, sIL-6R-mediated 
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signaling allow for activation of cell types that would not normally respond to IL-6 itself.  

In a study comparing rheumatoid arthritis (RA) and OA, levels of IL-6 and sIL-6R were 

examined.  Although the authors found significantly higher levels of IL-6 and sIL-6R in 

RA, the concentration of these in OA synovial fluid was still quite high, 6.39 ng/mL and 

14.78 ng/mL for IL-6 and sIL-6R, respectively.  The authors also found a significant 

correlation between levels of IL-6 and sIL-6R [78]. 

 IL-6 and sIL-6R have been shown to modulate the balance of anabolism and 

catabolism in vitro.  In a study of rabbit articular chondrocytes, IL-6, sIL-6R, or both 

inhibited type II collagen production [79].  In bovine articular chondrocytes, IL-6 and 

sIL-6R induced activation of Janus Kinase 1 (JAK1), JAK2, and signal transducer and 

activator of transcription 1 (STAT1)/STAT3.  These conditions significantly down-

regulated the expression of type II collage, aggrecan core, and link proteins [80].  This 

diminished anabolic activity is coupled with an increase in MMP and A Disintegrin And 

Metalloproteinase with Thrombospondin Motifs (ADAMTS) expression.  Primary bovine 

chondrocytes were stimulated with IL-6 and sIL-6R for 24 hours.  Expression of MMP-1, 

MMP-3 and MMP-13 as well as ADAMTS-4 and ADAMTS-5/11 were markedly 

increased [81].  These decreases in anabolic activity combined with the increased 

degradative activity are hallmarks of OA, suggesting other cytokines could provide the 

stimulus needed for the progression of OA. 

1.2.4. Matrix fragments induce catabolism 

Cartilage is comprised of chondrocytes, the resident cells, and an abundant 

extracellular matrix composed primarily of type II collagen, aggrecan, and hyaluronan 

[82].  Degradation of this matrix is a hallmark of OA.  While there is extensive literature 

discussing the role of ECM fragments as markers of cartilage turnover, there is a growing 
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body of work exploring the possibility that these fragments may actually be part of the 

production/degradation pathway. 

There is an increase of fibronectin (FN) within the cartilage matrix and synovial 

fluid of patients with OA or RA [83].  This increase is three to four fold, with the average 

concentration of FN in normal synovial fluid increasing from 171 mg/ml to 721 and 568, 

in RA and OA, respectively [84].  It follows then that this increase in FN allows for an 

increase in fragmentation of said FN.  Indeed, fibronectin fragments (FN-f) have been 

found in cartilage and synovial fluid from RA and OA patients ranging from 24 to 200 

kDa [85, 86].  In OA synovial fluid, the concentration of FN-f has been estimated to be in 

µM concentrations [87]. 

 Physiological concentrations of FN-f, 0.1 to 1 µM, rapidly decreased cartilage 

proteoglycan content and suppressed proteoglycan synthesis in human cartilage explant 

cultures.  These concentrations are consistent with or below measured concentrations in 

OA synovial fluid.  Over a few days, these explants released half of the total 

proteoglycan as compared to no FN-f controls.  New proteoglycan synthesis, as measured 

by sulfate incorporation was also drastically suppressed to nearly 50% the level of the 

control explants.  IL-6 and MMP-3 production were also significantly increased in 

explants treated with FN-f, 16.9 and 12.5 fold respectively.  These factors likely 

contributed to the loss of proteoglycan [88].  FN-f is capable of up-regulating MMP-3, 

but MMP-3 is capable of causing a catabolic cycle.  In addition to causing proteoglycan 

degradation, MMP-3 has been shown to cleave fibronectin [89].  Due to this, it could by 

hypothesized that FN-f could create a self-sustaining catabolic cycle. 

Similar effects were seen in vivo.  New Zealand white rabbits were injected with 

0.3 mL of 3 µM of a 1:1 mixture of 29 and 50 kDa mixture of FN-f.  Upon gross 

examination, articular cartilage from animals injected with FN-f was dull and pale.  In 
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contrast, control animals that received no such injection had glistening white cartilage.  

As a percent proteoglycan content in the left knee (injected knee) compared to right knee 

(naïve knee), rabbits injected with FN-f had a markedly reduced proteoglycan content 59 

± 8%.  For the purposes of comparison, control animals had proteoglycan ratios at 109 ± 

16%, not unexpectedly.  This difference was statistically significant (p < 0.0001).  In 

terms of histology, the most striking difference with FN-f treatment was the loss of 

Safranin-O and Toluidine Blue staining indicative of a loss of proteoglycan. 

 Fibronectin fragments are not the only matrix fragments capable of inducing 

changes in the cartilage.  Due to the large proportion of type II collagen found in articular 

cartilage, there is an abundance of potential fragmented collagen.  Indeed, up to 20% of 

collagen in human OA cartilage can be at least partially degraded [90].  Cleavage of type 

II collagen may result from cleavage by collagenases commonly found in OA including 

MMP-1 and MMP-13.  Further, MMP-3, found at high concentrations in OA synovial 

fluid, has been shown to cleave type II collagen within the N-telopeptide and C-

telopeptide domain [82].  While many different type II collagen fragments are possible in 

cartilage degeneration [91 – 93], both collagen N-telopeptides and C-telopeptides have 

been shown to upregulate MMP expression in chondrocytes, enhance the degradation of 

matrix and change matrix synthesis. 

Human cartilage explants treated with fragmented type II collagen at up to 1 

mg/mL released GAG and collagen into the media resulting in less GAG and collagen 

content remaining in the explants.  In these studies, fragmented collagen also reduced cell 

attachment and de novo synthesis of type II collagen in bovine chondrocytes [94].  The 

suggestion is that the intact telopeptide signals the presence of intact collagen.  Thus, the 

cell does not recognize the need for de novo collagen synthesis.  In bovine cartilage 

explants, type II collagen fragments and N-telopeptides have been shown to upregulate 
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MMP-2, MMP-3, MMP-9 and MMP-13 mRNA [95].  These results create a two fold 

response where collagen telopeptides inhibit de novo collagen synthesis while 

simultaneously increasing collagenases.  This likely further exacerbates the progression 

of OA.  C-telopeptides are elevated in the urine of OA patients [96] and have been 

suggested as a biomarker for OA.  To that end, several markers have been studied as 

biomarkers of type II collagen metabolism including degradation markers (C2C, C1, 2C) 

and synthesis marker (CP II) [97, 98].  Further, urinary C-telopeptides correlate with high 

cartilage turnover in OA [99] and the progression of OA as seen in magnetic resonance 

imaging (MRI) [100]. 

 Fibronectin and collagen fragments likely arise as part of the disease of OA.  

These fragments are likely generated through cartilage matrix degeneration and turnover.  

As described above, many types of each fibronectin or collagen fragments are possible 

and found in OA.  The different fragments have been shown to have different potency in 

up-regulating catabolism in vitro.  The need for further study of these fragments is clear, 

given these fragments are found in OA at concentrations shown to be catabolic in vitro.  

In this way, the disease could be thought of as self-sustaining.  Once the original damage 

has been done, by mechanical force, cytokine stimulation, or other stimuli, the turnover 

and matrix degradation can continue the degradation.  Thus, when a patient arrives at the 

doctor, the original stimulus is gone and the disease is left continuing the cycle of 

degradation. 

1.2.5. Additional stimulants, LPS and retinoic acid 

Expression of toll-like receptors (TLRs) is upregulated in OA lesion areas.  TLR-4, 

the receptor for lipopolysaccharides (LPS) is one of the TLRs upregulated in OA.  LPS is 

the major component of the outer membrane of Gram-negative bacteria.  To this end, 

several in vitro models of OA have included stimulation with LPS.  Chondrocytes 
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stimulated with LPS increase production of MMPs including MMP-1, MMP-3 and 

MMP-13.  LPS also increased expression of TLR-2 and TLR-4, as an example of ligand 

stimulating increases in receptor [101].  In OA synovial membranes treated with LPS, an 

increase in pro-inflammatory cytokines IL-1�  and TNF-�  as well as MMP-3 was shown 

[102].  LPS has also been shown to significantly reduce cartilage synthesis as measured 

by 35S uptake in cartilage explants treated with LPS [103].  Although most cases of OA 

are not likely to come from a bacterial infection, LPS models would seem to be an 

accurate representation of septic arthritis.  Septic arthritis has a substantially lower 

incidence rate than OA, 2.6 per 100,000 or several orders of magnitude lower incidence 

than OA [104].  It remains to be seen if LPS would be the best stimulant to model the 

broader disease. 

 The addition of retinoic acid to cartilage explants has been shown to enhance 

destruction of matrix components [105, 106].  MMP-13 may at least be partially 

responsible for this degradation.  Porcine chondrocytes cultured in the presence of 

retinoic acid had increased MMP-13 expression compared to controls.  This increase in 

MMP-13 expression was also shown for human OA chondrocytes [107].  Further, porcine 

or bovine explants cultured in the presence of retinoic acid lost over 80% of the GAG 

over just 4 days [108].  Due to hypothesis antioxidants provide protection in OA patients 

from further joint damage, retinoic acid has been suggested as a treatment as well.  

Retinoic acid was able to inhibit MMP-1 and MMP-13 mRNA expression, protein 

production and enzyme activity induced by either IL-1�  or TNF-�  in cultures of OA 

chondrocytes [109].  In a separate study, retinoic acid suppressed IL-1� -induced release 

of chemokines, including RANTES, MIP-1�  among others [110].  Retinoic acid is 

controversial and more work needs to be done to explore the pro- and anti-catabolic 

effects in model systems. 
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1.2.6. Conclusions 

Given the in vitro evidence, it is clear IL-1�  could play a role in the early 

progression or even initiation of OA.  However, patients do not present in the clinic until 

long after the initiation phase of OA.  Further, the lack or at least inconsistent detection of 

IL-1�  in OA patients, high concentrations of the natural inhibitor IL-1Ra, and existence 

of other stimulants at relevant concentrations makes the idea of OA being IL-1� -driven 

questionable.  Thus, although IL-1�  is capable of creating cytokine profiles similar to 

OA, many other targets are similarly capable. Therefore, therapies need to be developed 

to the actual root cause not therapies to an in vitro catabolic stimulant.  In order to screen 

new targets or understand the pathology of later stage OA, more work needs to be done 

with tissue engineering models that include stimulants at physiological concentrations as 

well as IL-1� -independent models.  Concurrently, research should be conducted with 

patients with OA much earlier in the progression of the disease, thus being able to 

potentially identify, target, and treat disease initiation. 

1.3. Objectives and research strategy 

Osteoarthritis is very common and the major cause of chronic musculoskeletal pain 

and mobility disability in elderly populations worldwide.  Although the facets of OA are 

not well understood, it is clear that OA is chronic, slow progressing destruction of 

articular joints including the cartilage, synovium, and underlying bone.  The catabolic 

environment of OA is marked by increases in degradative enzymes and pro-inflammatory 

cytokines.  With no current treatment for structural changes in OA, research into the 

mechanisms for the changes involved in osteoarthritis continues.  The difficulty in 

researching OA begins with the idea that OA is not a single disease, but rather a complex 

combination of metabolic processes affecting the joint and surrounding tissues.   
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This complexity makes it difficult to develop accurate models.  In vitro, OA is 

most often studied through monolayer cultured primary cells exposed to high 

concentrations of cytokines or chemokines, usually IL-1� .  The appropriate stimulant for 

modeling clinical OA has yet to be determined.  It may be the case that designing a model 

system around one stimulant limits the usefulness of said model.  It may be more 

appropriate to have a combination of catabolic stimulants or no stimulant.  Further, 

although many studies have used 2-D models, cartilage is a 3-D structure with 

chondrocytes existing in an extracellular matrix of proteoglycan and collagen. Cell-cell as 

well as cell-matrix interactions are important for the study of cartilage.  There are many 

different cell types in surrounding tissue that may play a large role in OA as well, 

including the synovial cells, subchondral bone cells, and meniscal cells.  Much of this can 

be mimicked by better tissue engineered models including clinically relevant stimulants 

at physiological concentrations. 

The hypothesis of this work is that a 3D cartilage component interacting with 

synoviocytes as well as macrophages would simulate a disease environment similar to 

that present in developing OA.  Further, having all human-derived cells would allow this 

in vitro OA model to be useful to understand the formation and progression of OA as 

well as screening for disease modifying drugs in a clinically relevant system. 

A model system of early stage OA can be defined as meeting three criteria: the 

production of cytokines and degradative enzymes resulting in a conditioned medium 

profile similar to OA synovial fluid, the release of glycosaminoglycan (GAG) from the 

cartilage component, and an early anabolic response.  In a similar manner, the system can 

be defined as late stage OA based on the following criteria: a decrease in the production 

of degradative enzymes, the continued loss of GAG from the cartilage component, and 

the loss of the early anabolic response.  Under the right conditions, these cells would 
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progress from early to late stage OA mimicking these hallmarks of the disease through 

the progression of OA.  By choosing to study this model at various time points, the model 

could be useful to understand the progression of OA as well as screening for disease 

modifying drugs in a clinically relevant in vitro system. 

 It is proposed that that a 3D cartilage component interacting with synoviocytes as 

well as macrophages would simulate a disease environment similar to that present in 

developing OA.  Further, having all human-derived cells would allow this in vitro OA 

model to be useful to understand the formation and progression of OA as well as 

screening for disease modifying drugs in a clinically relevant system.  This hypothesis 

will be validated as follows: i) identification and characterization of a model of the 

synovial component (Chapter 3), ii) development of the components necessary for a three 

cell type coculture system (Chapter 4), iii) characterization and development of a model 

of both early and late stage OA through a three cell type coculture system (Chapter 5). 

 A series of characterization studies related to the synovial component are 

outlined in Chapter 3.  The interaction of synovial fibroblasts and two monocyte cell lines 

was investigated for production of proteins relevant to OA.  The choice of monocyte cell 

to model the macrophages in the synovial component is presented.  Development of an 

environment similar to OA synovial fluid is established.  The interaction between the 

synovial fibroblast and monocytes is also investigated in terms of how activation occurs, 

by cell-cell contact or soluble factors.  This characterization effort provides the 

foundation for the development of an active synovial component as a piece of the three 

cell coculture model. 

 The development of the three cell coculture model is presented in Chapter 4.  The 

development of the cartilage component, a chondrogenic stem cell pellet is described.  

This work includes chondrogenic culture period of the pellet.  The contribution of each of 
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the three cell types is estimated using three methods, gene expression analysis, protein 

production from individual cultures, and short interfering RNA (siRNA) experiments.  

The addition of the serum supplement, ITS-X is investigated as a suitable additive.  This 

work provides the necessary pieces to investigate the three cell coculture as a progressive 

model of OA. 

 In Chapter 5, the full three cell coculture model is presented.  An evaluation of 

the three cell coculture as a model of early and late stage OA is examined.  This includes 

the investigation of the timeline of the model.  Production and production rates of 

proteins relevant to OA are measured.  Glycosaminoglycan loss was measured.  

Aggrecan expression and repair response by the cartilage component is also investigated.  

Finally, the role of IL-1�  and degradative enzymes are examined through the inclusion of 

inhibitors. 
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2. Materials and Methods 

2.1. Materials 

 Primary human synoviocytes were obtained from Articular Engineering 

(Northbrook, IL).  Human mesenchymal stem cells (MSCs) were obtained from Lonza 

(Walkersville, MD).  Monocyte cell lines, THP-1 and U937, were obtained from ATCC 

(Manassas, VA).  Media components including High Glucose Dulbecco’s Modified 

Eagle’s Medium (DMEM), fetal bovine serum (FBS), and RPMI-1640 were purchased 

from Invitrogen (Carlsbad, CA).  Growth factors and ELISA kits were purchased from 

R&D Systems (Minneapolis, MN).  Tissue culture supplies including transwell inserts 

were obtained from BD Biosciences (Bedford, MA).  Other chemicals including 

inhibitors were purchased from Sigma (St. Louis, MO). 

2.2. Schematic of the triple coculture 

 

Figure 2.1: Schematic of the triple coculture.  The model includes three cell types, 

synovial fibroblasts represented by green circles, U937 cells represented by red circles, 

and a stem cell pellet represented by a blue circle.  The synovial fibroblasts and U937 

cells are cocultured in a transwell above the stem cell pellet. 

 



21 

�

2.3. Monocyte and synoviocyte interaction 

2.3.1. Cell preparation and expansion culture 

 Human synovium from the knee (donor age – 73) was obtained from Articular 

Engineering (Northbrook, IL).  This donor was identified as “normal,” having had no 

prior documented history of osteoarthritis or knee pain. Cells were isolated from this 

tissue by overnight treatment at 37° C with 1.0 mg/mL collagenase (Sigma – St. Louis, 

MO).  The cells were expanded through 3 passages in standard culture medium, High 

Glucose Dulbecco’s Modified Eagle’s Medium (DMEM) with 10% fetal bovine serum 

(FBS) obtained from Invitrogen (Carlsbad, CA). The cells were passaged at 80 – 90% 

confluency.  The three passages effectively eliminated all synovial macrophages from the 

synovial fibroblasts, as three passages are sufficient to enrich synovial fibroblasts to 

>95% of the cells [111].  THP-1 and U937 cells were obtained from ATCC (Manassas, 

VA).  Cells were expanded in RPMI-1640 with 10% FBS (Invitrogen).  Cells were 

expanded between 200,000 and 1,000,000 cells/mL with full medium change every 2 – 3 

days. 

2.3.2. Ratio of monocytes to synoviocytes 

Each of the two monocyte cell lines, THP-1 or U937 cells were cocultured with 

synoviocytes to investigate the response of the cocultures in terms of production of OA-

related proteins.  Cocultures were plated in a similar manner to Chen et al. [112].  First, 

synovial fibroblasts were plated in 3 micron transwell inserts (BD Biosciences) at 25,000 

cells/cm2 in DMEM with 10% FBS and allowed to adhere overnight.  Monocytes (THP-1 

or U937) were resuspended in DMEM with 10% FBS and seeded on top of the 

synoviocytes at two-fold, four-fold, or six-fold the concentration of synoviocytes.  This 

resulted in 50,000, 100,000, or 200,000 cells/cm2.  These cells were cultured together for 

3 days.  After the 3 days, the media was removed and the cells (synovial fibroblasts and 
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monocytes) were washed with phosphate buffered saline (PBS).  At this point, the media 

was switched to serum free DMEM.  The ratio of the monocytes to synoviocytes was 

compared as well as control cultures including only one cell type.  Conditioned media 

from the various cultures of U937/synoviocytes and THP-1/synoviocytes were analyzed 

for proteins commonly found in OA synovial fluid, including interleukin 1�  (IL-1� ), 

tumor necrosis factor �  (TNF-� ), interleukin 8 (IL-8) [10, 11], monocyte chemotactic 

protein 1 (MCP-1) [12, 13], macrophage inflammatory protein 1a (MIP-1a) [14, 15], 

regulated on activation, normal T cell expressed and secreted (RANTES) [16, 17], 

vascular endothelial growth factor (VEGF) [17, 18], matrix metalloproteinase 1 (MMP-1) 

[8], and matrix metalloproteinase 3 (MMP-3) [9].  The proteins were analyzed using 

ELISA kits per the manufacturer’s instructions (R&D Systems).  The ratio of the 

monocytes, the two different monocyte cell types, and synovial fibroblasts were 

compared to select one condition to move forward with in the coculture system.  In order 

to compare across several proteins at once, all values were normalized to synoviocyte 

cultures alone.  Further, in order to place the values in context, concentrations of these 

proteins found in OA synovial fluid as reported in the literature were included in the 

comparison. 

2.3.3. The effect of the exogenous fibronectin fragment 

Fibronectin fragment was used to determine the effects of adding an exogenous 

catabolic stimulant to the coculture of synovial fibroblasts and monocytes.  The 29 kDa 

fibronectin fragment (Sigma) was added at 0.8 � M, in line with previous work [113].  

Cultures were similar to those described above.  Synovial fibroblasts were plated in 3 

micron transwell inserts (BD Biosciences) at 25,000 cells/cm2 in DMEM with 10% FBS 

and allowed to adhere overnight.  Monocytes (THP-1 or U937) were resuspended in 

DMEM with 10% FBS and seeded on top of the synoviocytes at 100,000 cells/cm2.  
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These cells were cultured together for 3 days.  After the 3 days, the media was removed 

and the cells (synovial fibroblasts and monocytes) were washed with phosphate buffered 

saline (PBS).  At this point, the media was switched to serum free DMEM with or 

without 0.8 � M fibronectin fragment.  Conditioned medium was collected at 4 days and 

analyzed for MMP-1, MMP-3, IL-8, and MCP-1 using ELISA kits (R&D Systems).  In 

order to compare cultures with or without fibronectin fragment all data points were 

normalized to synoviocytes alone without fibronectin fragment. 

2.3.4. MCSF and MCP-1 production in the cocultures 

In order to investigate the potential role of macrophage colony stimulating factor 

(MCSF) and MCP-1 in these cocultures, particular attention was paid to these important 

proteins for macrophage biology.  Cocultures were plated in a similar manner as above.  

Synovial fibroblasts were plated in 3 micron transwell inserts (BD Biosciences) at 25,000 

cells/cm2 in DMEM with 10% FBS and allowed to adhere overnight.  Monocytes (THP-1 

or U937) were resuspended in DMEM with 10% FBS and seeded on top of the 

synoviocytes at 100,000 cells/cm2.  These cells were cultured together for 3 days.  After 

the 3 days, the media was removed and the cells (synovial fibroblasts and monocytes) 

were washed with phosphate buffered saline (PBS).  At this point, the media was 

switched to serum free DMEM.  Conditioned medium was collected at 4 days and 

analyzed for MCSF and MCP-1 using ELISA kits (R&D Systems). 

2.3.5. Macrophage marker gene expression in THP-1 and U937 cells 

In order to explore the activation of the two monocyte cell lines, THP-1 and 

U937 cells were assayed for macrophage marker gene expression. CD14 and CD80 

expression levels were investigated in conditions of monocytes cultured alone or 

combined in a coculture with synoviocytes as described above.  Synovial fibroblasts were 

plated in 3 micron transwell inserts (BD Biosciences) at 25,000 cells/cm2 in DMEM with 
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10% FBS and allowed to adhere overnight.  Monocytes (THP-1 or U937) were 

resuspended in DMEM with 10% FBS and seeded on top of the synoviocytes at 100,000 

cells/cm2.  These cells were cultured together for 3 days.  After three days, monocytes 

were separated from synoviocytes using ethylenediaminetetraacetic acid (EDTA).  Ice 

cold 2 mM EDTA was added to the cocultures of monocytes and synovial fibroblasts for 

5-10 minutes.  At this point, the monocytes cells were no longer attached and were 

pipetted up and down to remove them fully from the synovial fibroblasts.  This separation 

technique was shown by Chen et al. to remove the monocytes without disturbing the 

synovial fibroblasts [112].  After centrifugation of the monocytes to remove the EDTA, 

RNA was isolated from the now separated monocytes or synovial fibroblasts using the 

SV Total RNA Isolation System (Promega – Madison, WI) per the manufacturer’s 

directions.  cDNA was reverse transcribed from RNA using the qScript™ cDNA 

SuperMix (Quanta BioSciences – Gaithersburg, MD) according to the manufacturer’s 

directions.  TaqMan Gene Expression assay kits (Applied Biosystems) were used to 

analyze transcription levels of the macrophage markers CD14 (NM_000591.3) and CD80 

(NM_005191.3).  Gene expression was normalized to GAPDH (NM_002046.3).  In order 

to compare across both cell types and genes, all values were then normalized to the 

respective monocyte alone culture.  In this way, all genes were expressed as fold change 

to monocytes alone. 

Further, U937 cells were cultured under four conditions to test for potential 

inducers of CD80 gene expression up-regulation.  In order to investigate whether cell-cell 

contact might be important, plates were coated with recombinant N-Cadherin (R&D 

Systems-cell culture grade, free of endotoxin), 10 � g/mL, 100 � L/well overnight.  At the 

same time, human synoviocytes were plated in transwell inserts at 25,000 cells/cm2 and 

allowed to adhere overnight.  The next day, all media was removed and plates or 
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transwell inserts were washed with PBS.  U937 cells were then plated at 100,000 

cells/cm2 in each of four conditions in DMEM.  U937 alone wells contained just the 

U937 cells, U937/Syn Together wells contained U937 cells seeded upon the synoviocytes 

in the inserts in a similar manner as above, U937/Syn Separate wells contained U937 

cells seeded outside the transwell inserts containing synoviocytes such that they could 

interact but not directly contact the synoviocytes, U937 + N-Cadherin wells were seeded 

upon the N-Cadherin coated wells. After 3 days, U937 cells were harvested and RNA 

isolated for message expression analysis using the SV Total RNA Isolation System 

(Promega) per the manufacturer’s directions.  cDNA was reverse transcribed from RNA 

using the qScript™ cDNA SuperMix (Quanta BioSciences) according to the 

manufacturer’s directions.  TaqMan Gene Expression assay kits (Applied Biosystems) 

were used to analyze transcription levels of the macrophage markers CD14 

(NM_000591.3) and CD80 (NM_005191.3).  Gene expression was normalized to 

GAPDH (NM_002046.3).  Again, all values were then normalized to the U937 alone 

culture.  In this way, all conditions were expressed as fold change to U937 cells alone. 

 

2.4. Development of the three cell cocultures 

2.4.1. Cell preparation and expansion culture 

 Human synovium from the knee (donor age – 73) was obtained from Articular 

Engineering (Northbrook, IL).  This donor was identified as “normal,” having had no 

prior documented history of osteoarthritis or knee pain. Cells were isolated from this 

tissue by overnight treatment at 37° C with 1.0 mg/mL collagenase (Sigma – St. Louis, 

MO).  The cells were expanded through 3 passages in standard culture medium, High 

Glucose Dulbecco’s Modified Eagle’s Medium (DMEM) with 10% fetal bovine serum 

(FBS) obtained from Invitrogen (Carlsbad, CA). The cells were passaged at 80 – 90% 
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confluency.  The three passages effectively eliminated all synovial macrophages from the 

synovial fibroblasts, as three passages are sufficient to enrich synovial fibroblasts to 

>95% of the cells [111].  THP-1 and U937 cells were obtained from ATCC (Manassas, 

VA).  Cells were expanded in RPMI-1640 with 10% FBS (Invitrogen).  Cells were 

expanded between 200,000 and 1,000,000 cells/mL with full medium change every 2 – 3 

days.  Human mesenchymal stem cells (MSC) were obtained from Lonza (Walkersville, 

MD).  Cells were expanded two passages in standard culture medium, Low Glucose 

DMEM with 10% FBS and 10 ng/mL of fibroblast growth factor 2 (FGF2) from R&D 

Systems (Minneapolis, MN). The cells were passaged at 80 – 90% confluency. 

