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Abstract

Osteoarthritis (OA) of the knee, characterized hge pain and eventual loss of
joint function remains a significant unmet medinakd worldwide. Treatment of both
pain and structural damage progression are chatigngvith current pain therapies
providing inconsistent benefit and treatments tlh baslow loss of structural integrity
nonexistent. Although the facets of OA are notlwelderstood, it is clear that the
disease represents a complex combination of métapacesses affecting the cartilage,
underlying bone, synovium, and surrounding tissafegrticular joints. This complexity
makes it difficult to develop accurate models. dpivthe cost, time, and complexity
associated with performing in vivo studies, pretfiary study of disease biology as well
as identification, validation, and testing of pdiaiitherapeutic targets can benefit greatly
from studies initially performed in vitro in welledigned models ideally translatable to

both in vivo research and clinical settings.

A human cell-based model of osteoarthritis progngsfrom early to late-stage
OA was developed. This work included the combaratof synovial fibroblasts and
monocytes as a model of synovium. In culture wikie synovium component,
mesenchymal stem cell (MSC) pellets were used egdtilage component. At early
time points, the model produced many cytokines dedradative enzymes present in

clinical OA. Glycosaminoglycan (GAG) was releadeaim the cartilage component.



Also, the cartilage component mounted a repairaes® as measured by an increase in
aggrecan gene expression. These three criteria e@dence of a model of early stage
OA. At later time points, the cartilage componeantinued to lose GAG. The repair
response was lost. Finally, the production of ddgtive enzymes, specifically matrix
metalloproteinase 1 and 3 (MMP-1 and MMP-3), wasidished. These criteria were
evidence of a progression to late stage OA. Undedsatg the full progression of OA
could lead to the development of new targets amdtherapeutics and having a realistic

in vitro model is one step in that process.
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THE DEVELOPMENT OF A PROGRESSIVE IN VITRO
CELL-BASED MODEL OF OSTEOARTHRITIS



1. Introduction

1.1. Osteoarthritis

Osteoarthritis (OA) is the most common type ohatis and the major cause
of chronic musculoskeletal pain and mobility didigyin elderly populations worldwide,
affecting nearly 40% of people older than 65 yda&fs Joint pain is the symptom most
likely to present first, but OA is generally chaexzed by this pain, joint space
narrowing and loss of joint function [2]. In a nmal joint, there is a balance between
synthetic and degradative activity. In an OA |jpithere is progressive cartilage
degradation induced by loss of proteoglycan anchtena breakdown of the collagen
network of the extracellular matrix [3]. While paiherapies are available, unfortunately
there is not much for patients in the way of suutatbenefit. For most patients, the only
treatment option is inevitably joint replacement $J. Figure 1.1 depicts a sequential,
pyramidal approach to the pain management prooesssteoarthritis patients [6]. Table
1.1 depicts the Kellgren-Lawrence grading scaleldiographic measure of the severity

of osteoarthritis [7].



Severe

Surgery
partial or total
joint replacement
and
Surgery
(joint preserving)
osteotomy, resurfacing

Ao < Advanced

non-surgical interventions
injections

Simple non-surgical interventions,
non-steroidal anti-inflammatory drugs,
other drugs, physiotherapy or occupational

\_ therapy, orthoses, other aids
Self help ’;

simple analgesics, topical agents,
v lifestyle, nutraceuticals

Mild
Information and advice
education, weight loss, exercise, lifestyle alterations

44— Numbers of people ————————Pp

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 possibléeophytic
lipping

2 Definite osteophytes, definite narrowing of jospiace

3 Moderate multiple osteophytes, definite narrowiof joints
space, some sclerosis and possible deformity of lsontour

4 Large osteophytes, marked narrowing of joint epasevere

sclerosis and definite deformity of bone contour




Although the facets of OA are not well understadbdk clear that OA is chronic,
slow progressing destruction of articular jointgluding the cartilage, synovium, and
underlying bone. The catabolic environment of O\ rharked by increases in
degradative enzymes and pro-inflammatory cytokineddatrix metalloproteinases
(MMPs) play a large role in the destruction of ts¢eoarthritic joint. MMP-1 and MMP-
3, an aggrecanase, are present in high levels irsyvial fluid [8, 9]. In addition,
although detected at much lower levels in OA syabfiuid (287-fold lower than MMP-
1, over 14,000 fold lower than MMP-3), the collagesa MMP-13 has been implicated
due to the high gene expression in OA cartilage [#lthough not known as an
inflammatory disease, OA synovial fluid is full gfro-inflammatory cytokines and
chemokines, including interleukin 8 (IL-8) [10, 1hjonocyte chemo-attractant protein 1
(MCP-1) [12, 13], macrophage inflammatory protein(i41P-1 ) [14, 15], regulated and
normal T cell expressed and secreted (RANTES) I8, and vascular endothelial
growth factor (VEGF) [17, 18], among others. Thegseteins have been found at
detectable levels, but the concentration of int&ile 1 (IL-1 ) and tumor necrosis
factor (TNF- ) in OA synovial fluid is much more varied. Whiheost patients have
extremely low or undetectable concentrations ofLILer TNF-, some patients have
considerably higher concentrations of these preteintheir synovial fluid. [19 — 26].
Due to this wide variation in OA synovial fluid,ebe pro-inflammatory cytokines remain

controversial.

With no current treatment for structural changesGA, research into the
mechanisms for the changes involved in osteoaghcdbntinues. The difficulty in
researching OA begins with the idea that OA isansingle disease, but rather a complex
combination of metabolic processes affecting thiet jand surrounding tissues [27, 28].

See Figure 1.2 [29]. This complexity makes it idifft to develop accurate models.



There are animal models that are used for stud@Agincluding surgical instability
models, such as anterior cruciate ligament (AChnhgection or spontaneous models,
such as the STR/ort mouse model [30, 31]. The tios¢, and animals associated with
performing in vivo studies means a new OA target teabe sufficiently studied in vitro
first. In vitro, OA is most often studied throughonolayer cultured primary cells
exposed to high concentrations of cytokines or dienes, usually IL-1 [32].
However, IL-1 may not be the best stimulant when modeling @ihi©A. Further,
although many studies have used 2-D models, agetils a 3-D structure with
chondrocytes existing in an extracellular matripodteoglycan and collagen. Cell-cell as
well as cell-matrix interactions are important foe study of cartilage [33]. As shown in
recent studies [34 — 36], much of this can be nimadlcby better tissue engineered

models including clinically relevant stimulantspdilysiological concentrations.

Disease initiation

eInjury, trauma or repetitive stress
ePoor alignment or posture
eInflammation, gout, sepsis (e.qg. IL-1)
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Degradative enzymes
. . eAggrecanases (ADAMTS-4 and-5, MMP-3)
Pro-inflammatory cytokines eCollagenases (MMP-1, MMP-13)
eSynovitis and pain eOther proteases including hyaluronidase
eCytokine and chemokine up-regulation
elncreases in IL-6, IL-8, MCP-1, etc

Disease Perpetuation
Catabolic Cycle

Extracellular matrix degeneration

eGAG loss (aggrecan, but also biglycan, decorin, etc)
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Figure 1.2: Disease perpetuation, catabolic cydlksease initiation of clinical OA is

due to several possible causes including traumar, @ignment or inflammation. After



initiation joints undergo a catabolic cycle as showThis catabolic cycle includes
synovitis, pain, increases in pro-inflammatory ytes and degradative enzymes, and
extracellular matrix degeneration. Interruptings ttycle 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 inflammatdisease, studies have found
elevated levels of cytokines and growth factorsynovial fluid of individuals with OA
[37 — 39]. Given that cartilage breakdown is ofighe most recognizable changes in
OA, much research has been done looking at thisui¢i®n in vitro. The only cell type
in hyaline cartilage is the chondrocyte. It folthen that in order to study the effects of
OA on cartilage, chondrocytes have been the foéussearch efforts. Although it is
clear the cartilage biology is changed in OA, tleason for the change is not fully
understood. In order to study these effects iroyithondrocytes 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) compaots as well as inhibiting anabolic

activity of chondrocytes [40, 41].

Two hallmarks of OA are the loss of glycosaminoglyd GAG) and collagen I
content in the cartilage [42]. Human OA chondresytultured 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 mediime controls [43]. Similar results
were seen with human and porcine cartilage explddis Monolayer cultures of rabbit
articular chondrocytes treated with 10 ng/mL ILHiad greater than a 40% reduction in
collagen Il mRNA [45]. In human monolayer culturgischondrocytes, IL-1 reduced

type Il collagen expression [46]. It should beeathtall culture systems used very high
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concentrations of IL-1 as the stimulant, several orders of magnitudedrigfian what is

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

In addition to reducing anabolic activity, IL-lhas been shown to increase
catabolism. IL-1 stimulated chondrocytes release several matrixalfoptoteinases
(MMPs), including MMP-1, MMP-3 and MMP-13, and agganases, including
aggrecanase 1 and 2 (ADAMTS-4 and ADAMTS-5). Thesgradative enzymes with
aggrecanase and collagenase activity have beennsioportant in OA [47 — 50].
Further, osteoarthritic cartilage has been showrexpress these MMPS [51] and
aggrecanases [52]. Stimulation of chondrocytes With , has been shown to induce the
production of many of the pro-inflammatory cytoksneommonly 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 Ilafipear to produce an environment
similar to OA synovial fluid. Further, due to IL-1this increase in cartilage breakdown
factors in combination with the reduction in repedpabilities mimics many aspects of

clinical OA. This dual role, makes IL-lappear 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 OAeadt based on in vitro
data. There is plenty of evidence implicating &jtes in the progression of rheumatoid
arthritis, a disease with a major inflammatory comgnt [57 — 60]. The lower number
of synovial cells secreting IL-1[61], combined with the inconsistent or outrighsance
of detectable IL-1 in OA synovial fluid, serum or synovial tissue [£926] makes the

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

IL-1 receptor antagonist (IL-1Ra) is a naturallycoing, specific antagonist of
either IL-1 or IL-1 . IL-1Ra binds to the IL-1 receptors with similfinities as IL-1

or IL-1 , but does not transduce a signal [62]. It hasil®wn that in vitro 10-100
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times the amount of IL-1Ra is needed to inhibitllL- In vivo, there needs to be 100-
2000 times more IL-1Ra than IL-163, 64]. In a study of candidates awaiting tdiate
arthroplasty, synovial fluid was analyzed for levef IL-1 , TNF- , and IL-1Ra among
others. In this study, IL-1land TNF- were undetectable even though the detection limit
was <0.1 pg/mL. In male patients, IL-1Ra was dett@t 485.90 pg/mL. In female
patients, IL-1Ra was found at 332.68 pg/mL [65]ithét 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. eMery given that the disease
may be relatively painless and asymptomatic inititel stages, by the time the patient
seeks treatment, significant damage may have aaturr the cartilage. Thus, at the
point a patient appears at the doctor, it may leelate to use an anti-IL-1 treatment.
Anti-IL-1 treatment has been attempted in the cliniAnakinra is an interleukin-1
receptor antagonist used to treat rheumatoid &glfRA). A total of 160 patients with
OA were randomized and treated with anakinra. Aekv4, there was no improvement
in knee pain, function, stiffness, or cartilagentwrer in patients treated with anakinra
compared with the placebo [66]. The major diffeebetween RA and OA is the levels
of inflammation. The level of IL-1 is so high it can be measured in the peripheddl
of RA patients. This is not the case with OA paieg67]. In RA patients, the synovial
membrane is highly thickened and inflamed. Thisngg seen as frequently in OA
patients [68]. The low level of inflammation, thev concentrations of IL-1, the high
concentration of the natural inhibitor to IL-1and the lack of benefit with anti-IL-1
therapy in the clinic suggests the role of IL-th OA is limited by the time patients

present in the clinic. This suggests the use df Iblocking therapy is probably limited.



1.2.3. IL-6: Induction of catabolism by other cytokines

While IL-1 is the classical pro-inflammatory cytokine, seVerthers have been
shown to play a role in catabolism. TNFhas long been hypothesized to be important
in the progression of OA, although the role of TN cartilage degradation is generally
regarded as less clear. TNFRctivates the production and release of MMPs, vleads
to matrix breakdown and could explain cartilage etegation [69]. Interleukin-17 (IL-
17) and interleukin-18 (IL-18) are two additionaftakines that are potent inducers of
catabolic responses in chondrocytes. IL-17 and8Lstimulate the production of IL-6,
inducible nitric oxide synthase (iNOS), cyclooxygea 2 (COX-2), and MMPs.
Adenoviral over-expression of IL-17 induces cagdgoroteoglycan loss in the joint. In
animal models, IL-18 deficiency or blockade reducedrtilage destruction and
inflammation [70]. While much work has been dooexplore the role of these catabolic

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

IL-6 is a pleiotropic cytokine with a wide range lwblogical activities in immune
regulation, hematopoiesis, inflammation, and onoeges. IL-6 is produced by many
different cell types including T cells, B cells, naxytes, fibroblasts, keratinocytes and
endothelial cells [71]. In OA patients, the lewdlIL-6 in synovial fluid is quite high.
Due to this high level of IL-6, its regulatory amti might be crucial to the progression of
OA. The exact role of IL-6 in OA is controversidh studies, IL-6 has been shown to be
both a pro-inflammatory cytokine [72] and an anflammatory mediator [73]. Due to

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

There has been some investigation into the comeldtetween IL-6 and knee pain
severity, development and progression leading tmrigistent results. Stannus et al.
found an increase in IL-6 concentrations in theiseled to a significant increase in joint

pain when standing. Pain was measured by quesiiennsing the Western Ontario



McMaster osteoarthritis index (WOMAC) [74]. Consely, Pelletier et al. found no
such correlation between IL-6 and pain [75]. lirngportant to note the difference in
timeline and statistical analysis. In Stannustgtyatients were followed out to 5 years
as compared to 2 years in Pelletier's study. RurtBtannus et al. adjusted results for

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

Data about the role of IL-6 in structural degrémtais equally confounding. IL-6
levels were investigated in synovial fluid from ipats with increasing severity of joint
destruction as measured by the Kellgren-Lawrendg ¢£ading scale. In this study, the
authors found a significant inverse relationshipuaen KL grade and concentration of
IL-6 [76]. The conclusion from this correlationutd indicate IL-6 represents a pro-
anabolic factor able to mitigate cartilage damaaydydn the disease, but is decreased as
OA progresses. Based on in vitro data, IL-6 maynoee integral in the pathogenesis of
OA. Based on that assumption, the data could sigg¢ive cartilage destruction occurs
at the highest rate in earlier grades of OA anérapff as the disease reaches end-stage.
Although Pelletier et al. did not find a correlatiof IL-6 to pain, this study did support
IL-6 as a possible predictor of knee OA progressiditso, similarly to previous work,
cartilage volume lost over time was associated wittiecrease in IL-6 concentrations.
Additionally, increased levels of IL-6 have beemsidered an indicator for sarcopenia.
Sarcopenia is the degenerative loss of muscle amabsphysical function associated with
age. Sarcopenia is an aggravating factor thaeasas the progression of knee OA.
Similarly, IL-6 was found to correlate with the $osf strength in knee flexor muscles

[77].

Many of the functions of IL-6 are mediated via #isluble receptor (sSIL-6R).
This soluble receptor forms a complex with IL-6, ighh can then transduce signals

through the ubiquitously expressed glycoprotein {g@130). Thus, sIL-6R-mediated
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signaling allow for activation of cell types thabuld not normally respond to IL-6 itself.
In a study comparing rheumatoid arthritis (RA) &, levels of IL-6 and sIL-6R were
examined. Although the authors found significaritigher levels of IL-6 and sIL-6R in
RA, the concentration of these in OA synovial flwds still quite high, 6.39 ng/mL and
14.78 ng/mL for IL-6 and sIL-6R, respectively. Thathors also found a significant

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

IL-6 and sIL-6R have been shown to modulate thears® of anabolism and
catabolism in vitro. In a study of rabbit artiaukehondrocytes, IL-6, sIL-6R, or both
inhibited type Il collagen production [79]. In boe articular chondrocytes, IL-6 and
sIL-6R induced activation of Janus Kinase 1 (JAKIAK2, and signal transducer and
activator of transcription 1 (STAT1)/STAT3. Thesenditions significantly down-
regulated the expression of type Il collage, aggmecore, and link proteins [80]. This
diminished anabolic activity is coupled with anriesase in MMP and A Disintegrin And
Metalloproteinase with Thrombospondin Motifs (ADAMY expression. Primary bovine
chondrocytes were stimulated with IL-6 and sIL-&R 24 hours. Expression of MMP-1,
MMP-3 and MMP-13 as well as ADAMTS-4 and ADAMTS-%/Iwere markedly
increased [81]. These decreases in anabolic gctoombined with the increased
degradative activity are hallmarks of OA, suggeastither cytokines could provide the

stimulus needed for the progression of OA.
1.2.4. Matrix fragments induce catabolism

Cartilage is comprised of chondrocytes, the regidmils, and an abundant
extracellular matrix composed primarily of typeclllagen, aggrecan, and hyaluronan
[82]. Degradation of this matrix is a hallmark@A. While there is extensive literature

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

production/degradation pathway.

There is an increase of fibronectin (FN) within tteatilage matrix and synovial
fluid of patients with OA or RA [83]. This increass three to four fold, with the average
concentration of FN in normal synovial fluid incsgag from 171 mg/ml to 721 and 568,
in RA and OA, respectively [84]. It follows thehat this increase in FN allows for an
increase in fragmentation of said FN. Indeed,ofilectin fragments (FN-f) have been
found in cartilage and synovial fluid from RA and\@atients ranging from 24 to 200
kDa [85, 86]. In OA synovial fluid, the concentoat of FN-f has been estimated to be in

1M concentrations [87].

Physiological concentrations of FN-f, 0.1 to 1 piMpidly decreased cartilage
proteoglycan content and suppressed proteoglycaiinesis in human cartilage explant
cultures. These concentrations are consistent evithelow measured concentrations in
OA synovial fluid. Over a few days, these explangdeased half of the total
proteoglycan as compared to no FN-f controls. Nesteoglycan synthesis, as measured
by sulfate incorporation was also drastically segped to nearly 50% the level of the
control explants. IL-6 and MMP-3 production werksocasignificantly increased in
explants treated with FN-f, 16.9 and 12.5 fold extjvely. These factors likely
contributed to the loss of proteoglycan [88]. Fié-fcapable of up-regulating MMP-3,
but MMP-3 is capable of causing a catabolic cydie.addition to causing proteoglycan
degradation, MMP-3 has been shown to cleave fitmtim¢89]. Due to this, it could by

hypothesized that FN-f could create a self-sustgicatabolic cycle.

Similar effects were seen in vivo. New Zealandte/inébbits were injected with
0.3 mL of 3 puM of a 1:1 mixture of 29 and 50 kDaxtare of FN-f. Upon gross

examination, articular cartilage from animals inget with FN-f was dull and pale. In
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contrast, control animals that received no suckctign had glistening white cartilage.
As a percent proteoglycan content in the left kfngjected knee) compared to right knee
(naive knee), rabbits injected with FN-f had a radii reduced proteoglycan content 59
+ 8%. For the purposes of comparison, control atérhad proteoglycan ratios at 109 +
16%, not unexpectedly. This difference was staily significant (p < 0.0001). In

terms of histology, the most striking differencettwiFN-f treatment was the loss of

Safranin-O and Toluidine Blue staining indicatiieadoss of proteoglycan.

Fibronectin fragments are not the only matrix fnegts capable of inducing
changes in the cartilage. Due to the large prapodf type Il collagen found in articular
cartilage, there is an abundance of potential feaged collagen. Indeed, up to 20% of
collagen in human OA cartilage can be at leasiglgrtlegraded [90]. Cleavage of type
Il collagen may result from cleavage by collagesasemmonly found in OA including
MMP-1 and MMP-13. Further, MMP-3, found at highncentrations in OA synovial
fluid, has been shown to cleave type Il collagernhini the N-telopeptide and C-
telopeptide domain [82]. While many different tylbeollagen fragments are possible in
cartilage degeneration [91 — 93], both collagerelfeptides and C-telopeptides have
been shown to upregulate MMP expression in chowtiesc enhance the degradation of

matrix and change matrix synthesis.

Human cartilage explants treated with fragmentgze tii collagen at up to 1
mg/mL released GAG and collagen into the medialtieguin less GAG and collagen
content remaining in the explants. In these sgjdiagmented collagen also reduced cell
attachment and de novo synthesis of type Il collagebovine chondrocytes [94]. The
suggestion is that the intact telopeptide sigrtadspresence of intact collagen. Thus, the
cell does not recognize the need for de novo ceflagynthesis. In bovine cartilage

explants, type Il collagen fragments and N-telojkst have been shown to upregulate
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MMP-2, MMP-3, MMP-9 and MMP-13 mRNA [95]. Thesestidts create a two fold

response where collagen telopeptides inhibit deoneellagen synthesis while

simultaneously increasing collagenases. Thislifeither exacerbates the progression
of OA. C-telopeptides are elevated in the urineO# patients [96] and have been
suggested as a biomarker for OA. To that end,rakwvearkers have been studied as
biomarkers of type Il collagen metabolism includihegradation markers (C2C, C1, 2C)
and synthesis marker (CP 11) [97, 98]. Furthemany C-telopeptides correlate with high
cartilage turnover in OA [99] and the progressidrOé\ as seen in magnetic resonance

imaging (MRI) [100].

Fibronectin and collagen fragments likely arisepast of the disease of OA.
These fragments are likely generated through aggilmatrix degeneration and turnover.
As described above, many types of each fibronemtinollagen fragments are possible
and found in OA. The different fragments have bsleown to have different potency in
up-regulating catabolism in vitro. The need fatlier study of these fragments is clear,
given these fragments are found in OA at conceatrsitshown to be catabolic in vitro.
In this way, the disease could be thought of asssstaining. Once the original damage
has been done, by mechanical force, cytokine séitiaul, or other stimuli, the turnover
and matrix degradation can continue the degradatidis, when a patient arrives at the
doctor, the original stimulus is gone and the dise& left continuing the cycle of

degradation.
1.2.5. Additional stimulants, LPS and retinoic acid

Expression of toll-like receptors (TLRS) is upresged in OA lesion areas. TLR-4,
the receptor for lipopolysaccharides (LPS) is ohthe TLRs upregulated in OA. LPS is
the major component of the outer membrane of Gragative bacteria. To this end,

several in vitro models of OA have included stiniiola with LPS. Chondrocytes
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stimulated with LPS increase production of MMPsluding MMP-1, MMP-3 and
MMP-13. LPS also increased expression of TLR-2 &bR-4, as an example of ligand
stimulating increases in receptor [101]. In OA®yial membranes treated with LPS, an
increase in pro-inflammatory cytokines IL-And TNF- as well as MMP-3 was shown
[102]. LPS has also been shown to significantjuce cartilage synthesis as measured
by 35S uptake in cartilage explants treated witls [FO3]. Although most cases of OA
are not likely to come from a bacterial infectidtPS models would seem to be an
accurate representation of septic arthritis. $eptthritis has a substantially lower
incidence rate than OA, 2.6 per 100,000 or sewva@drs of magnitude lower incidence
than OA [104]. It remains to be seen if LPS wob&lthe best stimulant to model the

broader disease.

The addition of retinoic acid to cartilage expktas been shown to enhance
destruction of matrix components [105, 106]. MMP-fnay at least be partially
responsible for this degradation. Porcine chondesc cultured in the presence of
retinoic acid had increased MMP-13 expression coatp#o controls. This increase in
MMP-13 expression was also shown for human OA chamydes [107]. Further, porcine
or bovine explants cultured in the presence ohoati acid lost over 80% of the GAG
over just 4 days [108]. Due to hypothesis antiarigd provide protection in OA patients
from further joint damage, retinoic acid has beeggested as a treatment as well.
Retinoic acid was able to inhibit MMP-1 and MMP-13RNA expression, protein
production and enzyme activity induced by eitherllLor TNF- in cultures of OA
chondrocytes [109]. In a separate study, retiagid suppressed IL-linduced release
of chemokines, including RANTES, MIP-lamong others [110]. Retinoic acid is
controversial and more work needs to be done tdoexghe 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-Icould play a role in the early
progression or even initiation of OA. However,ieats do not present in the clinic until
long after the initiation phase of OA. Further thck or at least inconsistent detection of
IL-1 in OA patients, high concentrations of the natimaibitor IL-1Ra, and existence
of other stimulants at relevant concentrations make idea of OA being IL-driven
guestionable. Thus, although IL-1s capable of creating cytokine profiles similar t
OA, many other targets are similarly capable. Tioees therapies need to be developed
to the actual root cause not therapies to an o e@tabolic stimulant. In order to screen
new targets or understand the pathology of layesDA, more work needs to be done
with tissue engineering models that include stimtdat physiological concentrations as
well as IL-1 -independent models. Concurrently, research shbaladtonducted with
patients with OA much earlier in the progressiontleé disease, thus being able to

potentially identify, target, and treat diseaséation.
1.3. Objectives and research strategy

Osteoarthritis is very common and the major cadisdmnic musculoskeletal pain
and mobility disability in elderly populations wdvlide. Although the facets of OA are
not well understood, it is clear that OA is chrgnstow progressing destruction of
articular joints including the cartilage, synoviuamd underlying bone. The catabolic
environment of OA is marked by increases in degreel@&nzymes and pro-inflammatory
cytokines. With no current treatment for struckwwhanges in OA, research into the
mechanisms for the changes involved in osteoaghcdbntinues. The difficulty in
researching OA begins with the idea that OA isansingle disease, but rather a complex

combination of metabolic processes affecting tha jnd surrounding tissues.
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This complexity makes it difficult to develop acate models. In vitro, OA is
most often studied through monolayer cultured prymaells exposed to high
concentrations of cytokines or chemokines, usualy . The appropriate stimulant for
modeling clinical OA has yet to be determinedméty be the case that designing a model
system around one stimulant limits the usefulnessaid model. It may be more
appropriate to have a combination of catabolic @émts or no stimulant. Further,
although many studies have used 2-D models, agetils a 3-D structure with
chondrocytes existing in an extracellular matriypofteoglycan and collagen. Cell-cell as
well as cell-matrix interactions are important toe study of cartilage. There are many
different cell types in surrounding tissue that n@gy a large role in OA as well,
including the synovial cells, subchondral boneszelhd meniscal cells. Much of this can
be mimicked by better tissue engineered modelsidney clinically relevant stimulants

at physiological concentrations.

The hypothesis of this work is that a 3D cartilaggnponent interacting with
synoviocytes as well as macrophages would sim#adissease environment similar to
that present in developing OA. Further, havinghalinan-derived cells would allow this
in vitro OA model to be useful to understand therfation and progression of OA as

well as screening for disease modifying drugs dfirdcally relevant system.

A model system of early stage OA can be definethesting three criteria: the
production of cytokines and degradative enzymesilting in a conditioned medium
profile similar to OA synovial fluid, the releasé glycosaminoglycan (GAG) from the
cartilage component, and an early anabolic respolmsa similar manner, the system can
be defined as late stage OA based on the followiitgria: a decrease in the production
of degradative enzymes, the continued loss of GAEhfthe cartilage component, and

the loss of the early anabolic response. Underritiie conditions, these cells would
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progress from early to late stage OA mimicking ¢éhballmarks of the disease through
the progression of OA. By choosing to study thadel at various time points, the model
could be useful to understand the progression of@@Awell as screening for disease

modifying drugs in a clinically relevant in vitrgstem.

It is proposed that that a 3D cartilage compoir@etacting with synoviocytes as
well as macrophages would simulate a disease emagnt similar to that present in
developing OA. Further, having all human-derivedlscwould allow this in vitro OA
model to be useful to understand the formation prmbression of OA as well as
screening for disease modifying drugs in a clijcatlevant system. This hypothesis
will be validated as follows: i) identification ancharacterization of a model of the
synovial component (Chapter 3), ii) developmenthef components necessary for a three
cell type coculture system (Chapter 4), iii) chéegdzation and development of a model

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

A series of characterization studies related te #ynovial component are
outlined in Chapter 3. The interaction of synovilatoblasts and two monocyte cell lines
was investigated for production of proteins reléwanOA. The choice of monocyte cell
to model the macrophages in the synovial compoiseptesented. Development of an
environment similar to OA synovial fluid is establied. The interaction between the
synovial fibroblast and monocytes is also invesédan terms of how activation occurs,
by cell-cell contact or soluble factors. This dwerization effort provides the
foundation for the development of an active synlog@mponent as a piece of the three

cell coculture model.

The development of the three cell coculture masiptesented in Chapter 4. The
development of the cartilage component, a chonaiiogstem cell pellet is described.

This work includes chondrogenic culture periodta pellet. The contribution of each of

18



the three cell types is estimated using three nasthgene expression analysis, protein
production from individual cultures, and short méeing RNA (siRNA) experiments.

The addition of the serum supplement, ITS-X is gtigated as a suitable additive. This
work provides the necessary pieces to investidmtdhree cell coculture as a progressive

model of OA.

In Chapter 5, the full three cell coculture modepresented. An evaluation of
the three cell coculture as a model of early ateldéage OA is examined. This includes
the investigation of the timeline of the model. ofuction and production rates of
proteins relevant to OA are measured. Glycosanfyeag loss was measured.
Aggrecan expression and repair response by thilagarcomponent is also investigated.
Finally, the role of IL-1 and degradative enzymes are examined througmehesion of

inhibitors.
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2. Materials and Methods

2.1. Materials

Primary human synoviocytes were obtained from Atfc Engineering
(Northbrook, IL). Human mesenchymal stem cells @8 were obtained from Lonza
(Walkersville, MD). Monocyte cell lines, THP-1 and37, were obtained from ATCC
(Manassas, VA). Media components including Higludese Dulbecco’s Modified
Eagle’s Medium (DMEM), fetal bovine serum (FBS)daRPMI-1640 were purchased
from Invitrogen (Carlsbad, CA). Growth factors aBdISA kits were purchased from
R&D Systems (Minneapolis, MN). Tissue culture diggpincluding transwell inserts
were obtained from BD Biosciences (Bedford, MA). th€ 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. Tedel includes three cell types,

synovial fibroblasts represented by green cirdié®37 cells represented by red circles,
and a stem cell pellet represented by a blue cir@lee synovial fibroblasts and U937

cells are cocultured in a transwell above the stelipellet.
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2.3. Monocyte and synoviocyte interaction

2.3.1. Cell preparation and expansion culture

Human synovium from the knee (donor age — 73) @aained from Articular
Engineering (Northbrook, IL). This donor was idéad as “normal,” having had no
prior documented history of osteoarthritis or krmgn. Cells were isolated from this
tissue by overnight treatment at 37° C with 1.0nmmg/collagenase (Sigma — St. Louis,
MO). The cells were expanded through 3 passagesaimdard culture medium, High
Glucose Dulbecco’s Modified Eagle’s Medium (DMEMjtlv10% fetal bovine serum
(FBS) obtained from Invitrogen (Carlsbad, CA). Ttells were passaged at 80 — 90%
confluency. The three passages effectively elitehall synovial macrophages from the
synovial fibroblasts, as three passages are wiffidio enrich synovial fibroblasts to
>95% of the cells [111]. THP-1 and U937 cells webtained from ATCC (Manassas,
VA). Cells were expanded in RPMI-1640 with 10% FRB8vitrogen). Cells were
expanded between 200,000 and 1,000,000 cells/ntLfulit medium change every 2 — 3

days.
2.3.2. Ratio of monocytes to synoviocytes

Each of the two monocyte cell lines, THP-1 or Ug@Hs were cocultured with
synoviocytes to investigate the response of thelages in terms of production of OA-
related proteins. Cocultures were plated in alammanner to Chen et al. [112]. First,
synovial fibroblasts were plated in 3 micron trapfwnserts (BD Biosciences) at 25,000
cells/cnf in DMEM with 10% FBS and allowed to adhere ovehhigMonocytes (THP-1
or U937) were resuspended in DMEM with 10% FBS aedded on top of the
synoviocytes at two-fold, four-fold, or six-folddhconcentration of synoviocytes. This
resulted in 50,000, 100,000, or 200,000 cellé/cifthese cells were cultured together for

3 days. After the 3 days, the media was removeldtlaa cells (synovial fibroblasts and
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monocytes) were washed with phosphate bufferedes@®BS). At this point, the media
was switched to serum free DMEM. The ratio of thenocytes to synoviocytes was
compared as well as control cultures including ot cell type. Conditioned media
from the various cultures of U937/synoviocytes dmtP-1/synoviocytes were analyzed
for proteins commonly found in OA synovial fluidadluding interleukin 1 (IL-1 ),
tumor necrosis factor (TNF- ), interleukin 8 (IL-8) [10, 11], monocyte chemadiac
protein 1 (MCP-1) [12, 13], macrophage inflammat@nptein la (MIP-1a) [14, 15],
regulated on activation, normal T cell expressed aacreted (RANTES) [16, 17],
vascular endothelial growth factor (VEGF) [17, 18Rgtrix metalloproteinase 1 (MMP-1)
[8], and matrix metalloproteinase 3 (MMP-3) [9].hd proteins were analyzed using
ELISA kits per the manufacturer's instructions (R&Bystems). The ratio of the
monocytes, the two different monocyte cell typesd asynovial fibroblasts were
compared to select one condition to move forwairtth \wi the coculture system. In order
to compare across several proteins at once, allesalvere normalized to synoviocyte
cultures alone. Further, in order to place thai@glin context, concentrations of these
proteins found in OA synovial fluid as reportedtire literature were included in the

comparison.
2.3.3. The effect of the exogenous fibronectin fragment

Fibronectin fragment was used to determine theceffef adding an exogenous
catabolic stimulant to the coculture of synovi@dréiblasts and monocytes. The 29 kDa
fibronectin fragment (Sigma) was added at ON8, in line with previous work [113].
Cultures were similar to those described aboveno@wl fibroblasts were plated in 3
micron transwell inserts (BD Biosciences) at 25,880s/cnf in DMEM with 10% FBS
and allowed to adhere overnight. Monocytes (THB*1U937) were resuspended in

DMEM with 10% FBS and seeded on top of the synoxies at 100,000 cells/ém
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These cells were cultured together for 3 days.ertie 3 days, the media was removed
and the cells (synovial fibroblasts and monocytesje washed with phosphate buffered
saline (PBS). At this point, the media was switthie serum free DMEM with or
without 0.8 M fibronectin fragment. Conditioned medium wasletied at 4 days and
analyzed for MMP-1, MMP-3, IL-8, and MCP-1 using IBA kits (R&D Systems). In
order to compare cultures with or without fibronectragment all data points were

normalized to synoviocytes alone without fibronedtagment.
2.3.4. MCSF and MCP-1 production in the cocultures

In order to investigate the potential role of mgtrage colony stimulating factor
(MCSF) and MCP-1 in these cocultures, particulserdion was paid to these important
proteins for macrophage biology. Cocultures wdagep in a similar manner as above.
Synovial fibroblasts were plated in 3 micron tragwnserts (BD Biosciences) at 25,000
cells/cnt in DMEM with 10% FBS and allowed to adhere ovelmigMonocytes (THP-1
or U937) were resuspended in DMEM with 10% FBS @eéded on top of the
synoviocytes at 100,000 cells/@mThese cells were cultured together for 3 dajfer
the 3 days, the media was removed and the celi®oy&®l fibroblasts and monocytes)
were washed with phosphate buffered saline (PB8&J. this point, the media was
switched to serum free DMEM. Conditioned mediumswallected at 4 days and

analyzed for MCSF and MCP-1 using ELISA kits (R&Psg&ms).
2.3.5. Macrophage marker gene expression in THP-1 and U3%TIs

In order to explore the activation of the two moyteccell lines, THP-1 and
U937 cells were assayed for macrophage marker g&peession. CD14 and CD80
expression levels were investigated in conditiofisnmnocytes cultured alone or
combined in a coculture with synoviocytes as desdiabove. Synovial fibroblasts were

plated in 3 micron transwell inserts (BD Biosciesjcat 25,000 cells/chin DMEM with
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10% FBS and allowed to adhere overnight. Monocy{EdP-1 or U937) were
resuspended in DMEM with 10% FBS and seeded omfdipe synoviocytes at 100,000
cells/cnf. These cells were cultured together for 3 dajéter three days, monocytes
were separated from synoviocytes using ethyleneédetetraacetic acid (EDTA). Ice
cold 2 mM EDTA was added to the cocultures of mgtex and synovial fibroblasts for
5-10 minutes. At this point, the monocytes cellsrevno longer attached and were
pipetted up and down to remove them fully fromskiovial fibroblasts. This separation
technique was shown by Chen et al. to remove theogytes without disturbing the
synovial fibroblasts [112]. After centrifugatiori the monocytes to remove the EDTA,
RNA was isolated from the now separated monocytesyoovial fibroblasts using the
SV Total RNA Isolation System (Promega — Madisonl) \per the manufacturer's
directions. cDNA was reverse transcribed from RNsging the gScript™ cDNA
SuperMix (Quanta BioSciences — Gaithersburg, MDjoeding to the manufacturer's
directions. TagMan Gene Expression assay kits l{@gpmBiosystems) were used to
analyze transcription levels of the macrophage srarcD14 (NM_000591.3) and CD80
(NM_005191.3). Gene expression was normalizedABPH (NM_002046.3). In order
to compare across both cell types and genes, hlesavere then normalized to the
respective monocyte alone culture. In this walygahes were expressed as fold change

to monocytes alone.

Further, U937 cells were cultured under four cdodg to test for potential
inducers of CD80 gene expression up-regulatiorordier to investigate whether cell-cell
contact might be important, plates were coated w@tombinant N-Cadherin (R&D
Systems-cell culture grade, free of endotoxin), @0nL, 100 L/well overnight. At the
same time, human synoviocytes were plated in tratismserts at 25,000 cells/érand

allowed to adhere overnight. The next day, all imedas removed and plates or
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transwell inserts were washed with PBS. U937 celige then plated at 100,000
cells/cnf in each of four conditions in DMEM. U937 alone lisecontained just the
U937 cells, U937/Syn Together wells contained U88Ik seeded upon the synoviocytes
in the inserts in a similar manner as above, U93Y/Separate wells contained U937
cells seeded outside the transwell inserts comigisynoviocytes such that they could
interact but not directly contact the synoviocytd837 + N-Cadherin wells were seeded
upon the N-Cadherin coated wells. After 3 days, T88lls were harvested and RNA
isolated for message expression analysis usingStieTotal RNA Isolation System
(Promega) per the manufacturer’s directions. cDMs reverse transcribed from RNA
using the qScript™ cDNA SuperMix (Quanta BioScies)ceaccording to the
manufacturer’s directions. TagMan Gene Expressiesay kits (Applied Biosystems)
were used to analyze transcription levels of thecroghage markers CD14
(NM_000591.3) and CD80 (NM_005191.3). Gene expoessvas normalized to
GAPDH (NM_002046.3). Again, all values were thesrmalized to the U937 alone

culture. In this way, all conditions were exprasas 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) @laained from Articular
Engineering (Northbrook, IL). This donor was idéetl as “normal,” having had no
prior documented history of osteoarthritis or krmgen. Cells were isolated from this
tissue by overnight treatment at 37° C with 1.0 mig/lcollagenase (Sigma — St. Louis,
MQO). The cells were expanded through 3 passagesamdard culture medium, High
Glucose Dulbecco’'s Modified Eagle’s Medium (DMEM]tlv10% fetal bovine serum

(FBS) obtained from Invitrogen (Carlsbad, CA). Tdels were passaged at 80 — 90%
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confluency. The three passages effectively elitethall synovial macrophages from the
synovial fibroblasts, as three passages are wifficio enrich synovial fibroblasts to
>95% of the cells [111]. THP-1 and U937 cells wektained from ATCC (Manassas,
VA). Cells were expanded in RPMI-1640 with 10% FBBvitrogen). Cells were
expanded between 200,000 and 1,000,000 cells/ntLfulit medium change every 2 — 3
days. Human mesenchymal stem cells (MSC) werdrmatdrom Lonza (Walkersville,
MD). Cells were expanded two passages in standaitdre medium, Low Glucose
DMEM with 10% FBS and 10 ng/mL of fibroblast growfdictor 2 (FGF2) from R&D

Systems (Minneapolis, MN). The cells were passageé — 90% confluency.
2.4.2. Pellet cultures

MSC pellets were formed in a similar manner as rilesd by Penick et al. [114].
Briefly, cells were resuspended in defined chondnog medium containing high glucose
DMEM with Penicillin (10,000 U/mL — Invitrogen) anstreptomycin (10,000 mg/mL —
Invitrogen) supplemented with 1% ITS-X (BD Biosares — Bedford, MA), 50 mg/mL
ascorbic acid (Sigma), TOM dexamethasone (Sigma) and 5 ng/mL T@F{R&D
Systems). The cells were adjusted to 1.25 % ci#ls/mL. Two hundred microliter
aliquots were dispensed into a sterile 96-well padpylene microplate (BD Biosciences)
resulting in 250,000 cells per well. The plate vgasin for 5 minutes at 500 x g and
incubated at 37°C. Twenty four hours after seedpelets were released from the
bottom of the well by gently removing and expellittge medium back into each well.