2.4.2. Pellet cultures 

MSC pellets were formed in a similar manner as described by Penick et al. [114]. 

Briefly, cells were resuspended in defined chondrogenic medium containing high glucose 

DMEM with Penicillin (10,000 U/mL – Invitrogen) and streptomycin (10,000 mg/mL – 

Invitrogen) supplemented with 1% ITS-X (BD Biosciences – Bedford, MA), 50 mg/mL 

ascorbic acid (Sigma), 10-7 M dexamethasone (Sigma) and 5 ng/mL TGF-� 2 (R&D 

Systems).  The cells were adjusted to 1.25 x 106 cells/mL.  Two hundred microliter 

aliquots were dispensed into a sterile 96-well polypropylene microplate (BD Biosciences) 

resulting in 250,000 cells per well.  The plate was spun for 5 minutes at 500 x g and 

incubated at 37°C.  Twenty four hours after seeding, pellets were released from the 

bottom of the well by gently removing and expelling the medium back into each well.  

Media was replaced every 2 – 3 days with a fresh 200 � L of the chondrogenic medium.   

2.4.3. Chondrogenesis over 4 weeks 

Stem cell pellets were prepared and cultured under chondrogenic conditions for 

up to 4 weeks.  At the end of each week, pellets were harvested for glycosaminoglycan 

(GAG), deoxyribonucleic acid (DNA), and gene expression analysis.  Pellets for GAG 
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and DNA analysis were harvested and digested overnight in 200 � L of 0.5 mg/mL 

proteinase K (Sigma).  GAG was analyzed using the binding of 1,9 dimethylmethylene 

blue (Sigma), a cationic blue dye, to sulfated GAG in solution as described below.  DNA 

content, as a measure of cell number, was evaluated using the Quant-iT PicoGreen 

dsDNA assay kit (Invitrogen – Carlsbad, CA) following the manufacturer’s instructions.  

Total RNA from pellets was isolated and purified using the Promega SV Total RNA 

Isolation System according to the manufacturer’s directions (Promega).  cDNA was 

reverse transcribed from RNA using the qScript™ cDNA SuperMix (Quanta 

BioSciences) according to the manufacturer’s directions.  TaqMan Gene Expression 

assay kits (Applied Biosystems) were used to analyze transcription levels of the matrix-

related genes: aggrecan (ACAN NM_013227.2), SRY (sex determining region Y)-box 9 

(SOX9 NM_000346.3), collagen type II (Col2 NM_001844), and collagen type 10 (ColX 

NM_000493.3).  Gene expression was normalized to GAPDH (NM_002046.3).  All 

normalized gene values were then further normalized to week 1 data.  In this way, all four 

genes could be analyzed at each time point, expressed as a fold change to week 1 data. 

2.4.4. Coculture investigating chondrogenic culture period of pellet 

Cocultures were plated as described above.  First, synovial fibroblasts were 

plated in 3 micron transwell inserts (BD Biosciences) at 25,000 cells/cm2 in DMEM with 

10% FBS and allowed to adhere overnight.  U937 cells were resuspended in DMEM with 

10% FBS and seeded on top of the synoviocytes at 100,000 cells/cm2.  These cells were 

cultured together for 3 days.  After the 3 days, the media was removed and the cells 

(synovial fibroblasts and monocytes) were washed with phosphate buffered saline (PBS).  

At this point, the media was switched to serum free DMEM with the addition of a stem 

cell pellet, as described above, added to the well outside the transwell insert.  Stem pellets 

were cultured for 2 weeks, 3 weeks, or 4 weeks in chondrogenic medium.  These triple 
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cocultures were taken out 4 days.  Pellets for GAG and DNA analysis were harvested and 

digested overnight in 200 � L of 0.5 mg/mL proteinase K (Sigma).  GAG was analyzed 

using the binding of 1,9 dimethylmethylene blue (Sigma), a cationic blue dye, to sulfated 

GAG in solution as described below.  DNA content, as a measure of cell number, was 

evaluated using the Quant-iT PicoGreen dsDNA assay kit (Invitrogen) following the 

manufacturer’s instructions.  Total RNA from pellets was isolated and purified using the 

Promega SV Total RNA Isolation System according to the manufacturer’s directions 

(Promega).  cDNA was reverse transcribed from RNA using the qScript™ cDNA 

SuperMix (Quanta BioSciences) according to the manufacturer’s directions.  TaqMan 

Gene Expression assay kits (Applied Biosystems) were used to analyze transcription 

levels of aggrecan (ACAN NM_013227.2).  Gene expression was normalized to GAPDH 

(NM_002046.3).  Gene expression was then normalized to the pellets alone culture.  In 

this way, all conditions were expressed as fold change to the pellets alone.  Media was 

collected and analyzed for cytokine and MMP production as measured by ELISA (R&D 

Systems). 

2.4.5. The effect of the exogenous fibronectin fragment 

Given the work with fibronectin fragment and the synovium component, 

fibronectin fragment was investigated for the effects of adding an exogenous catabolic 

stimulant to the pellet model.  Stem pellets were cultured for 2 weeks in chondrogenic 

medium.  The pellets were then changed to serum free DMEM with or without 0.8 � M 

fibronectin fragment (Sigma).  These cultures were taken out 4 days.  Conditioned media 

was harvested for GAG analysis.  Pellets for GAG and DNA analysis were harvested and 

digested overnight in 200 � L of 0.5 mg/mL proteinase K (Sigma).  GAG was analyzed 

using the binding of 1,9 dimethylmethylene blue (Sigma), a cationic blue dye, to sulfated 

GAG in solution as described below.  DNA content, as a measure of cell number, was 
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evaluated using the Quant-iT PicoGreen dsDNA assay kit (Invitrogen) following the 

manufacturer’s instructions.  In order to compare GAG released and GAG retained in the 

fibronectin fragment cultures, data was normalized to pellets alone.  In this way, the 

GAG data was expressed as a fold change to pellets alone. 

2.4.6. Estimating the contribution of each cell type 

The contribution of each of the three cell types to the production of four of the OA 

proteins was estimated using three methods.  The targets of interest were MMP-1, MMP-

3, IL-8 and MCP-1, two degradative enzymes and two cytokines. 

2.4.6.1. Gene expression estimation 

Cocultures were plated as described above.  First, synovial fibroblasts were 

plated in 3 micron transwell inserts (BD Biosciences) at 25,000 cells/cm2 in DMEM with 

10% FBS and allowed to adhere overnight.  U937 cells were resuspended in DMEM with 

10% FBS and seeded on top of the synoviocytes at 100,000 cells/cm2.  These cells were 

cultured together for 3 days.  After the 3 days, the media was removed and the cells 

(synovial fibroblasts and monocytes) were washed with phosphate buffered saline (PBS).  

At this point, the media was switched to serum free DMEM with the addition of a stem 

cell pellet, as described above, added to the well outside the transwell insert.  Stem pellets 

were cultured for 2 weeks in chondrogenic medium.  These triple cocultures were taken 

out 4 days. Monocytes were separated from synoviocytes using ice cold 2 mM EDTA 

added to the cocultures of monocytes and synovial fibroblasts for 5-10 minutes.  At this 

point, the monocytes cells were no longer attached and were pipetted up and down to 

remove them fully from the synovial fibroblasts.  After centrifugation of the monocytes 

to remove the EDTA, RNA was isolated from the now separated monocytes or synovial 

fibroblasts.  RNA was also isolated from the pellets from these triple cocultures.  Total 

RNA from pellets was isolated and purified using the Promega SV Total RNA Isolation 
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System according to the manufacturer’s directions (Promega).  cDNA was reverse 

transcribed from RNA using the qScript™ cDNA SuperMix (Quanta BioSciences) 

according to the manufacturer’s directions.  TaqMan Gene Expression assay kits 

(Applied Biosystems) were used to analyze transcription levels of MMP-1 

(NM_002421.2), MMP-3 (NM_002422.3), IL-8 (NM_000584.3), and MCP-1 

(NM_002982.3).  Gene expression was normalized to GAPDH (NM_002046.3).  Gene 

expression was then normalized to the U937 cells.  In this way, the expression of each 

gene of interest was expressed as fold change to the U937 cells alone.  Finally, the fold 

change for each cell type was divided by the sum of the fold changes for all three cell 

types and expressed as a percent contribution. 

2.4.6.2. Isolated culture estimation 

In order to estimate the contribution of each cell type using actual protein 

production, cultures of each individual cell type were used.  The timeline for these 

individual cultures followed the same timeline as the coculture described above.  First, 

synovial fibroblasts were plated in 3 micron transwell inserts (BD Biosciences) at 25,000 

cells/cm2 in DMEM with 10% FBS and allowed to adhere overnight.  These cells were 

cultured for 3 days in 10% FBS containing DMEM.  The culture was then switched to 

serum free DMEM for 4 additional days.  U937 cells were seeded on top of 3 micron 

transwell inserts at 100,000 cells/cm2 in DMEM with 10% FBS for 3 days.  Media was 

then switched to serum free DMEM and the cultures were continued for 4 additional 

days.  Stem pellets were cultured for 2 weeks in chondrogenic medium.  Media was then 

switched to serum free DMEM and the cultures were continued for 4 additional days.  

Conditioned media was collected and analyzed for MMP-1, MMP-3, IL-8, MCP-1 

protein levels via ELISA per the manufacturer’s directions.  The production of each 
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protein was summed across each individual cell type.  Finally, the production by each cell 

type was divided by this sum and expressed as a percent contribution. 

2.4.6.3. siRNA cultures 

In order to measure the contribution of each cell type in terms of protein 

production in the presence of all three cell types, small interfering RNA (siRNA) was 

used.  Synoviocytes and monocytes were transfected with siRNA against one of the four 

targets as shown in Table 2.1.  Silencer® Select siRNAs were selected due to high 

potency and high selectivity [115].  The siRNA treatments were performed according to 

manufacturer’s directions at a final concentration of 20 nM siRNA.  Briefly, cells were 

seeded in the appropriate growth media.  The transfection agent was diluted in Opti-

MEM I medium (Invitrogen) and incubated for 10 minutes at room temperature.  The 

siRNA was diluted in Opti-MEM I medium to the appropriate concentration.  An equal 

volume of transfection agent and siRNA was mixed and incubated for an additional 10 

minutes.  The siRNA transfection solution was then diluted 1:10 into the growth media 

above the cells in a dropwise fashion.  This achieved a final concentration of siRNA of 

20 nM.  The cells and siRNA were then incubated overnight.  In order to remain 

consistent, cells that were not transfected against the target still received siRNA 

treatment, but with a negative control (scramble).  This was repeated for each of the four 

targets.   
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Table 2.1: siRNA treatment groups 

Group Synoviocytes U937s Pellets 

1 Negative Negative Untreated 

2 Negative Target siRNA Untreated 

3 Target siRNA Negative Untreated 

4 Target siRNA Target siRNA Untreated 

 

After siRNA treatment for 24 hours, cocultures were plated in a similar manner as 

described above.  First, synovial fibroblasts were plated in 3 micron transwell inserts (BD 

Biosciences) at 25,000 cells/cm2 in DMEM with 10% FBS and allowed to adhere 

overnight.  U937 cells were resuspended in DMEM with 10% FBS and seeded on top of 

the synoviocytes at 100,000 cells/cm2.  These cells were cultured together for 3 days.  

After the 3 days, the media was removed and the cells (synovial fibroblasts and 

monocytes) were washed with phosphate buffered saline (PBS).  At this point, the media 

was switched to serum free DMEM with the addition of a stem cell pellet, as described 

above, added to the well outside the transwell insert.  Full cocultures were cultured for 4 

additional days. 

Monocytes were separated from synoviocytes using ice cold 2 mM EDTA added to 

the cocultures of monocytes and synovial fibroblasts for 5-10 minutes.  At this point, the 

monocytes cells were no longer attached and were pipetted up and down to remove them 

fully from the synovial fibroblasts.  After centrifugation of the monocytes to remove the 

EDTA, RNA was isolated from the now separated monocytes or synovial fibroblasts.  
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RNA was also isolated from the pellets from these triple cocultures.  Total RNA from 

pellets was isolated and purified using the Promega SV Total RNA Isolation System 

according to the manufacturer’s directions (Promega).  cDNA was reverse transcribed 

from RNA using the qScript™ cDNA SuperMix (Quanta BioSciences) according to the 

manufacturer’s directions.  TaqMan Gene Expression assay kits (Applied Biosystems) 

were used to analyze transcription levels of MMP-1 (NM_002421.2), MMP-3 

(NM_002422.3), IL-8 (NM_000584.3), and MCP-1 (NM_002982.3).  Gene expression 

was normalized to GAPDH (NM_002046.3).  The knockdown due to siRNA treatment 

was then calculated by comparing target siRNA groups to negative (scramble) siRNA 

groups and then expressed as a percentage.  Protein concentrations of MMP-1, MMP-3, 

IL-8, and MCP-1 in the conditioned media were analyzed via ELISA per the 

manufacturer’s directions.  The knockdown in protein production due to siRNA treatment 

was also calculated by comparing target siRNA groups to negative (scramble) siRNA 

groups and then expressed as a percentage. 

Estimating the contribution using the siRNA cultures was done according to the 

following equations. 

� � � � � � � � � � � 	 
� � ��  

� � � � � � � � � � � 	 
� � ��  

Where S, U, and P represent the protein production of the synoviocytes, U937 

cells, or pellets and TP represents the total target protein production.  The coefficients 

represent the protein production as modulated by siRNA.  For example, in the first case, 

the siRNA used was the negative control allowing all coefficients to be 1, or full 

production levels.  The second equation is the siRNA treated case, thus the coefficients 

are the knockdown as calculated using gene expression from the cocultures at day 4.  The 

first assumption is that the knockdown in gene expression by siRNA is a direct 
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representation of the protein knockdown of that cell type.  Secondly, the decrease in 

protein production of one cell type is assumed to be independent of the other cell types, 

i.e. there is no compensatory protein production by other cell types.  Third, given the 

pellets were not treated with siRNA, one can assume: p1P = p2P.  Although there was 

knockdown of the gene expression for each of the target proteins in the U937 cells, there 

was no effect on the protein production.  This allows for the assumption: U ~ 0.  

Subtracting equation 2 from 1 gives: 


� � � � � �� 	 

� � � 
� � ���  

Solving for the contribution of the synoviocytes (S/TP) gives: 

�
��

	


� � � 
� � �

� � � � � �

 

The contribution of the pellet is therefore: 

�
��

	 � �


� � � 
� � �

� � � � � �

 

 

2.4.1. Role of U937 cells 

The contribution of the U937 cells appeared limited in the production of OA 

proteins, thus the contribution of this cell type was measured in terms of GAG loss and 

protein production compared to cultures in the absence of the U937 cells.  First, synovial 

fibroblasts were plated in 3 micron transwell inserts (BD Biosciences) at 25,000 

cells/cm2 in DMEM with 10% FBS and allowed to adhere overnight.  For the group 

containing synovial cells alone, medium was replaced with fresh DMEM with 10% FBS 

and the synoviocytes were cultured for 3 additional days.  For the group containing 

synoviocytes and U937 cells, U937 cells were resuspended in DMEM with 10% FBS and 

seeded on top of the synoviocytes at 100,000 cells/cm2.  These cells were cultured 
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together for 3 days.  After the 3 days, the media was removed and the cells (synovial 

fibroblasts and monocytes) were washed with phosphate buffered saline (PBS).  At this 

point, both groups were switched to serum free DMEM with the addition of a stem cell 

pellet, as described above, added to the well outside the transwell insert.  These 

cocultures were cultured for up to 14 additional days with half media changes every 2-3 

days. 

Pellets for GAG and DNA analysis were harvested and digested overnight in 200 

� L of 0.5 mg/mL proteinase K (Sigma).  GAG was analyzed using the binding of 1,9 

dimethylmethylene blue (Sigma), a cationic blue dye, to sulfated GAG in solution as 

described below.  DNA content, as a measure of cell number, was evaluated using the 

Quant-iT PicoGreen dsDNA assay kit (Invitrogen) following the manufacturer’s 

instructions.  Conditioned media was collected and analyzed for GAG content as well as 

MMP-1, MMP-3, IL-8, MCP-1 protein levels via ELISA per the manufacturer’s 

directions. 

2.4.2. Serum supplementation with ITS-X 

Stem cell pellets were cultured for 14 days in chondrogenic medium as described 

previously.  At this point, pellets were switched to serum free medium for 4 days with or 

without 1% ITS-X supplementation to investigate the effect on the pellets alone.  Pellets 

for GAG and DNA analysis were harvested and digested overnight in 200 � L of 0.5 

mg/mL proteinase K (Sigma).  GAG was analyzed using the binding of 1,9 

dimethylmethylene blue (Sigma), a cationic blue dye, to sulfated GAG in solution as 

described below.  DNA content, as a measure of cell number, was evaluated using the 

Quant-iT PicoGreen dsDNA assay kit (Invitrogen) following the manufacturer’s 

instructions.  Total RNA from pellets was isolated and purified using the Promega SV 

Total RNA Isolation System according to the manufacturer’s directions (Promega).  
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cDNA was reverse transcribed from RNA using the qScript™ cDNA SuperMix (Quanta 

BioSciences) according to the manufacturer’s directions.  TaqMan Gene Expression 

assay kits (Applied Biosystems) were used to analyze transcription levels of aggrecan 

(ACAN).  Gene expression was normalized to GAPDH (NM_002046.3).  Conditioned 

media was collected and analyzed for GAG content.  In order to compare these different 

measurements to each other, all values were then normalized to pellets without ITS-X 

supplementation.  In this way, all values were expressed as a fold change to the pellets in 

media alone. 

 In separate experiments, serum supplementation with ITS-X was investigated 

across four conditions: pellets alone (Media), pellets cultured with synoviocytes (Syn), 

pellets cultured with U937 cells (U937), and pellets cultured with the full coculture, 

synoviocytes and U937 cells (Syn/U937).  Cocultures were plated as described above.  

First, synovial fibroblasts were plated in 3 micron transwell inserts (BD Biosciences) at 

25,000 cells/cm2 in DMEM with 10% FBS and allowed to adhere overnight.  U937 cells 

were resuspended in DMEM with 10% FBS and seeded on top of the synoviocytes at 

100,000 cells/cm2.  These cells were cultured together for 3 days.  After the 3 days, the 

media was removed and the cells (synovial fibroblasts and monocytes) were washed with 

phosphate buffered saline (PBS).  At this point, the media was switched to serum free 

DMEM with the addition of a stem cell pellet, as described above, added to the well 

outside the transwell insert.  These cultures were taken out 4 days.  Pellets for GAG and 

DNA analysis were harvested and digested overnight in 200 � L of 0.5 mg/mL proteinase 

K (Sigma).  GAG was analyzed using the binding of 1,9 dimethylmethylene blue 

(Sigma), a cationic blue dye, to sulfated GAG in solution as described below.  DNA 

content, as a measure of cell number, was evaluated using the Quant-iT PicoGreen 

dsDNA assay kit (Invitrogen) following the manufacturer’s instructions.  Conditioned 
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media was collected and analyzed for GAG content. Protein concentrations of MMP-1, 

MMP-3, IL-8, and MCP-1 in the conditioned media were then analyzed via ELISA per 

the manufacturer’s directions.  In order to compare across the four proteins, all values 

were then normalized to cocultures without ITS-X supplementation.  In this way, the data 

were expressed as fold change to cocultures without ITS-X. 

 

2.5. Development of a coculture model of OA 

2.5.1. Coculture conditions 

 In order to investigate the usefulness of a coculture, many aspects of the culture 

system were investigated across four conditions: pellets alone (Media), pellets cultured 

with synoviocytes (Syn), pellets cultured with U937 cells (U937), and pellets cultured 

with the full coculture, synoviocytes and U937 cells (Syn/U937).  Cocultures were plated 

as described above.  First, synovial fibroblasts were plated in 3 micron transwell inserts 

(BD Biosciences) at 25,000 cells/cm2 in DMEM with 10% FBS and allowed to adhere 

overnight.  U937 cells were resuspended in DMEM with 10% FBS and seeded on top of 

the synoviocytes at 100,000 cells/cm2.  These cells were cultured together for 3 days.  

After the 3 days, the media was removed and the cells (synovial fibroblasts and 

monocytes) were washed with phosphate buffered saline (PBS).  At this point, the media 

was switched to serum free DMEM with the addition of a stem cell pellet, as described 

above, added to the well outside the transwell insert.  These cultures were taken out 4, 7 

or 14 days with media changed every 2-3 days. 

2.5.2. GAG analysis 

Pellets for GAG and DNA analysis were harvested and digested overnight in 200 

� L of 0.5 mg/mL proteinase K (Sigma).  GAG was analyzed using the binding of 1,9 
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dimethylmethylene blue (Sigma), a cationic blue dye, to sulfated GAG in solution as 

described below.  DNA content, as a measure of cell number, was evaluated using the 

Quant-iT PicoGreen dsDNA assay kit (Invitrogen) following the manufacturer’s 

instructions.  Conditioned media was collected and analyzed for GAG content. 

2.5.3. Protein analysis 

Protein concentrations of IL-1� , TNF-� , IL-8, MCP-1, MIP-1� , RANTES, 

VEGF, MMP-1, and MMP-3 in the conditioned media were analyzed via ELISA per the 

manufacturer’s directions.  The production rate for MMP-1 and MMP-3 was calculated 

by determining the amount of MMP-1 or MMP-3 produced for a given time period 

divided by the total number of days. 

2.5.4. Gene expression analysis 

Total RNA from pellets was isolated and purified using the Promega SV Total 

RNA Isolation System according to the manufacturer’s directions (Promega).  cDNA was 

reverse transcribed from RNA using the qScript™ cDNA SuperMix (Quanta 

BioSciences) according to the manufacturer’s directions.  TaqMan Gene Expression 

assay kits (Applied Biosystems) were used to analyze transcription levels of aggrecan 

(ACAN).  Gene expression was normalized to GAPDH (NM_002046.3).  Aggrecan 

expression was then normalized to pellets alone.  In this way, all expression was 

expressed as a fold change to pellets alone. 

2.5.5. Inhibitor analysis 

In order to investigate the cause of degradation, two inhibitors were added to the 

coculture.  Interleukin 1 receptor antagonist (IL-1Ra, Sigma) was added to full coculture 

systems at concentrations up to 100 ng/mL.  Batimastat was also added to full coculture 

systems.  Batimastat, a potent, commercially available, broad-spectrum MMP inhibitor 
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was used at concentrations up to 1 µM (Sigma).  These inhibitors were investigated 

across 4 conditions: pellets alone (Media), pellets cultured with synoviocytes and U937 

cells (Coculture), pellets cultured with synoviocytes, U937 cells, and 100 ng/mL IL-1Ra 

(Coc IL-1Ra), and pellets cultured with synoviocytes, U937 cells, and 1 uM Batimastat 

(Coc MMP Inhib).  Cocultures were plated as described above.  First, synovial fibroblasts 

were plated in 3 micron transwell inserts (BD Biosciences) at 25,000 cells/cm2 in DMEM 

with 10% FBS and allowed to adhere overnight.  U937 cells were resuspended in DMEM 

with 10% FBS and seeded on top of the synoviocytes at 100,000 cells/cm2.  These cells 

were cultured together for 3 days.  After the 3 days, the media was removed and the cells 

(synovial fibroblasts and monocytes) were washed with phosphate buffered saline (PBS).  

At this point, the media was switched to serum free DMEM with the addition of a stem 

cell pellet, as described above, added to the well outside the transwell insert.  These 

cultures were taken out 4, 7 or 14 days with media changed every 2-3 days. 

Pellets for GAG and DNA analysis were harvested and digested overnight in 200 

� L of 0.5 mg/mL proteinase K (Sigma).  GAG was analyzed using the binding of 1,9 

dimethylmethylene blue (Sigma), a cationic blue dye, to sulfated GAG in solution as 

described below.  DNA content, as a measure of cell number, was evaluated using the 

Quant-iT PicoGreen dsDNA assay kit (Invitrogen) following the manufacturer’s 

instructions.  Conditioned media was collected and analyzed for GAG content.  Protein 

concentrations of IL-8, MCP-1, MMP-1, and MMP-3 in the conditioned media were 

analyzed via ELISA per the manufacturer’s directions. 
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2.6. Detailed endpoint analysis 

2.6.1. Protein analysis 

Conditioned media from the various culture systems was analyzed for proteins of 

interest using ELISA kits (R&D Systems) following the protocols provided.  Briefly, 

conditioned medium was taken from the culture wells and added into antibody pre-coated 

microplates. The conditioned media was incubated for 2 hours, then enzyme-linked 

polyclonal antibodies specific for target molecules was added to the well, followed by a 

substrate solution for color development. At each step, unbound material was washed 

away. Color intensity was measured at 450 nm with a wavelength correction set to 540 

nm. 

2.6.2. GAG and DNA analyses 

Cell pellets were digested overnight at 60° C in Proteinase K (Sigma) at 0.5 

mg/mL.  This digest was then evaluated for glycosaminoglycan (GAG) and DNA 

content.  GAG content was used as a measure of the chondrogenic pellet integrity and 

was determined by evaluating the binding of 1,9 dimethylmethylene blue (Sigma), a 

cationic blue dye, to sulfated GAG in solution as described by Farnadale et al. [116].  

When bound, the dye absorbs at 520 nm, and can be detected using a spectrophotometer. 