Media was replaced every 2 — 3 days with a fregh 20of the chondrogenic medium.
2.4.3. Chondrogenesis over 4 weeks

Stem cell pellets were prepared and cultured unddendrogenic conditions for
up to 4 weeks. At the end of each week, pelletevarvested for glycosaminoglycan

(GAG), deoxyribonucleic acid (DNA), and gene expgres analysis. Pellets for GAG
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and DNA analysis were harvested and digested ayetrin 200 L of 0.5 mg/mL
proteinase K (Sigma). GAG was analyzed using thdihg of 1,9 dimethylmethylene
blue (Sigma), a cationic blue dye, to sulfated GAGolution as described below. DNA
content, as a measure of cell number, was evaluasewy the Quant-iT PicoGreen
dsDNA assay kit (Invitrogen — Carlsbad, CA) folloithe manufacturer’s instructions.
Total RNA from pellets was isolated and purifiedngsthe Promega SV Total RNA
Isolation System according to the manufactureri®ations (Promega). cDNA was
reverse transcribed from RNA using the qgScript™ @DNsuperMix (Quanta
BioSciences) according to the manufacturer's divest TagMan Gene Expression
assay kits (Applied Biosystems) were used to aeatyanscription levels of the matrix-
related genes: aggrecan (ACAN NM_013227.2), SRX (&germining region Y)-box 9
(SOX9 NM_000346.3), collagen type Il (Col2 NM_00#84and collagen type 10 (ColX
NM_000493.3). Gene expression was normalized tPBiA (NM_002046.3). All
normalized gene values were then further normalieedeek 1 data. In this way, all four

genes could be analyzed at each time point, exgutessa fold change to week 1 data.
2.4.4. Coculture investigating chondrogenic culture periaaf pellet

Cocultures were plated as described above. Fystovial fibroblasts were
plated in 3 micron transwell inserts (BD Biosciesjcat 25,000 cells/chin DMEM with
10% FBS and allowed to adhere overnight. U93&aedire resuspended in DMEM with
10% FBS and seeded on top of the synoviocytes@DQO0 cells/crh These cells were
cultured together for 3 days. After the 3 dayg thedia was removed and the cells
(synovial fibroblasts and monocytes) were washel phosphate buffered saline (PBS).
At this point, the media was switched to serum D&EM with the addition of a stem
cell pellet, as described above, added to the auddlide the transwell insert. Stem pellets

were cultured for 2 weeks, 3 weeks, or 4 weekshisndrogenic medium. These triple
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cocultures were taken out 4 days. Pellets for G&@ DNA analysis were harvested and
digested overnight in 200L of 0.5 mg/mL proteinase K (Sigma). GAG was araty
using the binding of 1,9 dimethylmethylene blugy(8a), a cationic blue dye, to sulfated
GAG in solution as described below. DNA conteist,sameasure of cell number, was
evaluated using the Quant-iT PicoGreen dsDNA asstyinvitrogen) following the
manufacturer’s instructions. Total RNA from pedletas isolated and purified using the
Promega SV Total RNA Isolation System accordinghte manufacturer’s directions
(Promega). cDNA was reverse transcribed from RNsn@ the qScript™ cDNA
SuperMix (Quanta BioSciences) according to the rfanturer’s directions. TagMan
Gene Expression assay kits (Applied Biosystems)ewesed to analyze transcription
levels of aggrecan (ACAN NM_013227.2). Gene exgimswas normalized to GAPDH
(NM_002046.3). Gene expression was then normaliagtie pellets alone culture. In
this way, all conditions were expressed as foldhgbato the pellets alone. Media was
collected and analyzed for cytokine and MMP producas measured by ELISA (R&D

Systems).
2.4.5. The effect of the exogenous fibronectin fragment

Given the work with fibronectin fragment and thengyium component,
fibronectin fragment was investigated for the efeof adding an exogenous catabolic
stimulant to the pellet model. Stem pellets warkuced for 2 weeks in chondrogenic
medium. The pellets were then changed to seruenMEM with or without 0.8 M
fibronectin fragment (Sigma). These cultures waken out 4 days. Conditioned media
was harvested for GAG analysis. Pellets for GA@ BNA analysis were harvested and
digested overnight in 200L of 0.5 mg/mL proteinase K (Sigma). GAG was amaty
using the binding of 1,9 dimethylmethylene bluey(®a), a cationic blue dye, to sulfated

GAG in solution as described below. DNA conterst,aameasure of cell number, was
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evaluated using the Quant-iT PicoGreen dsDNA asstyinvitrogen) following the
manufacturer’s instructions. In order to compa33eleased and GAG retained in the
fibronectin fragment cultures, data was normalizecpellets alone. In this way, the

GAG data was expressed as a fold change to pelt#ts.
2.4.6. Estimating the contribution of each cell type

The contribution of each of the three cell typeth® production of four of the OA
proteins was estimated using three methods. Thettaof interest were MMP-1, MMP-

3, IL-8 and MCP-1, two degradative enzymes anddyokines.
2.4.6.1. Gene expression estimation

Cocultures were plated as described above. Fystovial fibroblasts were
plated in 3 micron transwell inserts (BD Biosciesjcat 25,000 cells/chin DMEM with
10% FBS and allowed to adhere overnight. U93&aedire resuspended in DMEM with
10% FBS and seeded on top of the synoviocytes@D@O0 cells/crh These cells were
cultured together for 3 days. After the 3 dayg thedia was removed and the cells
(synovial fibroblasts and monocytes) were washel phosphate buffered saline (PBS).
At this point, the media was switched to serum D&EM with the addition of a stem
cell pellet, as described above, added to the suddlide the transwell insert. Stem pellets
were cultured for 2 weeks in chondrogenic mediubhese triple cocultures were taken
out 4 days. Monocytes were separated from synotescysing ice cold 2 mM EDTA
added to the cocultures of monocytes and synoNiedlflasts for 5-10 minutes. At this
point, the monocytes cells were no longer attachred were pipetted up and down to
remove them fully from the synovial fibroblasts.fték centrifugation of the monocytes
to remove the EDTA, RNA was isolated from the n@parated monocytes or synovial
fibroblasts. RNA was also isolated from the pslisbm these triple cocultures. Total

RNA from pellets was isolated and purified using fromega SV Total RNA Isolation

29



System according to the manufacturer's directioRsoifiega). cDNA was reverse
transcribed from RNA using the qScript™ cDNA SupectMQuanta BioSciences)
according to the manufacturer's directions. TagMaane Expression assay Kkits
(Applied Biosystems) were used to analyze transorp levels of MMP-1
(NM_002421.2), MMP-3 (NM_002422.3), IL-8 (NM_00058% and MCP-1
(NM_002982.3). Gene expression was normalized A®ICBH (NM_002046.3). Gene
expression was then normalized to the U937 cdltsthis way, the expression of each
gene of interest was expressed as fold changeettd¥37 cells alone. Finally, the fold
change for each cell type was divided by the surtheffold 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 dgpe using actual protein
production, cultures of each individual cell typeeres used. The timeline for these
individual cultures followed the same timeline hs toculture described above. First,
synovial fibroblasts were plated in 3 micron trafwnserts (BD Biosciences) at 25,000
cells/cnt in DMEM with 10% FBS and allowed to adhere ovehtig These cells were
cultured for 3 days in 10% FBS containing DMEM. eTtulture was then switched to
serum free DMEM for 4 additional days. U937 cellsre seeded on top of 3 micron
transwell inserts at 100,000 cellsicm DMEM with 10% FBS for 3 days. Media was
then switched to serum free DMEM and the culturesewcontinued for 4 additional
days. Stem pellets were cultured for 2 weeks ondhogenic medium. Media was then
switched to serum free DMEM and the cultures wesetioued for 4 additional days.
Conditioned media was collected and analyzed for RAM MMP-3, IL-8, MCP-1

protein levels via ELISA per the manufacturer'sedifons. The production of each
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protein was summed across each individual cell.tygiaally, the production by each cell

type was divided by this sum and expressed ascapecontribution.
2.4.6.3. siRNA cultures

In order to measure the contribution of each cgfletin terms of protein
production in the presence of all three cell tymesall interfering RNA (siRNA) was
used. Synoviocytes and monocytes were transfedtbdsiRNA against one of the four
targets as shown in Table 2.1. Silencer® Seld@NAs were selected due to high
potency and high selectivity [115]. The siRNA treants were performed according to
manufacturer’s directions at a final concentratdr?0 nM siRNA. Briefly, cells were
seeded in the appropriate growth media. The teatish agent was diluted in Opti-
MEM | medium (Invitrogen) and incubated for 10 mi@s at room temperature. The
SiRNA was diluted in Opti-MEM | medium to the appr@te concentration. An equal
volume of transfection agent and siRNA was mixed enrtubated for an additional 10
minutes. The siRNA transfection solution was tldoted 1:10 into the growth media
above the cells in a dropwise fashion. This aadea final concentration of siRNA of
20 nM. The cells and siRNA were then incubatedrmight. In order to remain
consistent, cells that were not transfected agathst target still received siRNA
treatment, but with a negative control (scrambl€his 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 wplated in a similar manner as
described above. First, synovial fibroblasts waated in 3 micron transwell inserts (BD
Biosciences) at 25,000 cells’cm2 in DMEM with 109BS-and allowed to adhere
overnight. U937 cells were resuspended in DMEMWi0% FBS and seeded on top of
the synoviocytes at 100,000 cells/cm2. These eedie cultured together for 3 days.
After the 3 days, the media was removed and thé&s d¢synovial fibroblasts and
monocytes) were washed with phosphate bufferedes@®BS). At this point, the media
was switched to serum free DMEM with the additidracstem cell pellet, as described
above, added to the well outside the transwellrinsiéull cocultures were cultured for 4

additional days.

Monocytes were separated from synoviocytes usimgatd 2 mM EDTA added to
the cocultures of monocytes and synovial fibrolsldst 5-10 minutes. At this point, the
monocytes cells were no longer attached and weettpd up and down to remove them
fully from the synovial fibroblasts. After cenuation of the monocytes to remove the

EDTA, RNA was isolated from the now separated mgtesc or synovial fibroblasts.
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RNA was also isolated from the pellets from thes#get cocultures. Total RNA from
pellets was isolated and purified using the Prom8yaTotal RNA Isolation System
according to the manufacturer’s directions (PromegeDNA was reverse transcribed
from RNA using the gScript™ cDNA SuperMix (Quant&8ciences) according to the
manufacturer’'s directions. TagMan Gene Expressissny kits (Applied Biosystems)
were used to analyze transcription levels of MMRNM_002421.2), MMP-3
(NM_002422.3), IL-8 (NM_000584.3), and MCP-1 (NM2982.3). Gene expression
was normalized to GAPDH (NM_002046.3). The knockdadue to siRNA treatment
was then calculated by comparing target siRNA gsotqpnegative (scramble) siRNA
groups and then expressed as a percentage. Pcoteantrations of MMP-1, MMP-3,
IL-8, and MCP-1 in the conditioned media were apety via ELISA per the
manufacturer’s directions. The knockdown in pnofgioduction due to siRNA treatment
was also calculated by comparing target siRNA gsotgp negative (scramble) siRNA

groups and then expressed as a percentage.

Estimating the contribution using the siRNA culumgas done according to the

following equations.

Where S, U, and P represent the protein produdfaime synoviocytes, U937
cells, or pellets and TP represents the total tgogatein production. The coefficients
represent the protein production as modulated RNAL For example, in the first case,
the siRNA used was the negative control allowinh calefficients to be 1, or full
production levels. The second equation is the giRfdated case, thus the coefficients
are the knockdown as calculated using gene exprefsim the cocultures at day 4. The

first assumption is that the knockdown in gene egpion by siRNA is a direct
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representation of the protein knockdown of that tgle. Secondly, the decrease in
protein production of one cell type is assumedeanaependent of the other cell types,
i.e. there is no compensatory protein productionother cell types. Third, given the
pellets were not treated with siRNA, one can assymie = pP. Although there was
knockdown of the gene expression for each of trgetgproteins in the U937 cells, there
was no effect on the protein production. This w#ofor the assumption: U ~ 0.

Subtracting equation 2 from 1 gives:

Solving for the contribution of the synoviocytegTB) gives:

The contribution of the pellet is therefore:

2.4.1. Role of U937 cells

The contribution of the U937 cells appeared limiiadthe production of OA
proteins, thus the contribution of this cell typasameasured in terms of GAG loss and
protein production compared to cultures in the absef the U937 cells. First, synovial
fibroblasts were plated in 3 micron transwell itse(BD Biosciences) at 25,000
cells/lcm2 in DMEM with 10% FBS and allowed to adh@vernight. For the group
containing synovial cells alone, medium was replaséh fresh DMEM with 10% FBS
and the synoviocytes were cultured for 3 additiodays. For the group containing
synoviocytes and U937 cells, U937 cells were resnded in DMEM with 10% FBS and
seeded on top of the synoviocytes at 100,000 cei/ These cells were cultured
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together for 3 days. After the 3 days, the medis wemoved and the cells (synovial
fibroblasts and monocytes) were washed with phdspbaffered saline (PBS). At this
point, both groups were switched to serum free DM&ith the addition of a stem cell
pellet, as described above, added to the well dmitshe transwell insert. These
cocultures were cultured for up to 14 additionatdwith half media changes every 2-3

days.

Pellets for GAG and DNA analysis were harvesteddigdsted overnight in 200

L of 0.5 mg/mL proteinase K (Sigma). GAG was amaty using the binding of 1,9
dimethylmethylene blue (Sigma), a cationic blue,dyesulfated GAG in solution as
described below. DNA content, as a measure ofreethber, was evaluated using the

Quant-iT PicoGreen dsDNA assay kit (Invitrogen) Ideling the manufacturer's
instructions. Conditioned media was collected andlyzed for GAG content as well as

MMP-1, MMP-3, IL-8, MCP-1 protein levels via ELISAer the manufacturer's

directions.
2.4.2. Serum supplementation with ITS-X

Stem cell pellets were cultured for 14 days in aliogenic medium as described
previously. At this point, pellets were switchedserum free medium for 4 days with or
without 1% ITS-X supplementation to investigate #ffect on the pellets alone. Pellets
for GAG and DNA analysis were harvested and digesiteernight in 200 L of 0.5
mg/mL proteinase K (Sigma). GAG was analyzed usthg binding of 1,9
dimethylmethylene blue (Sigma), a cationic blue,dye sulfated GAG in solution as
described below. DNA content, as a measure ofreethber, was evaluated using the
Quant-iT PicoGreen dsDNA assay kit (Invitrogen) Ideling the manufacturer's
instructions. Total RNA from pellets was isolataod purified using the Promega SV

Total RNA Isolation System according to the manufesr’'s directions (Promega).
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cDNA was reverse transcribed from RNA using therg®' cDNA SuperMix (Quanta
BioSciences) according to the manufacturer's dimest TagMan Gene Expression
assay kits (Applied Biosystems) were used to amatyanscription levels of aggrecan
(ACAN). Gene expression was normalized to GAPDH/(1902046.3). Conditioned
media was collected and analyzed for GAG contémtorder to compare these different
measurements to each other, all values were thanatiaed to pellets without ITS-X
supplementation. In this way, all values were egped as a fold change to the pellets in

media alone.

In separate experiments, serum supplementatiom MWi$-X was investigated
across four conditions: pellets alone (Media), gislicultured with synoviocytes (Syn),
pellets cultured with U937 cells (U937), and palleultured with the full coculture,
synoviocytes and U937 cells (Syn/U937). Cocultumese plated as described above.
First, synovial fibroblasts were plated in 3 mictoanswell inserts (BD Biosciences) at
25,000 cells/crhin DMEM with 10% FBS and allowed to adhere ovehigU937 cells
were resuspended in DMEM with 10% FBS and seedetbprof the synoviocytes at
100,000 cells/cha These cells were cultured together for 3 dajdter the 3 days, the
media was removed and the cells (synovial fibrdblaad monocytes) were washed with
phosphate buffered saline (PBS). At this poing thedia was switched to serum free
DMEM with the addition of a stem cell pellet, assdebed above, added to the well
outside the transwell insert. These cultures we&ken out 4 days. Pellets for GAG and
DNA analysis were harvested and digested overriigB00 L of 0.5 mg/mL proteinase
K (Sigma). GAG was analyzed using the binding ¢® #limethylmethylene blue
(Sigma), a cationic blue dye, to sulfated GAG ituton as described below. DNA
content, as a measure of cell number, was evaluatedy the Quant-iT PicoGreen

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

MMP-3, IL-8, and MCP-1 in the conditioned media wé¢hen analyzed via ELISA per
the manufacturer’'s directions. In order to compareoss the four proteins, all values
were then normalized to cocultures without ITS-¥@ementation. In this way, the data

were expressed as fold change to cocultures witli@&X.

2.5. Development of a coculture model of OA
2.5.1. Coculture conditions

In order to investigate the usefulness of a cacejtmany aspects of the culture
system were investigated across four conditionBetsealone (Media), pellets cultured
with synoviocytes (Syn), pellets cultured with U9&lls (U937), and pellets cultured
with the full coculture, synoviocytes and U937 sdlbyn/U937). Cocultures were plated
as described above. First, synovial fibroblastsewsated in 3 micron transwell inserts
(BD Biosciences) at 25,000 cells/tim DMEM with 10% FBS and allowed to adhere
overnight. U937 cells were resuspended in DMEMWi0% FBS and seeded on top of
the synoviocytes at 100,000 cellsfcmThese cells were cultured together for 3 days.
After the 3 days, the media was removed and thés dslnovial fibroblasts and
monocytes) were washed with phosphate bufferedes@®BS). At this point, the media
was switched to serum free DMEM with the additidracstem cell pellet, as described
above, added to the well outside the transwellrins€hese 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 harvesteddigdsted overnight in 200

L of 0.5 mg/mL proteinase K (Sigma). GAG was amaty using the binding of 1,9
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dimethylmethylene blue (Sigma), a cationic blue,dye sulfated GAG in solution as
described below. DNA content, as a measure ofreethber, was evaluated using the
Quant-iT PicoGreen dsDNA assay kit (Invitrogen) Ideling the manufacturer's

instructions. Conditioned media was collected amalyzed 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 ev@analyzed via ELISA per the
manufacturer’s directions. The production rate MMP-1 and MMP-3 was calculated
by determining the amount of MMP-1 or MMP-3 proddider a given time period

divided by the total number of days.
2.5.4. Gene expression analysis

Total RNA from pellets was isolated and purifiedngsthe Promega SV Total
RNA Isolation System according to the manufactgrditections (Promega). cDNA was
reverse transcribed from RNA wusing the qScript™ @éDNsuperMix (Quanta
BioSciences) according to the manufacturer's divest TagMan Gene Expression
assay kits (Applied Biosystems) were used to amatyanscription levels of aggrecan
(ACAN). Gene expression was normalized to GAPDHM(902046.3). Aggrecan
expression was then normalized to pellets alonae. 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 degradatiwn,ibhibitors were added to the
coculture. Interleukin 1 receptor antagonist (Ral Sigma) was added to full coculture
systems at concentrations up to 100 ng/mL. Batmbagas also added to full coculture

systems. Batimastat, a potent, commercially abi|abroad-spectrum MMP inhibitor
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was used at concentrations up to 1 uM (Sigma). s@lirhibitors were investigated
across 4 conditions: pellets alone (Media), peletsured with synoviocytes and U937
cells (Coculture), pellets cultured with synoviaeyt U937 cells, and 100 ng/mL IL-1Ra
(Coc IL-1Ra), and pellets cultured with synoviosyt&)937 cells, and 1 uM Batimastat
(Coc MMP Inhib). Cocultures were plated as desdtibove. First, synovial fibroblasts
were plated in 3 micron transwell inserts (BD Biesces) at 25,000 cells/érim DMEM
with 10% FBS and allowed to adhere overnight. Uedk were resuspended in DMEM
with 10% FBS and seeded on top of the synoviocgtekD0,000 cells/ctn These cells
were cultured together for 3 days. After the 3sjdlye media was removed and the cells
(synovial fibroblasts and monocytes) were washel phosphate buffered saline (PBS).
At this point, the media was switched to serum D&EM with the addition of a stem
cell pellet, as described above, added to the watide the transwell insert. These

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

Pellets for GAG and DNA analysis were harvesteddigdsted overnight in 200

L of 0.5 mg/mL proteinase K (Sigma). GAG was amaty using the binding of 1,9
dimethylmethylene blue (Sigma), a cationic blue,dye sulfated GAG in solution as
described below. DNA content, as a measure ofreethber, was evaluated using the

Quant-iT PicoGreen dsDNA assay kit (Invitrogen) Ideling the manufacturer's
instructions. Conditioned media was collected andlyzed for GAG content. Protein
concentrations of IL-8, MCP-1, MMP-1, and MMP-3 fime conditioned media were

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

2.6.1. Protein analysis

Conditioned media from the various culture systeras analyzed for proteins of
interest using ELISA kits (R&D Systems) followinbet protocols provided. Briefly,
conditioned medium was taken from the culture watid added into antibody pre-coated
microplates. The conditioned media was incubated 2fchours, then enzyme-linked
polyclonal antibodies specific for target molecwess added to the well, followed by a
substrate solution for color development. At eatdp,sunbound material was washed
away. Color intensity was measured at 450 nm wittagelength correction set to 540

nm.
2.6.2. GAG and DNA analyses

Cell pellets were digested overnight at 60° C int@inase K (Sigma) at 0.5
mg/mL. This digest was then evaluated for glycasaglycan (GAG) and DNA
content. GAG content was used as a measure afhthiedrogenic pellet integrity and
was determined by evaluating the binding of 1,9 edlimimethylene blue (Sigma), a
cationic blue dye, to sulfated GAG in solution a&sctibed by Farnadale et al. [116].
When bound, the dye absorbs at 520 nm, and caertbetdd using a spectrophotometer.
The absorbance was then compared to a standare ebichondroitin sulfate from shark
cartilage (Sigma). In order to normalize the psll@NA content, as a measure of cell
number, was evaluated using the Quant-iT PicoGa=sfNA assay kit (Invitrogen —
Carlsbad, CA) following the manufacturer’s instians. Briefly, Proteinase K digests
were combined with Quant-iT PicoGreen dsDNA reagerd excited at 480 nm. The
fluorescence emission intensity was measured atrs2Qusing a spectrofluorometer.
These values were compared to a standard curveubliel stranded DNA supplied in the
kit.
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2.6.3. RNA isolation and gene expression analysis

Total RNA from pellets or macrophages was isolagéedl purified using the
Promega SV Total RNA Isolation System accordinghte manufacturer’'s directions
(Promega — Madison, WI). Briefly, cells or pellstsre lysed in the given lysis buffer.
Lysates were then placed onto provided isolatibarfcolumns. After a series of washes,
the columns underwent a deoxyribonuclease treatm&ftér more washes, the RNA was
eluted in water. cDNA was reverse transcribed fileiMA using the gScript cDNA
SuperMix (Quanta BioSciences — Gaithersburg, MDjoeding to the manufacturer's
directions. Briefly, isolated RNA was added to gvevided enzyme at a ratio of 4 to 1.
The mix was then subjected to a series of heatggssaccording to the manufacturer’s
directions. TagMan Gene Expression assay kits lj@gpmBiosystems) were used to
analyze transcription levels of appropriate genBsiefly, gene expression master mix
(Applied Biosystems), gene expression assay kitd, the cDNA were diluted to the
appropriate concentrations and subjected to a sseofe heating cycles per the

manufacturer’s directions.
2.7. Statistical analysis

Data from all samples within each group were combi with means and
standard error of the mean (SEM) determined. Unleberwise stated, data were
averaged from three independent experiments eanteinng at least 4 replicates.
Comparisons were made using a two tailed studdrigst or one-way analysis of
variance (ANOVA). Where significant differences@mg groups were detected, an all-
pair wise multiple comparison procedure (Tukey)tagts performed to determine which

groups were significantly different from one anatlignificance was set at p < 0.05.
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3. Characterization of synoviocyte and monocyte interetion

3.1. Introduction

The synovium is an active part of an OA joint cdpatf¥ producing many pro-
inflammatory cytokines and degradative enzymes doim OA synovial fluid. The
synovium consists of macrophages (type A cells) ambvial fibroblasts (type B cells)
[117]. Modeling this active component of OA coldad to a better understanding of the
disease as a whole. The goal of this series oktraxgnts was to gain a better
understanding of the interconnected role type A Brazklls play in creating a catabolic
environment. Also, the conditions needed to predaic environment closely related to

what is seen in clinical OA were determined.