The absorbance was then compared to a standard curve of chondroitin sulfate from shark 

cartilage (Sigma). In order to normalize the pellets, DNA content, as a measure of cell 

number, was evaluated using the Quant-iT PicoGreen dsDNA assay kit (Invitrogen – 

Carlsbad, CA) following the manufacturer’s instructions.  Briefly, Proteinase K digests 

were combined with Quant-iT PicoGreen dsDNA reagent and excited at 480 nm.  The 

fluorescence emission intensity was measured at 520 nm using a spectrofluorometer.  

These values were compared to a standard curve of double stranded DNA supplied in the 

kit. 



41 

�

2.6.3. RNA isolation and gene expression analysis 

Total RNA from pellets or macrophages was isolated and purified using the 

Promega SV Total RNA Isolation System according to the manufacturer’s directions 

(Promega – Madison, WI).  Briefly, cells or pellets were lysed in the given lysis buffer.  

Lysates were then placed onto provided isolation filter columns.  After a series of washes, 

the columns underwent a deoxyribonuclease treatment.  After more washes, the RNA was 

eluted in water.  cDNA was reverse transcribed from RNA using the qScript cDNA 

SuperMix (Quanta BioSciences – Gaithersburg, MD) according to the manufacturer’s 

directions.  Briefly, isolated RNA was added to the provided enzyme at a ratio of 4 to 1.  

The mix was then subjected to a series of heating steps according to the manufacturer’s 

directions.  TaqMan Gene Expression assay kits (Applied Biosystems) were used to 

analyze transcription levels of appropriate genes.  Briefly, gene expression master mix 

(Applied Biosystems), gene expression assay kits, and the cDNA were diluted to the 

appropriate concentrations and subjected to a series of heating cycles per the 

manufacturer’s directions. 

2.7. Statistical analysis 

 Data from all samples within each group were combined with means and 

standard error of the mean (SEM) determined.  Unless otherwise stated, data were 

averaged from three independent experiments each containing at least 4 replicates.  

Comparisons were made using a two tailed student’s t-test or one-way analysis of 

variance (ANOVA).  Where significant differences among groups were detected, an all-

pair wise multiple comparison procedure (Tukey test) was performed to determine which 

groups were significantly different from one another. Significance was set at p < 0.05. 
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3. Characterization of synoviocyte and monocyte interaction 

3.1. Introduction 

The synovium is an active part of an OA joint capable of producing many pro-

inflammatory cytokines and degradative enzymes found in OA synovial fluid.  The 

synovium consists of macrophages (type A cells) and synovial fibroblasts (type B cells) 

[117].  Modeling this active component of OA could lead to a better understanding of the 

disease as a whole.  The goal of this series of experiments was to gain a better 

understanding of the interconnected role type A and B cells play in creating a catabolic 

environment.  Also, the conditions needed to produce an environment closely related to 

what is seen in clinical OA were determined. 

Synovial fibroblasts produce macrophage colony-stimulating factor (MCSF).  

MSCF is a secreted cytokine that controls the production, differentiation and function of 

macrophages [118].  MCSF is important in the determination of macrophage lineage and 

may be the first step in understanding the role of these cell types in OA as well as this 

model.  Macrophages are heterogeneous in terms of morphology, location and function.  

In OA, macrophages are predominantly found in the synovial tissues.  These 

macrophages are thought to be crucial in the progression of OA-related pathology [119].  

Macrophages are divided into two distinct groups.  The classically activated macrophages 

(M1) promote inflammation while alternatively activated macrophages (M2) regulate 

inflammation, playing an anti-inflammatory role.  M1 macrophages are found in synovial 

tissue from OA, likely contributing to the low levels of inflammation present in the 

disease.  Interestingly, comparing macrophages from rheumatoid arthritis (RA) and OA 

synovial tissue leads to differences in expression of M2 markers.  There appears to be a 

higher percentage of M2 macrophages in OA as compared to RA.  This is one of the 

many important differences between the two arthritides.  In vitro, MCSF has been shown 
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to differentiate monocytes into either M1 or M2 macrophages depending on other stimuli 

present in the media [120].  Changes in the cell can be measured to give insight into 

activation and differentiation of the cells.  Specifically, the expression of CD80, CD14, 

and CD163 give insight into the activation state of the macrophages.  M1 macrophages 

have increased expression in CD80 with decreases in CD163, while M2 macrophages 

increase CD14 and CD163, with the absence of CD80 [120].  In this series of 

experiments, CD80 and CD14 were explored as a measure of activation and 

differentiation state of the macrophages. 

The use of a model system circumvents many problems, including available cell 

numbers, high cost and tedious procedure, generally encountered while having to work 

with primary blood cells.  The human monoblastic leukemia cell lines U937 and THP-1 

have been extensively used as model systems for many purposes including the study of 

macrophage differentiation.  Differentiation is characterized by permanent alterations in a 

variety of cellular parameters, compared to an appropriate undifferentiated phenotype.  

Such alterations affect morphology, metabolic pathways, and cell growth [121].  Both 

THP-1 and U937 cell lines are long established [122, 123] and have been used as 

monocytic cells that can be activated by the addition of different stimuli including 

dimethyl sulfoxide (DMSO) [124], retinoic acid [125], vitamin D3 [126], cytokines [127, 

128] and phorbol esters, in particular 12-O-tetradecanoylphorbol-13-acetate (TPA) [129].  

These stimuli can promote their differentiation in the monocyte/macrophage pathway.  In 

contrast to THP-1 cells, monocytes at a less mature stage due to their blood leukemic 

origin, U937 cells of histocytic lymphoma origin are arrested in a more advanced stage of 

differentiation (promonocyte/monocyte).  Upon differentiation, U937 cells acquire a 

large repertoire of macrophage function through the concerted expression of numerous 
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genes. Differentiated U937 cells can be further stimulated with LPS (E. coli 

Lipopolysaccharide) to mimic inflammatory response of activated macrophages [130]. 

Several models of osteoarthritis have used a coculture of synoviocytes and U937 

cells.  Each of these models was able to model the synovial component and induce an 

osteoarthritic environment.  The ability of the synovial component to degrade a model of 

cartilage is handled very differently amongst these models.  Chen et al. cultured primary 

synoviocytes (fibroblast-like synoviocytes) or dermal fibroblasts with U937 cells to 

induce differentiation of the U937 cells.  These cultures showed increased expression of 

MSE-1, p47phox, CD11b, CD14, and HLA classII.  As shown in Figure 3.1, U937 cells 

cocultured with synoviocytes have increased expression of CD11b and CD14, two 

markers of macrophage differentiation.  The co-cultures of U937 cells with fibroblast-like 

synoviocytes or dermal fibroblasts release IL-6, but no appreciable amounts of TNF-�  or 

IL-1�  could be detected [112]. 

 

Figure 3.1: Expression at 3 days of differentiation markers CD11b and CD14.  

Expression as determined by flow cytometry of U937 cells alone (control) or cocultured 

with fibroblast-like synoviocytes (+synovial) [112]. 
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In a second model using a coculture of synovial fibroblasts and U937 cells, Scott et 

al. were able to show that a coculture of synovial fibroblasts and U937 cells creates a 

catabolic environment.  Synovial fibroblasts from rheumatoid arthritis or osteoarthritis 

patients were cocultured with normal human cartilage explants.  In each of these cases, 

catabolism was increased when the synovial fibroblasts were cocultured with U937 cells.  

It should be noted that these model systems maintained direct contact between the 

synovial cells and the cartilage explants.  No catabolic destruction was measured when 

the explants and synovial cells were kept separated.  In Figure 3.2 and Figure 3.3, more 

glycosaminoglycan was lost in cocultures containing U937 cells as compared to cartilage 

and synovial cells alone.  This suggests a more catabolic environment in cultures of 

synovial fibroblasts and U937 cells [131]. 

 

Figure 3.2: Degradation of cartilage caused by RA fibroblasts and U937 cells.  Bars show 

the mean and standard deviation percentage of proteoglycan lost as measured by 35S lost.  

Solid black bars represent cultures of cartilage with synovial and U937 cells.  Hatched 

bars represent cartilage with synovial cells alone [131]. 
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Figure 3.3: Degradation of cartilage caused by OA fibroblasts and U937 cells.  Bars show 

the mean and standard deviation percentage of proteoglycan lost as measured by 35S lost.  

Solid black bars represent cultures of cartilage with synovial and U937 cells.  Hatched 

bars represent cartilage with synovial cells alone [131]. 

 

In an additional model including synovial fibroblasts and U937 cells, DiBenedetto et al. 

combined these two cell types with a cartilage explant.  The coculture was able to 

produce an OA like environment, producing cytokines and degradative enzymes similar 

to synovial fluid from OA patients.  In this model, the coculture and cartilage explant 

were not in direct contact.  In a similar manner to Scott et al., the coculture did not 

degrade the cartilage.  Additional catabolic stimulants were added to this model including 

IL-1 and the N-terminal fibronectin fragment (Fn fragments).  Both of these stimulants 

were able to degrade the cartilage regardless of the addition of the synovial coculture 

(Figure 3.4) [113]. 
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Figure 3.4: GAG released in response to different catabolic stimuli [113]. 

 

In previous work, the effects of macrophages in terms of decreased cartilage 

synthesis were studied.  Sun et al. were able to show that THP-1 cells cultured under the 

right conditions could produce an environment in which tissue engineered cartilage 

reduced GAG accumulation over three weeks.  This finding of a reduction in aggrecan 

content after 3 weeks of stimulation is consistent with previous reports from OA patients 

and from in vitro studies [69, 132]. 

In these studies THP-1 cells were differentiated using standard protocols.  Cells 

were cultured with 200 ng/ml PMA (phorbol 12-myristate-13-acetate) for 6 days.  After 6 

days of PMA induction, these THP-1 cells secrete TNF-�  and IL-1�  in concentrations of 

about 500 pg/ml.  Conditioned media from these THP-1 cultures was diluted 10-fold into 

fresh media and added to the tissue engineered cartilage, human chondrocytes cultured on 

a silk scaffold in differentiation media for four weeks [36]. 
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The synovium is comprised of synovial fibroblasts and macrophages.  The 

objective of this work was to model these two components and gain an understanding for 

this interaction.  First, two model cell lines of macrophages, THP-1 and U937, were 

investigated for development of an OA-like environment consisting of cytokines and 

degradative enzymes.  Secondly, the role of the MCSF and monocyte chemotactic protein 

1 (MCP-1) were investigated.  Also, the activation and differentiation state of the 

monocyte lines were examined through gene expression changes.  Finally, the role of 

direct contact versus indirect signaling between the synovial fibroblasts and monocytes 

was investigated. 

3.2. Results 

3.2.1. Ratio of monocytes to synoviocytes 

Synovial fibroblasts were cocultured with U937 or THP-1 cells at three different 

ratios.  In order to narrow the comparisons, four proteins of interest were investigated 

initially.  These proteins were two degradative enzymes, matrix metalloproteinase 1 and 3 

(MMP-1 and MMP-3) and two cytokines, interleukin 8 (IL-8) and MCP-1.  In either cell 

type, the ratio of monocytes to synoviocytes affected the protein production (Figure 3.5 

and Figure 3.6).  For reference, the data before normalization to synoviocytes alone can 

be found in the Appendix (Figure 8.1 – Figure 8.8).  For both cell types, the ratio of four 

monocyte cells per synoviocyte appeared to produce the highest levels of protein with the 

pattern appearing to form a bell curve.  It also appears that the U937 cocultures produce 

more of the four proteins of interest, specifically for the two cytokines, IL-8 and MCP-1.  

MMP-1 and MMP-3 results appear similar between the two monocyte cell lines.  A 

comparison between the 4X ratios of the two cell lines is shown in Figure 3.7.  These 

cocultures were also compared to an extended list of OA proteins.  For this comparison, 

literature values of these proteins from OA synovial fluid were compared.  In all cases, 
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the U937 cocultures produced significantly more of the OA-related proteins as compared 

to the THP-1 cocultures.  Further, it appears that the U937 cells more closely mimic the 

OA synovial fluid values. 

 

Figure 3.5: U937 ratio affects protein production.  Synoviocytes cocultured with U937 

cells at 4 different ratios.  White bars represent no U937 cells, black bars represent 2X 

U937 cells relative to synoviocytes, grey bars represent 4X U937 cells relative to 

synoviocytes, and hatched bards represent 6X U937 cells relative to synoviocytes.  All 

numbers have been normalized to synoviocytes alone (white bars). 
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Figure 3.6: THP-1 ratio affects protein production.  Synoviocytes cocultured with THP-1 

cells at 4 different ratios.  White bars represent no THP-1 cells, black bars represent 2X 

THP-1 cells relative to synoviocytes, grey bars represent 4X THP-1 cells relative to 

synoviocytes, and hatched bards represent 6X THP-1 cells relative to synoviocytes.  All 

numbers have been normalized to synoviocytes alone (white bars). 
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Figure 3.7: Protein production in cocultures compared to OA synovial fluid [8 – 18]. 

White bars represent synoviocytes cultured with THP-1 cells. Black bars represent 

synoviocytes cultured with U937 cells. Hatched bars represent measured values of the 

proteins in OA synovial fluid as reported in the literature. Statistical comparisons are 

between THP-1 cocultures and U937 cocultures for each protein. * = p < 0.05, ** = p < 

0.01, *** = p < 0.001. 

 

3.2.2. MCSF and MCP-1 production in the cocultures 

Synovial fibroblasts were cocultured with U937 or THP-1 cells at the ratio of 

four monocytes to one synoviocyte.  As shown in Figure 3.8, synoviocytes cultured in 

serum-free conditions produce about 500 pg/mL of MCSF.  U937 cells cultured alone 

produced about 190 pg/mL of MCSF, while THP-1 cells produced about 320 pg/mL 

when cultured alone.  When synoviocytes were cocultured with U937 cells, the total 
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production of MCSF was increased compared to synoviocytes alone, likely due to a 

contribution from each cell type.  Conversely, cultures containing synoviocytes 

cocultured with THP-1 cells produce similar or even slightly lower amounts of MCSF.  

In either case, the cocultures are more than the monocytes alone. 

 

Figure 3.8:  MCSF production measured in conditioned medium.  White bars represent 

the cells alone as dictated by the x-axis.  Black bars represent cocultures with 

synoviocytes.  Note that there is no coculture for synoviocytes with synoviocytes. 

 

As shown in Figure 3.9, synoviocytes cultured in serum-free conditions produce 

about 1200 pg/mL of MCP-1.  Both U937 and THP-1 cells produce very small amounts 

of MCP-1 when cultured alone, about 40 pg/mL.  When synoviocytes were cocultured 

with U937 cells, the total production of MCP-1 was largely increased to about 8500 

pg/mL, likely due to a contribution from each cell type.  Similarly, but to a much smaller 

degree, cultures containing synoviocytes cocultured with THP-1 cells produced more 

MCP-1 at about 850 pg/mL. 
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Figure 3.9: MCP-1 production measured in conditioned medium.  White bars represent 

the cells alone as dictated by the x-axis.  Black bars represent cocultures with 

synoviocytes.  Note that there is no coculture for synoviocytes with synoviocytes. 

 

3.2.3. The effect of the fibronectin fragment 

As described previously, the matrix fragment, fibronectin fragment, has been 

implicated as a realistic and relevant catabolic stimulant for use in vitro.  In previous 

studies, the addition of fibronectin fragment was used to cause GAG loss.  Here, 

fibronectin fragment was studied for the ability to increase production of proteins of 

interest in an OA environment.  For the following experiments, synoviocytes alone, 

synoviocytes with THP-1 cells (4X) and synoviocytes with U937 cells (4X) were 

cultured with or without 0.8 � M fibronectin fragment (FN-f).  As shown in Figure 3.10, 

MMP-1 is significantly increased in all three conditions when FN-f is added to the 

culture.  Similar results are seen with all other proteins including MMP-3 (Figure 3.11), 

IL-8 (Figure 3.12), and MCP-1 (Figure 3.13).  For reference, the data before 
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normalization to synoviocytes alone can be found in the Appendix (Figure 8.9 – Figure 

8.12).  In all four proteins, when FN-f was added to the synoviocytes alone cultures, 

protein production increased between 40 fold and 2000 fold.  This combined with others 

work, suggests FN-f is a potent catabolic stimulant that can act independently of the 

addition of macrophage cells. 

 

Figure 3.10: MMP-1 production measured in conditioned medium.  White bars represent 

the cells alone as dictated by the x-axis.  Black bars represent the same cell conditions 

with the addition of 0.8 � M fibronectin fragment.  Comparing conditions without 

fibronectin fragment to the same condition with fibronectin fragment was compared 

using a t-test, * = p < 0.05. 
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Figure 3.11: MMP-3 production measured in conditioned medium.  White bars represent 

the cells alone as dictated by the x-axis.  Black bars represent the same cell conditions 

with the addition of 0.8 � M fibronectin fragment.  Comparing conditions without 

fibronectin fragment to the same condition with fibronectin fragment was compared 

using a t-test, * = p < 0.05. 
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Figure 3.12: IL-8 production measured in conditioned medium.  White bars represent the 

cells alone as dictated by the x-axis.  Black bars represent the same cell conditions with 

the addition of 0.8 � M fibronectin fragment.  Comparing conditions without fibronectin 

fragment to the same condition with fibronectin fragment was compared using a t-test, * 

= p < 0.05. 
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Figure 3.13: MCP-1 production measured in conditioned medium.  White bars represent 

the cells alone as dictated by the x-axis.  Black bars represent the same cell conditions 

with the addition of 0.8 � M fibronectin fragment.  Comparing conditions without 

fibronectin fragment to the same condition with fibronectin fragment was compared 

using a t-test, * = p < 0.05. 

 

3.2.4. The importance of cell contact 

In order to understand gene changes between monocytes alone and monocytes 

that were cocultured with synovial fibroblasts, the following experiments were 

performed.  Either monocyte cell type was cultured alone and then in coculture with 

synovial fibroblasts.  As described previously, monocytes were separated from the 

synoviocytes to be analyzed for gene expression of common macrophage markers, CD80 

and CD14.  As shown in Figure 3.14, U937 cells cultured with synoviocytes increased 
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CD80 expression compared to U937s alone.  There was no change in CD14 expression 

for these cells.  In contrast, THP-1 cells did not significantly change expression of CD80, 

but there was a significant down-regulation in CD14 expression.  In this figure, the 

expression was normalized to the specific monocyte alone.  For reference, expression 

normalized to GAPDH before normalization to monocytes alone can be found in the 

Appendix (Figure 8.13 – Figure 8.16).  In order to explore the role of cell-cell contact in 

the up-regulation of CD80 expression, U937 cell cultures were explored further.  U937 

cells were cultured alone, in direct coculture with synoviocytes, cocultured with 

synoviocytes but kept separated, and cultured in the presence of recombinant N-

Cadherin.  N-cadherin significantly increased CD80 expression in a similar manner to 

U937 cocultures with synoviocytes directly (Figure 3.15).  For reference, CD80 

expression relative to GAPDH before normalization to U937 cells alone can be found in 

the Appendix (Figure 8.17). 
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Figure 3.14:  Relative gene expression of monocyte cells.  White bars represent the 

monocytes cultured alone.  Black bars represent monocytes cultured with synoviocytes.  

Statistical comparisons are between coculture and monocyte alone groups for each gene.  

* = p < 0.05, ** = p < 0.01, *** = p<0.001. 
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Figure 3.15:  CD80 relative gene expression.  ** = p < 0.01, *** = p < 0.001 when 

compared to U937 (alone) group.  # = p < 0.05, ## = p < 0.01 when compared to 

U937/Syn Separate group. 

 

3.3. Discussion 

Modeling the synovial component is a crucial aspect of this work due to the large 

role the synovium is hypothesized to play in the development and perpetuation of OA.  

The synovium is made up of macrophages (type A cells) and fibroblasts (type B cells) 

capable of producing many pro-inflammatory cytokines and degradative enzymes found 

in OA synovial fluid [117].  Modeling this active component of OA could lead to a better 

understanding of the disease as a whole.  The goal of these experiments was to gain a 

better understanding of the interconnected role type A and B cells play in creating a 

catabolic environment.  Also, the conditions needed to produce an environment closely 

related to what is seen in clinical OA were determined. 
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The initial studies presented above are a comparison of THP-1 and U937 cells.  

Previous work by Sun et al. used THP-1 cells to reduce cartilage GAG accumulation.  

Chen, Scott, and DiBenedetto used U937 cells to create a catabolic environment and 

increase GAG loss.  Both cell lines are long established [122,123] and have been used as 

monocytic cells that can be activated by the addition of different chemicals [133].  In the 

studies presented here, when these cells were cultured upon synovial fibroblasts, both 

cocultures increased production of the four target OA proteins, MMP-1, MMP-3, IL-8 

and MCP-1.  While both cell lines produced these target proteins when cocultured with 

synovial fibroblasts, the ratio of the monocytes to synovial fibroblasts was important to 

determining the production level.  Coincidently, both cell lines had the largest increase on 

the production of the four target proteins at the four-fold ratio, monocytes to 

synoviocytes.  While both the two-fold and six-fold ratios appeared to modulate total 

protein production, the four-fold produced the largest increase.  Comparing U937 and 

THP-1 cells, it appears U937 cells increased protein production more.  THP-1 cells 

increased MMP-1 and MMP-3, 2.7 and 2.6 fold, respectively.  In terms of cytokines, the 

THP-1 did not increase the IL-8 or MCP-1 production.  U937 cells increased MMP-1 and 

MMP-3, 2.9 and 2.4 fold, respectively.  However, unlike the THP-1 cells, U937 cells 

increased production of IL-8 and MCP-1, 7.9 and 5.8 fold, respectively (Figure 3.5 and 

Figure 3.6).  To this end, the THP-1 and U937 cells were compared to known values of 

many OA related proteins found in OA synovial fluid.  For the purpose of this 

comparison, only the ratio of four fold monocytes to synovial fibroblasts was compared.  

As shown in Figure 3.7, both cell lines show levels of the seven proteins.  Across all 

seven proteins, the U937 cells produce significantly higher concentrations as compared to 

the THP-1 cocultures.  Comparing to the literature values of clinical OA, it appeared that 

U937 cocultures were able to produce an environment closer to OA synovial fluid. 
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The increased protein production between the U937 and THP-1 cells was not 

completely unexpected based on the lineage of both cell lines.  In contrast to THP-1 cells, 

which are at a less mature stage, U937 cells are arrested in a more advanced stage of 

differentiation.  For purposes of these studies, CD80 was used a macrophage activation 

marker and CD14 a macrophage differentiation marker.  Increases in CD80 would 

therefore suggest a more activated cell, while increases in CD14 would suggest a more 

differentiated cell.  CD80 and CD14 expression are shown in Figure 3.14.  Given that the 

U937 cells begin at a more advanced stage, it’s not surprising that the cells do not 

increase their differentiation state when cocultured with synovial fibroblasts.  The THP-1 

cells, a less advanced cell actually decreased CD14 expression when cocultured.  In terms 

of macrophage cell activation, U937 cells increased CD80 expression nearly two-fold 

while THP-1 cells remained unchanged when cocultured.  Combined with the differences 

in lineage, this increased macrophage cell activation could explain the increased protein 

production in the U937 cocultures as compared to the THP-1 cocultures. 

The mechanism for the activation of the monocyte cells was hypothesized to be 

due to a soluble factor or in response to cell-cell contact.  Two proteins known to play a 

role in macrophage biology are MCSF and MCP-1.  MCSF, also known as CSF-1, is a 

four-� -helical-bundle cytokine that is the primary regulator of macrophage survival, 

proliferation, and differentiation. Sources of M-CSF include fibroblasts, activated 

macrophages, endometrial secretory epithelium, bone marrow stromal cells, vitamin D-

stimulated osteoblasts, and activated endothelial cells [134 – 141].  MCP-1, also known 

as CCL2, is produced by many cell types, including fibroblasts, endothelial, epithelial, 

smooth muscle, mesangial, astrocytic, monocytic, and microglial cells [142 – 144].  

These cells are important for antiviral immune responses in the peripheral circulation and 
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in tissues.  MCP-1 regulates the migration and infiltration of monocytes, memory T 

lymphocytes, and natural killer (NK) cells [145]. 

Based on the work related to the ratios of the two monocyte cell lines to the 

synovial fibroblasts in cocultures, the production of MCSF and MCP-1 were studied in 

cocultures with a ratio of 4 to 1, U937 or THP-1 cells, to synoviocytes.  As shown in 

Figure 3.8, synoviocytes cultured in serum-free conditions produce about 500 pg/mL of 

MCSF.  When cocultured with U937 cells, the total production of MCSF is increased, 

likely due to a contribution from each cell type.  Conversely, cultures containing 

synoviocytes cocultured with THP-1 cells produce similar or even slightly lower amounts 

of MCSF.  For the U937 cells, there is a synergistic effect of the two cell types in terms 

of MCSF production.  This represents a 45% increase over synoviocytes alone as well as 

365% increase over U937 cells alone.  For the THP-1 cells, the coculture produced only 

80% of the MCSF produced by synoviocytes alone, while the coculture increased 

production over THP-1 cells a mild 18%.  Given the importance MCSF plays in 

differentiation and overall macrophage biology, it would appear that this increase in 

MCSF protein production could be related to the increased production of OA proteins by 

the U937 cocultures.  Additionally, MCSF stimulation can lead to the production of 

additional MCSF in an autocrine loop [146]. 

MCP-1 is a chemokine essential for monocyte recruitment functioning as a 

chemoattractant.  MCP-1 has also been shown important to adhesion of monocytes 

through activation of leukocyte integrin.  In a coculture adhesion model of human 

monocytes purified from single-donor human platelet pheresis residues and human 

umbilical vein endothelial cells, MCP-1 at concentrations as low as 250 pM (~3000 

pg/mL) induced nearly complete firm adhesion, greater than 5 fold control cultures [147].  