Synovial fibroblasts produce macrophage colony+sliting factor (MCSF).
MSCF is a secreted cytokine that controls the petidn, differentiation and function of
macrophages [118]. MCSF is important in the deteatron of macrophage lineage and
may be the first step in understanding the rol¢hete cell types in OA as well as this
model. Macrophages are heterogeneous in termsoghalogy, location and function.
In OA, macrophages are predominantly found in thmosgial tissues. These
macrophages are thought to be crucial in the pssgye of OA-related pathology [119].
Macrophages are divided into two distinct grouphe classically activated macrophages
(M1) promote inflammation while alternatively a@bted macrophages (M2) regulate
inflammation, playing an anti-inflammatory role. 1INihacrophages are found in synovial
tissue from OA, likely contributing to the low ldgeof inflammation present in the
disease. Interestingly, comparing macrophages fltemamatoid arthritis (RA) and OA
synovial tissue leads to differences in expressiokl2 markers. There appears to be a
higher percentage of M2 macrophages in OA as camdpty RA. This is one of the

many important differences between the two ardegi In vitro, MCSF has been shown
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to differentiate monocytes into either M1 or M2 m@ahages depending on other stimuli
present in the media [120]. Changes in the cell lsa measured to give insight into
activation and differentiation of the cells. Siieailly, the expression of CD80, CD14,
and CD163 give insight into the activation stateh& macrophages. M1 macrophages
have increased expression in CD80 with decreas€Dih63, while M2 macrophages
increase CD14 and CD163, with the absence of COBM][ In this series of
experiments, CD80 and CD14 were explored as a meas@ activation and

differentiation state of the macrophages.

The use of a model system circumvents many problémbkiding available cell
numbers, high cost and tedious procedure, genezaltpuntered while having to work
with primary blood cells. The human monoblastigkiemia cell lines U937 and THP-1
have been extensively used as model systems foy puaposes including the study of
macrophage differentiation. Differentiation is cheterized by permanent alterations in a
variety of cellular parameters, compared to an @mpate undifferentiated phenotype.
Such alterations affect morphology, metabolic patysy and cell growth [121]. Both
THP-1 and U937 cell lines are long established [1P23] and have been used as
monocytic cells that can be activated by the aolditof different stimuli including
dimethyl sulfoxide (DMSO) [124], retinoic acid [1R%itamin D3 [126], cytokines [127,
128] and phorbol esters, in particular 12-O-tetcat®ylphorbol-13-acetate (TPA) [129].
These stimuli can promote their differentiatiortiie monocyte/macrophage pathway. In
contrast to THP-1 cells, monocytes at a less mattage due to their blood leukemic
origin, U937 cells of histocytic lymphoma origiresarrested in a more advanced stage of
differentiation (promonocyte/monocyte). Upon diffetiation, U937 cells acquire a

large repertoire of macrophage function through dbecerted expression of numerous
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genes. Differentiated U937 cells can be furthemskated with LPS (E. coli

Lipopolysaccharide) to mimic inflammatory respoon$activated macrophages [130].

Several models of osteoarthritis have used a ageultf synoviocytes and U937
cells. Each of these models was able to modebkynevial component and induce an
osteoarthritic environment. The ability of the syial component to degrade a model of
cartilage is handled very differently amongst thesmlels. Chen et al. cultured primary
synoviocytes (fibroblast-like synoviocytes) or dainfibroblasts with U937 cells to
induce differentiation of the U937 cells. Theséunes showed increased expression of
MSE-1, p4?" CD11b, CD14, and HLA classll. As shown in Fig®&, U937 cells
cocultured with synoviocytes have increased expessf CD11lb and CD14, two
markers of macrophage differentiation. The cotoel of U937 cells with fibroblast-like
synoviocytes or dermal fibroblasts release IL-&, i appreciable amounts of TNFer

IL-1 could be detected [112].
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Figure 3.1: Expression at 3 days of differentiatiorarkers CD11b and CD14.
Expression as determined by flow cytometry of U@8lls alone (control) or cocultured

with fibroblast-like synoviocytes (+synovial) [112]
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In a second model using a coculture of synoviabfitasts and U937 cells, Scett
al. were able to show that a coculture of synofilaoblasts and U937 cells creates a
catabolic environment. Synovial fibroblasts froheumatoid arthritis or osteoarthritis
patients were cocultured with normal human carngilegplants. In each of these cases,
catabolism was increased when the synovial fibsiblavere cocultured with U937 cells.
It should be noted that these model systems maedadirect contact between the
synovial cells and the cartilage explants. No lwalia destruction was measured when
the explants and synovial cells were kept separabted-igure 3.2 and Figure 3.3, more
glycosaminoglycan was lost in cocultures containifgg7 cells as compared to cartilage
and synovial cells alone. This suggests a morabecdit environment in cultures of

synovial fibroblasts and U937 cells [131].

80

% *S release

Figure 3.2: Degradation of cartilage caused by Rfoblasts and U937 cells. Bars show
the mean and standard deviation percentage ofquigtean lost as measured B lost.

Solid black bars represent cultures of cartilagth siynovial and U937 cells. Hatched

bars represent cartilage with synovial cells aldr#].
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Figure 3.3: Degradation of cartilage caused by Dfoblasts and U937 cells. Bars show
the mean and standard deviation percentage ofquigtean lost as measured B lost.
Solid black bars represent cultures of cartilag#h wynovial and U937 cells. Hatched

bars represent cartilage with synovial cells aldr#].

In an additional model including synovial fibrobissind U937 cells, DiBenedetto et al.
combined these two cell types with a cartilage &xpl The coculture was able to
produce an OA like environment, producing cytokiaesl degradative enzymes similar
to synovial fluid from OA patients. In this modéhe coculture and cartilage explant
were not in direct contact. In a similar mannerSaott et al., the coculture did not
degrade the cartilage. Additional catabolic stimmi$ were added to this model including
IL-1 and the N-terminal fibronectin fragment (Fadments). Both of these stimulants

were able to degrade the cartilage regardless eofatidition of the synovial coculture

(Figure 3.4) [113].

46



w
(4]

N w
(4] o
1 1

GAG released
[ pg / mg cartilage ]
N
o

15 4
10
5 .
0 ol
IL-1, 5 ng/mL + <+ UPA, 15 nM Fn fragments, 0.8 yM
Co-C + CoC + + + +
Kineret, 1.2 ng/mL 4+ Kineret + +

Figure 3.4: GAG released in response to differatdlmolic stimuli [113].

In previous work, the effects of macrophages irmterof decreased cartilage
synthesis were studied. Sun et al. were abledw ¢hat THP-1 cells cultured under the
right conditions could produce an environment inichtissue engineered cartilage
reduced GAG accumulation over three weeks. Tigirig of a reduction in aggrecan
content after 3 weeks of stimulation is consisteitlh previous reports from OA patients

and from in vitro studies [69, 132].

In these studies THP-1 cells were differentiateisigistandard protocols. Cells
were cultured with 200 ng/ml PMA (phorbol 12-myaitst-13-acetate) for 6 days. After 6
days of PMA induction, these THP-1 cells secreté&=TNand IL-1 in concentrations of
about 500 pg/ml. Conditioned media from these TIH&RHtures was diluted 10-fold into
fresh media and added to the tissue engineerdthgarthuman chondrocytes cultured on

a silk scaffold in differentiation media for foureeks [36].
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The synovium is comprised of synovial fibroblastsd amacrophages. The
objective of this work was to model these two comgaas and gain an understanding for
this interaction. First, two model cell lines ofaanophages, THP-1 and U937, were
investigated for development of an OA-like enviramh consisting of cytokines and
degradative enzymes. Secondly, the role of the M&&] monocyte chemotactic protein
1 (MCP-1) were investigated. Also, the activatiand differentiation state of the
monocyte lines were examined through gene expressianges. Finally, the role of
direct contact versus indirect signaling between ghnovial fibroblasts and monocytes

was investigated.
3.2. Results

3.2.1. Ratio of monocytes to synoviocytes

Synovial fibroblasts were cocultured with U937 diA-1 cells at three different
ratios. In order to narrow the comparisons, forotgins of interest were investigated
initially. These proteins were two degradativeyenas, matrix metalloproteinase 1 and 3
(MMP-1 and MMP-3) and two cytokines, interleukir{IB-8) and MCP-1. In either cell
type, the ratio of monocytes to synoviocytes a#fddhe protein production (Figure 3.5
and Figure 3.6). For reference, the data beformalization to synoviocytes alone can
be found in the Appendix (Figure 8.1 — Figure 8.Bpr both cell types, the ratio of four
monocyte cells per synoviocyte appeared to prothedighest levels of protein with the
pattern appearing to form a bell curve. It alspegps that the U937 cocultures produce
more of the four proteins of interest, specificdtly the two cytokines, IL-8 and MCP-1.
MMP-1 and MMP-3 results appear similar between tihe monocyte cell lines. A
comparison between the 4X ratios of the two cekdiis shown in Figure 3.7. These
cocultures were also compared to an extendedfli®2oproteins. For this comparison,

literature values of these proteins from OA synbfliad were compared. In all cases,
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the U937 cocultures produced significantly more¢hef OA-related proteins as compared
to the THP-1 cocultures. Further, it appears thatU937 cells more closely mimic the

OA synovial fluid values.

U937
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@8 Syn + 2X U937
& Syn + 4X U937
Syn + 6X U937

Relative Protein Levels

Figure 3.5: U937 ratio affects protein productioB8ynoviocytes cocultured with U937
cells at 4 different ratios. White bars represemtU937 cells, black bars represent 2X
U937 cells relative to synoviocytes, grey bars espnt 4X U937 cells relative to
synoviocytes, and hatched bards represent 6X U883 @lative to synoviocytes. All

numbers have been normalized to synoviocytes glehite bars).
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Figure 3.6: THP-1 ratio affects protein productiddynoviocytes cocultured with THP-1
cells at 4 different ratios. White bars represem{THP-1 cells, black bars represent 2X
THP-1 cells relative to synoviocytes, grey barsrespnt 4X THP-1 cells relative to
synoviocytes, and hatched bards represent 6X Tld&l4 relative to synoviocytes. All

numbers have been normalized to synoviocytes glehite bars).
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Figure 3.7: Protein production in cocultures comapato OA synovial fluid [8 — 18].
White bars represent synoviocytes cultured with THEells. Black bars represent
synoviocytes cultured with U937 cells. Hatched basresent measured values of the
proteins in OA synovial fluid as reported in theedature. Statistical comparisons are
between THP-1 cocultures and U937 cocultures foh geiotein. * = 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 dH-1 cells at the ratio of
four monocytes to one synoviocyte. As shown inuF@g3.8, synoviocytes cultured in
serum-free conditions produce about 500 pg/mL ofSRC U937 cells cultured alone
produced about 190 pg/mL of MCSF, while THP-1 cgliteduced about 320 pg/mL

when cultured alone. When synoviocytes were cocedt with U937 cells, the total
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production of MCSF was increased compared to symgtes alone, likely due to a
contribution from each cell type. Conversely, otds containing synoviocytes
cocultured with THP-1 cells produce similar or esightly lower amounts of MCSF.

In either case, the cocultures are more than thenydes alone.
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Figure 3.8: MCSF production measured in conditibneedium. White bars represent
the cells alone as dictated by the x-axis. Blagksbrepresent cocultures with

synoviocytes. Note that there is no coculturesfgroviocytes with synoviocytes.

As shown in Figure 3.9, synoviocytes cultured irusefree conditions produce
about 1200 pg/mL of MCP-1. Both U937 and THP-1scptoduce very small amounts
of MCP-1 when cultured alone, about 40 pg/mL. WRgnoviocytes were cocultured
with U937 cells, the total production of MCP-1 wiasgely increased to about 8500
pg/mL, likely due to a contribution from each dgibe. Similarly, but to a much smaller
degree, cultures containing synoviocytes cocultusgth THP-1 cells produced more

MCP-1 at about 850 pg/mL.
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Figure 3.9: MCP-1 production measured in condittbneedium. White bars represent
the cells alone as dictated by the x-axis. Bla@tsbrepresent cocultures with

synoviocytes. Note that there is no coculturesfgroviocytes with synoviocytes.

3.2.3. The effect of the fibronectin fragment

As described previously, the matrix fragment, filotin fragment, has been
implicated as a realistic and relevant catabolicugiant for use in vitro. In previous
studies, the addition of fibronectin fragment wesedi to cause GAG loss. Here,
fibronectin fragment was studied for the ability itwrease production of proteins of
interest in an OA environment. For the followingperiments, synoviocytes alone,
synoviocytes with THP-1 cells (4X) and synoviocyteith U937 cells (4X) were
cultured with or without 0.8 M fibronectin fragment (FN-f). As shown in FigugelO,
MMP-1 is significantly increased in all three camoiis when FN-f is added to the
culture. Similar results are seen with all othest@ins including MMP-3 (Figure 3.11),

IL-8 (Figure 3.12), and MCP-1 (Figure 3.13). Fasfarence, the data before
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normalization to synoviocytes alone can be fountha Appendix (Figure 8.9 — Figure
8.12). In all four proteins, when FN-f was addedtlie synoviocytes alone cultures,
protein production increased between 40 fold ar@DZ0Id. This combined with others
work, suggests FN-f is a potent catabolic stimuldnat can act independently of the

addition of macrophage cells.
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Figure 3.10: MMP-1 production measured in condggmedium. White bars represent
the cells alone as dictated by the x-axis. Blaakshrepresent the same cell conditions
with the addition of 0.8 M fibronectin fragment. Comparing conditions witiio

fibronectin fragment to the same condition withrdibectin fragment was compared

using a t-test, * = p < 0.05.

54



MMP-3

105
3 ) 3 Media Alone
> 10T @8 PN
- % * *
- 103
5
o 102
o
2 10
4
A1 » "
10 0 = A
al & >
N x o
=) ‘bAQ Qﬁ

Figure 3.11: MMP-3 production measured in condggmedium. White bars represent
the cells alone as dictated by the x-axis. Blagkshrepresent the same cell conditions
with the addition of 0.8 M fibronectin fragment. Comparing conditions witiio

fibronectin fragment to the same condition withrdibectin fragment was compared

using a t-test, * = p < 0.05.
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Figure 3.12: IL-8 production measured in conditibmeedium. White bars represent the
cells alone as dictated by the x-axis. Black bapmesent the same cell conditions with
the addition of 0.8 M fibronectin fragment. Comparing conditions withdibronectin

fragment to the same condition with fibronectingfreent was compared using a t-test, *

= p < 0.05.
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Figure 3.13: MCP-1 production measured in condécdmedium. White bars represent
the cells alone as dictated by the x-axis. Blagkshrepresent the same cell conditions
with the addition of 0.8 M fibronectin fragment. Comparing conditions witito

fibronectin fragment to the same condition withrdibectin 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 m@soejone and monocytes
that were cocultured with synovial fibroblasts, tliellowing experiments were
performed. Either monocyte cell type was cultuadgine and then in coculture with
synovial fibroblasts. As described previously, moytes were separated from the
synoviocytes to be analyzed for gene expressia@owimon macrophage markers, CD80

and CD14. As shown in Figure 3.14, U937 cellswelil with synoviocytes increased
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CD80 expression compared to U937s alone. Thereneaghange in CD14 expression
for these cells. In contrast, THP-1 cells did sighificantly change expression of CD80,
but there was a significant down-regulation in CDe&dpression. In this figure, the
expression was normalized to the specific monoeyome. For reference, expression
normalized to GAPDH before normalization to monesytlone can be found in the
Appendix (Figure 8.13 — Figure 8.16). In ordeetplore the role of cell-cell contact in
the up-regulation of CD80 expression, U937 celturels were explored further. U937
cells were cultured alone, in direct coculture wilinoviocytes, cocultured with

synoviocytes but kept separated, and cultured & phesence of recombinant N-
Cadherin. N-cadherin significantly increased CE8@ression in a similar manner to
U937 cocultures with synoviocytes directly (FiguBel5). For reference, CD80

expression relative to GAPDH before normalizatiortJ937 cells alone can be found in

the Appendix (Figure 8.17).
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Figure 3.14: Relative gene expression of monocgis. White bars represent the
monocytes cultured alone. Black bars representoaydas cultured with synoviocytes.
Statistical comparisons are between coculture amaocyte alone groups for each gene.

*=p < 0.05, ** =p < 0.01, *** = p<0.001.
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Figure 3.15: CDB8O0 relative gene expression. *p =< 0.01, ** = p < 0.001 when
compared to U937 (alone) group. # = p < 0.05, #8 = 0.01 when compared to

U937/Syn Separate group.

3.3. Discussion

Modeling the synovial component is a crucial aspddhis work due to the large
role the synovium is hypothesized to play in theellgpment and perpetuation of OA.
The synovium is made up of macrophages (type Asxealhd fibroblasts (type B cells)
capable of producing many pro-inflammatory cytokirsand degradative enzymes found
in OA synovial fluid [117]. Modeling this activeomponent of OA could lead to a better
understanding of the disease as a whole. The gfalese experiments was to gain a
better understanding of the interconnected role tfpand B cells play in creating a
catabolic environment. Also, the conditions neettegroduce an environment closely

related to what is seen in clinical OA were det@eni.
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The initial studies presented above are a compar$éolrHP-1 and U937 cells.
Previous work by Sun et al. used THP-1 cells taucedcartiiage GAG accumulation.
Chen, Scott, and DiBenedetto used U937 cells tatera catabolic environment and
increase GAG loss. Both cell lines are long eshbd [122,123] and have been used as
monocytic cells that can be activated by the aoldiof different chemicals [133]. In the
studies presented here, when these cells wereredilupon synovial fibroblasts, both
cocultures increased production of the four ta@ét proteins, MMP-1, MMP-3, IL-8
and MCP-1. While both cell lines produced thesgetproteins when cocultured with
synovial fibroblasts, the ratio of the monocytesymovial fibroblasts was important to
determining the production level. Coincidentlyitboell lines had the largest increase on
the production of the four target proteins at thmurffold ratio, monocytes to
synoviocytes. While both the two-fold and six-falatios appeared to modulate total
protein production, the four-fold produced the &sigincrease. Comparing U937 and
THP-1 cells, it appears U937 cells increased pmofgbduction more. THP-1 cells
increased MMP-1 and MMP-3, 2.7 and 2.6 fold, retipely. In terms of cytokines, the
THP-1 did not increase the IL-8 or MCP-1 productid937 cells increased MMP-1 and
MMP-3, 2.9 and 2.4 fold, respectively. Howeverliken the THP-1 cells, U937 cells
increased production of IL-8 and MCP-1, 7.9 andfblé, respectively (Figure 3.5 and
Figure 3.6). To this end, the THP-1 and U937 celtse compared to known values of
many OA related proteins found in OA synovial fluidFor the purpose of this
comparison, only the ratio of four fold monocytessynovial fibroblasts was compared.
As shown in Figure 3.7, both cell lines show levelisghe seven proteins. Across all
seven proteins, the U937 cells produce signifiganitiher concentrations as compared to
the THP-1 cocultures. Comparing to the literatakies of clinical OA, it appeared that

U937 cocultures were able to produce an environmleser to OA synovial fluid.
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The increased protein production between the U98Y BHP-1 cells was not
completely unexpected based on the lineage of @@thines. In contrast to THP-1 cells,
which are at a less mature stage, U937 cells aestad in a more advanced stage of
differentiation. For purposes of these studies8Civas used a macrophage activation
marker and CD14 a macrophage differentiation markémcreases in CD80 would
therefore suggest a more activated cell, whilegases in CD14 would suggest a more
differentiated cell. CD80 and CD14 expressionsdr@wn in Figure 3.14. Given that the
U937 cells begin at a more advanced stage, it'ssnoprising that the cells do not
increase their differentiation state when coculiungth synovial fibroblasts. The THP-1
cells, a less advanced cell actually decreased @Rpression when cocultured. In terms
of macrophage cell activation, U937 cells increa€&B0 expression nearly two-fold
while THP-1 cells remained unchanged when cocuktu@ombined with the differences
in lineage, this increased macrophage cell actimatiould explain the increased protein

production in the U937 cocultures as comparededltiP-1 cocultures.

The mechanism for the activation of the monocyts agas hypothesized to be
due to a soluble factor or in response to cell-cefitact. Two proteins known to play a
role in macrophage biology are MCSF and MCP-1. MC&so known as CSF-1, is a
four- -helical-bundle cytokine that is the primary regataof macrophage survival,
proliferation, and differentiation. Sources of M4ES9nclude fibroblasts, activated
macrophages, endometrial secretory epithelium, boagow stromal cells, vitamin D-
stimulated osteoblasts, and activated endothetitd €134 — 141]. MCP-1, also known
as CCL2, is produced by many cell types, includibgoblasts, endothelial, epithelial,
smooth muscle, mesangial, astrocytic, monocytia amcroglial cells [142 — 144].

These cells are important for antiviral immune ceses in the peripheral circulation and
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in tissues. MCP-1 regulates the migration anditiafion of monocytes, memory T

lymphocytes, and natural killer (NK) cells [145].

Based on the work related to the ratios of the manocyte cell lines to the
synovial fibroblasts in cocultures, the productmhMCSF and MCP-1 were studied in
cocultures with a ratio of 4 to 1, U937 or THP-1Igeto synoviocytes. As shown in
Figure 3.8, synoviocytes cultured in serum-freeditions produce about 500 pg/mL of
MCSF. When cocultured with U937 cells, the toteddquction of MCSF is increased,
likely due to a contribution from each cell typeConversely, cultures containing
synoviocytes cocultured with THP-1 cells produceiksir or even slightly lower amounts
of MCSF. For the U937 cells, there is a synergistfect of the two cell types in terms
of MCSF production. This represents a 45% increase synoviocytes alone as well as
365% increase over U937 cells alone. For the THielE, the coculture produced only
80% of the MCSF produced by synoviocytes alone,levliie coculture increased
production over THP-1 cells a mild 18%. Given timeportance MCSF plays in
differentiation and overall macrophage biologywibuld appear that this increase in
MCSF protein production could be related to thegased production of OA proteins by
the U937 cocultures. Additionally, MCSF stimulatiean lead to the production of

additional MCSF in an autocrine loop [146].