As shown in Figure 3.9, synoviocytes cultured in serum-free conditions produce about 
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1200 pg/mL of MCP-1.  When cocultured with U937 cells, the total production of MCP-1 

is largely increased to about 8500 pg/mL, a 6.7 fold increase.  Conversely, cultures 

containing synoviocytes cocultured with THP-1 cells produce similar or even slightly 

lower amounts of MCP-1 at about 850 pg/mL.  Both U937 and THP-1 cells produce very 

small amounts of MCP-1 when cultured alone, about 40 pg/mL.  The concentration of 

MCP-1 in U937 cells is greater than the 3000 pg/mL suggested to increase firm adhesion 

to near complete levels.  The THP-1 cocultures do not produce this same level.  This 

could lead to differences in adhesion and contact between the monocytes and 

synoviocytes. 

An additional hypothesis for the activation of the monocytes when cocultured with 

the synovial fibroblasts was that activation could have been mediated through direct cell-

cell contact.  N-Cadherin, but not E-Cadherin, is found on activated macrophages [148].  

N-Cadherin is also on synovial fibroblasts and in OA synovium [149].  As shown in 

Figure 3.15, CD80 expression in U937 cells cultured in direct contact with synoviocytes 

significantly increased nearly two fold compared to U937 cells alone.  U937 cells 

cocultured with synoviocytes separated by a transwell insert increased CD80 expression a 

more modest and not statistically significant 30% compared to U937 cells.  Finally, U937 

cells cultured on N-cadherin coated plates increased CD80 expression in a similar manner 

to direct cocultures resulting in a significant increase of 80%.  Given that cell adhesion is 

mediated by the homodimerization of cadherins, there is a suggestion that N-Cadherin 

exists on both the synoviocytes and macrophage cells.  Given that exogenous N-Cadherin 

increased CD80 expression in a similar manner as the direct contact coculture, the N-

Cadherin interaction could contribute to the activation of U937 cells. 

Overall, the increased OA protein production by the U937 cocultures as compared 

to the THP-1 cocultures is likely a combination of all of the factors suggested.  The initial 
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activation state of the U937 cells as compared to THP-1 cells likely permeates through 

the resulting protein production.  An increase in MCSF by the U937 cells likely 

contributed to the increased activation of the U937 cells as well.  The increase in MCP-1 

production suggests an increase in adhesion by the U937 cells as compared to THP-1 

cells.  This increase in adhesion likely contributes to an increase in direct cell contact 

mediated through N-Cadherin.  All of these factors likely contribute to the increase in 

activation and protein production by U937 cocultures.  Based on this analysis, U937 

cocultures were chosen as the model of the synovial component in the overall triple 

coculture in resulting chapters. 

The synoviocytes alone produced many of the OA proteins.  However, the 

production of these proteins was not to the level of either coculture system.  Specifically, 

in U937 cocultures, the four representative proteins are increased two to eight fold 

(Figure 3.5) and in THP-1 cocultures, the cytokines are increased about two fold as 

compared to synovial fibroblasts alone.  It should be noted that for consistency in the 

synovial fibroblasts, only one donor for each was used in these studies.  That being said, 

as described above it has also been shown by Chen et al. [112], Scott et al. [131], and 

DiBenedetto et al. [113] that the culture of synovial fibroblasts with U937 cells will 

produce proinflammatory cytokines and MMPs.  It can be hypothesized that similar 

results to those shown here could therefore be attained using multiple donors for the 

synovial fibroblasts. 

As described by others, fibronectin fragment is a potent inducer of a catabolic 

environment.  In studies presented here, FN-f was able to significantly and substantially 

increase production of the four proteins of interest (MMP-1, MMP-3, IL-8, and MCP-1).  

The large increase of these proteins even in the synoviocyte alone cultures is clear 

evidence of the potency of the stimulant.  The goal of this work was to study the 



66 

�

interaction of the full synovial component with a cartilage component.  This includes 

both synovial fibroblasts and macrophage cells in the synovium.  However, the ability of 

FN-f to increase catabolism with or without the addition of the macrophage component 

diminishes the value of the full coculture model being developed.  In the next chapter, 

FN-f will be explored for its ability to decrease GAG content in the cartilage component. 

3.4. Conclusions 

The synovium is comprised of synovial fibroblasts and macrophages.  The primary 

objective of this work was to model these two components to develop an OA-like 

environment.  A secondary objective of this work was to gain an understanding for the 

interaction between the monocyte cells and the synovial fibroblasts.  Two model cell 

lines of macrophages, THP-1 and U937, were investigated for development of an OA-

like environment consisting of cytokines and degradative enzymes.  The U937 cocultures 

developed a degradative environment more similar to OA as compared to THP-1 

cocultures.  The increased OA protein production by the U937 cocultures as compared to 

the THP-1 cocultures is likely a combination of the initial activation state of the U937 

cells, the increase in MCSF and MCP-1 production by the U937 cocultures, and direct 

cell contact mediated through N-Cadherin.   Based on this analysis, U937 cocultures were 

chosen as the model of the synovial component in the overall triple coculture in resulting 

chapters. 
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4. Development of a coculture model 

4.1. Introduction 

One of the major characteristics in the pathology of osteoarthritis (OA) is the loss 

of cartilage.  This loss may begin as one focal cartilage lesion and extend across the 

whole joint leading to progressive cartilage loss [150,151].  The superficial region of the 

cartilage is associated with loss of proteoglycan including aggrecan, decorin, and 

biglycan [152].  The loss of these proteoglycans is associated with increased type II 

collagen and aggrecan cleavage.  This degradation of the extracellular matrix (ECM) is 

greater than the synthesis of new ECM.  This results in a net decrease in cartilage matrix 

leading eventually to the complete erosion of the cartilage surface.  Although the 

mechanism for this imbalance in degradation and synthesis of ECM is largely uknown, 

the primary cause of this process is thought to be increased degradative enzyme activity 

with matrix metalloproteinases (MMPs) being implicated in cartilage degeneration of OA 

[153]. 

There are several techniques for studying cartilage in vitro.  These various models 

each have advantages and disadvantages when studying the response of cartilage to 

degradative stimuli.  The simplest technique is monolayer culture.  Monolayer culture is a 

two-dimensional model of chondrocytes exposed to stimuli largely in the absence of a 

protective matrix.  The advantage to this culture is that the cell source can be expanded a 

few passages to establish a larger bank of cells.  This allows each well to be highly 

reproducible to the next and the effect of the stimuli can be studied without a large well 

to well variation.  The absence of a three-dimensional structure as well as the ECM calls 

into question the relevancy of this type of model [154]. 
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A second approach to in vitro cartilage study is via three-dimensional neocartilage 

through pellet/micromass culture or scaffold culture [155,156].  Micromass culture is a 

suitable three-dimensional environment allowing cells to secrete and build new ECM as a 

first step.  This type of model maintains the advantage of an expanded cell source 

minimizing well to well variation.  Although certainly a better model system than the 

two-dimensional monolayer culture, micromass culture is not without disadvantage.  

Some have argued that chondrocytes may act differently in this new matrix as compared 

to naturally occurring ECM in vivo[157].  Also, cells must be cultured for a period of 

weeks to differentiate the cells and form the new matrix before degradation stimuli can be 

investigated. 

A third approach is explant cultures[158,159].  Explant culture is the direct culture 

of a small piece of tissue from the patient or animal.  This clearly represents the closest 

model to the in vivo situation with the morphology and ECM of the tissue remaining 

intact.  However, samples are extremely limited relative to the other two models above.  

This leads to large donor to donor and subsequently experiment to experiment variability.  

Further, explants from different parts of a joint will have different thickness cartilage and 

may behave differently to catabolic stimuli [160].  The last potential issue with explant 

cultures is that the dynamic loading system to feed the cartilage is missing when the 

tissue is moved in vitro.  This leads to a loss of proteoglycan just by being moved to 

culture.  Bovine cartilage explants in one particular study had 135 micrograms (� g) of 

glycosaminoglycan (GAG) per � g of deoxyribonucleic acid (DNA) at time 0.  However, 

by day 2, these values were down to 80 � g GAG/� g DNA with stabilization after that in 

media alone [161].  This means that 40% of the GAG is lost in the first two days and 

potentially is lost even earlier than that.  This is a large loss of proteoglycan over a very 

short time, leading to a small window in order to view changes compared to stimuli.  This 
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also leads to potentially short culture systems reducing the ability to study small changes 

over longer periods of time in a similar idea as clinical OA. 

The most common source of human adult mesenchymal stem cells (MSCs) is from 

bone marrow [162,163].   MSCs have two major characteristics that make these cells 

advantageous for tissue engineering studies.  First, MSCs can be expanded substantially 

due to the inherent proliferative potential[164 – 166].  Although not unlimited, the cells 

can be expanded for several passages.  This can be improved by adding fibroblast growth 

factor 2 (FGF2) to the expansion media.  FGF2 has been shown to improve population 

growth as well as chondrogenic potential [167].  This chondrogenic potential is the 

second advantage to MSCs.  MSCs have long been shown able to be differentiated into 

multiple different lineages.  Osteogenic differentiation of MSCs can be induced by 

including osteogenic supplements dexamethasone, ascorbic acid, and beta glycerol-

phosphate [168].  Adipogenesis can be induced with dexamethasone, indomethacin, 

isobutylmethylxanthine, and insulin [169].  Finally, MSCs placed into pellet cultures 

containing dexamethasone, ascorbic acid, insulin, selenium, transferrin, sodium pyruvate, 

and transforming growth factor-beta (TGF-� ) will undergo chondrogenic differentiation 

[170].  As shown in Figure 4.1, pellets cultured to two or three weeks in conical tubes or 

96 well plate format will form a matrix rich pellet.  In these pellets the 

glycosaminoglycan (GAG) content was nearly 25 fold deoxyribonucleic acid (DNA) 

content at 2 weeks in 96 well plates [114].  These reasons suggest pellet culture of MSCs 

is a good source for a model of cartilage. 
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Figure 4.1: DNA and GAG content in human MSC pellets. Pellets were made in 15 mL 

conical tubes (black bars) or 96 well plates (grey bars) at 2 or 3 weeks.  A) DNA content 

B) GAG content C) GAG normalized to DNA (GAG/DNA), n = 5 (114) 

 

The pathology of OA includes the loss of cartilage.  This represents a major 

component in OA and thus the development of the cartilage model was studied in depth.  

The role of the culture period of the cartilage component was investigated as well as the 

role of the culture period before addition to synovial component as describe in Chapter 3.  

The other major focus of study in this chapter was the role of each cell type in the triple 

coculture model.  This work provides a basis for study of the model in the context of a 

progressive model of OA (Chapter 5). 

 

4.2. Results 

4.2.1. Chondrogenesis over 4 weeks 

 Stem cell pellets were prepared and cultured under chondrogenic conditions for up 

to 4 weeks.  At the end of each week, pellets were harvested for GAG, DNA, and gene 

expression analysis.  Aggrecan, Sox9, and collagen type 2 expression are measures of 

chondrogenesis.  Collagen type 10 is a measure of hypertrophy.  As shown in Figure 4.2, 
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the level of matrix per cell increases at each time point.  This suggests the pellets 

continue to lay down matrix out to 4 weeks.  In terms of gene expression, the pellets have 

a significant increase in aggrecan expression when comparing weeks 2, 3, and 4 to week 

1.  There is no significant difference, however, between weeks 2, 3 and 4.  In terms of 

Sox9 expression, there are no significant changes between weeks.  In terms of collagen 

type 2 expression, there is a significant increase in col2 expression from week 1 to week 

2 and then again from week 2 to week 3.  Week 3 expression is similar to week 4 

expression.  In terms of collagen type 10 (colX) expression, there is no change between 

weeks 1 and 2.  However, at week 3, there is a significant increase in expression (Figure 

4.3). For reference, the data before normalization to week 1 can be found in the Appendix 

(Figure 8.18 – Figure 8.21). 

 

Figure 4.2: GAG/DNA ratios over the 4 week culture of MSC pellets 
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Figure 4.3: Gene expression changes over the 4 week culture of MSC pellets.  The black 

bars represent ACAN expression, white bars represent SOX9 expression, grey bars 

represent COL2 expression, hatched bars represent COLX expression.  * = p < 0.05 

compared to week 1.  All values have been normalized to week 1 expression. 

4.2.2. Chondrogenic culture period of pellet effects 

 Stem cell pellets were prepared and cultured under chondrogenic conditions for 

2, 3 or 4 weeks.  At this point, the media was switched to serum free DMEM with 

different synovial components, media alone, synoviocytes alone, U937 cells alone, or the 

full coculture of synoviocytes and U937 cells.  Three criteria were used to judge these 

model systems.  At day 4, a significant increase in GAG released coupled by a loss of 

GAG retained.  Secondly, the full coculture should result in an increase in MMPs in the 

conditioned medium as compared to other groups.  Third, the pellet should respond to 

this catabolic environment by initiating a repair response as measured by an increase in 

aggrecan gene expression. 
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4.2.2.1. GAG loss in the chondrogenic pellets 

 GAG loss was the first measurement in the coculture systems.  GAG released to 

the media was measured as shown in Figure 4.4.  For each chondrogenic pellet type (2 

week, 3 week or 4 week), the amount of GAG released to the medium was significantly 

increased in full cocultures as compared to pellets alone, pellets plus synoviocytes or 

pellets plus U937 cells.  While the trend remained the same regardless of the time period 

of chondrogenesis in the stem cell pellet, there were some differences.  In 2 week 

cultures, pellets alone released 8.8 � g GAG/� g DNA and the full cocultures released 15 

� g GAG/� g DNA.  Similar numbers were seen in the 3 week cultures, 9.1 � g GAG/� g 

DNA for pellets alone and 15 � g GAG/� g DNA in full cocultures.  In the 4 week 

cultures, however, pellets alone released 13 � g GAG/� g DNA and full cocultures 

released 26 � g GAG/� g DNA. 

 

Figure 4.4:  GAG released to the conditioned medium.  GAG released from 2 week, 

3week or 4 week chondrogenic pellets.  Each bar represents a group containing pellets 

cultured with the corresponding title.  Media = media alone, Syn = synoviocytes alone, 

U937 = U937 cells alone, Syn/U937 = full coculture.  * = p < 0.05, ** = p < 0.01, *** = 

p < 0.001 when compared to the respective Syn/U937 group. 
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 As shown in Figure 4.5, all three chondrogenic pellet types lost significantly 

more GAG in full coculture systems as compared to pellets alone, pellets plus 

synoviocytes or pellets plus U937 cells.  While the trend was the same regardless of the 

pre-coculture time period, there does appear to be a difference in GAG retained across 

the chondrogenic timeline.  In 2 week cultures, pellets alone retained 77% of the GAG 

and full cocultures retained only 57%.  In 3 week cultures, 79% of the GAG is retained in 

pellets alone and full cocultures retained 52%.  However, in 4 week cultures, pellets 

alone retained 84% while full cocultures retained 71%. 

 

Figure 4.5:  GAG retained in pellets. GAG retained in 2 week, 3week or 4 week 

chondrogenic pellets.  Each bar represents a group containing pellets cultured with the 

corresponding title.  Media = media alone, Syn = synoviocytes alone, U937 = U937 cells 

alone, Syn/U937 = full coculture.  * = p < 0.05, ** = p < 0.01, *** = p < 0.001 when 

compared to the respective Syn/U937 group. 

 

4.2.2.2. MMP and cytokine production in the cocultures 

 The second aspect of study for the coculture was the production of MMPs and 

cytokines as a measure of the catabolic environment.  Figure 4.6 depicts total MMP-1 

production in the cocultures.  In all cases, there was a significant increase in MMP-1 

production in full cocultures as compared to pellets alone, pellets plus synoviocytes or 
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pellets plus U937 cells.  Regardless of chondrogenic culture period, the full cocultures 

produced somewhat similar levels of MMP-1, 504 pg/mL, 432 pg/mL, or 393 pg/mL for 

the 2, 3 or 4 week cultures. 

 

 

Figure 4.6:  Total MMP-1 production.  MMP-1 production from 2 week, 3week or 4 

week chondrogenic pellets.  Each bar represents a group containing pellets cultured with 

the corresponding title.  Media = media alone, Syn = synoviocytes alone, U937 = U937 

cells alone, Syn/U937 = full coculture.  * = p < 0.05, ** = p < 0.01, *** = p < 0.001 

when compared to the respective Syn/U937 group. 

 

Figure 4.7 depicts total MMP-3 production in the cocultures.  In all cases, there 

was a significant increase in MMP-3 production in full cocultures as compared to pellets 

alone or pellets plus U937 cells.  There was no significant difference between the full 

cocultures and pellets plus synoviocytes.  Unlike, MMP-1, the chondrogenic culture 

period does appear to affect the level of MMP-3 produced in the full coculture.  The full 

cocultures produced 130 pg/mL, 189 pg/mL, or 236 pg/mL for the 2, 3 or 4 week 

cultures. 
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Figure 4.7: Total MMP-3 production. MMP-3 production from 2 week, 3week or 4 week 

chondrogenic pellets.  Each bar represents a group containing pellets cultured with the 

corresponding title.  Media = media alone, Syn = synoviocytes alone, U937 = U937 cells 

alone, Syn/U937 = full coculture.  * = p < 0.05, ** = p < 0.01, *** = p < 0.001 when 

compared to the respective Syn/U937 group. 

 

As shown in Figure 4.8, IL-8 production was significantly increased in full 

cocultures as compared to pellets alone, pellets plus synoviocytes or pellets plus U937 

cells.  Regardless of chondrogenic culture period, the full cocultures produced somewhat 

similar levels of IL-8, 492 pg/mL, 507 pg/mL, or 466 pg/mL for the 2, 3 or 4 week 

cultures. 
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Figure 4.8:  IL-8 production.  IL-8 production from 2 week, 3week or 4 week 

chondrogenic pellets.  Each bar represents a group containing pellets cultured with the 

corresponding title.  Media = media alone, Syn = synoviocytes alone, U937 = U937 cells 

alone, Syn/U937 = full coculture.  * = p < 0.05, ** = p < 0.01, *** = p < 0.001 when 

compared to the respective Syn/U937 group. 

 

Finally, as shown in Figure 4.9, MCP-1 production was significantly increased in 

full cocultures as compared to pellets alone, pellets plus synoviocytes or pellets plus 

U937 cells.  Regardless of chondrogenic culture period, the full cocultures produced 

somewhat similar levels of MCP-1, 2380 pg/mL, 2440 pg/mL, or 1970 pg/mL for the 2, 3 

or 4 week cultures. 
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Figure 4.9: MCP-1 production. MCP-1 production from 2 week, 3week or 4 week 

chondrogenic pellets.  Each bar represents a group containing pellets cultured with the 

corresponding title.  Media = media alone, Syn = synoviocytes alone, U937 = U937 cells 

alone, Syn/U937 = full coculture.  * = p < 0.05, ** = p < 0.01, *** = p < 0.001 when 

compared to the respective Syn/U937 group. 

 

4.2.2.3. Aggrecan gene expression in the chondrogenic pellets 

The final aspect of study was the initiation of a repair response at 4 days as 

measured by an increase in aggrecan gene expression in the pellets.  Figure 4.10 shows 

the aggrecan gene expression for each of the chondrogenic culture periods.  In each case 

gene expression has been normalized to pellets alone (Media).  There was a significant 

increase in aggrecan expression in the 2 week pellets in the full cocultures as compared to 

the other groups.  In the 3 week pellets, the trend looks very similar to the 2 week pellets, 

but the changes were not significant (p = 0.088).  The 4 week pellets did not mirror this 

repair response, with all 4 groups having very similar gene expression. For reference, the 

data before normalization to pellets alone (Media) can be found in the Appendix (Figure 

8.22 – Figure 8.24). 
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Figure 4.10:  Aggrecan gene expression.  Expression in 2 week, 3week or 4 week 

chondrogenic pellets.  Each bar represents a group containing pellets cultured with the 

corresponding title.  Media = media alone, Syn = synoviocytes alone, U937 = U937 cells 

alone, Syn/U937 = full coculture.  * = p < 0.05, ** = p < 0.01, *** = p < 0.001 when 

compared to the respective Syn/U937 group. 

 

4.2.3. The effect of the fibronectin fragment 

As described previously, the matrix fragment, fibronectin fragment, has been 

implicated as a realistic and relevant catabolic stimulant for use in vitro.  In the previous 

chapter, FN-f was shown to significantly increase production of MMP-1, MMP-3, IL-8, 

and MCP-1 in cocultures of synovial fibroblasts and THP-1 or U937 cells.  Also, in all 

four proteins, the synoviocytes alone increased between 40 fold and 2000 fold.  Here, 

FN-f was investigated for the ability to cause GAG loss in two week pellets without the 

presence of the coculture.  As shown in Figure 4.11, FN-f was able to significantly 

increase the amount of GAG released to the media.  Subsequently, FN-f was able to 

significantly decrease GAG retained compared to media alone.  Much like the synovial 

component, the addition of FN-f to the culture media can drive catabolism without the 

addition of other cell types. For reference, the data before normalization to pellets alone 

can be found in the Appendix (Figure 8.25 – Figure 8.26). 
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Figure 4.11  Pellets alone cultured with FN-f.  White bars represent pellets in media 

alone.  Black bars represent pellets in media containing 0.8 � M FN-f.  For both GAG 

released and GAG retained values are normalized to the media alone group.  Pellets in 

media containing FN-f were compared to pellets in media alone, * = p < 0.05. 

 

4.2.4. Contribution of each cell type 

The contribution of each of the three cell types to the production of four of the 

OA proteins was estimated.  The proteins of interest were MMP-1, MMP-3, IL-8 and 

MCP-1.  Three techniques were used to estimate the contribution of each of the three cell 

types to total production of the four target proteins.  The first method was comparing 

gene expression from the three cell types in a full coculture.  After separation of each cell 
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type using methods previously described, the gene expression of each target relative to 

the housekeeping gene was calculated.  The expression of each individual cell type was 

then normalized to the expression of the U937 cells, i.e. the fold change relative to U937 

cells.  Finally, these fold changes were summed and expressed as a percentage of the total 

expression.  For reference, gene expression relative to GAPDH as well as fold changes to 

U937 cells can be found in the Appendix (Figure 8.27 – Figure 8.30).   

The second technique to estimate the contribution of the cell types was 

comparing the inherent protein production of each cell type in individual cultures.  Each 

protein of interest was measured from the production of each individual cell type.  The 

total protein production of each target protein was then summed across the three 

individual cultures.  Production was then shown as a percentage of the sum total 

production of these three individual cultures.  For reference, protein concentrations 

measured in the conditioned media from the individual cultures are shown in the 

Appendix (Figure 8.31 – Figure 8.34). 

The last technique used to estimate the contribution of each cell type to the 

production of the four target proteins used short interfering RNA (siRNA) in full 

cocultures.  Using siRNA the production of the proteins of interest was modulated in the 

synoviocytes and U937 cells.  By modulating the production in each of these cells, the 

contribution of that cell type could be measured in changes in the overall production of 

the protein of interest.  The contribution of the pellets could then be assumed to be the 

balance of the production.  Estimating the contribution using the siRNA cultures was 

done according to the following equations. 
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� � � � � � � � � � � 	 
� � ��  

� � � � � � � � � � � 	 
� � ��  

Where S, U, and P represent the protein production of the synoviocytes, U937 

cells, or pellets and TP represents the total target protein production.  The coefficients 

represent the percent knockdown using the siRNA.  In the first case, the siRNA used was 

the negative control allowing all coefficients to be 1.  In the following case, the 

knockdown was calculated using gene expression from the cocultures at day 4.  Given the 

pellets were not treated with siRNA, p1P was assumed to be equal to p2P.  Although 

there is knockdown of the gene expression for each of the target proteins in the U937 

cells, there was no effect on the protein production (Table 4.1).  This allowed for the 

assumption: U ~ 0.  Subtracting equation 2 from 1 gives: 


� � � � � �� 	 

� � � 
� � ���  

Solving for the contribution of the synoviocytes (S/TP) gives: 

�
��

	


� � � 
� � �

� � � � � �

 

The contribution of the pellet is therefore: 

�
��

	 � �


� � � 
� � �

� � � � � �
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Table 4.1: Percent changes in gene expression or protein production.  The columns 

represent each of the four target proteins.  The top of the table represents changes in the 

synoviocytes, while the bottom represents changes in the U937 cells.  The Gene rows 

represent the percent of the signal in siRNA treated samples compared to negative 

controls.  The rows titled protein represent the percent of the protein signal compared to 

these same controls. 

Synoviocytes MMP-1 MMP-3 IL-8 MCP-1 

Gene 75 ± 0.7% 74 ± 0.8% 73 ± 0.1% 70 ± 0.5% 

Protein 78 ± 7.1% 84 ± 5.2% 77 ± 6.0% 74 ± 5.1% 

     

U937s MMP-1 MMP-3 IL-8 MCP-1 

Gene  47 ± 1.5% 11 ± 1.3% 50 ± 2.3% 51 ± 3.7% 

Protein 101 ± 12.5% 102 ± 5.7% 101 ± 10.1% 99 ± 9.4% 
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All three estimates are shown in Figure 4.12. 

 

 

Figure 4.12  Contribution of each cell type.  Contribution expressed as a percentage of 

the production of MMP-1, MMP-3, IL-8 and MCP-1.  Contribution as measured by gene 

expression is shown on the left side, contribution as measured by individual protein 

production is shown in the middle, and siRNA estimate is on the right side.  White bars 

represent U937 cells, black bars represent synoviocytes, and grey bars represent the stem 

cell pellets. 

 

4.2.5. Role of the U937 cells 

The contribution of the U937 cells appeared limited in the production of OA 

proteins as shown above.  Thus the contribution of this cell type was measured in terms 

of GAG loss and protein production compared to cultures in the absence of the U937 

cells.  As shown in Figure 4.13, cultures with the full coculture released significantly 

more GAG when compared to cultures of pellets with synoviocytes alone.  As shown 

Figure 4.14, cultures containing the full coculture produced significantly more of the 

proteins of interest when compared to cultures containing the pellet and synoviocytes 

only.  Similar results were seen at day 4, 7, and 14 so only day 14 is shown. 
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Figure 4.13:  GAG released over time.  White bars represent pellets cultured with 

synoviocytes alone (Syn), while black bars represent pellets cultures in the full coculture 

(Syn/U937).  * = p < 0.05, ** = p < 0.01, *** = p < 0.001 when compared to Syn group. 