MCP-1 is a chemokine essential for monocyte recmntt functioning as a
chemoattractant. MCP-1 has also been shown impotta adhesion of monocytes
through activation of leukocyte integrin. In a wottare adhesion model of human
monocytes purified from single-donor human platghieresis residues and human
umbilical vein endothelial cells, MCP-1 at concatibhs as low as 250 pM (~3000
pg/mL) induced nearly complete firm adhesion, gre#fian 5 fold control cultures [147].

As shown in Figure 3.9, synoviocytes cultured irusefree conditions produce about
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1200 pg/mL of MCP-1. When cocultured with U937 sehe total production of MCP-1
is largely increased to about 8500 pg/mL, a 6.4 foicrease. Conversely, cultures
containing synoviocytes cocultured with THP-1 cgll®duce similar or even slightly
lower amounts of MCP-1 at about 850 pg/mL. Bott8Wand THP-1 cells produce very
small amounts of MCP-1 when cultured alone, ab@upg/mL. The concentration of
MCP-1 in U937 cells is greater than the 3000 pgsugigested to increase firm adhesion
to near complete levels. The THP-1 cocultures dbpnoduce this same level. This
could lead to differences in adhesion and contagtwéen the monocytes and

synoviocytes.

An additional hypothesis for the activation of thenocytes when cocultured with
the synovial fibroblasts was that activation couée been mediated through direct cell-
cell contact. N-Cadherin, but not E-Cadherin,osrnid on activated macrophages [148].
N-Cadherin is also on synovial fibroblasts and iA €ynovium [149]. As shown in
Figure 3.15, CD80 expression in U937 cells culturedirect contact with synoviocytes
significantly increased nearly two fold compared W837 cells alone. U937 cells
cocultured with synoviocytes separated by a tralismgert increased CD80 expression a
more modest and not statistically significant 308mpared to U937 cells. Finally, U937
cells cultured on N-cadherin coated plates incr&ie80 expression in a similar manner
to direct cocultures resulting in a significantrease of 80%. Given that cell adhesion is
mediated by the homodimerization of cadherins,ehsra suggestion that N-Cadherin
exists on both the synoviocytes and macrophags. c@iven that exogenous N-Cadherin
increased CD80 expression in a similar manner egditect contact coculture, the N-

Cadherin interaction could contribute to the adioraof U937 cells.

Overall, the increased OA protein production by ti887 cocultures as compared

to the THP-1 cocultures is likely a combinatioratifof the factors suggested. The initial
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activation state of the U937 cells as comparedH®-L cells likely permeates through
the resulting protein production. An increase IrC& by the U937 cells likely
contributed to the increased activation of the UB&Ifs as well. The increase in MCP-1
production suggests an increase in adhesion byJ#8¥ cells as compared to THP-1
cells. This increase in adhesion likely contrilsute an increase in direct cell contact
mediated through N-Cadherin. All of these factiksely contribute to the increase in
activation and protein production by U937 cocultureBased on this analysis, U937
cocultures were chosen as the model of the syn@daiponent in the overall triple

coculture in resulting chapters.

The synoviocytes alone produced many of the OAemet However, the
production of these proteins was not to the le¥@ithier coculture system. Specifically,
in U937 cocultures, the four representative pratesme increased two to eight fold
(Figure 3.5) and in THP-1 cocultures, the cytokimes increased about two fold as
compared to synovial fibroblasts alone. It sholoédnoted that for consistency in the
synovial fibroblasts, only one donor for each wasdiin these studies. That being said,
as described above it has also been shown by Ghaln [@12], Scott et al. [131], and
DiBenedetto et al. [113] that the culture of symbvibroblasts with U937 cells will
produce proinflammatory cytokines and MMPs. It da hypothesized that similar
results to those shown here could therefore benattausing multiple donors for the

synovial fibroblasts.

As described by others, fibronectin fragment isadept inducer of a catabolic
environment. In studies presented here, FN-f vikes @ significantly and substantially
increase production of the four proteins of inte(g&MP-1, MMP-3, IL-8, and MCP-1).
The large increase of these proteins even in tm@vsycyte alone cultures is clear

evidence of the potency of the stimulant. The gofathis work was to study the

65



interaction of the full synovial component with artilage component. This includes
both synovial fibroblasts and macrophage cellhendynovium. However, the ability of
FN-f to increase catabolism with or without the itidd of the macrophage component
diminishes the value of the full coculture modeingedeveloped. In the next chapter,

FN-f will be explored for its ability to decreasé\G content in the cartilage component.

3.4. Conclusions

The synovium is comprised of synovial fibroblastsl anacrophages. The primary
objective of this work was to model these two comgus to develop an OA-like
environment. A secondary objective of this workswa gain an understanding for the
interaction between the monocyte cells and the \@ghdibroblasts. Two model cell
lines of macrophages, THP-1 and U937, were invatsdfor development of an OA-
like environment consisting of cytokines and degta® enzymes. The U937 cocultures
developed a degradative environment more similatO#® as compared to THP-1
cocultures. The increased OA protein productiotHayU937 cocultures as compared to
the THP-1 cocultures is likely a combination of théial activation state of the U937
cells, the increase in MCSF and MCP-1 productiorth®y U937 cocultures, and direct
cell contact mediated through N-Cadherin. Bageths analysis, U937 cocultures were
chosen as the model of the synovial componentdrotterall 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 pathologgsteoarthritis (OA) is the loss
of cartilage. This loss may begin as one focatilege lesion and extend across the
whole joint leading to progressive cartilage 1058(0,151]. The superficial region of the
cartilage is associated with loss of proteoglycanluding aggrecan, decorin, and
biglycan [152]. The loss of these proteoglycanssgsociated with increased type Il
collagen and aggrecan cleavage. This degradatitimecextracellular matrix (ECM) is
greater than the synthesis of new ECM. This resnlt net decrease in cartilage matrix
leading eventually to the complete erosion of tlagtilege surface. Although the
mechanism for this imbalance in degradation andhggis of ECM is largely uknown,
the primary cause of this process is thought tinbeeased degradative enzyme activity
with matrix metalloproteinases (MMPs) being imptezhin cartilage degeneration of OA

[153].

There are several techniques for studying cartilagatro. These various models
each have advantages and disadvantages when stuidnresponse of cartilage to
degradative stimuli. The simplest technique is atayer culture. Monolayer culture is a
two-dimensional model of chondrocytes exposed itouwt largely in the absence of a
protective matrix. The advantage to this cultsréhat the cell source can be expanded a
few passages to establish a larger bank of cellkis allows each well to be highly
reproducible to the next and the effect of the gliroan be studied without a large well
to well variation. The absence of a three-dimemaigtructure as well as the ECM calls

into question the relevancy of this type of modé&l].
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A second approach to in vitro cartilage study & thiree-dimensional neocartilage
through pellet/micromass culture or scaffold cdt{it55,156]. Micromass culture is a
suitable three-dimensional environment allowindsctd secrete and build new ECM as a
first step. This type of model maintains the adaga of an expanded cell source
minimizing well to well variation. Although certdy a better model system than the
two-dimensional monolayer culture, micromass celtis not without disadvantage.
Some have argued that chondrocytes may act ditfgrenthis new matrix as compared
to naturally occurring ECM in vivo[157]. Also, telmust be cultured for a period of
weeks to differentiate the cells and form the neatrix before degradation stimuli can be

investigated.

A third approach is explant cultures[158,159]. Exp culture is the direct culture
of a small piece of tissue from the patient or alimrhis clearly represents the closest
model to the in vivo situation with the morphologpd ECM of the tissue remaining
intact. However, samples are extremely limitectre¢ to the other two models above.
This leads to large donor to donor and subsequerfigriment to experiment variability.
Further, explants from different parts of a jointl Wwave different thickness cartilage and
may behave differently to catabolic stimuli [160The last potential issue with explant
cultures is that the dynamic loading system to fthel cartilage is missing when the
tissue is moved in vitro. This leads to a losguiteoglycan just by being moved to
culture. Bovine cartilage explants in one paracudtudy had 135 microgramsg of
glycosaminoglycan (GAG) perg of deoxyribonucleic acid (DNA) at time 0. Howeyve
by day 2, these values were down to 0GAG/ g DNA with stabilization after that in
media alone [161]. This means that 40% of the Ga®st in the first two days and
potentially is lost even earlier than that. Thisailarge loss of proteoglycan over a very

short time, leading to a small window in order tew changes compared to stimuli. This
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also leads to potentially short culture systemsiced) the ability to study small changes

over longer periods of time in a similar idea asichl OA.

The most common source of human adult mesenchyteral cells (MSCs) is from
bone marrow [162,163]. MSCs have two major charatics that make these cells
advantageous for tissue engineering studies. , MSCs can be expanded substantially
due to the inherent proliferative potential[16466]L Although not unlimited, the cells
can be expanded for several passages. This dampbaved by adding fibroblast growth
factor 2 (FGF2) to the expansion media. FGF2 s tshown to improve population
growth as well as chondrogenic potential [167]. isTbhondrogenic potential is the
second advantage to MSCs. MSCs have long beennshble to be differentiated into
multiple different lineages. Osteogenic differatiobn of MSCs can be induced by
including osteogenic supplements dexamethason@rkascacid, and beta glycerol-
phosphate [168]. Adipogenesis can be induced wékamethasone, indomethacin,
isobutylmethylxanthine, and insulin [169]. FinallySCs placed into pellet cultures
containing dexamethasone, ascorbic acid, insuiiengum, transferrin, sodium pyruvate,
and transforming growth factor-beta (TG)will undergo chondrogenic differentiation
[170]. As shown in Figure 4.1, pellets culturedwm 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 fdebxyribonucleic acid (DNA)
content at 2 weeks in 96 well plates [114]. Thesesons 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 psll&ellets were made in 15 mL
conical tubes (black bars) or 96 well plates (dvays) at 2 or 3 weeks. A) DNA content

B) GAG content C) GAG normalized to DNA (GAG/DNA),= 5 (114)

The pathology of OA includes the loss of cartilag&his represents a major
component in OA and thus the development of thelage model was studied in depth.
The role of the culture period of the cartilage poment was investigated as well as the
role of the culture period before addition to syiabeomponent as describe in Chapter 3.
The other major focus of study in this chapter weesrole of each cell type in the triple
coculture model. This work provides a basis foidgtof 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 ualdendrogenic conditions for up
to 4 weeks. At the end of each week, pellets wargested for GAG, DNA, and gene
expression analysis. Aggrecan, Sox9, and collage® 2 expression are measures of

chondrogenesis. Collagen type 10 is a measurgpartrophy. As shown in Figure 4.2,
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the level of matrix per cell increases at each tipeint. This suggests the pellets
continue to lay down matrix out to 4 weeks. Imerof gene expression, the pellets have
a significant increase in aggrecan expression woemparing weeks 2, 3, and 4 to week
1. There is no significant difference, howeverwsen weeks 2, 3 and 4. In terms of
Sox9 expression, there are no significant changésden weeks. In terms of collagen
type 2 expression, there is a significant incréasml2 expression from week 1 to week
2 and then again from week 2 to week 3. Week Jemgon is similar to week 4
expression. In terms of collagen type £0IX) expression, there is no change between
weeks 1 and 2. However, at week 3, there is afgignt increase in expression (Figure
4.3). For reference, the data before normalizatoneek 1 can be found in the Appendix

(Figure 8.18 — Figure 8.21).
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Figure 4.2: GAG/DNA ratios over the 4 week cultofeVISC pellets
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Figure 4.3: Gene expression changes over the 4 aideke of MSC pellets. The black
bars represenACAN expression, white bars represe®®X9 expression, grey bars
representCOL2 expression, hatched bars repres€@LX expression. * = p < 0.05

compared to week 1. All values have been normdiliaeveek 1 expression.

4.2.2. Chondrogenic culture period of pellet effects

Stem cell pellets were prepared and cultured undendrogenic conditions for
2, 3 or 4 weeks. At this point, the media was chwdd to serum free DMEM with
different synovial components, media alone, synoxties alone, U937 cells alone, or the
full coculture of synoviocytes and U937 cells. @drcriteria were used to judge these
model systems. At day 4, a significant increas&/XG released coupled by a loss of
GAG retained. Secondly, the full coculture showddult in an increase in MMPs in the
conditioned medium as compared to other groupsirdTthe pellet should respond to
this catabolic environment by initiating a repasponse as measured by an increase in

aggrecan gene expression.

72



4.2.2.1. GAG loss in the chondrogenic pellets

GAG loss was the first measurement in the cocelltystems. GAG released to
the media was measured as shown in Figure 4.4.e&ahr chondrogenic pellet type (2
week, 3 week or 4 week), the amount of GAG reledsdtie medium was significantly
increased in full cocultures as compared to peldtse, pellets plus synoviocytes or
pellets plus U937 cells. While the trend remaitteelsame regardless of the time period
of chondrogenesis in the stem cell pellet, thereewsome differences. In 2 week
cultures, pellets alone released 8 BGAG/ g DNA and the full cocultures released 15

g GAG/ g DNA. Similar numbers were seen in the 3 weekuces, 9.1 g GAG/ g

DNA for pellets alone and 15g GAG/ g DNA in full cocultures. In the 4 week
cultures, however, pellets alone released §3GAG/ g DNA and full cocultures

released 26g GAG/ g DNA.
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Figure 4.4: GAG released to the conditioned mediuBAG released from 2 week,
3week or 4 week chondrogenic pellets. Each baesemts a group containing pellets
cultured with the corresponding title. Media = naedlone, Syn = synoviocytes alone,
U937 = U937 cells alone, Syn/U937 = full coculturfe= p < 0.05, ** = p < 0.01, *** =

p < 0.001 when compared to the respective Syn/\dgedup.
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As shown in Figure 4.5, all three chondrogenidepetypes lost significantly
more GAG in full coculture systems as compared ®lets alone, pellets plus
synoviocytes or pellets plus U937 cells. While ttend was the same regardless of the
pre-coculture time period, there does appear ta ddference in GAG retained across
the chondrogenic timeline. In 2 week cultures)gtelalone retained 77% of the GAG
and full cocultures retained only 57%. In 3 weakwres, 79% of the GAG is retained in
pellets alone and full cocultures retained 52%. weler, in 4 week cultures, pellets

alone retained 84% while full cocultures retain&ébos
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Figure 4.5: GAG retained in pellets. GAG retained2 week, 3week or 4 week
chondrogenic pellets. Each bar represents a groafaining pellets cultured with the
corresponding title. Media = media alone, Syn rosyocytes 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 Wwasptoduction of MMPs and
cytokines as a measure of the catabolic environmé&iigure 4.6 depicts total MMP-1
production in the cocultures. In all cases, thees a significant increase in MMP-1

production in full cocultures as compared to pslletone, pellets plus synoviocytes or
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pellets plus U937 cells. Regardless of chondrageunlture period, the full cocultures
produced somewhat similar levels of MMP-1, 504 dg/AB32 pg/mL, or 393 pg/mL for

the 2, 3 or 4 week cultures.
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Figure 4.6: Total MMP-1 production. MMP-1 prodioct from 2 week, 3week or 4
week chondrogenic pellets. Each bar representsupgontaining pellets cultured with
the corresponding title. Media = media alone, Sysynoviocytes alone, U937 = U937
cells alone, Syn/U937 = full coculture. * = p 0B, * = p < 0.01, ** = p < 0.001

when compared to the respective Syn/U937 group.

Figure 4.7 depicts total MMP-3 production in thewltures. In all cases, there
was a significant increase in MMP-3 productionui €ocultures as compared to pellets
alone or pellets plus U937 cells. There was naifiggnt difference between the full
cocultures and pellets plus synoviocytes. UnlikbMP-1, the chondrogenic culture
period does appear to affect the level of MMP-3dpe®d in the full coculture. The full
cocultures produced 130 pg/mL, 189 pg/mL, or 236mhgfor the 2, 3 or 4 week

cultures.
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Figure 4.7: Total MMP-3 production. MMP-3 productiom 2 week, 3week or 4 week
chondrogenic pellets. Each bar represents a grouataining pellets cultured with the
corresponding title. Media = media alone, Syn rosyocytes 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 sigeafiitly increased in full
cocultures as compared to pellets alone, pellets gynoviocytes or pellets plus U937
cells. Regardless of chondrogenic culture petilogl full cocultures produced somewhat

similar levels of IL-8, 492 pg/mL, 507 pg/mL, or @&@pg/mL for the 2, 3 or 4 week

cultures.
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Figure 4.8: IL-8 production. IL-8 production fro®2 week, 3week or 4 week
chondrogenic pellets. Each bar represents a grouataining pellets cultured with the
corresponding title. Media = media alone, Syn rosyocytes 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 productiomsvgignificantly increased in
full cocultures as compared to pellets alone, pelfus synoviocytes or pellets plus
U937 cells. Regardless of chondrogenic cultureogerthe full cocultures produced

somewhat similar levels of MCP-1, 2380 pg/mL, 24640mL, or 1970 pg/mL for the 2, 3

or 4 week cultures.

77



2 Week Pellets 3 Week Pellets 4 Week Pellets
3000,

w
S
S

2000p

N
5]
S
S
N
151
5]
S

1 (pgimL)
1 (pgimL)

=)
5]
S

1000

MCP-1 (pg/mL)

MCP:

=)

Figure 4.9: MCP-1 production. MCP-1 production frdinweek, 3week or 4 week
chondrogenic pellets. Each bar represents a grouataining pellets cultured with the
corresponding title. Media = media alone, Syn rosyocytes 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 gellet

The final aspect of study was the initiation of epair response at 4 days as
measured by an increase in aggrecan gene expresdioa pellets. Figure 4.10 shows
the aggrecan gene expression for each of the cbgedic culture periods. In each case
gene expression has been normalized to pellete §Mdedia). There was a significant
increase in aggrecan expression in the 2 weektpdfiehe full cocultures as compared to
the other groups. In the 3 week pellets, the ttenls very similar to the 2 week pellets,
but the changes were not significapt50.088). The 4 week pellets did not mirror this
repair response, with all 4 groups having very lsingene expression. For reference, the
data before normalization to pellets alone (Meda) be found in the Appendix (Figure

8.22 — Figure 8.24).
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Figure 4.10: Aggrecan gene expression. ExpresisioB week, 3week or 4 week
chondrogenic pellets. Each bar represents a groafaining pellets cultured with the
corresponding title. Media = media alone, Syn ros§yocytes 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, filotin fragment, has been
implicated as a realistic and relevant catabolimdant for use in vitro. In the previous
chapter, FN-f was shown to significantly increasedpction of MMP-1, MMP-3, IL-8,
and MCP-1 in cocultures of synovial fibroblasts ardP-1 or U937 cells. Also, in all
four proteins, the synoviocytes alone increasedvéen 40 fold and 2000 fold. Here,
FN-f was investigated for the ability to cause GASs in two week pellets without the
presence of the coculture. As shown in Figure 4AN-f was able to significantly
increase the amount of GAG released to the me@absequently, FN-f was able to
significantly decrease GAG retained compared toianatbne. Much like the synovial
component, the addition of FN-f to the culture naedan drive catabolism without the
addition of other cell types. For reference, theadsefore normalization to pellets alone

can be found in the Appendix (Figure 8.25 — FigRi26).
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Figure 4.11 Pellets alone cultured with FN-f. Whbars represent pellets in media
alone. Black bars represent pellets in media aon; 0.8 M FN-f. For both GAG
released and GAG retained values are normalizeédetanedia alone group. Pellets in

media containing FN-f were compared to pellets édia alone, * = p < 0.05.

4.2.4. Contribution of each cell type

The contribution of each of the three cell typesh® production of four of the
OA proteins was estimated. The proteins of inteveesye MMP-1, MMP-3, IL-8 and
MCP-1. Three techniques were used to estimatedahtibution of each of the three cell
types to total production of the four target progei The first method was comparing

gene expression from the three cell types in achudulture. After separation of each cell
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type using methods previously described, the gempeession of each target relative to
the housekeeping gene was calculated. The expressieach individual cell type was
then normalized to the expression of the U937 cedlsthe fold change relative to U937
cells. Finally, these fold changes were summedexipdessed as a percentage of the total
expression. For reference, gene expression reladiGAPDH as well as fold changes to

U937 cells can be found in the Appendix (Figure/8-Zigure 8.30).

The second technique to estimate the contributibnthe cell types was
comparing the inherent protein production of eaghtgpe in individual cultures. Each
protein of interest was measured from the prodoatibeach individual cell type. The
total protein production of each target protein when summed across the three
individual cultures. Production was then shownaapercentage of the sum total
production of these three individual cultures. Feference, protein concentrations
measured in the conditioned media from the indi@idaultures are shown in the

Appendix (Figure 8.31 — Figure 8.34).

The last technique used to estimate the contributib each cell type to the
production of the four target proteins used shaterfering RNA (siRNA) in full
cocultures. Using siRNA the production of the pinoe$ of interest was modulated in the
synoviocytes and U937 cells. By modulating thedpiaion in each of these cells, the
contribution of that cell type could be measuredlhianges in the overall production of
the protein of interest. The contribution of thal@ts could then be assumed to be the
balance of the production. Estimating the contidruusing the siRNA cultures was

done according to the following equations.
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Where S, U, and P represent the protein productfafie synoviocytes, U937
cells, or pellets and TP represents the total tgsgetein production. The coefficients
represent the percent knockdown using the siRNAthé first case, the siRNA used was
the negative control allowing all coefficients t@ . In the following case, the
knockdown was calculated using gene expression fhencocultures at day 4. Given the
pellets were not treated with siRNA, plP was assutoebe equal to p2P. Although
there is knockdown of the gene expression for eddie target proteins in the U937
cells, there was no effect on the protein productibable 4.1). This allowed for the

assumption: U ~ 0. Subtracting equation 2 fronivég

Solving for the contribution of the synoviocytegTB) gives:

The contribution of the pellet is therefore:
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Table 4.1: Percent changes in gene expression ateiprproduction. The columns
represent each of the four target proteins. Theofahe table represents changes in the
synoviocytes, while the bottom represents changateé U937 cells. The Gene rows
represent the percent of the signal in siRNA tetadamples compared to negative
controls. The rows titled protein represent theeget 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.
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Figure 4.12 Contribution of each cell type. Cdnition expressed as a percentage of
the production of MMP-1, MMP-3, IL-8 and MCP-1. @dbution as measured by gene
expression is shown on the left side, contributtahmeasured by individual protein
production is shown in the middle, and siRNA estania on the right side. White bars
represent U937 cells, black bars represent syngt@ecand grey bars represent the stem

cell pellets.