 

Figure 4.14: Protein production at day 14.  White bars represent pellets cultured with 

synoviocytes alone (Syn), while black bars represent pellets cultures in the full coculture 

(Syn/U937).  * = p < 0.05, ** = p < 0.01, *** = p < 0.001 when compared to Syn group. 



86 

�

4.2.6. Serum supplementation with ITS-X 

In order to understand how adding the serum supplement ITS-X to the media 

would affect the overall culture conditions, the following experiments were performed.  

Pellets were cultured alone for 4 days with or without 1% ITS-X supplementation to 

investigate the effect on the pellets alone.  As shown in Figure 4.15, there was an effect 

on GAG and aggrecan expression with no change in cell number.  Adding ITS-X to the 

culture nearly doubled the percent GAG retained and in parallel significantly decreased 

the amount of GAG released to the conditioned medium.  Aggrecan gene expression was 

also significantly increased with the addition of ITS-X, nearly 3 fold.  Finally, the cell 

number as measured by DNA content did not change with ITS-X supplementation.  For 

reference, data before normalization can be found in the Appendix (Figure 8.35 – Figure 

8.38). 
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Figure 4.15:  Pellets cultured with or without ITS-X.  All values have been normalized to 

cultures without ITS-X.  Black bars represent cultures without ITS-X, while white bars 

represent cultures with ITS-X.  * = p < 0.05, ** = p < 0.01, *** = p < 0.001 when 

compared to –ITS-X group. 

 

 In terms of the effect of ITS-X on full cocultures, GAG released to the media as 

well as GAG retained was measured as shown in Figure 4.16.  In these experiments, 

pellets alone, pellets plus synoviocytes, pellets plus U937 cells and the full coculture 

were cultured with or without 1% ITS-X for four days.  For each condition, pellets 

retained more and released less GAG when cultured with ITS-X.  On average across all 

four groups, pellets released only 31% as much GAG to the conditioned medium when 

cultured with ITS-X.  This resulted in average 67% increase in GAG retained across all 4 

groups. 
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Figure 4.16:  GAG effects with ITS-X. Left: GAG retained with or without ITS-X.  

Right: GAG released with or without ITS-X.  Black bars represent cultures without ITS-

X, while white bars represent cultures with ITS-X.  * = p < 0.05, ** = p < 0.01, *** = p < 

0.001 when compared to –ITS-X group. 

 

 Protein production was also measured in full cocultures with or without ITS-X 

(Figure 4.17).  In full cocultures with ITS-X MMP production, both MMP-1 and MMP-3, 

was reduced to only about 20% of the cultures without ITS-X.  In terms of cytokines, 

both IL-8 and MCP-1 had no difference with or without ITS-X.  For reference, protein 

measurements before normalization can be found in the Appendix (Figure 8.39 – Figure 

8.42). 
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Figure 4.17:  Protein production in full cocultures with ITS-X.  Black bars represent 

cultures without ITS-X, while white bars represent cultures with ITS-X.  All values have 

been normalized to cultures without ITS-X.  * = p < 0.05, ** = p < 0.01, *** = p < 0.001 

when compared to –ITS-X group. 

 

4.3. Discussion 

Modeling the cartilage component is crucial to modeling the pathology of OA.  

Given the many possible cartilage models, investigation of the chosen model could lead 

to a better understanding of the coculture OA model disease as a whole.  The goal of 

these experiments was to gain a better understanding of the interconnected role of the 

synovium and cartilage and ensure an OA environment.  Further, the role of each cell 

type, synovial type A and B cells and the cartilage component, in the triple coculture 

model was investigated.  This work provides a basis for study of the model in the context 

of a progressive model of OA. 
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The goal of this work was to develop a model of OA that can progress from early 

to late stage.  In order to have consistency among experiments, stem cells were chosen as 

the cell source for the cartilage component.  Stem cells have been shown to be able to be 

expanded extensively and retain the ability to differentiate [171].  Mesenchymal stem cell 

pellets have long been used to model chondrogenesis and cartilage in vitro.  Depending 

on the experiment, different time lines of chondrogenesis have been used including one 

week [172,173], two weeks [174 – 176], three weeks [34, 177, 178], four weeks [179, 

180], or even longer [181, 182].  Across these experiments, it is clear that using general 

media conditions over time the pellet culture will lead to an increase in hypertrophic 

genes, specifically collagen type 10.  In many examples, stem cell pellets will increase in 

collagen type 10 (hypertrophy) even before collagen type 2 (chondrogenesis) [179, 181].  

This induction of hypertrophy presents a problem for modeling osteoarthritis.  Damage 

during OA begins in the superficial zone, a less hypertrophic region with reduced 

expression of hypertrophic genes [183 – 185].  Late stage OA is characterized by 

hypertrophy and eventually resulting in osteophyte formation and matrix mineralization 

[42].  In order to adequately model the full progression of OA, it is logical to start with a 

piece of tissue closer to normal cartilage with a reduced or absent hypertrophic signal. 

In order to examine the stem cell pellet as a model of the cartilage component, 

stem cell pellets cultured in chondrogenic conditions for 2 weeks, 3 weeks, or 4 weeks 

were studied.  Over time, these pellets accumulated matrix in the form of 

glycosaminoglycan (GAG) as shown in Figure 4.2.  This was expected and has been 

shown widely in the literature.  Further, there were chondrogenic gene changes over the 

time course.  Aggrecan and collagen type 2, measures of chondrogenesis, increased over 

time.  Collagen type 10, a bone marker and measure of chondrocyte hypertrophy, also 

increased.  Again, as described above, this was expected and widely shown in the 
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literature.  As described above, balancing chondrogenesis and hypertrophy is important 

for modeling OA.  Comparing the 2 week pellets to the 1 week pellets, there was a 

significant increase in aggrecan and collagen type 2, with no change in collagen type 10.  

At 3 and 4 weeks, there was a further significant increase in collagen type 2 compared to 

2 week pellets, however, there was also a significant increase in collagen type 10.  It 

would appear that to achieve a further increase in chondrogenesis through longer 

cultures, there would also be an increase in hypertrophy.  Comparison of collagen type 2 

to collagen type 10 is a measure of chondrogenesis relative to hypertrophy.  At 2 weeks, 

relative collagen type 2 expression is 6 .04 fold collagen type 10 expression, while at 4 

weeks, relative collagen type 2 expression is only 4.94 fold the collagen type 10 

expression (Figure 4.3).  This ratio is 22% higher at 2 weeks as compared to 4 weeks, 

representing an increase in chondrogenic relative to hypertrophic signal. 

Aside from hypertrophy, the different chondrogenic periods were investigated in 

the coculture model, focusing on three criteria.  These criteria were GAG loss, an 

increase in degradative enzymes and other OA proteins, and the initiation of a repair 

response.  Although there are certainly differences among the 2 week, 3 week or 4 week 

chondrogenic pellets, the overall trends remained the same in terms of these criteria.  In 

terms of GAG loss, regardless of the chondrogenic period, all pellets in the full coculture 

released significantly more GAG and likewise retained significantly less GAG in the 4 

day period as compared to the control groups.  Although the trends are similar, the 

differences are interesting.  In terms of GAG released, 2 week and 3 week pellets had 

similar numbers, while 4 week pellets released much more GAG to the medium.  In fact, 

4 week pellets alone released similar amounts of GAG as the full coculture pellets from 

the 2 week period.  It is interesting the differences in the percent GAG retained.  While 

the results of the 2 week and 3 week cultures were again very similar, the four week 
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pellets retained more GAG.  In 2 week cultures, pellets alone retained 77% of the GAG 

and full cocultures retained only 57%.  In 3 week cultures, 79% of the GAG is retained in 

pellets alone and full cocultures retained 52%.  However, in 4 week cultures, pellets 

alone retained 84% while full cocultures retained 71%.  The difference between pellets 

alone and pellets plus full coculture represents the two extremes of the model.  A smaller 

difference means a smaller window to see differences as well as potential effectiveness of 

therapeutic targets.  The amount of GAG released and retained may be due in part to the 

larger amount of retained GAG at 4 weeks as compared to 2 weeks (Figure 4.2).  With 

nearly three times the amount of starting GAG, the4 week pellets have plenty of GAG to 

release to the medium as well as maintain a larger percent retained.  This may also help to 

explain the differences seen in aggrecan expression.  Figure 4.10 shows that 2 week and 3 

week pellets have an increased aggrecan expression in the full coculture, albeit only 

significant in the 2 week pellets.  The four week pellets do not show this same repair 

response, likely due to the large percent of GAG retained.  If the cells are still maintained 

in a predominantly GAG-rich matrix, there is less need to increase GAG production 

through increased aggrecan expression. 

 Protein production as a measure of the catabolic environment was very similar 

among the different chondrogenic periods.  The 2 week, 3 week and 4 week pellet 

cultures all had significantly increased MMP-1, MMP-3, IL-8 and MCP-1 in the full 

cocultures as compared to the other cultures.  When comparing the protein production 

found in the conditioned medium across chondrogenic periods, the numbers were also 

very similar for IL-8, MCP-1 and MMP-1.  Between the two week and four week pellets, 

the numbers were within 30%.  MMP-3, however, did not follow this trend.  For this 

particular protein, the 4 week pellet cultures had nearly twice as much MMP-3 as 

compared to the 2 week cultures.  This suggests the pellets themselves create an 
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environment that induces MMP-3 differently depending on the size or differentiation 

state of the pellet.  Taking this one step further, a comparison of the aggrecan response to 

the MMP-3 production is illustrative of this measured repair response.  As shown in 

Figure 4.10, the 2 week pellets in the full coculture have an increase in aggrecan 

expression of 1.8 fold compared to pellets alone.  The 4 week pellets in the full coculture 

have nearly no change compared to pellets alone, 0.92 fold.  As shown in Figure 4.7, the 

2 week pellets in the full coculture are exposed to an increase in MMP-3 compared to 

pellets alone of 2.05 fold.  Similarly, the 4 week pellets in the full coculture are exposed 

to an increase in MMP-3 of 1.43 fold compared to pellets alone.  Overall, the ratio of the 

increase in aggrecan relative to the increase in MMP-3 is 0.87 in the 2 week pellets as 

compared to only 0.65 in the 4 week pellets.  This represents an increase of nearly 35% in 

terms of a repair response relative to the degradative enzyme, MMP-3.  Given the 

similarity between the results for the chondrogenic periods in the model, the reduced 

therapeutic window for the 4 week pellets, and the increase in collagen type 10, it appears 

that the 2 week pellet is sufficient and perhaps superior to the other chondrogenic 

periods. 

The coculture tissue model presented here includes three relevant cell types in OA, 

synovial fibroblasts, macrophages, and a cartilage component.  Fibronectin fragment has 

been implicated as a relevant catabolic stimulant in OA.  Much like the synovial 

component, the addition of FN-f to the culture media drove catabolism without the 

addition of other cell types.  In this way, the addition of FN-f to the coculture model 

diminishes the value of the triple coculture as to make the synovial component irrelevant.  

If the goal of this work is to develop a model of catabolism using three relevant cell types 

and study the interaction of these cell types, the addition of FN-f to the media would 

appear to prevent this type of work. 
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The tissue model specifically aims to model OA and keep each component 

separate.  The advantage to keeping the components separated is to maintain the ability to 

analyze each component independently.  In this way, the contribution of each type can be 

elucidated.  In this series of experiments, through three techniques, the contribution of 

each of the three cell types was estimated.  First, gene expression of OA factors was 

analyzed from cells in the full coculture.  MMP-1, MMP-3, IL-8 and MCP-1 were chosen 

as representative degradative enzymes and cytokines.  Expression of each of these genes 

was normalized to GAPDH and then compared across all three cell types.  The relative 

expression was shown as percentages.  From this estimate, U937 cells appear to account 

for less than 5% for all four OA factors.  In terms of the MMPs, the contribution from 

synoviocytes and the pellets was split.  Synoviocytes accounted for about 72% and 40% 

for MMP-1 and MMP-3, respectively.  The balance was accounted for by the pellets.  In 

terms of the cytokines, the synoviocytes accounted for nearly all of the expression with 

about 95% for both IL-8 and MCP-1. 

Due to the difficulty of discerning which cell produced the proteins found in 

conditioned media of cocultures, the second estimation technique was to compare 

cultures of the individual cell types.  In this way, the inherent ability of the cells to 

produce the proteins of interest could be studied.  After calculating the sum total of the 

individual cultures, the percentage of each cell type was determined.  Again, the U937 

cells appeared to account for less than 5% of all four OA factors.  For MMP-1, IL-8 and 

MCP-1, the synoviocytes accounted for nearly 95% of the production.  The production of 

MMP-3 was more evenly split between the synoviocytes (~65%) and the pellets (~35%). 

The final estimation technique was using the full coculture model and inhibiting 

protein production specifically with siRNA.  The use of siRNA is largely in hypothesis 

testing of specific genes or target validation.  Researchers are able to specifically 
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knockdown expression of a target gene and study the outcome.  Another application of 

siRNA is to confirm the source and identity of a signaling protein in cocultures.  In the 

study of endothelial cell modulation of bone marrow stromal cell osteogenic potential, 

bone morphogenetic protein 2 (BMP-2) was identified as an important signaling protein.  

Alkaline phosphatase activity was measured from cocultures of endothelial cells treated 

with BMP-2 siRNA and bone marrow stem cells.  In these cultures it was determined that 

BMP-2 produced by the endothelial cells was enhancing osteogenic potential in the stem 

cells [186].  In a triple coculture of endothelial cells, mesenchymal stem cells, and 

leukocytes, siRNA was used to determine the source of IL-6 responsible for leukocyte 

adhesion.  In these studies, it was determined that by knocking down IL-6 expression in 

stem cells, the high level of IL-6 protein in cocultures was reduced as well as leukocyte 

adhesion.  There was no effect when endothelial cells were treated [187]. 

Using a similar method as these cocultures, the expression in the cells of the OA 

coculture model were modulated with siRNA.  Using siRNA to affect protein production, 

the contribution of each cell type was estimated using the equations above.  Yet again the 

contribution of the U937 cells was limited.  For MMP-1, IL-8 and MCP-1, the 

synoviocytes account for nearly 85% of the production.  The production of MMP-3 was 

again more evenly spilt, ~62% for the synoviocytes and ~38% for the pellets.  It appears 

that the estimation techniques are mostly in agreement.  It should be noted that in none of 

the three estimation techniques is the actual protein production from each cell type in the 

full coculture model measured, thus these results represent an estimation and not actual 

protein production contributions. 

At least two other options for examining the contribution of each cell type were 

considered.  In order to investigate the contribution of each cell type, comparisons 

between dual cocultures could be compared.  In other words, conditioned media from 
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synoviocytes and U937 cells, synoviocytes and pellets, and U937 cells and pellets could 

be compared.  The problem with this approach is it leaves out the full interaction of all 

three cell types.  Further, in several instances, dual cocultures produced higher 

concentrations of a protein of interest than full triple cocultures, confounding the 

analysis.  This is likely due to the interaction of the three cell types.  Another option was 

to use three different species for the analysis.  Several concerns exist with this method.  It 

is questionable that an ELISA will be able to tell the difference between species 

sufficiently to feel confident in the analysis.  It is questionable that the different species 

will be able to interact and signal sufficiently.  Finally, it is questionable that a human 

cell will respond equally as another species.  Given that this project is to model the 

human condition, the use of human cells is vital. 

Overall it appears, the synoviocytes accounted for the bulk of the production of the 

proteins found in conditioned media with the pellets contributing to the production of 

MMP-3.  In the studies of the pellet chondrogenic period, the time of differentiation did 

not appear to affect the production of IL-8, MCP-1 or MMP-1.  This is consistent with 

the synoviocyte contribution data.  If the pellets do not contribute to the production of 

these proteins, then changing the pellet will have no effect.  In terms of MMP-3, the 

chondrogenic period did affect MMP-3 production. Also, MMP-3 production was more 

evenly split between the synoviocytes and pellets.  This is in agreement.  A difference in 

the pellets should lead to differences in MMP-3 production. 

Although, it appears from the estimates of contributions that the U937 cells do not 

play a dramatic role in the coculture system, the addition of U937 cells to the cultures 

significantly increased GAG loss in the system (Figure 4.13).  Further, as shown in 

(Figure 4.14), production of the OA proteins significantly increased in full coculture 

systems as compared to pellets with synoviocytes alone.  Although, it appears that the 
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U937 cells do not produce the proteins, it is possible the monocytes activate the 

synoviocytes to increase protein production leading to GAG loss in the pellet.  This 

finding is in agreement with current thought on OA.  In recent years, the importance of 

the synovium in OA has been highlighted in both in vitro and in vivo studies.  It is 

thought that activated synovial macrophages stimulate synovial fibroblasts, leading to the 

production of pro-inflammatory cytokines, degradative enzymes, MMPs and quite 

possible aggrecanases.  These proteins all have a role in the pathology of OA [188].  This 

clinical result appears to be mirrored by the U937 cells in this culture system. 

Serum supplementation was hypothesized to create a more protective environment 

for the pellet.  This is crucial to extending the cultures in order to model the full 

progression of OA, from early to late stage.  The goal of this work was to maintain the 

three crucial criteria in the presence of ITS-X, loss of GAG, increased MMP and cytokine 

production, and an initial repair response at early time points.  Pellets were cultured 4 

days in media alone with or without ITS-X.  In these cultures, GAG released to the 

medium was significantly decreased while GAG retained was significantly increased.  

Aggrecan gene expression was also significantly increased.  While ITS-X was able to 

improve matrix supposition, there was no change in cell number as measured by DNA 

content (Figure 4.15).  This data suggests that the serum supplementation was able to 

provide a less catabolic environment for the pellets, even with pellets in medium alone.  

Extending this to the full coculture, serum supplementation was tested to see if this 

protective effect maintained a significant increase in GAG loss in the full cocultures as 

compared to other cultures, pellets alone, pellets with synoviocytes or pellets with U937 

cells.  Across all four culture systems, ITS-X was able to decrease GAG released by 69% 

as well as increase GAG retained by 67%.  This dramatic reduction in GAG loss, 

however, was fairly uniform across all groups meaning the significant increase in GAG 
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loss was still observed.  The protein production in the cocultures was also affected by the 

addition of ITS-X.  As shown in Figure 4.17, both MMP-1 and MMP-3 were reduced to 

only 20% of the production levels in cultures without ITS-X.  The cytokines IL-8 and 

MCP-1 were largely unaffected.  This reduction in the degradative enzymes likely 

contributes to the reduction in GAG loss observed in the ITS-X containing cultures.  

Although the levels of degradative enzymes are reduced as well as the GAG loss, both 

are still significantly increased in the full cocultures.  Due to the increase in cell health, 

ITS-X was included in all future work.  This reduction in the catabolic environment also 

allows for an extended culture period. 

Modeling the cartilage component is essential when designing each aspect of a 

progressive model of OA.  Of the several possibilities, mesenchymal stem cell pellets 

were shown to be a viable option moving forward.  Understanding the contribution of 

each cell type in a model of OA is also important to the understanding of the model.  To 

this end, it appears the synoviocytes accounted for the bulk of the production of the 

proteins found in conditioned media with the pellets contributing to the production of 

MMPs.  Finally, the addition of a serum supplement, ITS-X, was investigated in order to 

determine the effect on the cultures in terms of the ability to slow and extend the cultures 

in order for a more thorough analysis.  While the levels of degradative enzymes are 

reduced as well as the GAG loss, both are still significantly increased in the full 

cocultures.  This reduction in the catabolic environment also allows for an extended 

culture period.  The goal of these experiments was to gain a better understanding of the 

interconnected role of the synovium and cartilage and ensure an OA environment.  This 

work provides a basis for study of the model in the context of a progressive model of OA. 
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4.4. Conclusions 

In order to design the correct OA model several important questions had to be 

investigated first.  These included examining the cartilage model, serum supplementation 

and the contribution of each cell type.  Given the similarity between the results for the 

chondrogenic periods, the increase in hypertrophy in the longer chondrogenic periods, 

and the reduced therapeutic window for the 4 week pellets, it appears that the 2 week 

pellet is sufficient and perhaps superior to the other chondrogenic periods.  With the 

addition of the serum supplement, ITS-X, the levels of degradative enzymes were 

reduced as well as the GAG loss, however, both were still significantly increased in the 

full cocultures.  This reduction in the catabolic environment also allows for an extended 

culture period.  Finally, it appears the synoviocytes accounted for the bulk of the 

production of the proteins found in conditioned media with the pellets contributing to the 

production of MMPs.  Although, it appears that the U937 cells do not directly produce 

the OA proteins, it is possible the monocytes activate the synoviocytes to increase protein 

production leading to GAG loss in the pellet.  This is similar to the clinical situation 

where it is thought that activated synovial macrophages stimulate synovial fibroblasts, 

leading to the production of pro-inflammatory cytokines, degradative enzymes, MMPs 

and quite possible aggrecanases. 
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5. Development of a coculture model of OA 

5.1. Introduction 

Osteoarthritis (OA) of the knee, characterized most prominently by knee pain and 

eventual loss of joint function [189] occurs with increasing frequency and severity with 

age and remains a significant unmet medical need worldwide.  It is the most common 

form of arthritis in the United States, an estimated 27 million adults had OA in 2005 [1].  

Treatment of both pain and structural damage progression are challenging, with current 

pain therapies providing inconsistent benefit and treatments to halt or slow loss of 

structural integrity nonexistent [4, 5]. 

Although the facets of OA are not well understood, it is clear that the disease 

represents a complex combination of metabolic processes affecting the cartilage, 

underlying bone, synovium, and surrounding tissues of articular joints [6, 28].  This 

complexity makes it difficult to develop accurate models.  There are animal models that 

are used for studying OA including surgical instability models, such as anterior cruciate 

ligament (ACL) transection, genetic models such as the STR/ort mouse model, and 

spontaneous models, such as the Duncan Hartley guinea pig [30, 31, 190].  Given the 

cost, time, and complexity associated with performing in vivo studies, preliminary study 

of disease biology as well as identification, validation and testing of potential therapeutic 

targets can benefit greatly from studies initially performed in vitro in well-designed 

models ideally translatable to both in vivo research and clinical settings. 

In vitro, OA is most often studied through monolayer cultured primary cells 

exposed to high concentrations of cytokines or chemokines [32].  In contrast to complex 

in vivo models, cell culture can provide a simplified, cost-effective and focused analysis.  

However, this approach can produce results that are overly simplified or less relevant to 
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the in vivo situation.  With the analysis focused on limited numbers and/or types of cells,  

the essential positive and negative feedback signals from key cells necessary to duplicate 

clinical outcomes may be missing in these cultures. 

 Previously the utility in combining tissue engineered cartilage with conditioned 

medium from macrophages as compared to monolayer cultures with supra-physiological 

concentrations of cytokines was reported [36].  Although this work was done with very 

high concentrations of cytokines not matching physiological levels present in OA, this 

result showed that the inclusion of macrophages, cells present in OA joints [191], created 

a more realistic in vitro model of the disease.  Macrophages and fibroblasts communicate 

via soluble autocrine, paracrine and juxtacrine signals associated with direct cell-cell 

contacts [192 – 194].  Hence, both chemical and physical cues exchanged between 

macrophages and fibroblasts can be important in OA.  Further, it can be beneficial to use 

a 3D human tissue system, as cell-cell and cell–extracellular matrix interactions are 

important for the study of cartilage, and these conditions are poorly reflected by 

conventional two-dimensional (2D) cell culture systems [33]. 

 The hypothesis was that a 3D cartilage component interacting with synoviocytes 

as well as macrophages would simulate a disease environment similar to that present in 

developing OA.  Further, having all human-derived cells would allow this in vitro OA 

model to be useful to understand the formation and progression of OA as well as 

screening for disease modifying drugs in a clinically relevant system.  The coculture 

system as a model of early stage OA is based on three criteria: the production of 

cytokines and degradative enzymes resulting in a conditioned medium profile similar to 

OA synovial fluid, the release of glycosaminoglycan (GAG) from the cartilage 

component, and an early anabolic response [195].  In a similar manner, the system will be 

judged as late stage OA based on the following criteria: a decrease in the production of 
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degradative enzymes, the continued loss of GAG from the cartilage component, and the 

loss of the early anabolic response.  Under the right conditions, these cells would 

progress from early to late stage OA mimicking these hallmarks of the disease through 

the progression of OA.  A secondary goal of this research was to investigate the role of 

the role of IL-1�  and MMPs in the GAG loss by the cartilage component using 

commercially available inhibitors.  By choosing to study this model at various time 

points, the model could be useful to understand the progression of OA as well as 

screening for disease modifying drugs in a clinically relevant in vitro system. 

5.2. Results 

5.2.1. Cocultures significantly increase OA protein production 

Four day cocultures were assayed for OA-associated proteins produced in the 

pellet-containing systems.  These proteins were significantly increased in the full 

coculture (pellets plus synoviocytes and U937s) as compared to the other groups (Table 

5.1).  Conditioned media from pellets alone or pellets cultured with U937 cells did not 

contain appreciable concentrations of most of these proteins.  Media from pellets in the 

presence of synoviocytes contained most of these proteins, but media from the full 

coculture (pellets, synoviocytes and U937 cells) produced the highest levels. 
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Table 5.1: Production of OA proteins in pellet-containing culture systems. Each row 

represents a different pellet-containing culture system. Media = media alone, Syn = 

synoviocytes alone, U937 = U937 cells alone, Syn/U937 = full coculture. The actual 

protein concentrations ± SEM (pg/mL) for each group are shown in that corresponding 

row. Each group is compared to the Syn/U937 group with * = p < 0.05, ** = p < 0.01, 

*** = p < 0.001 when compared to Syn/U937 group. ND = not detected. NS = Not 

significant. IL-1�  and TNF-�  were not detected in any group. 

 IL-8 MCP-1 MIP-1 �  RANTES VEGF MMP-1 MMP-3 

Media ND 

 

*** 

7.1 

± 0.5 

*** 

11.3 

± 2.7 

*** 

ND 

 

*** 

10.2 

± 4.2 

*** 

ND 

 

*** 

175 

± 43.1 

*** 

Syn 30.7 

± 1.0 

*** 

407 

± 18.1 

*** 

11.1 

± 2.0 

*** 

9.3 

± 0.6 

*** 

47.1 

± 3.1 

*** 

270 

± 13.6 

*** 

554 

± 39.7 

NS 

U937 ND 

 

*** 

7.5 

± 0.8 

*** 

10.6 

± 1.7 

*** 

ND 

 

*** 

12.2 

± 4.0 

*** 

ND 

 

*** 

87.6 

± 21.8 

*** 

Syn/U937 104 

± 4.8 

 

3530 

± 330 

 

24.4 

± 1.8 

 

132 

± 7.2 

 

208 

± 5.3 

 

480 

± 22.1 

 

524 

± 51.5 

 

 

5.2.2. Cocultures increase GAG loss 

Stem cell pellets that were cultured in the presence of synoviocytes and U937 

cells showed significantly more GAG released to the conditioned medium over the 14 

day cultures.  As shown in Figure 5.1, there was a significant increase in GAG released 

when comparing the pellets with the full coculture to pellets alone, pellets with 

synoviocytes alone, and pellets with U937 cells alone.  In a similar manner, the pellets 

with the cocultures retained a significantly lower amount of GAG in the pellet as 
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compared to the other groups.  This effect was observed at day 4, day 7 and day 14 

(Figure 5.2). 

 

Figure 5.1: GAG released to the conditioned media on day 4, 7 and 14.  Each bar 

represents a group containing pellets cultured with the corresponding title.  Media = 

media alone, Syn = synoviocytes alone, U937 = U937 cells alone, Syn/U937 = full 

coculture.  * = p < 0.05, ** = p < 0.01, *** = p < 0.001 when compared to Syn/U937 

group. 

 

Figure 5.2 GAG retained in the pellets.  GAG retained relative to total GAG (retained + 

released) on day 4, 7 and 14 respectively.  Each bar represents a group containing pellets 

cultured with the corresponding title.  Media = media alone, Syn = synoviocytes alone, 

U937 = U937 cells alone, Syn/U937 = full coculture.  * = p < 0.05, ** = p < 0.01, *** = 

p < 0.001 when compared to Syn/U937 group. 
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5.2.3. Cocultures increase MMP and cytokine production 

 As shown above, the full coculture produced many proteins found in OA 

synovial fluid including MMP-1, MMP-3, IL-8, and MCP-1.  It should be noted, that 

both IL-1�  and TNF-�  were not detected in the conditioned media.  Over the 14 day 

culture, accumulation of degradative enzymes and cytokines was significantly increased 

in the full cocultures as compared to the other groups.  As in previous chapters, MMP-1 

and MMP-3 are representative degradative enzymes.  IL-8 and MCP-1 are representative 

cytokines.  In Figure 5.3, total MMP-1 production was increased over the 14 days of 

culture.  The total accumulation of MMP-1 in the full cocultures was 2600 pg, 4500 pg, 

or 5700 pg for day 4, day 7, or day 14 respectively. 

 

Figure 5.3 MMP-1 in conditioned media.  MMP-1 from pellet-containing cultures for day 

4, 7, and 14, respectively.  Each bar represents a group containing pellets cultured with 

the corresponding title.  Media = media alone, Syn = synoviocytes alone, U937 = U937 

cells alone, Syn/U937 = full coculture.  * = p < 0.05, ** = p < 0.01, *** = p < 0.001 

when compared to Syn/U937 group. 

 

As shown in Figure 5.4, MMP-3 accumulation increased over the 14 days of 

culture, but the bulk of the production happened over the first 4 days.  The total 

accumulation of MMP-3 in the full cocultures was 2250 pg, 2510 pg, or 2550 pg for day 

4, day 7, or day 14 respectively. 
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Figure 5.4 MMP-3 in conditioned media.  MMP-3 from pellet-containing cultures for day 

4, 7, and 14 respectively.  Each bar represents a group containing pellets cultured with the 

corresponding title.  Media = media alone, Syn = synoviocytes alone, U937 = U937 cells 

alone, Syn/U937 = full coculture.  * = p < 0.05, ** = p < 0.01, *** = p < 0.001 when 

compared to Syn/U937 group. 

 

The production rate, picograms of protein per day, of the two degradative 

enzymes is shown in Figure 5.5.  The MMP-1 production rate does not change between 

day 4 and day 7.  By day 14, the production rate drops to about 28% of the day 4 and day 

7 rates.  MMP-3, however, follows a much different arc.  The bulk of the protein, 88% is 

produced in the first 4 days.  Due to this, the production rate of MMP-3 by day 7 is only 

15% of the rate on day 4.  By day 14, the production rate is only 1% of the day 4 rate. 
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Figure 5.5:  Production rates for MMPs. Production of MMP-1 (black bars) and MMP-3 

(white bars).  For each day, the amount produced over the given time period was divided 

by the amount of days in that period giving an amount of protein produced per day.  * = p 

< 0.001 when compared to Day 4.  # = p < 0.001 when compared to Day 7. 

 

In Figure 5.6, IL-8 accumulation increased over the 14 days of culture.  The total 

accumulation of IL-8 in the full cocultures was 236 pg, 480 pg, or 966 pg for day 4, day 

7, or day 14 respectively.  A similar trend was observed with MCP-1 (Figure 5.7).  The 

total accumulation of MCP-1 in the full cocultures was 4520 pg, 6540 pg, or 9630 pg for 

day 4, day 7, or day 14 respectively. 
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Figure 5.6: IL-8 in conditioned media.  IL-8 from pellet-containing cultures for day 4, 7, 

and 14 respectively.  Each bar represents a group containing pellets cultured with the 

corresponding title.  Media = media alone, Syn = synoviocytes alone, U937 = U937 cells 

alone, Syn/U937 = full coculture.  * = p < 0.05, ** = p < 0.01, *** = p < 0.001 when 

compared to Syn/U937 group. 

 

 

Figure 5.7:  MCP-1 in conditioned media.  MCP-1 from pellet-containing cultures for day 

4, 7, and 14 respectively.  Each bar represents a group containing pellets cultured with the 

corresponding title.  Media = media alone, Syn = synoviocytes alone, U937 = U937 cells 

alone, Syn/U937 = full coculture.  * = p < 0.05, ** = p < 0.01, *** = p < 0.001 when 

compared to Syn/U937 group. 

 

5.2.4. Cocultures initiate a repair response 

Pellets cultured with the full coculture had significantly up-regulated aggrecan 

expression as compared to the other groups at day 4.  This change is significantly 
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increased with regard to pellets alone, pellets with synoviocytes or pellets with U937s.  

There were no significant differences at day 7.  By day 14, pellets cultured with the full 

coculture had significantly down-regulated aggrecan expression as compared to the other 

groups.  Over the full timeline, aggrecan expression was up-regulated at early time 

points, but down-regulated at late time points (Figure 5.8).  For reference, the data before 

normalization to pellets alone (Media) can be found in the Appendix (Figure 8.43 – 

Figure 8.45). 

 

Figure 5.8: Aggrecan relative gene expression.  Expression in pellet cultures from day 4, 

7 and 14 respectively.  All expression has been normalized to media alone at each 

respective day.  Each bar represents the gene expression from pellets cultured with the 

corresponding title.  Media = media alone, Syn = synoviocytes alone, U937 = U937 cells 

alone, Syn/U937 = full coculture.  * = p < 0.05, ** = p < 0.01, *** = p < 0.001 when 

compared to Syn/U937 group. 

 

 This initial repair response led to an increased total GAG in the full cocultures 

(Figure 5.9).  Total micrograms of GAG released over the full 14 day cultures plus the 

GAG remaining in the pellet GAG at day 14 was measured.  There was significantly 

more GAG in the full coculture system as compared to the other cultures.  In pellets 

cultured in medium alone, there was a total of 18.6 � g of GAG.  In pellets with 

synoviocytes, there was a total of 21.8 � g GAG.  In pellets with U937 cells, there was a 
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total of 20.8 � g of GAG.  However, in the full cocultures there was a total of 26.2 � g of 

GAG, an increase of over 25% compared to the other three groups. 

 

Figure 5.9:  Total GAG (released plus retained) at day 14.  Media = media alone, Syn = 

synoviocytes alone, U937 = U937 cells alone, Syn/U937 = full coculture.  * = p < 0.05, 

** = p < 0.01, *** = p < 0.001 when compared to Syn/U937 group. 

 

5.2.5. Role of IL-1�  and MMPs 

Like all previous work, IL-1�  was not detected in the conditioned media of any 

of the cultures.  IL-1Ra, the natural inhibitor of IL-1� , was used to further investigate the 

role, if any, of IL-1�  in these cultures.  The addition of IL-1Ra did not appear to affect 

GAG loss in the full coculture systems.  There was no significant difference between 

cocultures and cocultures with IL-1Ra.  In contrast, cultures containing the MMP 

inhibitor were similar to pellets alone.  Specifically, the presence of the MMP inhibitor 

significantly reduced the amount of GAG lost to the media and likewise increased the 
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amount of GAG retained in the pellets.  These results are shown in Figure 5.10 (GAG 

released) and Figure 5.11 (GAG retained). 

 

Figure 5.10: GAG released to the conditioned media on day 4, 7 and 14.  Each bar 

represents a group containing pellets cultured with the corresponding title.  Media = 

media alone, Coculture =  full coculture, Coc IL-1Ra = full coculture with IL-1Ra 

present, Coc MMP Inhib = full coculture with MMP inhibitor present.  Significance was 

set at p < 0.05.  a = different compared to Media, b = different compared to Coculture, c 

= different compared to Coc IL-1Ra, d = different compared to Coc MMP Inhib. 
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Figure 5.11:  GAG retained in the pellets.  GAG retained relative to total GAG (retained 

+ released) on day 4, 7 and 14 respectively.  Each bar represents a group containing 

pellets cultured with the corresponding title.  Media = media alone, Coculture =  full 

coculture, Coc IL-1Ra = full coculture with IL-1Ra present, Coc MMP Inhib = full 

coculture with MMP inhibitor present.  Significance was set at p < 0.05.  a = different 

compared to Media, b = different compared to Coculture, c = different compared to Coc 

IL-1Ra, d = different compared to Coc MMP Inhib. 

 

While there appears to be a reduction in the GAG lost, the MMP inhibitor did not appear 

to reduce protein production.  IL-1Ra did not affect protein production as well.  There 

were no significant differences between the coculture, the coculture plus IL-1Ra, and the 

coculture plus the MMP inhibitor for MMP-3 (Figure 5.13), IL-8 (Figure 5.14), or MCP-

1 (Figure 5.15).  There was a small, significant reduction in MMP-1 (Figure 5.12) when 

comparing the coculture to the coculture plus MMP inhibitor.  The MMP inhibitor 

cultures had only about 80% of the MMP-1 as compared to the coculture without the 

inhibitor. 
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Figure 5.12: MMP-1 production on day 4, 7 and 14.  Each bar represents a group 

containing pellets cultured with the corresponding title.  Media = media alone, Coculture 

= full coculture, Coc IL-1Ra = full coculture with IL-1Ra present, Coc MMP Inhib = full 

coculture with MMP inhibitor present.  Significance was set at p < 0.05.  a = different 

compared to Media, b = different compared to Coculture, c = different compared to Coc 

IL-1Ra, d = different compared to Coc MMP Inhib. 

 

 

Figure 5.13: MMP-3 production on day 4, 7 and 14.  Each bar represents a group 

containing pellets cultured with the corresponding title.  Media = media alone, Coculture 

= full coculture, Coc IL-1Ra = full coculture with IL-1Ra present, Coc MMP Inhib = full 

coculture with MMP inhibitor present.  Significance was set at p < 0.05.  a = different 

compared to Media, b = different compared to Coculture, c = different compared to Coc 

IL-1Ra, d = different compared to Coc MMP Inhib. 
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Figure 5.14:  IL-8 production on day 4, 7 and 14.  Each bar represents a group containing 

pellets cultured with the corresponding title.  Media = media alone, Coculture = full 

coculture, Coc IL-1Ra = full coculture with IL-1Ra present, Coc MMP Inhib = full 

coculture with MMP inhibitor present.  Significance was set at p < 0.05.  a = different 

compared to Media, b = different compared to Coculture, c = different compared to Coc 

IL-1Ra, d = different compared to Coc MMP Inhib. 

 

 

Figure 5.15:  MCP-1 production on day 4, 7 and 14.  Each bar represents a group 

containing pellets cultured with the corresponding title.  Media = media alone, Coculture 

= full coculture, Coc IL-1Ra = full coculture with IL-1Ra present, Coc MMP Inhib = full 

coculture with MMP inhibitor present.  Significance was set at p < 0.05.  a = different 

compared to Media, b = different compared to Coculture, c = different compared to Coc 

IL-1Ra, d = different compared to Coc MMP Inhib. 
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5.3. Discussion 

OA is a progressive disease that can manifest over a period of many years.  

Modeling of this progression is difficult, but by understanding the mechanism of synovial 

and cartilage degeneration, more effective therapies and targets can be developed.  In this 

line of study, an in vitro model of OA consisting of human synoviocytes, U937 cells, a 

human monocytic cell line, and human mesenchymal stem cell pellets was examined.  

The results show that these cultures appear to progress through early-stage OA to late-

stage OA mimicking many of the hallmarks of these stages. 

Early stage OA is a complex combination of both a catabolic and anabolic 

environment marked by degradation of cartilage and increases in degradative enzymes 

and pro-inflammatory cytokines.  MMP-1 and MMP-3 are present in high levels in OA 

synovial fluid and osteoarthritic cartilage has been shown to increase gene expression of 

these MMPS as well [51, 196].  GAG loss and a reduction in collagen II content occurs in 

the cartilage [42].  At this early stage, there is a repair response in the cartilage with 

increased aggrecan and collagen II gene expression [197, 198].  Late stage OA is marked 

by the continuing loss of GAG [69].  However, in late stage OA, there is a decrease in 

MMP-1 and MMP-3 [51, 196, 199].  Lastly, there is also reduced expression of aggrecan 

[197], likely representing a loss of the repair response as this situation nears end-stage. 

In these studies, the coculture system responded in a similar manner compared to 

early stage OA at day 4 and progressed to late stage OA by day 14.  In general, the 

coculture model was explored using four groups.  The first was pellets alone, a model of 

just the cartilage component.  The second was pellets plus synovial fibroblasts, a control 

group containing only one part of the synovial component.  The third group was pellets 

plus U937 cells, a control group containing the other cell type of the synovial component.  
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The fourth group is the full coculture containing all three components, pellets, synovial 

fibroblasts and U937 cells. 

The full coculture group consistently increased proteins related to OA as 

compared to the control groups at day 4.  As shown in Table 5.1, across the seven OA-

related proteins, the full coculture (Syn/U937 group) had significantly higher 

concentrations of each protein than all other groups.  The pellet alone group (Media) and 

pellet plus U937 group (U937) had about 10 pg/mL or less of all proteins except MMP-3.  

In terms of MMP-3 production, the full coculture has 3 and 6 fold higher concentrations 

than the pellet alone or pellet plus U937 group, respectively.  The pellet plus synoviocyte 

group has some level of protein production, more than the other two control groups.  

However, the full coculture still was about 5 fold higher when averaging across all 7 

proteins.  This ranged from about even production in MMP-3 to about 15 fold higher 

RANTES production.  In summary, the conditioned media from the full cocultures 

contained more OA-related proteins and potentially a more OA-like environment. 

A hallmark of both early and late stage OA is the progressive loss of 

proteoglycan in cartilage.  As shown in Figure 5.1, the full coculture significantly 

increased GAG released to the conditioned media.  At day 4, the full coculture 

(Syn/U937) released 2.8 fold, 1.8 fold, and 2.0 fold the GAG released by the pellets alone 

(Media), pellets plus synoviocytes (Syn), and pellets plus U937 cells (U937), 

respectively.  This difference is maintained at day 14.  There was still a significant 

increase in GAG released as compared to the other groups.  At day 14, the full coculture 

(Syn/U937) released 2.4 fold, 1.4 fold, and 1.6 fold the GAG released by the pellets alone 

(Media), pellets plus synoviocytes (Syn), and pellets plus U937 cells (U937), 

respectively.  This data was mirrored in the diminished percentage GAG retained, Figure 

5.2.  In this measurement at day 4, the full coculture (Syn/U937) retained only 45%, 51%, 
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and 53% the GAG retained by the pellets alone (Media), pellets plus synoviocytes (Syn), 

and pellets plus U937 cells (U937), respectively. This difference was maintained at day 

14, the full coculture (Syn/U937) retained only 56%, 70%, and 66% the GAG retained by 

the pellets alone (Media), pellets plus synoviocytes (Syn), and pellets plus U937 cells 

(U937), respectively. 

The second benchmark of a model of OA is related to the level of degradative 

enzymes, specifically MMP-1 and MMP-3.  In early stage OA, there is an increase in 

MMP-1 and MMP-3.  However, in late stage OA, there is a decrease in MMP-1 and 

MMP-3 [51, 196,].  As shown in Figure 5.3, there was a significant increase of MMP-1 in 

conditioned media from the full coculture (Syn/U937) as compared to the other groups at 

each time point.  Over the full two weeks, there was 16 fold, 1.7 fold, and 32 fold MMP-

1 in the conditioned media as compared to pellets alone (Media), pellets plus 

synoviocytes (Syn), and pellets plus U937 cells (U937), respectively.  This trend was 

mirrored in MMP-3 production as well, although less dramatic (Figure 5.4).  Over the full 

two weeks, there was 4.3 fold, 1.3 fold, and 2.9 fold MMP-1 in the conditioned media as 

compared to pellets alone (Media), pellets plus synoviocytes (Syn), and pellets plus U937 

cells (U937), respectively.  While the increase in MMPs is readily apparent, in order to 

investigate the decrease in MMPs over time, the production rate was examined.  As 

shown in Figure 5.5, the production rate in the full coculture of both MMP-1 and MMP-3 

decreased significantly.  The production rate was measured by picograms of protein per 

day.  For MMP-1, at day 4 the production rate was about 650 pg/day.  At day 7, the 

MMP-1 production rate dropped a mild 5% to about 620 pg/day.  However, at day 14, the 

MMP-1 production rate dropped 73% to only about 175 pg/day.  A more dramatic 

decrease was seen with MMP-3.  At day 4 the production rate was about 560 pg/day.  At 

day 7, the MMP-3 production rate decreased significant 85% to about 87 pg/day.  Finally, 
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at day 14, the MMP-3 production rate decreased to only 1% of the day 4 rate, about 6 

pg/day.  It would appear the full coculture had a large increase in MMP production 

initially (day 4), while a decrease in MMP production in longer term cultures (day 14).  

This mirrors the progression from early stage to late stage OA. 

The last point of comparison between the model and the clinical progression of 

OA was an investigation of a potential repair response.  As shown in Figure 5.8, aggrecan 

expression in the pellets from the full coculture was significantly increased as compared 

to the other pellet controls.  This is similar to early stage OA, when the cartilage tissue is 

able to undergo an incomplete repair response.  At day 14, aggrecan expression was 

down-regulated in the pellets from the full coculture compared to other pellet controls.  

This is similar to late stage OA, when the tissue is no longer able to mount a repair 

response.  Clearly as described above, the repair response is unable to combat the loss of 

GAG in the full coculture.  However, an interesting result of this repair response is the 

total amount of GAG present in the culture systems.  In the control cocultures, i.e. the 

pellets alone (Media), the pellets plus synoviocytes (Syn) and the pellets plus U937 cells 

(U937), there was a similar amount of total GAG over the 14 day coculture (Figure 5.9).  

In these three cultures there was about 20 � g of GAG combined between the amount 

released to the media and remaining in the pellet.  However, in the full coculture 

(Syn/U937), there was a significant increase in total GAG of the culture system.  This 

increase resulted in between 20-40% more total GAG in the system.  The repair response 

was evident in this measurement, even if it could not maintain GAG in the pellet. 

In addition to the degradative enzyme activity, pro-inflammatory cytokines were 

found in the conditioned media of the coculture systems.  As shown in Figure 5.6, there 

was a significant increase of IL-8 in conditioned media from the full coculture 

(Syn/U937) as compared to the other groups at each time point.  Each group increased the 
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cumulative production of IL-8 over time with the full coculture maintaining a large 

difference over the control groups.  On average across the three time points, there was 

210 fold, 6 fold, and 70 fold the IL-8 concentration in the conditioned media as compared 

to pellets alone (Media), pellets plus synoviocytes (Syn), and pellets plus U937 cells 

(U937), respectively.  The full coculture also increased 45% comparing day 7 to day 4.  

This continued with the cumulative amount of IL-8 at day 14 over 2 fold the 

concentration at day 4.  This trend was mirrored in MCP-1 production as well.  As shown 

in Figure 5.7, there was a significant increase of MCP-1 in conditioned media from the 

full coculture (Syn/U937) as compared to the other groups at each time point.  Each 

group increased the cumulative production of MCP-1 over time with the full coculture 

maintaining a large difference over the control groups.  On average across the three time 

points, there was 225 fold, 3 fold, and 25 fold the MCP-1 concentration in the 

conditioned media as compared to pellets alone (Media), pellets plus synoviocytes (Syn), 

and pellets plus U937 cells (U937), respectively.  The full coculture also increased 2 fold 

when comparing day 7 to day 4.  This continued with the cumulative amount of MCP-1 

at day 14 over 4 fold the concentration at day 4.  Although not analyzed, the production 

of other pro-inflammatory cytokines likely follows a similar pattern.  As described above, 

on day 4, there was a significant increase in IL-8, MCP-1, MIP-1� , RANTES, and VEGF 

in the full coculture as compared to the other groups.  Given the results of IL-8 and MCP-

1 at days 7 and 14 matched these day 4 results, MIP-1� , RANTES, and VEGF likely have 

significant increases at day 7 and 14 as well. 

Overall, the model presented here appears to progress in a similar manner to 

clinical OA.  The model consists of a synovial and cartilage component interacting in a 

degradative environment containing pro-inflammatory cytokines and degradative 

enzymes.  At day 4, the model increased GAG loss, increased MMPs, and had an 
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increased repair response.  These results are similar to early stage OA.  At day 14, there 

was a continued loss of GAG in the cartilage component, a decrease in MMP production 

and a diminished repair response.  These results appear similar to late stage OA.  From 

day 4 through day 14, the model appeared to progress from early to late stage OA as 

measured by these benchmarks. 

The role of IL-1�  has long been studied in OA, both in vitro and in vivo [40 – 

45].  However, the inconsistent or outright absence of detectable IL-1�  in OA synovial 

fluid, serum or synovial tissue [20 – 26] makes the concept of IL-1�  driving the 

degradation in OA questionable.  IL-1 receptor antagonist (IL-1Ra) is a naturally 

occurring, specific antagonist of either IL-1�  or IL-1�  [62].  It has been shown that in 

vitro 10-100 times the amount of IL-1Ra is needed to inhibit IL-1� .  In vivo, there needs 

to be 100-2000 times more IL-1Ra than IL-1�  [63, 64].  As in previous work, IL-1�  was 

not detected in these cultures.  The lower limit of the assay range on the IL-1�  ELISA 

used was 3.9 pg/mL.  This means that at the concentration of IL-1Ra used, 100 ng/mL, 

there was an excess of 25,000-fold.  As shown in Figure 5.10 (GAG released) and Figure 

5.11 (GAG retained), the presence of IL-1Ra did not affect GAG loss.  There was no 

significant difference between cocultures with or without IL-1Ra in terms of GAG loss.  

In terms of protein production, no significant difference was seen with IL-1Ra.  There 

was no change in MMP-1 (Figure 5.12), MMP-3 (Figure 5.13), IL-8 (Figure 5.14), or 

MCP-1 (Figure 5.15) production with the presence of IL-1Ra.  Given the large excess and 

lack of results with IL-1Ra and the inability to detect IL-1� , it appears IL-1�  does not 

play a role in this model system. 

In the coculture, both MMP-1 and MMP-3 were found in the conditioned media.  

In order to understand whether MMPs were responsible for the degeneration of the pellet, 

Batimastat, a broad spectrum MMP inhibitor was added to cocultures.  Batimastat is an 
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MMP inhibitor that has been widely used with potent inhibition of MMP-1 and MMP-3.  

The 50% inhibitor concentration (IC-50) for MMP-1 and MMP-3 are 3 and 20 nM, 

respectively.   A useful tool for testing hypotheses and probing in vitro models, the 

development of this type of compound for clinical use was halted due to toxicity, 

bioavailability, and clearance rates among other reasons [200].  In experiments with the 

coculture model, batimastat was used at concentrations up to 1 � M.  This equates to over 

300 fold the IC-50 against MMP-1 and 50 fold the IC-50 for MMP-3.  As shown in 

Figure 5.10, the MMP inhibitor was able to significantly reduce GAG released to the 

media.  In this study, like all previous studies, the full coculture significantly increased 

the amount of GAG released to the media compared to pellets alone at each time point.  

At day 4, 7 or 14, there was an increase in GAG released by 60%, 90%, or 105%, 

respectively.  When the MMP inhibitor was added to the full coculture there was a 

significant reduction in GAG released.  At day 4, 7 or 14, there was a decrease in GAG 

released compared to the full coculture alone of 20%, 30%, or 37%, respectively.  In fact, 

there were no significant differences between the pellets alone and the full coculture with 

MMP inhibitor in terms of GAG release.  Very complimentary results were seen in the 

percentage of GAG retained as shown in Figure 5.11.  In the full coculture there was a 

significant decrease in amount of GAG retained compared to pellets alone at day 4, 7 and 

14.  However, the inclusion of the MMP inhibitor halted this loss.  Again, there were no 

significant differences between the full coculture with MMP inhibitor and the pellets 

alone.  This data suggests that the MMP inhibitor was able to fully protect the pellets.  

Further, the data suggests that the degradative activity of the coculture is likely at least 

partially from MMP activity. 

While the inhibitor was effective at reducing the MMP activity in degrading the 

pellet, production of OA proteins was largely unchanged.  In terms of IL-8 (Figure 5.14) 
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or MCP-1 (Figure 5.15) protein production, there were no significant differences between 

the full coculture and the full coculture with MMP inhibitor. There was about a 50-100 

fold increase in IL-8 production in full cocultures as compared to pellets alone.  In terms 

of MCP-1, there was a 100-200 fold increase in full cocultures as compared to pellets 

alone.  The effect of the MMP inhibitor on MMP production was slightly different.  