4.2.5. Role of the U937 cells

The contribution of the U937 cells appeared limiiadthe production of OA
proteins as shown above. Thus the contributiothisfcell type was measured in terms
of GAG loss and protein production compared towek in the absence of the U937
cells. As shown in Figure 4.13, cultures with fh## coculture released significantly
more GAG when compared to cultures of pellets wgighoviocytes alone. As shown
Figure 4.14, cultures containing the full cocultymeduced significantly more of the
proteins of interest when compared to cultures ainintg the pellet and synoviocytes

only. Similar results were seen at day 4, 7, ahddlonly day 14 is shown.
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Figure 4.13: GAG released over time. White baprasent pellets cultured with
synoviocytes alone (Syn), while black bars reprepeifiets cultures in the full coculture

(Syn/U937). *=p <0.05, * =p <0.01, ** = p 8.001 when compared to Syn group.
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Figure 4.14: Protein production at day 14. Whiggsbrepresent pellets cultured with
synoviocytes alone (Syn), while black bars reprepelfiets cultures in the full coculture

(Syn/U937). *=p <0.05, * =p <0.01, ** = p 8.001 when compared to Syn group.
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4.2.6. Serum supplementation with ITS-X

In order to understand how adding the serum suppienTS-X to the media
would affect the overall culture conditions, thdldaing experiments were performed.
Pellets were cultured alone for 4 days with or with1% ITS-X supplementation to
investigate the effect on the pellets alone. Amashin Figure 4.15, there was an effect
on GAG and aggrecan expression with no changelimember. Adding ITS-X to the
culture nearly doubled the percent GAG retained ianghrallel significantly decreased
the amount of GAG released to the conditioned mmedikggrecan gene expression was
also significantly increased with the addition ®SHX, nearly 3 fold. Finally, the cell
number as measured by DNA content did not change WE-X supplementation. For
reference, data before normalization can be foarttié Appendix (Figure 8.35 — Figure

8.38).
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Figure 4.15: Pellets cultured with or without IKS-All values have been normalized to
cultures without ITS-X. Black bars represent adtuwithout ITS-X, while white bars
represent cultures with ITS-X. * = p < 0.05, *pE< 0.01, ** = p < 0.001 when

compared to —ITS-X group.

In terms of the effect of ITS-X on full coculturdSAG released to the media as
well as GAG retained was measured as shown in &igut6. In these experiments,
pellets alone, pellets plus synoviocytes, pelldts pJ937 cells and the full coculture
were cultured with or without 1% ITS-X for four day For each condition, pellets
retained more and released less GAG when cultuitdIWS-X. On average across all
four groups, pellets released only 31% as much Gé&\@e conditioned medium when
cultured with ITS-X. This resulted in average 6ifidrease in GAG retained across all 4

groups.
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Figure 4.16: GAG effects with ITS-X. Left: GAG ated with or without ITS-X.
Right: GAG released with or without ITS-X. Blackrs 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 doecak with or without ITS-X
(Figure 4.17). In full cocultures with ITS-X MMR@duction, both MMP-1 and MMP-3,
was reduced to only about 20% of the cultures with®S-X.
both IL-8 and MCP-1 had no difference with or wihdTS-X. For reference, protein

measurements before normalization can be foundamppendix (Figure 8.39 — Figure

8.42).
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Figure 4.17: Protein production in full coculturegth ITS-X. Black bars represent
cultures without ITS-X, while white bars represeunttures with ITS-X. All values have
been normalized to cultures without ITS-X. * = 9905, ** = p <0.01, ** =p < 0.001

when compared to —ITS-X group.

4.3. Discussion

Modeling the cartilage component is crucial to niodethe pathology of OA.
Given the many possible cartilage models, investgaof the chosen model could lead
to a better understanding of the coculture OA maliséase as a whole. The goal of
these experiments was to gain a better understgradithe interconnected role of the
synovium and cartilage and ensure an OA environménirther, the role of each cell
type, synovial type A and B cells and the cartilagenponent, in the triple coculture
model was investigated. This work provides a bfsistudy 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 thAt can progress from early
to late stage. In order to have consistency aneapgriments, stem cells were chosen as
the cell source for the cartilage component. Stells have been shown to be able to be
expanded extensively and retain the ability toedldhtiate [171]. Mesenchymal stem cell
pellets have long been used to model chondrogeaesisartilage in vitro. Depending
on the experiment, different time lines of chondnogsis have been used including one
week [172,173], two weeks [174 — 176], three wel@ds 177, 178], four weeks [179,
180], or even longer [181, 182]. Across these grpnts, it is clear that using general
media conditions over time the pellet culture vidhd to an increase in hypertrophic
genes, specifically collagen type 10. In many gxas) stem cell pellets will increase in
collagen type 10 (hypertrophy) even before collatype 2 (chondrogenesis) [179, 181].
This induction of hypertrophy presents a problemrfmdeling osteoarthritis. Damage
during OA begins in the superficial zone, a lespdnirophic region with reduced
expression of hypertrophic genes [183 — 185]. Lstge OA is characterized by
hypertrophy and eventually resulting in osteopHgtenation and matrix mineralization
[42]. In order to adequately model the full praggien of OA, it is logical to start with a

piece of tissue closer to normal cartilage witle@uced or absent hypertrophic signal.

In order to examine the stem cell pellet as a madahe cartilage component,
stem cell pellets cultured in chondrogenic condgidor 2 weeks, 3 weeks, or 4 weeks
were studied. Over time, these pellets accumulategkrix in the form of
glycosaminoglycan (GAG) as shown in Figure 4.2.isTlas expected and has been
shown widely in the literature. Further, there &ehondrogenic gene changes over the
time course. Aggrecan and collagen type 2, measfrehondrogenesis, increased over
time. Collagen type 10, a bone marker and measuohondrocyte hypertrophy, also

increased. Again, as described above, this wasoteg and widely shown in the
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literature. As described above, balancing chorglegis and hypertrophy is important
for modeling OA. Comparing the 2 week pellets e &L week pellets, there was a
significant increase in aggrecan and collagen Bjpgith no change in collagen type 10.
At 3 and 4 weeks, there was a further significantéase in collagen type 2 compared to
2 week pellets, however, there was also a sigmficacrease in collagen type 10. It
would appear that to achieve a further increasechHondrogenesis through longer
cultures, there would also be an increase in hygany. Comparison of collagen type 2
to collagen type 10 is a measure of chondrogemeksisve to hypertrophy. At 2 weeks,

relative collagen type 2 expression is 6 .04 fadlagen type 10 expression, while at 4
weeks, relative collagen type 2 expression is oh@4 fold the collagen type 10

expression (Figure 4.3). This ratio is 22% highe2 weeks as compared to 4 weeks,

representing an increase in chondrogenic relatie/pertrophic signal.

Aside from hypertrophy, the different chondrogepériods were investigated in
the coculture model, focusing on three criteriahede criteria were GAG loss, an
increase in degradative enzymes and other OA piteind the initiation of a repair
response. Although there are certainly differeramasng the 2 week, 3 week or 4 week
chondrogenic pellets, the overall trends remaimedsame in terms of these criteria. In
terms of GAG loss, regardless of the chondrogeeiiod, all pellets in the full coculture
released significantly more GAG and likewise regdirsignificantly less GAG in the 4
day period as compared to the control groups. oAltin the trends are similar, the
differences are interesting. In terms of GAG reteh 2 week and 3 week pellets had
similar numbers, while 4 week pellets released muohe GAG to the medium. In fact,
4 week pellets alone released similar amounts o6@A the full coculture pellets from
the 2 week period. It is interesting the differemin the percent GAG retained. While

the results of the 2 week and 3 week cultures vagagn very similar, the four week
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pellets retained more GAG. In 2 week cultureslepelalone retained 77% of the GAG
and full cocultures retained only 57%. In 3 weakwres, 79% of the GAG is retained in
pellets alone and full cocultures retained 52%. weler, in 4 week cultures, pellets
alone retained 84% while full cocultures retainddo/ The difference between pellets
alone and pellets plus full coculture represengstivo extremes of the model. A smaller
difference means a smaller window to see differermsewell as potential effectiveness of
therapeutic targets. The amount of GAG releasddretained may be due in part to the
larger amount of retained GAG at 4 weeks as contpre® weeks (Figure 4.2). With
nearly three times the amount of starting GAG, tive4k pellets have plenty of GAG to
release to the medium as well as maintain a lgrgerent retained. This may also help to
explain the differences seen in aggrecan expresstmgure 4.10 shows that 2 week and 3
week pellets have an increased aggrecan expressitre full coculture, albeit only
significant in the 2 week pellets. The four weelllgts do not show this same repair
response, likely due to the large percent of GAiGined. If the cells are still maintained
in a predominantly GAG-rich matrix, there is lessed to increase GAG production

through increased aggrecan expression.

Protein production as a measure of the catabolMr@anment was very similar
among the different chondrogenic periods. The 2kye8 week and 4 week pellet
cultures all had significantly increased MMP-1, MMPIL-8 and MCP-1 in the full
cocultures as compared to the other cultures. Wioemparing the protein production
found in the conditioned medium across chondrogeeitods, the numbers were also
very similar for IL-8, MCP-1 and MMP-1. Betweerettwo week and four week pellets,
the numbers were within 30%. MMP-3, however, dal follow this trend. For this
particular protein, the 4 week pellet cultures hemhrly twice as much MMP-3 as

compared to the 2 week cultures. This suggestsp#ilets themselves create an
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environment that induces MMP-3 differently depegdion the size or differentiation
state of the pellet. Taking this one step furthezpmparison of the aggrecan response to
the MMP-3 production is illustrative of this measdrrepair response. As shown in
Figure 4.10, the 2 week pellets in the full coadtthave an increase in aggrecan
expression of 1.8 fold compared to pellets alofibe 4 week pellets in the full coculture
have nearly no change compared to pellets alofg2,f0ld. As shown in Figure 4.7, the
2 week pellets in the full coculture are exposedartoincrease in MMP-3 compared to
pellets alone of 2.05 fold. Similarly, the 4 wesdlets in the full coculture are exposed
to an increase in MMP-3 of 1.43 fold compared tbepee alone. Overall, the ratio of the
increase in aggrecan relative to the increase inAvVBMs 0.87 in the 2 week pellets as
compared to only 0.65 in the 4 week pellets. Tagesents an increase of nearly 35% in
terms of a repair response relative to the degrsdanzyme, MMP-3. Given the
similarity between the results for the chondrogepéciods in the model, the reduced
therapeutic window for the 4 week pellets, anditivzeease in collagen type 10, it appears
that the 2 week pellet is sufficient and perhappesor to the other chondrogenic

periods.

The coculture tissue model presented here incltides relevant cell types in OA,
synovial fibroblasts, macrophages, and a cartitaeponent. Fibronectin fragment has
been implicated as a relevant catabolic stimulantOiA. Much like the synovial
component, the addition of FN-f to the culture naedrove catabolism without the
addition of other cell types. In this way, the #idd of FN-f to the coculture model
diminishes the value of the triple coculture asntike the synovial component irrelevant.
If the goal of this work is to develop a model atabolism using three relevant cell types
and study the interaction of these cell types, atidition 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 dwmekp each component
separate. The advantage to keeping the composepasated is to maintain the ability to
analyze each component independently. In this weycontribution of each type can be
elucidated. In this series of experiments, throtlgiee techniques, the contribution of
each of the three cell types was estimated. Fgeshe expression of OA factors was
analyzed from cells in the full coculture. MMPMMP-3, IL-8 and MCP-1 were chosen
as representative degradative enzymes and cytokiBegression of each of these genes
was normalized to GAPDH and then compared acrdgbraeke cell types. The relative
expression was shown as percentages. From timsaést U937 cells appear to account
for less than 5% for all four OA factors. In termisthe MMPs, the contribution from
synoviocytes and the pellets was split. Synovieswccounted for about 72% and 40%
for MMP-1 and MMP-3, respectively. The balance \wasounted for by the pellets. In
terms of the cytokines, the synoviocytes accoufiechearly all of the expression with

about 95% for both IL-8 and MCP-1.

Due to the difficulty of discerning which cell prackd the proteins found in
conditioned media of cocultures, the second esiimatechnique was to compare
cultures of the individual cell types. In this wahe inherent ability of the cells to
produce the proteins of interest could be studiaéter calculating the sum total of the
individual cultures, the percentage of each cgletywas determined. Again, the U937
cells appeared to account for less than 5% ofoall OA factors. For MMP-1, IL-8 and
MCP-1, the synoviocytes accounted for nearly 95%hefproduction. The production of

MMP-3 was more evenly split between the synovicgyt5%) and the pellets (~35%).

The final estimation technique was using the fokkwture model and inhibiting
protein production specifically with SIRNA. Theeusf siRNA is largely in hypothesis

testing of specific genes or target validation. s€xachers are able to specifically

94



knockdown expression of a target gene and studyptteome. Another application of
SiRNA is to confirm the source and identity of grsling protein in cocultures. In the
study of endothelial cell modulation of bone marrsiromal cell osteogenic potential,
bone morphogenetic protein 2 (BMP-2) was identifisdan important signaling protein.
Alkaline phosphatase activity was measured fronultoes of endothelial cells treated
with BMP-2 siRNA and bone marrow stem cells. lagé cultures it was determined that
BMP-2 produced by the endothelial cells was entmanosteogenic potential in the stem
cells [186]. In a triple coculture of endothelieg¢lls, mesenchymal stem cells, and
leukocytes, siRNA was used to determine the soafdé-6 responsible for leukocyte
adhesion. In these studies, it was determinedyd&inocking down IL-6 expression in
stem cells, the high level of IL-6 protein in cacmes was reduced as well as leukocyte

adhesion. There was no effect when endothelitd wedre treated [187].

Using a similar method as these cocultures, theessjon in the cells of the OA
coculture model were modulated with SIRNA. UsiifigMA to affect protein production,
the contribution of each cell type was estimatadgithe equations above. Yet again the
contribution of the U937 cells was limited. For N, IL-8 and MCP-1, the
synoviocytes account for nearly 85% of the produrcti The production of MMP-3 was
again more evenly spilt, ~62% for the synoviocydad ~38% for the pellets. It appears
that the estimation techniques are mostly in agee¢mlt should be noted that in none of
the three estimation techniques is the actual pr@mduction from each cell type in the
full coculture model measured, thus these resalfpsessent an estimation and not actual

protein production contributions.

At least two other options for examining the cdmition of each cell type were
considered. In order to investigate the contrdoutof each cell type, comparisons

between dual cocultures could be compared. Inrotfueds, conditioned media from
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synoviocytes and U937 cells, synoviocytes and fslbnd U937 cells and pellets could
be compared. The problem with this approach Isatves out the full interaction of all
three cell types. Further, in several instancesal dcocultures produced higher
concentrations of a protein of interest than fulple cocultures, confounding the
analysis. This is likely due to the interactiontloé three cell types. Another option was
to use three different species for the analysiesvefal concerns exist with this method. It
is questionable that an ELISA will be able to tdle difference between species
sufficiently to feel confident in the analysis. idtquestionable that the different species
will be able to interact and signal sufficientlfzinally, it is questionable that a human
cell will respond equally as another species. fitleat this project is to model the

human condition, the use of human cells is vital.

Overall it appears, the synoviocytes accountedhiebulk of the production of the
proteins found in conditioned media with the psllebntributing to the production of
MMP-3. In the studies of the pellet chondrogereciqd, the time of differentiation did
not appear to affect the production of IL-8, MCR¥IMMP-1. This is consistent with
the synoviocyte contribution data. If the pelldts not contribute to the production of
these proteins, then changing the pellet will haweeffect. In terms of MMP-3, the
chondrogenic period did affect MMP-3 productionsé&y MMP-3 production was more
evenly split between the synoviocytes and pelldtsis is in agreement. A difference in

the pellets should lead to differences in MMP-3dution.

Although, it appears from the estimates of contidns that the U937 cells do not
play a dramatic role in the coculture system, thditeon of U937 cells to the cultures
significantly increased GAG loss in the system (Fég4.13). Further, as shown in
(Figure 4.14), production of the OA proteins sigrahtly increased in full coculture

systems as compared to pellets with synoviocyteseal Although, it appears that the
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U937 cells do not produce the proteins, it is paesithe monocytes activate the
synoviocytes to increase protein production leadmdsAG loss in the pellet. This

finding is in agreement with current thought on Ok recent years, the importance of
the synovium in OA has been highlighted in bothvitto and in vivo studies. It is

thought that activated synovial macrophages stitaidgnovial fibroblasts, leading to the
production of pro-inflammatory cytokines, degradatienzymes, MMPs and quite
possible aggrecanases. These proteins all hade anrthe pathology of OA1BE. This

clinical result appears to be mirrored by the UB8IFs in this culture system.

Serum supplementation was hypothesized to createra protective environment
for the pellet. This is crucial to extending theltares in order to model the full
progression of OA, from early to late stage. Thalgf this work was to maintain the
three crucial criteria in the presence of ITS-Xdof GAG, increased MMP and cytokine
production, and an initial repair response at etarhe points. Pellets were cultured 4
days in media alone with or without ITS-X. In tkesultures, GAG released to the
medium was significantly decreased while GAG retdirwas significantly increased.
Aggrecan gene expression was also significantlyeased. While ITS-X was able to
improve matrix supposition, there was no changeeih number as measured by DNA
content (Figure 4.15). This data suggests thatsdram supplementation was able to
provide a less catabolic environment for the pglleven with pellets in medium alone.
Extending this to the full coculture, serum supp@emation was tested to see if this
protective effect maintained a significant increas&AG loss in the full cocultures as
compared to other cultures, pellets alone, pellétis synoviocytes or pellets with U937
cells. Across all four culture systems, ITS-X vedde to decrease GAG released by 69%
as well as increase GAG retained by 67%. This dt@nreduction in GAG loss,

however, was fairly uniform across all groups megrthe significant increase in GAG
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loss was still observed. The protein productiothim cocultures was also affected by the
addition of ITS-X. As shown in Figure 4.17, botiMR-1 and MMP-3 were reduced to
only 20% of the production levels in cultures withdTS-X. The cytokines IL-8 and
MCP-1 were largely unaffected. This reduction e tdegradative enzymes likely
contributes to the reduction in GAG loss observedhe ITS-X containing cultures.
Although the levels of degradative enzymes are qedwas well as the GAG loss, both
are still significantly increased in the full cottules. Due to the increase in cell health,
ITS-X was included in all future work. This rediact in the catabolic environment also

allows for an extended culture period.

Modeling the cartilage component is essential whesigning each aspect of a
progressive model of OA. Of the several possibglit mesenchymal stem cell pellets
were shown to be a viable option moving forwardnderstanding the contribution of
each cell type in a model of OA is also importanthite understanding of the model. To
this end, it appears the synoviocytes accountedherbulk of the production of the
proteins found in conditioned media with the pellebntributing to the production of
MMPs. Finally, the addition of a serum supplemé&ng-X, was investigated in order to
determine the effect on the cultures in terms efahility to slow and extend the cultures
in order for a more thorough analysis. While tbeels of degradative enzymes are
reduced as well as the GAG loss, both are stilhiB@antly increased in the full
cocultures. This reduction in the catabolic enwnent also allows for an extended
culture period. The goal of these experiments wagain a better understanding of the
interconnected role of the synovium and cartilage ensure an OA environment. This

work provides a basis for study of the model in¢batext of a progressive model of OA.

98



4.4. Conclusions

In order to design the correct OA model severaldrtgnt questions had to be
investigated first. These included examining thgilage model, serum supplementation
and the contribution of each cell type. Given similarity between the results for the
chondrogenic periods, the increase in hypertrophthé longer chondrogenic periods,
and the reduced therapeutic window for the 4 wedlets, it appears that the 2 week
pellet is sufficient and perhaps superior to theeptchondrogenic periods. With the
addition of the serum supplement, ITS-X, the levefsdegradative enzymes were
reduced as well as the GAG loss, however, both w#iiesignificantly increased in the
full cocultures. This reduction in the cataboliovegonment also allows for an extended
culture period. Finally, it appears the synoviesytaccounted for the bulk of the
production of the proteins found in conditioned iaedith the pellets contributing to the
production of MMPs. Although, it appears that th@37 cells do not directly produce
the OA proteins, it is possible the monocytes atithe synoviocytes to increase protein
production leading to GAG loss in the pellet. Thissimilar to the clinical situation
where it is thought that activated synovial maceges stimulate synovial fibroblasts,
leading to the production of pro-inflammatory cyiteds, 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 nppeminently by knee pain and
eventual loss of joint function [189] occurs witlitieasing frequency and severity with
age and remains a significant unmet medical needdwmle. It is the most common
form of arthritis in the United States, an estinda2& million adults had OA in 2005 [1].
Treatment of both pain and structural damage pesipa are challenging, with current
pain therapies providing inconsistent benefit arehtments to halt or slow loss of

structural integrity nonexistent [4, 5].

Although the facets of OA are not well understoitds clear that the disease
represents a complex combination of metabolic meee affecting the cartilage,
underlying bone, synovium, and surrounding tissoksrticular joints [6, 28]. This
complexity makes it difficult to develop accuratedels. There are animal models that
are used for studying OA including surgical instiadbimodels, such as anterior cruciate
ligament (ACL) transection, genetic models suchtfes STR/ort mouse model, and
spontaneous models, such as the Duncan Hartleeauyig [30, 31, 190]. Given the
cost, time, and complexity associated with perfagrin vivo studies, preliminary study
of disease biology as well as identification, vatidn and testing of potential therapeutic
targets can benefit greatly from studies initigigrformed in vitro in well-designed

models ideally translatable to both in vivo reshand clinical settings.

In vitro, OA is most often studied through monolayailtured primary cells
exposed to high concentrations of cytokines or aienes [32]. In contrast to complex
in vivo models, cell culture can provide a simgdj cost-effective and focused analysis.

However, this approach can produce results thabeedy simplified or less relevant to
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the in vivo situation. With the analysis focusedlionited numbers and/or types of cells,
the essential positive and negative feedback sdnain key cells necessary to duplicate

clinical outcomes may be missing in these cultures.

Previously the utility in combining tissue engireg cartilage with conditioned
medium from macrophages as compared to monolayeres with supra-physiological
concentrations of cytokines was reported [36]. héltgh this work was done with very
high concentrations of cytokines not matching pbiggjical levels present in OA, this
result showed that the inclusion of macrophagdks peesent in OA joints [191], created
a more realistic in vitro model of the disease.chMphages and fibroblasts communicate
via soluble autocrine, paracrine and juxtacrinengig associated with direct cell-cell
contacts [192 — 194]. Hence, both chemical andsighl cues exchanged between
macrophages and fibroblasts can be important in ®éther, it can be beneficial to use
a 3D human tissue system, as cell-cell and celiaegliular matrix interactions are
important for the study of cartilage, and these ddbons are poorly reflected by

conventional two-dimensional (2D) cell culture gyss [33].

The hypothesis was that a 3D cartilage compongatadcting with synoviocytes
as well as macrophages would simulate a diseaseoement similar to that present in
developing OA. Further, having all human-derivedlscwould allow this in vitro OA
model to be useful to understand the formation prmbression of OA as well as
screening for disease modifying drugs in a climjcaklevant system. The coculture
system as a model of early stage OA is based ae thriteria: the production of
cytokines and degradative enzymes resulting inralitoned medium profile similar to
OA synovial fluid, the release of glycosaminoglycd®AG) from the cartilage
component, and an early anabolic response [19b& similar manner, the system will be

judged as late stage OA based on the followingGait a decrease in the production of
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degradative enzymes, the continued loss of GAG fifwencartilage component, and the
loss of the early anabolic response. Under thht rigpnditions, these cells would
progress from early to late stage OA mimicking ¢éhballmarks of the disease through
the progression of OA. A secondary goal of thseegch was to investigate the role of
the role of IL-1 and MMPs in the GAG loss by the cartilage componesing

commercially available inhibitors. By choosing study this model at various time
points, the model could be useful to understand pgregression of OA as well as

screening for disease modifying drugs in a clitjce¢levant in vitro system.

5.2. Results

5.2.1. Cocultures significantly increase OA protein prodiicn

Four day cocultures were assayed for OA-associgtetkins produced in the
pellet-containing systems. These proteins weraifgigntly increased in the full
coculture (pellets plus synoviocytes and U937s}ampared to the other groups (Table
5.1). Conditioned media from pellets alone or gislicultured with U937 cells did not
contain appreciable concentrations of most of tips&eins. Media from pellets in the
presence of synoviocytes contained most of theséeips, but media from the full

coculture (pellets, synoviocytes and U937 celledpred the highest levels.
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Table 5.1: Production of OA proteins in pellet-aining culture systems. Each row
represents a different pellet-containing cultursteymn. Media = media alone, Syn =
synoviocytes alone, U937 = U937 cells alone, SyBUg full coculture. The actual
protein concentrations £ SEM (pg/mL) for each grawme shown in that corresponding
row. Each group is compared to the Syn/U937 groiip ¥v= p < 0.05, * = p < 0.01,

*** = p < 0.001 when compared to Syn/U937 group. NDnot 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 11.3 ND 10.2 ND 175
+0.5 +2.7 +4.2 +43.1
Kk wkk Kk wkk Kk wkk Kk
Syn 30.7 407 111 9.3 47.1 270 554
+1.0 +18.1 +20 +0.6 +3.1 +13.6 +39.7
Kk wkk Kk wkk Kk wkk NS
U937 ND 7.5 10.6 ND 12.2 ND 87.6
+0.8 +1.7 +4.0 +21.8
Kk wkk Kk wkk Kk wkk Kk
Syn/U937 104 3530 24.4 132 208 480 524
+4.8 + 330 +1.8 +7.2 +53 +221 +515

5.2.2. Cocultures increase GAG loss

Stem cell pellets that were cultured in the presesitsynoviocytes and U937
cells showed significantly more GAG released to ¢baditioned medium over the 14
day cultures. As shown in Figure 5.1, there wagyaificant increase in GAG released
when comparing the pellets with the full cocultu® pellets alone, pellets with
synoviocytes alone, and pellets with U937 cellsalo In a similar manner, the pellets

with the cocultures retained a significantly lowemount of GAG in the pellet as
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compared to the other groups. This effect was rebdeat day 4, day 7 and day 14

(Figure 5.2).

Day 4 Day 7 Day 14

Cumulative GAG released (ug)
GAG released (ug)

Cumulative GAG released (ug)
9

Figure 5.1: GAG released to the conditioned mediaday 4, 7 and 14. Each bar
represents a group containing pellets cultured \hih corresponding title. Media =
media alone, Syn = synoviocytes alone, U937 = UB8Ifs alone, Syn/U937 = full

coculture. * = p < 0.05, * = p <0.01, *»* = p €.001 when compared to Syn/U937

group.

Day 4 Day 7 Day 14

Percent GAG retzined
Percent GAG retained
Percent GAG retained

Figure 5.2 GAG retained in the pellets. GAG retdimelative to total GAG (retained +
released) on day 4, 7 and 14 respectively. Eachelpaesents a group containing pellets
cultured with the corresponding title. Media = naedlone, Syn = synoviocytes alone,
U937 = U937 cells alone, Syn/U937 = full coculturfe= 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 mamgtgins found in OA
synovial fluid including MMP-1, MMP-3, IL-8, and M&1. It should be noted, that
both IL-1 and TNF- were not detected in the conditioned media. Qker14 day
culture, accumulation of degradative enzymes andkayes was significantly increased
in the full cocultures as compared to the otheupgso As in previous chapters, MMP-1
and MMP-3 are representative degradative enzyrtieS. and MCP-1 are representative
cytokines. In Figure 5.3, total MMP-1 productiorasvincreased over the 14 days of
culture. The total accumulation of MMP-1 in thdl tocultures was 2600 pg, 4500 pg,

or 5700 pg for day 4, day 7, or day 14 respectively

Day 4 Day 7 Day 14

1(p9)

—~ 6000F 6000

4000F 4000

N
=3
=3
=1

2000

Cumulative MMP-1 (pg)

Cumulative MMP-

o

Figure 5.3 MMP-1 in conditioned media. MMP-1 frgrallet-containing cultures for day
4, 7, and 14, respectively. Each bar represegt®@p containing pellets cultured with
the corresponding title. Media = media alone, Sysynoviocytes alone, U937 = U937
cells alone, Syn/U937 = full coculture. * = p 0B, * = p < 0.01, ** = p < 0.001

when compared to Syn/U937 group.

As shown in Figure 5.4, MMP-3 accumulation increhseer the 14 days of
culture, but the bulk of the production happeneerothe first 4 days. The total
accumulation of MMP-3 in the full cocultures wassR%g, 2510 pg, or 2550 pg for day

4, day 7, or day 14 respectively.
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Day 4 Day 7 Day 14

Cumulative MMP-3 (pg)

N
Cumulative MMP-3 (pg)
Cumulative MMP-3 (pg)

Figure 5.4 MMP-3 in conditioned media. MMP-3 frgrallet-containing cultures for day
4, 7, and 14 respectively. Each bar representeuwpgontaining pellets cultured with the
corresponding title. Media = media alone, Syn ros§yocytes 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 dafy,the two degradative
enzymes is shown in Figure 5.5. The MMP-1 produrctiate does not change between
day 4 and day 7. By day 14, the production ratgsito about 28% of the day 4 and day
7 rates. MMP-3, however, follows a much differant. The bulk of the protein, 88% is
produced in the first 4 days. Due to this, thedpiaion rate of MMP-3 by day 7 is only

15% of the rate on day 4. By day 14, the produatate is only 1% of the day 4 rate.
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Figure 5.5: Production rates for MMPs. ProducttétMMP-1 (black bars) and MMP-3
(white bars). For each day, the amount produced the given time period was divided
by the amount of days in that period giving an amaf protein produced per day. *=p

< 0.001 when compared to Day 4. # = p < 0.001 wdwenpared to Day 7.

In Figure 5.6, IL-8 accumulation increased over1HAaays of culture. The total
accumulation of IL-8 in the full cocultures was 2388, 480 pg, or 966 pg for day 4, day
7, or day 14 respectively. A similar trend waseybed with MCP-1 (Figure 5.7). The
total accumulation of MCP-1 in the full cocultuneas 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 frorelfet-containing cultures for day 4, 7,
and 14 respectively. Each bar represents a grootaioing pellets cultured with the

corresponding title. Media = media alone, Syn rosyocytes alone, U937 = U937 cells
alone, Syn/U937 = full coculture. * = p < 0.05, #p < 0.01, ** = p < 0.001 when

compared to Syn/U937 group.

Day 4 Day 7 Day 14
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Figure 5.7: MCP-1 in conditioned media. MCP-Infrpellet-containing cultures for day
4, 7, and 14 respectively. Each bar representeupgontaining pellets cultured with the

corresponding title. Media = media alone, Syn ros§yocytes 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 siggahtly up-regulated aggrecan
expression as compared to the other groups at dayldis change is significantly
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increased with regard to pellets alone, pellet$ wsitnoviocytes or pellets with U937s.
There were no significant differences at day 7. day 14, pellets cultured with the full
coculture had significantly down-regulated aggreempression as compared to the other
groups. Over the full timeline, aggrecan expressias up-regulated at early time
points, but down-regulated at late time points (Fég5.8). For reference, the data before
normalization to pellets alone (Media) can be foumdhe Appendix (Figure 8.43 —

Figure 8.45).

Day 4 Day 7 Day 14

Aggrecan Expression

Figure 5.8: Aggrecan relative gene expression. ré&sgion in pellet cultures from day 4,
7 and 14 respectively. All expression has beemmabred to media alone at each
respective day. Each bar represents the genesskpnefrom pellets cultured with the
corresponding title. Media = media alone, Syn ros§yocytes 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 increasadl tGAG in the full cocultures
(Figure 5.9). Total micrograms of GAG releasedrabe full 14 day cultures plus the
GAG remaining in the pellet GAG at day 14 was meagu There was significantly
more GAG in the full coculture system as comparedhe other cultures. In pellets
cultured in medium alone, there was a total of 1860f GAG. In pellets with

synoviocytes, there was a total of 218 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 theresaatotal of 26.2 g of

GAG, an increase of over 25% compared to the dtftee groups.

Day 14

w
(=]

N
(=)

Total GAG (ug)
o

Figure 5.9: Total GAG (released plus retainedjagt 14. Media = media alone, Syn =
synoviocytes alone, U937 = U937 cells alone, SyB/US full coculture. * = p < 0.05,

** = p <0.01, ** =p <0.001 when compared to 4937 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 inhibitorlbfl , was used to further investigate the
role, if any, of IL-1 in these cultures. The addition of IL-1Ra did appear to affect
GAG loss in the full coculture systems. There wassignificant difference between
cocultures and cocultures with IL-1Ra. In contragtltures containing the MMP
inhibitor were similar to pellets alone. Specifigathe presence of the MMP inhibitor

significantly reduced the amount of GAG lost to thedia and likewise increased the
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amount of GAG retained in the pellets. These tesale shown in Figure 5.10 (GAG

released) and Figure 5.11 (GAG retained).

Day 4 Day 7 Day 14

Cumulative GAG released (ug)
o

Cumulative GAG released (ug)

Cumulative GAG released (ug)
9

Figure 5.10: GAG released to the conditioned mexfiaday 4, 7 and 14. Each bar
represents a group containing pellets cultured whth corresponding title. Media =
media alone, Coculture = full coculture, Coc ILdlR full coculture with IL-1Ra

present, Coc MMP Inhib = full coculture with MMPhiibitor present. Significance was
set at p < 0.05. a = different compared to Meblia, different compared to Coculture, c

= different compared to Coc IL-1Ra, d = differentrpared to Coc MMP Inhib.
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Day 4 Day 7 Day 14

Percent GAG retained
Percent GAG retained
Percent GAG retained

Figure 5.11: GAG retained in the pellets. GAGamatd relative to total GAG (retained
+ released) on day 4, 7 and 14 respectively. Hmchrepresents a group containing

pellets cultured with the corresponding title. Néee media alone, Coculture full

coculture, Coc IL-1Ra = full coculture with IL-1Raresent, Coc MMP Inhib

full

coculture with MMP inhibitor present. Significanegas set at p < 0.05. a = different
compared to Media, b = different compared to Cacaltc = different compared to Coc

IL-1Ra, d = different compared to Coc MMP Inhib.

While there appears to be a reduction in the GASE e MMP inhibitor did not appear
to reduce protein production. IL-1Ra did not affpootein production as well. There
were no significant differences between the coceltthe coculture plus IL-1Ra, and the
coculture plus the MMP inhibitor for MMP-3 (Figugel3), IL-8 (Figure 5.14), or MCP-

1 (Figure 5.15). There was a small, significamtuction in MMP-1 (Figure 5.12) when

comparing the coculture to the coculture plus MMRibitor. The MMP inhibitor

cultures had only about 80% of the MMP-1 as congpdoethe coculture without the

inhibitor.
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Figure 5.12: MMP-1 production on day 4, 7 and 1BEach bar represents a group
containing pellets cultured with the corresponditlg. Media = media alone, Coculture
= full coculture, Coc IL-1Ra = full coculture with-1Ra present, Coc MMP Inhib = full

coculture with MMP inhibitor present. Significanegas set at p < 0.05. a = different
compared to Media, b = different compared to Caealtc = different compared to Coc

IL-1Ra, d = different compared to Coc MMP Inhib.
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Figure 5.13: MMP-3 production on day 4, 7 and 1Bach bar represents a group
containing pellets cultured with the corresponditlg. Media = media alone, Coculture
= full coculture, Coc IL-1Ra = full coculture with-1Ra present, Coc MMP Inhib = full

coculture with MMP inhibitor present. Significanegas set at p < 0.05. a = different
compared to Media, b = different compared to Caealtc = 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 Ehach bar represents a group containing
pellets cultured with the corresponding title. Néed media alone, Coculture = full
coculture, Coc IL-1Ra = full coculture with IL-1Raresent, Coc MMP Inhib = full
coculture with MMP inhibitor present. Significanegas set at p < 0.05. a = different
compared to Media, b = different compared to Cacaltc = different compared to Coc

IL-1Ra, d = different compared to Coc MMP Inhib.
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Figure 5.15: MCP-1 production on day 4, 7 and 1Bach bar represents a group
containing pellets cultured with the corresponditlg. Media = media alone, Coculture
= full coculture, Coc IL-1Ra = full coculture with-1Ra present, Coc MMP Inhib = full

coculture with MMP inhibitor present. Significanegas set at p < 0.05. a = different
compared to Media, b = different compared to Caealtc = 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 avperiod of many years.
Modeling of this progression is difficult, but byderstanding the mechanism of synovial
and cartilage degeneration, more effective thesapinel targets can be developed. In this
line of study, an in vitro model of OA consistinflmiman synoviocytes, U937 cells, a
human monocytic cell line, and human mesenchyneh stell pellets was examined.
The results show that these cultures appear torggeghrough early-stage OA to late-

stage OA mimicking many of the hallmarks of thesgss.

Early stage OA is a complex combination of bothadabolic and anabolic
environment marked by degradation of cartilage @wdeases in degradative enzymes
and pro-inflammatory cytokines. MMP-1 and MMP-2 g@resent in high levels in OA
synovial fluid and osteoarthritic cartilage hasrbebown to increase gene expression of
these MMPS as well [51, 196]. GAG loss and a rédagn collagen Il content occurs in
the cartilage [42]. At this early stage, thereaisepair response in the cartilage with
increased aggrecan and collagen Il gene expregk®ah 198]. Late stage OA is marked
by the continuing loss of GAG [69]. However, indatage OA, there is a decrease in
MMP-1 and MMP-3 [51, 196, 199]. Lastly, there Iscareduced expression of aggrecan

[197], likely representing a loss of the repaip@sse as this situation nears end-stage.

In these studies, the coculture system respondadsimilar manner compared to
early stage OA at day 4 and progressed to latee 9fey by day 14. In general, the
coculture model was explored using four groupse fitst was pellets alone, a model of
just the cartilage component. The second wastpadles synovial fibroblasts, a control
group containing only one part of the synovial comgnt. The third group was pellets

plus U937 cells, a control group containing thecottell type of the synovial component.
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The fourth group is the full coculture containingthree components, pellets, synovial

fibroblasts and U937 cells.

The full coculture group consistently increased tgirs related to OA as
compared to the control groups at day 4. As shiowhable 5.1, across the seven OA-
related proteins, the full coculture (Syn/U937 gpuhad significantly higher
concentrations of each protein than all other gsouphe pellet alone group (Media) and
pellet plus U937 group (U937) had about 10 pg/mless of all proteins except MMP-3.
In terms of MMP-3 production, the full coculturesha and 6 fold higher concentrations
than the pellet alone or pellet plus U937 grouppeetively. The pellet plus synoviocyte
group has some level of protein production, momntkthe other two control groups.
However, the full coculture still was about 5 fditgher when averaging across all 7
proteins. This ranged from about even productioMiMP-3 to about 15 fold higher
RANTES production. In summary, the conditioned raeffom the full cocultures

contained more OA-related proteins and potentelfgore OA-like environment.

A hallmark of both early and late stage OA is thegpessive loss of
proteoglycan in cartilage. As shown in Figure 5He full coculture significantly
increased GAG released to the conditioned mediat d&y 4, the full coculture
(Syn/U937) released 2.8 fold, 1.8 fold, and 2.@ fthle GAG released by the pellets alone
(Media), pellets plus synoviocytes (Syn), and pellglus U937 cells (U937),
respectively. This difference is maintained at day There was still a significant
increase in GAG released as compared to the otbapg. At day 14, the full coculture
(Syn/U937) released 2.4 fold, 1.4 fold, and 1.6l file GAG released by the pellets alone
(Media), pellets plus synoviocytes (Syn), and pellelus U937 cells (U937),
respectively. This data was mirrored in the disteid percentage GAG retained, Figure

5.2. In this measurement at day 4, the full caral{Syn/U937) retained only 45%, 51%,
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and 53% the GAG retained by the pellets alone (B)ediellets plus synoviocytes (Syn),
and pellets plus U937 cells (U937), respectivelyisTdifference was maintained at day
14, the full coculture (Syn/U937) retained only 56P8%, and 66% the GAG retained by
the pellets alone (Media), pellets plus synoviosyt8yn), and pellets plus U937 cells

(U937), respectively.

The second benchmark of a model of OA is relatethéolevel of degradative
enzymes, specifically MMP-1 and MMP-3. In earlagg OA, there is an increase in
MMP-1 and MMP-3. However, in late stage OA, th&yea decrease in MMP-1 and
MMP-3 [51, 196,]. As shown in Figure 5.3, theresveasignificant increase of MMP-1 in
conditioned media from the full coculture (Syn/U938 compared to the other groups at
each time point. Over the full two weeks, theres\i:é fold, 1.7 fold, and 32 fold MMP-
1 in the conditioned media as compared to pelldtsea (Media), pellets plus
synoviocytes (Syn), and pellets plus U937 cells3)9 respectively. This trend was
mirrored in MMP-3 production as well, although lesamatic (Figure 5.4). Over the full
two weeks, there was 4.3 fold, 1.3 fold, and 216 fdMP-1 in the conditioned media as
compared to pellets alone (Media), pellets plussiotytes (Syn), and pellets plus U937
cells (U937), respectively. While the increaseMPs is readily apparent, in order to
investigate the decrease in MMPs over time, thalyction rate was examined. As
shown in Figure 5.5, the production rate in thé dotulture of both MMP-1 and MMP-3
decreased significantly. The production rate wasasuared by picograms of protein per
day. For MMP-1, at day 4 the production rate whsua 650 pg/day. At day 7, the
MMP-1 production rate dropped a mild 5% to aboud f@/day. However, at day 14, the
MMP-1 production rate dropped 73% to only about ¢#day. A more dramatic
decrease was seen with MMP-3. At day 4 the preglucate was about 560 pg/day. At

day 7, the MMP-3 production rate decreased signiti@5% to about 87 pg/day. Finally,
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at day 14, the MMP-3 production rate decreasedntp ©% of the day 4 rate, about 6
pg/day. It would appear the full coculture hadasgé increase in MMP production
initially (day 4), while a decrease in MMP produoctiin longer term cultures (day 14).

This mirrors the progression from early stage te tdage OA.

The last point of comparison between the modelthedclinical progression of
OA was an investigation of a potential repair resmgo As shown in Figure 5.8, aggrecan
expression in the pellets from the full coculturasvsignificantly increased as compared
to the other pellet controls. This is similar trlg stage OA, when the cartilage tissue is
able to undergo an incomplete repair response.dajt 14, aggrecan expression was
down-regulated in the pellets from the full coctéticompared to other pellet controls.
This is similar to late stage OA, when the tisssid longer able to mount a repair
response. Clearly as described above, the reggponse is unable to combat the loss of
GAG in the full coculture. However, an interestirggult of this repair response is the
total amount of GAG present in the culture systefisthe control cocultures, i.e. the
pellets alone (Media), the pellets plus synoviosy®yn) and the pellets plus U937 cells
(U937), there was a similar amount of total GAGravee 14 day coculture (Figure 5.9).
In these three cultures there was about §0f GAG combined between the amount
released to the media and remaining in the pelletowever, in the full coculture
(Syn/U937), there was a significant increase ialt®AG of the culture system. This
increase resulted in between 20-40% more total GAtBe system. The repair response

was evident in this measurement, even if it coadmaintain GAG in the pellet.