There were no significant differences in cocultures with or without the MMP inhibitor in 

terms of MMP-3 production (Figure 5.13), similar to IL-8 and MCP-1.  There was an 

increase of 60-250 fold in terms of MMP-3 production in full cocultures compared to 

pellets alone.  The exception was MMP-1.  There was a significant reduction in MMP-1 

at days 7 and 14.  At both of these time points, there was about a 30 fold increase in 

MMP-1 production in full cocultures as compared to pellets alone.  When the MMP 

inhibitor was included in the full coculture, there was a significant 15% or 20% reduction 

in MMP-1 for day 7 and day 14, respectively.  While this difference is significant, there 

is still nearly 25 fold more MMP-1 than in the pellets alone cultures.  It would appear that 

although MMP inhibition protected the pellet, the concentration of the OA proteins is 

largely unchanged.  This is not surprising given the mechanism of batimastat.  Batimastat 

has a peptide backbone that reversibly binds to MMPs and inactivates catalytic activity.  

Therefore, batimastat largely works on the MMPs that have been produced, not on the 

production of MMPs. 

In order to have consistency among experiments, stem cells were chosen as the 

cell source for the cartilage component.  As described in Chapter 4, stem cells have been 

shown to be able to be expanded extensively and retain the ability to differentiate [171].  

Although only one stem cell donor and one synoviocyte donor were used, it should be 

noted, however, that for screening purposes, a uniform cell source would be 

advantageous to achieve consistent results.  Several studies have been performed 
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confirming that the culture of synovial fibroblasts with U937 cells will produce pro-

inflammatory cytokines and MMPs [112, 113, 131].  Further, stem cells have studied 

extensively for chondrogenesis [170].  It can be hypothesized that similar results could be 

obtained with multiple donors. 

A differentiated stem cell pellet does not have the same matrix as a cartilage 

explant.  The explant would seem to be more robust and less likely to degrade.  Given the 

relatively small number of explants from a given donor, however, the results would 

almost certainly be more donor dependent than model dependent.   In previous work with 

cartilage explants, contact between the synovium and cartilage components was 

necessary to initiate GAG loss [131].  A similar coculture model was shown to degrade a 

cartilage explant in the presence of the catabolic stimulant, fibronectin fragment [113].  

In that model, the cocultured synovial fibroblasts and U937 cells were separated from the 

explants and did not degrade the cartilage significantly without the addition of fibronectin 

fragment.  It should be noted that explants with fibronectin fragment alone lost significant 

GAG content with no significant difference with the addition of the coculture.  This is 

very similar to the work presented in Chapter 3 and Chapter 4.  Fibronectin fragment was 

shown to be a very effective catabolic stimulant, regardless of the cell types present. 

Many of the OA proteins and specifically MMP concentrations were 

substantially higher with fibronectin fragment than in the current model shown above.  In 

the model presented here, degradation occurred without contact of the two components or 

an additional catabolic stimulant.  It remains to be seen if this is due to using a stem cell 

pellet, i.e. neocartilage, in contrast to a cartilage explant.  However, the model presented 

here has two advantages over these two models.  The advantage to keeping the 

components separated is to maintain the ability to analyze each component 

independently.  In this way, the contribution of each type can be at least partially 
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determined as shown in Chapter 4.  Secondly, given the mechanism and cause of OA is 

unknown, adding a catabolic stimulant has the potential to dramatically alter the model.  

The model may mimic OA, however, whether the model is an accurate representation of 

OA would need to be investigated.  It is likely better to have the cells interact in the 

absence of an exogenous stimulant to create an OA-like environment. 

The synoviocytes increased production of OA proteins, but not to the level of the 

synoviocyte/U937 cultures.  Synoviocytes cultured with pellets also did not result in 

GAG loss.  As described in Chapter 3, activated macrophages are important in mimicking 

early stage OA.  It appears the synoviocytes activate the macrophages, which in turn also 

activate the synoviocytes.  Together, these cells release cytokines and MMPs that degrade 

the pellet (Figure 5.1 and Figure 5.2).  This finding is in agreement with current thought 

on OA.  In recent years, the importance of the synovium in OA has been highlighted in 

both in vitro and in vivo studies.  It is thought that activated synovial macrophages 

stimulate synovial fibroblasts, leading to the production of pro-inflammatory cytokines, 

degradative enzymes, MMPs and quite possible aggrecanases.  These proteins all have a 

role in the pathology of OA [188].  This clinical result appears to be mirrored by the 

U937 cells in this culture system. 

OA is a progressive disease that can manifest over many years.  The cultures here 

were designed to be relatively short term, but perhaps longer term cultures would be 

more instructive to study chronic versus acute effects.  OA is a protracted disease with a 

long onset, thus more work could be done exploring these long term effects by using 

extended timelines in this system. 

OA is a chronic disease with a lengthy progression from early to late stage.  

Modeling of this progression is difficult, but by understanding the mechanism of synovial 

and cartilage degeneration, more effective therapies and targets can be developed. The 
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model presented here, appears to manifest many of the hallmarks of early and late stage 

OA.  This coculture model also includes the interaction of synovium and cartilage, two 

crucial aspects of the joint.  The coculture tissue model presented here includes three 

relevant cell types in OA, synovial fibroblasts, macrophages, and a cartilage component.  

Further, the coculture specifically aims to model OA and keep each component separate, 

such that each component can be investigated individually.  Additionally, the model does 

not need an exogenous catabolic stimulant.  It also can be scaled to be useful for 

screening of disease modifying drugs in a clinically relevant system.  Understanding the 

full progression of OA could lead to the development of new targets and new therapeutics 

and having a realistic in vitro model is one step in that process. 

5.4. Conclusions 

A human cell-based model of osteoarthritis progressing from early to late-stage 

OA was developed.  The model, containing a 3D cartilage component interacting with 

synoviocytes and macrophages, simulated an environment similar to that present in 

various disease states of OA.  At early time points, this culture system mimicked many of 

the aspects of early stage OA including production of cytokines and degradative enzymes 

similar to OA synovial fluid.  This catabolic environment also resulted in the release of 

glycosaminoglycan (GAG) from the pellet.  At this early time point, the pellet underwent 

a repair response including increased aggrecan expression.  At later time points, the 

catabolic and repair response was diminished as the cultures were more representative of 

late-stage OA.  Additionally, the role of IL-1�  and MMPs in the degradation of the 

cartilage component was investigated.  It appears that IL-1�  has no role in this system 

given the inability to detect the protein as well as the inhibitor, IL-1Ra, having no effect.  

MMPs appear to be at least partially responsible for the degradation of the pellets in this 

system.  Understanding the full progression of OA could lead to the development of new 
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targets and new therapeutics and having a realistic in vitro model is one step in that 

process. 
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6. Conclusions 

Osteoarthritis (OA) of the knee, characterized most prominently by knee pain and 

eventual loss of joint function occurs with increasing frequency and severity with age and 

remains a significant unmet medical need worldwide.  It is the most common form of 

arthritis in the United States.  Treatment of both pain and structural damage progression 

are challenging, with current pain therapies providing inconsistent benefit and treatments 

to halt or slow loss of structural integrity nonexistent. 

Although the facets of OA are not well understood, it is clear that the disease 

represents a complex combination of metabolic processes affecting the cartilage, 

underlying bone, synovium, and surrounding tissues of articular joints.  This complexity 

makes it difficult to develop accurate models.  Given the cost, time, and complexity 

associated with performing in vivo studies, preliminary study of disease biology as well 

as identification, validation, and testing of potential therapeutic targets can benefit greatly 

from studies initially performed in vitro in well-designed models ideally translatable to 

both in vivo research and clinical settings. 

 The goal of this work was to develop a human cell-based model of osteoarthritis 

to mimic the progression of OA from early to late stage.  This work included the 

combination of synovial fibroblasts and monocytes as a model of synovium.  In culture 

with the synovium component, mesenchymal stem cell (MSC) pellets were used as the 

cartilage component.  These three cell types were all human and were able to be 

separated for individual analysis.  At early time points, the model produced many 

cytokines and degradative enzymes present in clinical OA.  Glycosaminoglycan (GAG) 

was released from the cartilage component.  Also, the cartilage component mounted a 

repair response as measured by an increase in aggrecan gene expression.  These three 

criteria were evidence of a model of early stage OA.  At later time points, the cartilage 
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component continued to lose GAG.  The repair response was lost.  Finally, the production 

of degradative enzymes, specifically matrix metalloproteinase 1 and 3 (MMP-1 and 

MMP-3), was diminished.  These criteria were evidence of a progression to late stage 

OA. 

The process for developing an in vitro human cell-based model of osteoarthritis 

was divided into several steps.  The first step was to investigate the interaction between 

synovial fibroblasts and macrophages as a model of the synovium of an osteoarthritic 

knee.  In this series of experiments, monocyte cell lines THP-1 and U937 cells were 

compared as model macrophage cells.  Interestingly, the ratio of monocytes to synovial 

fibroblasts for optimal protein production was found to be 4:1 monocytes to synoviocytes 

for either cell line.  Overall, the U937 cells were found to create a more catabolic 

environment that matched clinical OA better.  The activation of the U937 cells and this 

increase in catabolism was investigated further and several reasons were explored 

including the lineage of the cell lines, an increase in specific macrophage modulating 

proteins (macrophage colony stimulating factor and monocyte chemotactic protein 1), as 

well as an increase in activation modulation through N-Cadherin via cell-cell contact.  

Each of these reasons appeared to play a role in the activation of the U937 cells. 

 A second aspect of the coculture system that was under investigation was the 

chondrogenic period of the mesenchymal stem cell pellets.  Two, three, and four week 

chondrogenic periods were examined for the effect on the coculture model.  Not 

surprisingly, the longer the chondrogenic period, the more extracellular matrix, as 

measured by GAG content, the pellets retained.  The longer chondrogenic period also led 

to an increase in hypertrophy as measured by collagen type 10.  The increased matrix led 

to differences in the coculture model.  While the protein production among the different 

pellets was largely the same, the GAG loss was different.  Specifically, in four week 
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pellets, the amount of GAG retained did not change as dramatically as compared to two 

week pellets.  Also, two week pellets increased aggrecan expression, while four week 

pellets did not.  This repair response was likely triggered by the relative decrease in GAG 

retained in the two week pellets.  Overall, the pellets from different chondrogenic periods 

had similar trends, but the two week pellets appeared to provide the best coculture 

system. 

 The benefit of being able to separate the three different cell types was the ability 

to analyze each cell individually to investigate the contribution of each cell type to the 

overall protein production in the coculture model.  For this analysis, two cytokines and 

two degradative enzymes were used as representative of the full protein set.  Three 

methods were used for estimating the contribution of each cell type, analysis of gene 

expression in triple cocultures, analysis of protein production in individual cultures, and 

gene knockdown using small interfering RNA (siRNA) in triple cocultures.  In all three 

methods, it was estimated that the synovial fibroblasts accounted for nearly all of the 

cytokine and MMP-1 production.  For MMP-3, the production was more evenly split 

between the synovial fibroblasts and the pellets.  Overall the monocytes did not produce 

much of the proteins of interest.  However, cultures with monocytes had significantly 

more cytokines and degradative enzymes as well as GAG loss.  It is clear the monocytes 

play an important role in the model, however, it is likely not through direct OA protein 

production. 

 Two additional questions of this work were to explore the role of interleukin 1�  

(IL-1� ) and MMPs.  IL-1�  has long been investigated for its role in the pathology of OA.  

In this model, IL-1�  was not detected in conditioned media.  Further, the addition of the 

known inhibitor IL-1 receptor antagonist did not alter the protein production or GAG 

loss.  This work suggests IL-1�  did not play a role in this model.  Separately, MMPs have 
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long been implicated as the drivers of cartilage degeneration.  In this model, MMP-1 and 

MMP-3 were found in the conditioned media.  Further, the addition of the wide spectrum 

MMP inhibitor, Batimastat, was able to significantly reduce GAG loss in the pellets.  The 

addition of the inhibitor did not largely affect protein production.  This work suggests 

MMPs are at least partially responsible for the GAG loss in the pellets, while not 

necessarily responsible for the increase in OA proteins. 

Fibronectin fragment has been shown to be a potent catabolic stimulant.  In the 

model presented here, fibronectin fragment was able to induce a large increase in OA 

protein production in synovial fibroblast cultures alone, synovial fibroblasts cocultured 

with THP-1 cells, and synovial fibroblasts cocultured with U937 cells.  In a similar 

manner, fibronectin fragment was able to induce GAG loss in pellets alone.  While it 

clearly is a potent stimulant of catabolism, the coculture model presented here did not 

need any additional stimulus to produce many of the hallmarks of both early and late 

stage OA.  Further, fibronectin fragment was able to induce increases in catabolism 

regardless of what cell types were present.  The goal of this work was to produce a 

relevant model of three cell types, thus the addition of fibronectin fragment would 

confound the data and minimize the role of each cell type as to make that cell 

unnecessary. 

Another area of exploration in this series of work was serum supplementation in 

this model.  ITS-X, a mixture of insulin, transferrin, selenium, and ethanolamine, was 

added to culture media.  The addition of ITS-X did not change cytokine levels in the 

conditioned media, but did lead to a reduction in MMPs produced.  The addition of ITS-

X also led to a reduction in GAG lost in the pellet.  The reduction in MMPs was likely a 

contributing factor to this increase in GAG retained.  There was no effect on the cell 
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number in the pellets as measured by the DNA content.  Due to this increase in cell 

health, however, ITS-X was included in the coculture system. 

A human cell-based model of osteoarthritis progressing from early to late-stage 

OA was developed.  The model, containing a 3D cartilage component interacting with 

synoviocytes and macrophages, simulated an environment similar to that present in 

various disease states of OA.  At early time points, this culture system mimicked many of 

the aspects of early stage OA including production of cytokines and degradative enzyme 

similar to OA synovial fluid.  This catabolic environment also resulted in the release of 

glycosaminoglycan from the pellet.  At this early time point, the pellet underwent a repair 

response including increased aggrecan expression.  At later time points, the catabolic and 

repair response was diminished as the cultures were more representative of late-stage 

OA.  Additionally, the role of IL-1�  and MMPs in the degradation of the cartilage 

component was investigated.  It appears that IL-1�  has a limited role in this system given 

the inability to detect the protein as well as the inhibitor, IL-1Ra, having no effect.  

MMPs do appear to be responsible for the degradation of the pellets in this system.  

Understanding the full progression of OA could lead to the development of new targets 

and new therapeutics and having a realistic in vitro model is one step in that process. 
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7. Future Directions 

 The goal of the work presented here was to form the basis for a relevant, 

progressive, cell-based model of osteoarthritis.  Based on the results presented here, 

several areas for future research could be explored.  Osteoarthritis is a progressive disease 

with a very long onset.  To this end, the model presented here could be modified to 

accommodate longer term cultures.  A second area of focus would be to include 

additional cell types relevant to the disease including bone cells and neuronal cells.  

Third, investigation of some of the proposed drivers of the disease including pro-

inflammatory cytokines and matrix fragments could be further investigated.  As part of 

this, an area of focus could be evaluating the idea of reducing catabolic effects by 

inhibiting the interaction between the monocytes and the synovial fibroblasts through 

blockade of the macrophage colony stimulating factor pathway.  Finally, an evaluation of 

any potential therapeutic targets in this coculture model and comparing the outcomes 

from these targets in the coculture model and an appropriate in vivo model could be 

performed.  In this way, the validity of the model could be further evaluated. 

7.1. Individual aim 1 

Explore the feasibility and validity of using a longer timeline in the coculture 

model 

7.1.1. Rationale: 

Osteoarthritis (OA) is a progressive disease that can manifest over many years.  

The model presented here was designed to be relatively short term, but perhaps longer 

term cultures would be more instructive to study chronic effects versus acute ones.  

Several possible modifications to the model system could be employed to slow the 

progression of the model and extend the time line to more mimic clinical OA.  Damage 
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during OA begins in the superficial zone.  As the disease progresses, damage continues 

through the mid zone and eventually in the deep zone [183].  Comparing the superficial 

zone and deep zone, the deep zone chondrocytes are associated with a more hypertrophic 

phenotype with large cell diameters and high gene expression levels of hypertrophic 

genes [184, 185].  Thus the model must try to mimic this.  The model presented here used 

a differentiated stem cell pellet as a model of the cartilage component in the joint.  In 

Chapter 4, the stem pellet chondrogenic period was investigated.  In this series of 

experiments, it was clear that a longer duration of chondrogenesis will result in an 

increase in matrix deposition.  Along with this increased matrix deposition, however, the 

longer chondrogenic periods resulted in increased hypertrophy as measured by collagen 

type 10 gene expression.  The challenge in using stem cells as the source for cartilage 

tissue engineering is to prevent this hypertrophic maturation [201, 202].  Several potential 

solutions have been investigated to extend the chondrogenic period while reducing the 

hypertrophic response.  Under the right culture conditions, stem cell pellets have been 

shown to have a reduced hypertrophic signal.  Under reduced oxygen tension (2%), 

adipose derived stem cell pellets had reduced collagen type 10 expression compared to 

similar pellets under normoxia (20% oxygen tension) [202].  In other experiments, a 

known MEK/ERK inhibitor, PD98059, was able to reduce collagen type 10 expression by 

half while increasing chondrogenic genes and GAG content [203].  An appropriate 

scaffold material can also lead to reduced hypertrophic gene expression.  Rabbit stem 

cells were grown on porcine extracellular matrix (ECM) or a polyglycolic acid scaffold in 

vitro for one week.  The cartilaginous tissue was then implanted in the backs of nude 

mice for up to six weeks.  Rabbit stem cells grown in the ECM scaffold underwent 

chondrogenesis and maintained their chondrogenic phenotype relatively well throughout 

the six weeks, while those on the polyglycolic acid scaffold progressed rapidly into 
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hypertrophic changes with severe vessel invasion.  This result suggests an appropriate 

scaffold could aid in the chondrogenic differentiation [204]. 

 The stem cell pellets used in this series of experiments do not contain the same 

robust matrix as actual human cartilage.  The use of a cartilage explant, with its robust 

extracellular matrix, would serve as a more natural and more resilient cartilage model.  

As described in previous chapters, cartilage explants in contact with a synovium 

component initiated GAG loss [131].  Similarly, a coculture model was shown to degrade 

a cartilage explant in the presence of the catabolic stimulant, fibronectin fragment [113].  

Neither of these models was able to degrade the cartilage without direct contact or an 

exogenous catabolic stimulant.  In the model presented here, degradation occurred 

without contact of the two components or an additional catabolic stimulant.  The 

advantage to keeping the components separated is to maintain the ability to analyze each 

component independently.  In this way, the contribution of each type can be at least 

partially determined.  Secondly, given the mechanism and cause of OA is unknown, 

adding a catabolic stimulant has the potential to dramatically alter the model.  However, 

over a long, extended timeline, this cartilage component may degrade sufficiently. 

 Another modification to extend the timeline of the coculture model is to modify 

the macrophage component.  As shown in Chapter 4, the addition of the U937 cells was 

essential to the progression of the model.  In Chapter 3, the monocyte and synovial 

fibroblast interaction was explored.  It was shown that adjusting the ratio of monocytes to 

synovial fibroblasts resulted in changes in the protein production of cytokines and 

degradative enzymes.  For example, in terms of U937 and synoviocyte cocultures, 

selecting a ratio of 2:1 instead of 4:1 monocytes to synoviocytes can reduce the catabolic 

environment.  At this reduced ratio, the increase in MMP-1 and MMP-3 over 

synoviocytes alone was a more modest 43% and 22%, respectively.  This is much lower 
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than the 2.9 or 2.4 fold increase over synoviocytes alone in the 4:1 ratio cultures.  The 

U937 cells were also compared to THP-1 cells.  Differences in protein production were 

also seen with the different cell types.  The synovial component could be modified by 

changing the ratio of U937 cells to synovial fibroblasts or by substituting THP-1 cells for 

U937 cells.  Either modification would reduce the catabolic environment and could 

extend the model timeline. 

 Finally, it may be of value to model the actual condition of the OA synovium by 

modifying the amount of macrophages to more match the clinical situation.  In normal 

synovium, macrophages make up a minority of the cells, 20-30%, while in inflammatory 

arthritis such as rheumatoid arthritis, numbers increase substantially to account for up to 

80% of the cells [205, 206].  This represents a ratio of synovial fibroblasts to 

macrophages in normal synovium of 4:1, but in RA the ratio is reversed 1:4, synovial 

fibroblasts to macrophages.  In the coculture system, the amount of macrophages caused 

a conditioned media profile consistent with OA synovial fluid, however, the amount of 

macrophages appears to have matched RA.  OA synovium is somewhere in between 

normal and RA synovium and quite variable.  According to Pessler et al., the OA 

synovium has an increase in CD68+ cells between 2.5 to 3.7 fold compared to normal 

synovium [207].  This means the ratio of synovial fibroblasts to macrophages in OA is 

likely closer to 1:1.  Further Benito et al. showed that the amount of macrophages 

changes with state of disease [208].  Comparing early OA to late OA, there was a 70% 

increase in cell depth as well as a 65% increase in CD68+ cells.  This increase in 

macrophages was coupled with an increase in pro-inflammatory cytokines.  In order to 

fully model the progression of OA, the amount of macrophages could be modulated to 

reflect this change. 
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7.1.2. Methodology: 

Using the established methods for this coculture model, modifications to the 

cartilage or synovium component would be explored.  First, the chondrogenesis of the 

stem cell pellet would be investigated to maximize chondrogenesis while minimizing 

hypertrophy.  This would be done using culture conditions conducive to this endpoint 

including hypoxia, additional stimulants or inhibitors, or appropriate scaffolds.  The stem 

cell pellets would be analyzed for GAG content and markers of chondrogenesis and 

hypertrophy.  After selecting optimized conditions, this stem cell pellet would be added 

to the synovial fibroblast/U937 coculture over an extended timeline.  Analysis would 

include conditioned media for GAG content and protein production, gene expression of 

the cell types, and GAG content of the pellets.  In a similar manner, normal human 

cartilage explants would be substituted for the stem cell pellet.  Again, this would be 

investigated over an extended timeline with analysis of the conditioned media, gene 

expression and GAG content.  Finally, the synovial component would be modified by 

adjusting the ratio of the U937 cells to the synovial fibroblasts.  In separate experiments, 

THP-1 cells would be substituted for the U937 cells at various ratios.  Again, this would 

be investigated over an extended timeline with analysis of the conditioned media, gene 

expression and GAG content.  Also, the amount of macrophages could be modulated to 

reflect the actual cell ratios in OA as well as increased macrophage cells in early OA.  

This would likely have to be accomplished by changing the synovial cells (synovial 

fibroblasts and monocytes) for new cells with a reduced ratio.  Again, this would be 

investigated over an extended timeline with analysis of the conditioned media, gene 

expression and GAG content. 
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7.1.3. Expected results and challenges: 

Changing the chondrogenic period to increase chondrogenesis while minimizing 

hypertrophy will likely be accomplished based on previous literature.  Given results from 

chondrogenic period experiments, a more chondrogenic pellet will degrade less in the 

current model.  A challenge is whether extending the timeline will lead to continued 

degradation of the pellet.  Using a cartilage explant in the place of the stem cell pellet 

presents its own challenges.  First and foremost, availability of normal human cartilage 

will always remain a challenge.  While end stage OA tissue from knee replacement 

surgeries will be available, normal tissue is much more difficult to obtain.  Second, donor 

to donor variability will be a large issue in this type of model as well.  Third, given that 

previous work has used cell-cell contact or an additional catabolic stimulant, it is unclear 

whether an extended timeline alone will be sufficient to degrade the explant.  In terms of 

modification to the synovial component, it was shown in Chapter 3 that varying the ratio 

of monocytes to synoviocytes will affect protein production.  A less catabolic 

environment is created by using different ratios of monocytes.  It was also shown that 

using THP-1 cells instead of U937 cells will produce a less catabolic environment.  

Modifying either the ratio of the monocytes, the cell type, or both will lead to a less 

catabolic environment.  The question remains that under less catabolism, can the model 

be extended and still match the hallmarks of OA. 

The major challenge with this line of experiments is that maintaining a long term 

culture is difficult with loss of viability and matrix likely to occur especially when 

extending the culture period out to several weeks or months.  Burton-Wurster and Lust 

showed that defined media with insulin and calcium was able to keep cartilage explants 

close to the original state post excision.  At day 12, the pattern of proteoglycan synthesis 

was comparable to Day 0 levels, but fibronectin and total protein synthesis declined 
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relative to Day 0 levels. The addition of TGF-�  reversed this decline [209].  The media 

used in the cocultures presented here contained calcium and insulin at levels consistent 

with this previous work.  However, the addition of TGF-�  may be necessary to further 

maintain the integrity of the culture.  Although these cultures were of similar length as 

the ones presented in the coculture model, for even longer systems, a perfusion technique 

may be necessary.  Strehl et al. showed the utility in a perfusion system with cartilage 

explants [210].  Human cartilage explants were cultured in static or perfusion cultures out 

to 56 days.  At termination of the cultures, explants were sectioned and analyzed for 

several cartilage markers including aggrecan and collagen type 2 via 

immunohistochemistry.  In perfusion cultures, there was over 80% of the aggrecan and 

about 60% of the collagen type 2 as compared to day 0.  In static cultures, there was only 

about 40% of the aggrecan and less than 20% of the collagen type 2 of day 0 levels.  This 

increase with perfusion culture could be very useful to the long term cultures.  By 

modifying the media using calcium, insulin, and TGF-�  combined with perfusion culture, 

the coculture system could be adapted to long term cultures. 

7.2. Individual aim 2 

Explore the coculture system interacting with additional cell types relevant to 

OA 

7.2.1. Rationale: 

Although the joints of patients may be degrading for many years, the only reason 

patients present in the clinic is due to pain.  Further, while the progressive joint failure 

may cause pain and disability nearly half of persons with structural changes consistent 

with OA are asymptomatic.  Adding to this difficulty, research into pain is challenging as 

a result of the multiple risk factors responsible for pain occurrence and pain severity as 
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well as pain being a subjective phenomenon [211].  There are physiological mechanisms 

of pain.  Several pro-inflammatory mediators may be recruited into the OA joint 

associated with damage, including nerve growth factor, nitric oxide and prostanoids.  

These inflammatory mediators cause localized damage to tissues, such as synovium, as 

well as activating peripheral nociceptors [212, 213].  Therefore a logical future direction 

would be the inclusion of neuronal cells.  Understanding the complex signaling between 

joint destruction and pain signaling would be extremely valuable in designing drugs that 

could treat structural changes as well as reduce pain and discomfort for the patient. 

While OA has traditionally been considered a disease of cartilage degeneration, it 

is being increasingly recognized as a disease of the whole joint involving all joint tissues 

[214].  In fact, osteophytes, bony outgrowths that form along joint margins, are the first 

definitive sign of radiographic OA.  These can lead to additional pain or restrict motion 

of the joint.  Whether the changes in bone are cause or effect in response to other changes 

in OA is unclear.  There exists data that at least could suggest the role of subchondral 

bone changes in the early progression of OA.  In several animal models, cartilage lesions 

form in response to subchondral bone damage through loading [215, 216].  Further, 

animal models [217, 218] and human data [151, 219] suggest subchondral bone changes 

occur early after the induction of disease and are associated with the progression of OA.  

Osteoblasts and osteoclasts regulate the amount and structure of bone.  In simplest terms, 

osteoblasts are responsible for forming bone, while osteoclasts are responsible for 

resorbing it [220].  With the addition of cells, a four-cell or five-cell coculture might be 

too cumbersome to handle.  It might be more practical to use conditioned media 

experiments.  In this way, conditioned media from the coculture can be added to neuronal 

or osteoblasts and osteoclast to investigate the role proteins produced by the catabolic 

environment affect pain or bone biology.  Simultaneously, it would be interesting to 
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reverse the interaction.  Taking conditioned media from neuronal cells or bone cells and 

adding it to the triple coculture to investigate the role pain and bone biology play in the 

destruction of cartilage. 

7.2.2. Methodology: 

Many potential human neuronal cells exist including HCN-1, SK-N-SH, SK-N-

MC, and IMR-32 cells [221 – 223].  The first step would be to compare these cell lines to 

each other in terms of differentiation state, protein production, and response to proteins 

that could be found in conditioned media from the coculture system.  Once the neuronal 

cell line has been established, conditioned media experiments could begin.  Conditioned 

media from various points in the coculture model could be added to the neuronal cells.  

Response to the conditioned media could be measured via gene expression and protein 

production in the neuronal cells.  Separately, conditioned media from the neuronal cell 

cultures could be added to the coculture system.  Effects on GAG retention, protein 

production and gene expression of the pellets, synovial fibroblasts, and monocyte cells 

could be measured. 

The measurement of pain in vitro has been studied by many with several possible 

measurable outcomes.  Activation of neurons leads to increases in neurite outgrowth.  

Using dorsal root ganglion sensory neurons from adult rats, Wong et al. measured neurite 

initiation and elongation as measures of neurite outgrowth [224].  Specifically, total 

length, maximum length, root number and branch points were measured as a way of 

quantifying length and complexity of the neurons.  These techniques could be used on the 

human cells as well.  Specific receptors have also been studied including transient 

receptor potential vanilloid type 1 and 2 (TRPV1 and TRPV2).  Activation of these 

receptors can signal a pain response.  Study of the activation of the TRPV1 receptor can 

be accomplished using the cobalt uptake assay as well as calcium influx assays [225, 



141 

�

226].  Further, calcitonin gene related peptide (CGRP) is a peptide produced both in 

central and peripheral neurons and can function in the transmission of pain.  CGRP can 

be measured in the conditioned media via ELISA.  These measurements could be used to 

measure the response of neurons to proteins produced in the coculture model. 

Previously, conditions have been worked out in our lab for long term cocultures 

of osteoblasts and osteoclasts [227].  These cells were established by differentiating 

human cells, thereby maintaining all human cells.  Using this technique, the model of 

bone could be added to the triple coculture in a similar manner as the neuronal cells.  

Conditioned media from various points in the coculture model could be added to the bone 

cells.  Response to the conditioned media could be measured via gene expression and 

protein production in the bone cells.  Separately, conditioned media from the bone cell 

cultures could be added to the coculture system.  Effects on GAG retention, protein 

production and gene expression of the pellets, synovial fibroblasts, and monocyte cells 

could be measured. 

7.2.3. Expected results and challenges: 

Prostaglandins, especially prostaglandin E2 (PGE2), are spontaneously released 

by OA cartilage as well as normal cartilage stimulated by cytokines [228, 229].  

Prostaglandins sensitize peripheral nociceptor terminals and produce localized sensitivity 

to pain [230].  However, PGE2, generated by chondrocytes, has been shown to be 

physiologically important for maintaining cartilage homeostasis as well [229].  Nerve 

growth factor (NGF) is an important molecule for the survival and differentiation of 

sensory and sympathetic neurons [231].  The production of NGF has been shown to be 

induced in chondrocytes by an inflammatory stimulant, albeit IL-1�  [232].  Given the 

production of these important neuronal proteins by chondrocytes, it is feasible that 
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conditioned media from the coculture also produces these proteins.  These proteins could 

lead to changes in neuronal cells. 

Chondrocytes have been shown capable of producing receptor activator of 

nuclear factor-� B ligand (RANKL).  Further, RANKL produced by chondrocytes was 

shown capable of differentiating osteoclasts [233, 234].  Given the production of RANKL 

by chondrocytes, it is feasible that conditioned media from the coculture model also 

produces RANKL.  This could lead to changes in differentiation of the osteoclasts and 

change the dynamic in the bone cell cocultures.  The major challenges with this line of 

experiments are in development.  Developing a way to combine these different culture 

systems and measure a change remains to be seen.  Also, identifying the proteins and cell 

types responsible for the changes may be difficult with up to five separate cell types in 

the model system.  Further, although chondrocytes have been shown to produce several 

proteins that can modulate neuronal cells or bone cells, it remains to be seen if these 

cocultures also produce these proteins and at relevant concentrations. 

7.3. Individual aim 3 

Explore the possibility of disrupting the catabolic environment using 

inhibitors of OA, cytokines found in the conditioned media, or the synovial 

fibroblast/monocyte interaction 

7.3.1. Rationale: 

 As shown in chapter 5, inhibiting the right agent can protect the pellet from GAG 

loss.  In that series of experiments, MMPs were inhibited using a broad spectrum MMP 

inhibitor.  This protected the pellet from GAG loss, while leaving most of the protein 

production unchanged.  The conclusion drawn from this series of experiments was that 

MMPs were at least partially responsible for the degradation of the pellet, but other 
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agents were likely responsible for initiation of the catabolic environment.  In addition to 

the measurements of total MMPs, the activity of MMPs and natural inhibitors is 

important.  The enzymatic activity of MMPs is controlled by inhibition with specific 

inhibitors, tissue inhibitors of metalloproteinases (TIMPs).  Thus, the balance between 

the amount of MMPs and TIMPs in synovial fluid and likewise the conditioned media of 

the coculture system is important to degeneration of the cartilage.  Yoshihara et al. found 

the molar ratio of MMPs to TIMPs in RA synovial fluid was about 44, while in OA the 

ratio was only about 9 [8].  Based on these numbers, the ratio of enzyme to inhibitor is 

about 5 fold higher in RA as compared to OA.  This could possibly explain the more 

aggressive nature of RA and increased destruction in this more inflammatory disease.  It 

also suggests the activity of MMPs is more balanced in OA and the damage may be more 

localized.  Another regulatory mechanism of MMPs is the selective activation of the 

enzymes.  MMPs exist in a latent form, as well as an active form [235].  The ratio of 

active enzyme to total enzyme as well as active enzyme compared to inhibitor may be 

more instructive to the overall model outcome.  Further, much of the focus of this work 

was on MMP-3 and its possible role in the degradation of the pellets.  Another role that 

MMP-3 could be playing is the activation of other MMPs.  MMP-3 is capable of 

activating other pro-MMPs, including pro-MMP-1, pro-MMP-7, pro-MMP-8, pro-MMP-

9, and pro-MMP-13 [236].  Investigation of this activity would be instructive in the 

coculture model system as well. 

Another protein that was investigated was IL-1� .  As shown in chapter 5, there 

was no apparent effect of IL-1� .  However, there are several other possible proteins that 

could be responsible for progression of the disease.  As discussed in Chapter 1, pro-

inflammatory cytokines could be responsible for progression of OA.  Several pro-

inflammatory cytokines were measured in the conditioned media of the coculture model 
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including IL-8, MCP-1, MIP-1� , RANTES, and VEGF.  Investigation of these cytokines 

using known inhibitors or blocking antibodies could elucidate the mechanism of the 

model.  Matrix fragments including fibronectin fragment and collagen telopeptides have 

also been implicated in the progression of the disease.  In fact in Chapter 3 and Chapter 4, 

fibronectin fragment was added to portions of the model to induce changes in catabolism.  

In both cases, adding fibronectin fragment increased catabolism significantly.  

Measurement and possible blockade of these fragments could explain a role for matrix 

fragmentation in the perpetuation of the disease.  Homandberg et al. were able to block 

the effects of fibronectin fragment in terms of proteoglycan loss in cartilage by focusing 

on the alpha5beta1 RGDS dependent fibronectin receptor integrin.  First, using rabbit 

antihuman polyclonal antibodies to the alpha5beta1 fibronectin receptor, they were able to 

mimic the activities of fibronectin fragment.  Secondly, using peptides resembling the 

receptor binding sequence, they blocked the activity of fibronectin fragment.  Finally, 

using antisense oligonucleotides to down regulate the alpha5 protein, the effects of 

fibronectin fragment were able to be suppressed [237, 238].  Using a similar approach 

may be able to reduce GAG loss in the coculture system. 

 In chapter 3, the interaction between synovial fibroblasts and monocytes was 

investigated.  An interesting area of study would be inhibiting this interaction.  As 

described throughout this body of work, the interaction of synovial fibroblast and U937 

cells led to increased OA protein production as well as increased glycosaminoglycan 

(GAG) released by the cartilage component.  As shown in Chapter 3, macrophage colony 

stimulating factor (MCSF) was found in higher concentrations in cocultures of synovial 

fibroblasts and U937 cells.  MCSF is known to be a cytokine that exhibits influence over 

macrophages in terms of proliferation, differentiation, and survival.  MCSF signals 

through its receptor colony stimulating factor 1 receptor (CSF1R), also known as cFMS.  
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MCSF appears to signal through phosphatidylinositol 3-kinase (PI3K) and Akt.  Akt 

promotes cellular survival by suppressing the activity of pro-apoptotic proteins [239].  To 

explore the potential for disruption of this interaction as a possible therapeutic, several 

parts of the pathway could be explored.  GW2580 is a potent, commercially-available 

inhibitor of cFMS kinase which has been shown to completely inhibit human cFMS 

kinase in vitro at 60 nM.  Further, GW2580 at 1 uM completely inhibited MCSF-induced 

growth of mouse M-NFS-60 myeloid cells and human monocytes and completely 

inhibited bone degradation in cultures of human osteoclasts, rat calvaria, and rat fetal 

long bone [240].  Another area to focus on in this pathway is PI3K.  LY294002, is potent, 

reversible, commercially-available, and specific PI3K inhibitor with a reported IC-50 

value 1.4 uM.  In work by Kelley et al, LY294002 suppressed M-CSF-stimulated Akt 

kinase activity as well as MCSF-induced survival in a dose-dependent manner.  This 

suggests that blockade of either PI3K or Akt may sufficiently disrupt the monocyte and 

synovial fibroblast interaction. 

7.3.2. Methodology: 

A series of experiments exploring the concept of activation of MMP-1 and 

MMP-3, inhibition of MMPs, and the possible secondary role of MMP-3 activating 

additional MMPs could be accomplished using the model system used in this series of 

experiments.  The active and total MMP-1 and MMP-3 in the conditioned media can be 

measured via commercial available ELISA kits.  The concentration of TIMPs and 

additional MMPs that were not the focus of the work presented here can also be 

measured via commercial available ELISAs. 

In a similar manner to the Batimastat and IL-1 receptor antagonist studies, the 

full coculture plus or minus inhibitors would be explored.  Cytokines measured in the 

conditioned media of the full coculture system have been measured.  Therefore, blocking 
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antibodies to these proteins of interest could be used as well as small molecule inhibitors 

of the receptors.  Using different approaches would be useful to explore both ligand and 

receptor inhibition.  In terms of matrix fragments, first the level of matrix fragments 

should be measured in the conditioned media.  If a measureable amount was found, 

inhibition of at least fibronectin fragment could be accomplished by targeting the alpha5 

subunit as described above.  In terms of the synovial fibroblast and monocyte interaction, 

GW2580 and LY294002 should be explored.  As described above, both were able to 

modulate the effects of macrophages.   

7.3.3. Expected results and challenges: 

The measurement of activity of MMP-1 and MMP-3, concentration of TIMPs, 

and concentration of additional MMPs will be straightforward.  The analysis and 

conclusions drawn from those results will be interesting.  It is likely that the 

concentration of active MMP-1 and MMP-3 will be smaller than the total concentration.  

TIMP-1 will likely be measurable in the conditioned media.  It is unclear whether 

additional TIMPs or MMPs will be measurable in the conditioned media.  It is also 

unclear what the results of this analysis will be, but there will likely be a correlation 

between MMPs and TIMP-1 based on clinical OA. 

Given the complex nature of the model, it is unclear whether inhibiting an 

individual cytokine will result in changes in GAG loss or protein production.  In terms of 

matrix fragments, it is unclear if there is a sufficient concentration in this model to 

produce a catabolic signal.  One result that can be expected is a sufficient disruption in 

the interaction of synovial fibroblasts and monocyte cells will lead to a reduction in GAG 

loss and OA protein production.  As shown in Chapter 4, the synovial fibroblasts are 

responsible for much of the protein production, while the U937 cells were not.  Also, it 

was shown that cultures of pellets plus synoviocytes alone or pellets plus U937 cells 
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alone did not result in an increase in GAG loss.  However, the inclusion of the U937 cells 

with the synovial fibroblasts increased OA protein production and led to an increase in 

GAG loss.  Thus, if the interaction between these two cell types is reduced by the 

addition of the inhibitors, it should result in less of the OA proteins being produced as 

well as less GAG loss.  It is possible that the addition of the inhibitors may result in a 

situation that mirrors the pellets plus synovial fibroblasts alone cultures. 

 The major issue with this analysis lies in application of the inhibitors.  For 

example, if a small molecule is the approach of choice, care must be taken to ensure the 

specificity of the molecule being used.  If a siRNA type approach is being used, care 

must be taken to ensure the right cell type or types are being inhibited.  Further, if 

inhibiting a protein results in a measurable change, the interpretation of this change must 

be further validated.  Interpreting whether this protein is a primary cause of the catabolic 

environment or merely a small secondary player in the model is important.  Lastly, 

putting these results in the context of established in vivo models or even clinical OA will 

help further validate these pathways as potential targets. 
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8. Appendix 

8.1. Characterization of synoviocyte and monocyte interaction 

8.1.1. Ratio of monocytes to synoviocytes 

 

Figure 8.1: MMP-1 production in synoviocyte and U937 cocultures.  Syn alone 

represents synoviocytes with no U937 cells.  Syn + 2X U937 represents 2X U937 cells 

relative to synoviocytes.  .  Syn + 4X U937 represents 4X U937 cells relative to 

synoviocytes.  .  Syn + 6X U937 represents 6X U937 cells relative to synoviocytes. 
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Figure 8.2: MMP-3 production in synoviocyte and U937 cocultures.  Syn alone 

represents synoviocytes with no U937 cells.  Syn + 2X U937 represents 2X U937 cells 

relative to synoviocytes.  .  Syn + 4X U937 represents 4X U937 cells relative to 

synoviocytes.  .  Syn + 6X U937 represents 6X U937 cells relative to synoviocytes. 
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Figure 8.3: IL-8 production in synoviocyte and U937 cocultures.  Syn alone represents 

synoviocytes with no U937 cells.  Syn + 2X U937 represents 2X U937 cells relative to 

synoviocytes.  .  Syn + 4X U937 represents 4X U937 cells relative to synoviocytes.  .  

Syn + 6X U937 represents 6X U937 cells relative to synoviocytes. 
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Figure 8.4: MCP-1 production in synoviocyte and U937 cocultures.  Syn alone represents 

synoviocytes with no U937 cells.  Syn + 2X U937 represents 2X U937 cells relative to 

synoviocytes.  .  Syn + 4X U937 represents 4X U937 cells relative to synoviocytes.  .  

Syn + 6X U937 represents 6X U937 cells relative to synoviocytes. 
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Figure 8.5: MMP-1 production in synoviocyte and THP-1 cocultures.  Syn alone 

represents synoviocytes with no THP-1 cells.  Syn + 2X THP-1 represents 2X THP-1 

cells relative to synoviocytes.  .  Syn + 4X THP-1 represents 4X THP-1 cells relative to 

synoviocytes.  .  Syn + 6X THP-1 represents 6X THP-1 cells relative to synoviocytes. 
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Figure 8.6: MMP-3 production in synoviocyte and THP-1 cocultures.  Syn alone 

represents synoviocytes with no THP-1 cells.  Syn + 2X THP-1 represents 2X THP-1 

cells relative to synoviocytes.  .  Syn + 4X THP-1 represents 4X THP-1 cells relative to 

synoviocytes.  .  Syn + 6X THP-1 represents 6X THP-1 cells relative to synoviocytes. 
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Figure 8.7: IL-8 production in synoviocyte and THP-1 cocultures.  Syn alone represents 

synoviocytes with no THP-1 cells.  Syn + 2X THP-1 represents 2X THP-1 cells relative 

to synoviocytes.  .  Syn + 4X THP-1 represents 4X THP-1 cells relative to synoviocytes.  

.  Syn + 6X THP-1 represents 6X THP-1 cells relative to synoviocytes. 
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Figure 8.8: MCP-1 production in synoviocyte and THP-1 cocultures.  Syn alone 

represents synoviocytes with no THP-1 cells.  Syn + 2X THP-1 represents 2X THP-1 

cells relative to synoviocytes.  .  Syn + 4X THP-1 represents 4X THP-1 cells relative to 

synoviocytes.  .  Syn + 6X THP-1 represents 6X THP-1 cells relative to synoviocytes. 
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8.1.2. The effect of exogenous fibronectin fragment 

 

Figure 8.9: MMP-1 production measured in conditioned medium.  White bars represent 

the cells alone as dictated by the x-axis.  Black bars represent the same cell conditions 

with the addition of 0.8 � M fibronectin fragment. 
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Figure 8.10: MMP-3 production measured in conditioned medium.  White bars represent 

the cells alone as dictated by the x-axis.  Black bars represent the same cell conditions 

with the addition of 0.8 � M fibronectin fragment. 
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Figure 8.11: IL-8 production measured in conditioned medium.  White bars represent the 

cells alone as dictated by the x-axis.  Black bars represent the same cell conditions with 

the addition of 0.8 � M fibronectin fragment. 
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Figure 8.12: MCP-1 production measured in conditioned medium.  White bars represent 

the cells alone as dictated by the x-axis.  Black bars represent the same cell conditions 

with the addition of 0.8 � M fibronectin fragment. 
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8.1.3. The importance of cell contact 

 

Figure 8.13:  CD80 gene expression. Expression of U937 cells alone versus in coculture 

with synovial fibroblasts. 
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Figure 8.14:  CD14 gene expression. Expression of U937 cells alone versus in coculture 

with synovial fibroblasts. 
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Figure 8.15:  CD80 gene expression.  Expression of THP-1 cells alone versus in coculture 

with synovial fibroblasts. 
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Figure 8.16:  CD14 gene expression.  Expression of THP-1 cells alone versus in coculture 

with synovial fibroblasts. 
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Figure 8.17:  CD80 gene expression.  Expression of U937 cells alone, U937 cells 

cocultured in direct contact with synovial fibroblasts, U937 cells cocultured but separated 

from synovial fibroblasts, and U937 cells cultured with N-Cadherin. 
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8.2. Development of a coculture model 

8.2.1. Ratio of monocytes to synoviocytes 

 

Figure 8.18: Aggrecan gene expression. Gene expression changes over the 4 week culture 

of mesenchymal stem cell pellets.  The bars represent ACAN expression relative to 

GAPDH. 
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Figure 8.19: SOX9 gene expression.  Gene expression changes over the 4 week culture of 

mesenchymal stem cell pellets.  The bars represent SOX9 expression relative to GAPDH. 
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Figure 8.20: Collagen type 2 gene expression.  Gene expression changes over the 4 week 

culture of mesenchymal stem cell pellets.  The bars represent COL2 expression relative to 

GAPDH. 
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Figure 8.21: Collagen type 10 gene expression.  Gene expression changes over the 4 

week culture of mesenchymal stem cell pellets.  The bars represent COLX expression 

relative to GAPDH. 
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8.2.2. Chondrogenic culture period of the pellet 

 

Figure 8.22:  Aggrecan gene expression in 2 week chondrogenic pellets.  Each bar 

represents a group containing pellets cultured with the corresponding title.  Media = 

media alone, Syn = synoviocytes alone, U937 = U937 cells alone, Syn/U937 = full 

coculture. 
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Figure 8.23:  Aggrecan gene expression in 3 week chondrogenic pellets.  Each bar 

represents a group containing pellets cultured with the corresponding title.  Media = 

media alone, Syn = synoviocytes alone, U937 = U937 cells alone, Syn/U937 = full 

coculture. 
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Figure 8.24:  Aggrecan gene expression in 4 week chondrogenic pellets.  Each bar 

represents a group containing pellets cultured with the corresponding title.  Media = 

media alone, Syn = synoviocytes alone, U937 = U937 cells alone, Syn/U937 = full 

coculture. 
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8.2.3. The effect of the exogenous fibronectin fragment 

 

Figure 8.25: GAG released.  GAG released in cultures of pellets alone compared to 

pellets cultured with FN-f.  GAG released has been normalized to DNA content in the 

pellets. 
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Figure 8.26: Percent GAG retained.  GAG retained in cultures of pellets alone compared 

to pellets cultured with FN-f. 
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8.2.4. Contribution of each cell type 

 

 

Figure 8.27: MMP-1 gene expression.  Left: MMP-1 gene expression relative to GAPDH 

for the three cell types.  Right: MMP-1 gene expression normalized to expression in the 

U937 cells, i.e. fold change relative to U937 cells.  By definition, the U937 cells have a 

fold change of 1. 
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Figure 8.28: MMP-3 gene expression.  Left: MMP-3 gene expression relative to GAPDH 

for the three cell types.  Right: MMP-3 gene expression normalized to expression in the 

U937 cells, i.e. fold change relative to U937 cells.  By definition, the U937 cells have a 

fold change of 1. 
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Figure 8.29: IL-8 gene expression.  Left: IL-8 gene expression relative to GAPDH for the 

three cell types.  Right: IL-8 gene expression normalized to expression in the U937 cells, 

i.e. fold change relative to U937 cells.  By definition, the U937 cells have a fold change 

of 1. 

 

 

 

 

 

 

 



177 

�

 

Figure 8.30: MCP-1 gene expression.  Left: MCP-1 gene expression relative to GAPDH 

for the three cell types.  Right: MCP-1 gene expression normalized to expression in the 

U937 cells, i.e. fold change relative to U937 cells.  By definition, the U937 cells have a 

fold change of 1. 
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Figure 8.31: MMP-1 protein production.  MMP-1 from individual cultures of the three 

cell types.  

 

Figure 8.32: MMP-3 protein production.  MMP-3 from individual cultures of the three 

cell types.  
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Figure 8.33: IL-8 protein production.  IL-8 from individual cultures of the three cell 

types.  

 

Figure 8.34: MCP-1 protein production.  MCP-1 from individual cultures of the three cell 

types.  
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8.2.5. Serum supplementation with ITS-X 

 

Figure 8.35: Percent GAG retained.  GAG retained in cultures of pellets alone compared 

to pellets cultured with ITS-X. 

 

Figure 8.36: GAG released.  GAG released in cultures of pellets alone compared to 

pellets cultured with ITS-X. 
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Figure 8.37: Aggrecan gene expression.  ACAN gene expression in pellet cultures of 

pellets alone compared to pellets cultured with ITS-X. 

 

Figure 8.38: DNA content.  DNA per pellet in cultures of pellets alone compared to 

pellets cultured with ITS-X. 
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Figure 8.39: MMP-1 protein production.  MMP-1 in the conditioned media of cultures of 

pellets alone compared to pellets cultured with ITS-X. 

 

Figure 8.40: MMP-3 protein production.  MMP-3 in the conditioned media of cultures of 

pellets alone compared to pellets cultured with ITS-X. 
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Figure 8.41: IL-8 protein production.  IL-8 in the conditioned media of cultures of pellets 

alone compared to pellets cultured with ITS-X. 

 

Figure 8.42: MCP-1 protein production.  MCP-1 in the conditioned media of cultures of 

pellets alone compared to pellets cultured with ITS-X. 
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8.3. Development of a coculture model of OA 

8.3.1. Cocultures initiate a repair response 

 

Figure 8.43: Aggrecan gene expression.  ACAN relative to GAPDH in pellet cultures 

from day 4.  Each bar represents the gene expression from pellets cultured with the 

corresponding title.  Media = media alone, Syn = synoviocytes alone, U937 = U937 cells 

alone, Syn/U937 = full coculture. 



185 

�

 

Figure 8.44: Aggrecan gene expression.  ACAN relative to GAPDH in pellet cultures 

from day 7.  Each bar represents the gene expression from pellets cultured with the 

corresponding title.  Media = media alone, Syn = synoviocytes alone, U937 = U937 cells 

alone, Syn/U937 = full coculture. 
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Figure 8.45: Aggrecan gene expression.  ACAN relative to GAPDH in pellet cultures 

from day 14.  Each bar represents the gene expression from pellets cultured with the 

corresponding title.  Media = media alone, Syn = synoviocytes alone, U937 = U937 cells 

alone, Syn/U937 = full coculture. 
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