In addition to the degradative enzyme activity,-pritammatory cytokines were
found in the conditioned media of the coculturetays. As shown in Figure 5.6, there
was a significant increase of IL-8 in conditionecedia from the full coculture

(Syn/U937) as compared to the other groups at #@ehpoint. Each group increased the
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cumulative production of IL-8 over time with thellfeoculture maintaining a large
difference over the control groups. On averageszcthe three time points, there was
210 fold, 6 fold, and 70 fold the IL-8 concentratim the conditioned media as compared
to pellets alone (Media), pellets plus synoviocyi®gn), and pellets plus U937 cells
(U937), respectively. The full coculture also eased 45% comparing day 7 to day 4.
This continued with the cumulative amount of IL-8 day 14 over 2 fold the
concentration at day 4. This trend was mirroreM{@P-1 production as well. As shown
in Figure 5.7, there was a significant increasé@fP-1 in conditioned media from the
full coculture (Syn/U937) as compared to the otpeyups at each time point. Each
group increased the cumulative production of MC&vér time with the full coculture
maintaining a large difference over the controlug On average across the three time
points, there was 225 fold, 3 fold, and 25 fold th#CP-1 concentration in the
conditioned media as compared to pellets alone idepellets plus synoviocytes (Syn),
and pellets plus U937 cells (U937), respectivelfe full coculture also increased 2 fold
when comparing day 7 to day 4. This continued whth cumulative amount of MCP-1
at day 14 over 4 fold the concentration at dayMthough not analyzed, the production
of other pro-inflammatory cytokines likely follovessimilar pattern. As described above,
on day 4, there was a significant increase in IM&P-1, MIP-1, RANTES, and VEGF

in the full coculture as compared to the other geouGiven the results of IL-8 and MCP-
1 at days 7 and 14 matched these day 4 resultsIMIRANTES, and VEGF likely have

significant increases at day 7 and 14 as well.

Overall, the model presented here appears to me®grea similar manner to
clinical OA. The model consists of a synovial arattilage component interacting in a
degradative environment containing pro-inflammatocytokines and degradative

enzymes. At day 4, the model increased GAG lassieased MMPs, and had an
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increased repair response. These results areasitoikarly stage OA. At day 14, there
was a continued loss of GAG in the cartilage congmbna decrease in MMP production
and a diminished repair response. These resyttsaagsimilar to late stage OA. From
day 4 through day 14, the model appeared to pregresn early to late stage OA as

measured by these benchmarks.

The role of IL-1 has long been studied in OA, both in viamod in vivo[40 —
45]. However, the inconsistent or outright abseoicdetectable IL-1 in OA synovial
fluid, serum or synovial tissue [20 — 26] makes ttancept of IL-1 driving the
degradation in OA questionable. IL-1 receptor goiest (IL-1Ra) is a naturally
occurring, specific antagonist of either IL-br IL-1 [62]. It has been shown that in
vitro 10-100 times the amount of IL-1Ra is needed tobimhi-1 . In vivo, there needs
to be 100-2000 times more IL-1Ra than IL{63, 64]. As in previous work, IL-1was
not detected in these cultures. The lower limitlef assay range on the IL-ELISA
used was 3.9 pg/mL. This means that at the coratent of IL-1Ra used, 100 ng/mL,
there was an excess of 25,000-fold. As shownguiriei 5.10 (GAG released) and Figure
5.11 (GAG retained), the presence of IL-1Ra did aff¢ct GAG loss. There was no
significant difference between cocultures with athaut IL-1Ra in terms of GAG loss.
In terms of protein production, no significant diffnce was seen with IL-1Ra. There
was no change in MMP-1 (Figure 5.12), MMP-3 (Figbré3), IL-8 (Figure 5.14), or
MCP-1 (Figure 5.15) production with the presencéLefRa. Given the large excess and
lack of results with IL-1Ra and the inability totdet 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 foundhe conditioned media.
In order to understand whether MMPs were respomsislthe degeneration of the pellet,

Batimastat, a broad spectrum MMP inhibitor was ddecocultures. Batimastat is an
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MMP inhibitor that has been widely used with potatibition of MMP-1 and MMP-3.
The 50% inhibitor concentration (IC-50) for MMP-hda MMP-3 are 3 and 20 nM,
respectively. A useful tool for testing hypothesend probing in vitro models, the
development of this type of compound for clinicaleuwas halted due to toxicity,
bioavailability, and clearance rates among othaswas [200]. In experiments with the
coculture model, batimastat was used at concemtiatip to 1 M. This equates to over
300 fold the IC-50 against MMP-1 and 50 fold theSC for MMP-3. As shown in
Figure 5.10, the MMP inhibitor was able to sigrafitly reduce GAG released to the
media. In this study, like all previous studidse full coculture significantly increased
the amount of GAG released to the media compargxtilets alone at each time point.
At day 4, 7 or 14, there was an increase in GA@asdd by 60%, 90%, or 105%,
respectively. When the MMP inhibitor was addedthe full coculture there was a
significant reduction in GAG released. At day 4or714, there was a decrease in GAG
released compared to the full coculture alone &280%, or 37%, respectively. In fact,
there were no significant differences between #ike(s alone and the full coculture with
MMP inhibitor in terms of GAG release. Very conmpéntary results were seen in the
percentage of GAG retained as shown in Figure 5lhithe full coculture there was a
significant decrease in amount of GAG retained canag to pellets alone at day 4, 7 and
14. However, the inclusion of the MMP inhibitorlted this loss. Again, there were no
significant differences between the full cocultwéh MMP inhibitor and the pellets
alone. This data suggests that the MMP inhibitas wable to fully protect the pellets.
Further, the data suggests that the degradatiwagtaaif the coculture is likely at least

partially from MMP activity.

While the inhibitor was effective at reducing thévid activity in degrading the

pellet, production of OA proteins was largely unufpad. In terms of IL-8 (Figure 5.14)
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or MCP-1 (Figure 5.15) protein production, thereaweo significant differences between
the full coculture and the full coculture with MMPRhibitor. There was about a 50-100
fold increase in IL-8 production in full coculturas compared to pellets alone. In terms
of MCP-1, there was a 100-200 fold increase in ¢gitultures as compared to pellets
alone. The effect of the MMP inhibitor on MMP pradion was slightly different.
There were no significant differences in cocultuséth or without the MMP inhibitor in
terms of MMP-3 production (Figure 5.13), similar Ito8 and MCP-1. There was an
increase of 60-250 fold in terms of MMP-3 produstim full cocultures compared to
pellets alone. The exception was MMP-1. There avagynificant reduction in MMP-1
at days 7 and 14. At both of these time pointsrghwas about a 30 fold increase in
MMP-1 production in full cocultures as comparedptllets alone. When the MMP
inhibitor was included in the full coculture, themas a significant 15% or 20% reduction
in MMP-1 for day 7 and day 14, respectively. Whhés difference is significant, there
is still nearly 25 fold more MMP-1 than in the el alone cultures. It would appear that
although MMP inhibition protected the pellet, thencentration of the OA proteins is
largely unchanged. This is not surprising givemmiechanism of batimastat. Batimastat
has a peptide backbone that reversibly binds to MileiRd inactivates catalytic activity.
Therefore, batimastat largely works on the MMP4 tieave been produced, not on the

production of MMPs.

In order to have consistency among experiments) stdls were chosen as the
cell source for the cartilage component. As déscriin Chapter 4, stem cells have been
shown to be able to be expanded extensively amaghréte ability to differentiate [171].
Although only one stem cell donor and one synovi@aonor were used, it should be
noted, however, that for screening purposes, aommifcell source would be

advantageous to achieve consistent results. Sesgtuwdies have been performed
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confirming that the culture of synovial fibroblaststh U937 cells will produce pro-
inflammatory cytokines and MMPs [112, 113, 131]urtRer, stem cells have studied
extensively for chondrogenesis [170]. It can bpdiljesized that similar results could be

obtained with multiple donors.

A differentiated stem cell pellet does not have shene matrix as a cartilage
explant. The explant would seem to be more roaungtless likely to degrade. Given the
relatively small number of explants from a givenndg however, the results would
almost certainly be more donor dependent than miejgéndent. In previous work with
cartilage explants, contact between the synoviurd aartilage components was
necessary to initiate GAG loss [131]. A similaceliure model was shown to degrade a
cartilage explant in the presence of the cataksilioulant, fibronectin fragment [113].
In that model, the cocultured synovial fibroblasitsl U937 cells were separated from the
explants and did not degrade the cartilage sigaifly without the addition of fibronectin
fragment. It should be noted that explants witihhdnectin fragment alone lost significant
GAG content with no significant difference with taddition of the coculture. This is
very similar to the work presented in Chapter 3 @hdpter 4. Fibronectin fragment was

shown to be a very effective catabolic stimulaagardless of the cell types present.

Many of the OA proteins and specifically MMP contrations were
substantially higher with fibronectin fragment tharthe current model shown above. In
the model presented here, degradation occurreautitontact of the two components or
an additional catabolic stimulant. It remains togeen if this is due to using a stem cell
pellet, i.e. neocartilage, in contrast to a caggl@xplant. However, the model presented
here has two advantages over these two models. ativantage to keeping the
components separated is to maintain the ability aoalyze each component

independently. In this way, the contribution ofcleatype can be at least partially
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determined as shown in Chapter 4. Secondly, dgirermechanism and cause of OA is
unknown, adding a catabolic stimulant has the p@teto dramatically alter the model.

The model may mimic OA, however, whether the masleln accurate representation of
OA would need to be investigated. It is likely teetto have the cells interact in the

absence of an exogenous stimulant to create arikeAshvironment.

The synoviocytes increased production of OA prateliiut not to the level of the
synoviocyte/U937 cultures. Synoviocytes cultureidhwpellets also did not result in
GAG loss. As described in Chapter 3, activatedroptages are important in mimicking
early stage OA. It appears the synoviocytes aditlee macrophages, which in turn also
activate the synoviocytes. Together, these celésase cytokines and MMPs that degrade
the pellet (Figure 5.1 and Figure 5.2). This firglis in agreement with current thought
on OA. In recent years, the importance of the gigmo in OA has been highlighted in
both in vitro and in vivo studies. It is thougttat activated synovial macrophages
stimulate synovial fibroblasts, leading to the praibn of pro-inflammatory cytokines,
degradative enzymes, MMPs and quite possible aggeses. These proteins all have a
role in the pathology of OA [188]. This clinicaksult appears to be mirrored by the

U937 cells in this culture system.

OA is a progressive disease that can manifestroaery years. The cultures here
were designed to be relatively short term, but geshlonger term cultures would be
more instructive to study chronic versus acutectdfe OA is a protracted disease with a
long onset, thus more work could be done explothese long term effects by using

extended timelines in this system.

OA is a chronic disease with a lengthy progresdiom early to late stage.
Modeling of this progression is difficult, but byderstanding the mechanism of synovial

and cartilage degeneration, more effective thegapied targets can be developed. The
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model presented here, appears to manifest marhedfdllmarks of early and late stage
OA. This coculture model also includes the intgoacof synovium and cartilage, two
crucial aspects of the joint. The coculture tisspuedel presented here includes three
relevant cell types in OA, synovial fibroblasts, ar@hages, and a cartilage component.
Further, the coculture specifically aims to modél &nd keep each component separate,
such that each component can be investigated thdilly. Additionally, the model does
not need an exogenous catabolic stimulant. It ako be scaled to be useful for
screening of disease modifying drugs in a clinicafllevant system. Understanding the
full progression of OA could lead to the developingimew targets and new therapeutics

and having a realistic in vitro model is one stephat process.

5.4. Conclusions

A human cell-based model of osteoarthritis progngsfrom early to late-stage
OA was developed. The model, containing a 3D le@ei component interacting with
synoviocytes and macrophages, simulated an enveohreimilar to that present in
various disease states of OA. At early time poithis culture system mimicked many of
the aspects of early stage OA including productibaytokines and degradative enzymes
similar to OA synovial fluid. This catabolic engitment also resulted in the release of
glycosaminoglycan (GAG) from the pellet. At thesrky time point, the pellet underwent
a repair response including increased aggrecaressipn. At later time points, the
catabolic and repair response was diminished asulteres were more representative of
late-stage OA. Additionally, the role of IL-land MMPs in the degradation of the
cartilage component was investigated. It appdaatIt-1 has no role in this system
given the inability to detect the protein as wallthe inhibitor, IL-1Ra, having no effect.
MMPs appear to be at least partially responsibteéie degradation of the pellets in this

system. Understanding the full progression of @Aald lead to the development of new
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targets and new therapeutics and having a realistigtro model is one step in that

process.
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6. Conclusions

Osteoarthritis (OA) of the knee, characterized nposiinently by knee pain and
eventual loss of joint function occurs with incrieasfrequency and severity with age and
remains a significant unmet medical need worldwideis the most common form of
arthritis in the United States. Treatment of bp#in and structural damage progression
are challenging, with current pain therapies primgdnconsistent benefit and treatments

to halt or slow loss of structural integrity norseint.

Although the facets of OA are not well understoibds clear that the disease
represents a complex combination of metabolic m®ee affecting the cartilage,
underlying bone, synovium, and surrounding tissafegrticular joints. This complexity
makes it difficult to develop accurate models. dpivthe cost, time, and complexity
associated with performing in vivo studies, prefiary study of disease biology as well
as identification, validation, and testing of pdiaintherapeutic targets can benefit greatly
from studies initially performed in vitro in welledigned models ideally translatable to

both in vivo research and clinical settings.

The goal of this work was to develop a human lsaied model of osteoarthritis
to mimic the progression of OA from early to lateage. This work included the
combination of synovial fibroblasts and monocytesaamodel of synovium. In culture
with the synovium component, mesenchymal stem(&8C) pellets were used as the
cartilage component. These three cell types wdrédnuanan and were able to be
separated for individual analysis. At early timeints, the model produced many
cytokines and degradative enzymes present in ali@d. Glycosaminoglycan (GAG)
was released from the cartilage component. Ale,dartilage component mounted a
repair response as measured by an increase incagggene expression. These three

criteria were evidence of a model of early stage OX later time points, the cartilage
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component continued to lose GAG. The repair respovas lost. Finally, the production
of degradative enzymes, specifically matrix mefaideinase 1 and 3 (MMP-1 and
MMP-3), was diminished. These criteria were evigenf a progression to late stage

OA.

The process for developing an in vitro human cedd model of osteoarthritis
was divided into several steps. The first step tgasvestigate the interaction between
synovial fibroblasts and macrophages as a modéhefsynovium of an osteoarthritic
knee. In this series of experiments, monocyte logdls THP-1 and U937 cells were
compared as model macrophage cells. Interestitigdyratio of monocytes to synovial
fibroblasts for optimal protein production was fduo be 4:1 monocytes to synoviocytes
for either cell line. Overall, the U937 cells wei®und to create a more catabolic
environment that matched clinical OA better. Tleavation of the U937 cells and this
increase in catabolism was investigated further aaderal reasons were explored
including the lineage of the cell lines, an incee@s specific macrophage modulating
proteins (macrophage colony stimulating factor emhocyte chemotactic protein 1), as
well as an increase in activation modulation thiroiyCadherin via cell-cell contact.

Each of these reasons appeared to play a role iadfivation of the U937 cells.

A second aspect of the coculture system that vmaeruinvestigation was the
chondrogenic period of the mesenchymal stem cédliétgse Two, three, and four week
chondrogenic periods were examined for the effetttloe coculture model. Not
surprisingly, the longer the chondrogenic peridde tmore extracellular matrix, as
measured by GAG content, the pellets retained. IGinger chondrogenic period also led
to an increase in hypertrophy as measured by eillgpe 10. The increased matrix led
to differences in the coculture model. While thietgin production among the different

pellets was largely the same, the GAG loss wa®mdifft. Specifically, in four week
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pellets, the amount of GAG retained did not chaag@lramatically as compared to two
week pellets. Also, two week pellets increasedrecgn expression, while four week
pellets did not. This repair response was likélygered by the relative decrease in GAG
retained in the two week pellets. Overall, thdgiglfrom different chondrogenic periods
had similar trends, but the two week pellets apmtan provide the best coculture

system.

The benefit of being able to separate the thréerdnt cell types was the ability
to analyze each cell individually to investigate ttontribution of each cell type to the
overall protein production in the coculture modé&lor this analysis, two cytokines and
two degradative enzymes were used as representtitiee full protein set. Three
methods were used for estimating the contributibrearh cell type, analysis of gene
expression in triple cocultures, analysis of pmofeioduction in individual cultures, and
gene knockdown using small interfering RNA (siRNA)triple cocultures. In all three
methods, it was estimated that the synovial filkastsd accounted for nearly all of the
cytokine and MMP-1 production. For MMP-3, the puotion was more evenly split
between the synovial fibroblasts and the pell€éserall the monocytes did not produce
much of the proteins of interest. However, culsurdth monocytes had significantly
more cytokines and degradative enzymes as well/dS IB8ss. It is clear the monocytes
play an important role in the model, however, itikely not through direct OA protein

production.

Two additional questions of this work were to explthe role of interleukin 1
(IL-1 ) and MMPs. IL-1 has long been investigated for its role in théplaigy of OA.
In this model, IL-1 was not detected in conditioned media. Further addition of the
known inhibitor IL-1 receptor antagonist did notealthe protein production or GAG

loss. This work suggests IL-Hid not play a role in this model. Separately, Fd/have
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long been implicated as the drivers of cartilaggetheration. In this model, MMP-1 and
MMP-3 were found in the conditioned media. Furthie addition of the wide spectrum
MMP inhibitor, Batimastat, was able to significgnteduce GAG loss in the pellets. The
addition of the inhibitor did not largely affectgbein production. This work suggests
MMPs are at least partially responsible for the GAGSs in the pellets, while not

necessarily responsible for the increase in OAgimst

Fibronectin fragment has been shown to be a pagabolic stimulant. In the
model presented here, fibronectin fragment was ableduce a large increase in OA
protein production in synovial fibroblast culturakne, synovial fibroblasts cocultured
with THP-1 cells, and synovial fibroblasts cocudtdrwith U937 cells. In a similar
manner, fibronectin fragment was able to induce GA§s in pellets alone. While it
clearly is a potent stimulant of catabolism, theutture model presented here did not
need any additional stimulus to produce many ofhhlmarks of both early and late
stage OA. Further, fibronectin fragment was aldeinduce increases in catabolism
regardless of what cell types were present. Trad gbthis work was to produce a
relevant model of three cell types, thus the additof fibronectin fragment would
confound the data and minimize the role of eacH tigle as to make that cell

unnecessary.

Another area of exploration in this series of waiks serum supplementation in
this model. ITS-X, a mixture of insulin, transferrselenium, and ethanolamine, was
added to culture media. The addition of ITS-X dit change cytokine levels in the
conditioned media, but did lead to a reduction iMR& produced. The addition of ITS-
X also led to a reduction in GAG lost in the pellthe reduction in MMPs was likely a

contributing factor to this increase in GAG retaineThere was no effect on the cell
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number in the pellets as measured by the DNA coénté&ue to this increase in cell

health, however, ITS-X was included in the cocdtsystem.

A human cell-based model of osteoarthritis progngsfrom early to late-stage
OA was developed. The model, containing a 3D legdi component interacting with
synoviocytes and macrophages, simulated an enveohreimilar to that present in
various disease states of OA. At early time poithiis culture system mimicked many of
the aspects of early stage OA including productibaytokines and degradative enzyme
similar to OA synovial fluid. This catabolic engitment also resulted in the release of
glycosaminoglycan from the pellet. At this eaityé point, the pellet underwent a repair
response including increased aggrecan expressgiblater time points, the catabolic and
repair response was diminished as the cultures were 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 Ilhds a limited role in this system given
the inability to detect the protein as well as thhibitor, IL-1Ra, having no effect.
MMPs do appear to be responsible for the degradadfothe pellets in this system.
Understanding the full progression of OA could l¢adhe development of new targets

and new therapeutics and having a realistic imvitodel is one step in that process.
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7. Future Directions

The goal of the work presented here was to form hhasis for a relevant,
progressive, cell-based model of osteoarthritisasd8l on the results presented here,
several areas for future research could be explo@sdeoarthritis is a progressive disease
with a very long onset. To this end, the modelspréed here could be modified to
accommodate longer term cultures. A second aredoais would be to include
additional cell types relevant to the disease uolg bone cells and neuronal cells.
Third, investigation of some of the proposed dsverf the disease including pro-
inflammatory cytokines and matrix fragments couéfbrther investigated. As part of
this, an area of focus could be evaluating the idkaeducing catabolic effects by
inhibiting the interaction between the monocyted #me synovial fibroblasts through
blockade of the macrophage colony stimulating fapsdhway. Finally, an evaluation of
any potential therapeutic targets in this cocultomedel and comparing the outcomes
from these targets in the coculture model and grogpiate in vivo model could be

performed. In this way, the validity of the modelld be further evaluated.
7.1. Individual aim 1

Explore the feasibility and validity of using a lorger timeline in the coculture

model

7.1.1. Rationale:

Osteoarthritis (OA) is a progressive disease that manifest over many years.
The model presented here was designed to be edlatihort term, but perhaps longer
term cultures would be more instructive to studyoalt effects versus acute ones.
Several possible modifications to the model systmuld be employed to slow the

progression of the model and extend the time linmore mimic clinical OA. Damage
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during OA begins in the superficial zone. As tligedse progresses, damage continues
through the mid zone and eventually in the dee4@83]. Comparing the superficial
zone and deep zone, the deep zone chondrocytessoeiated with a more hypertrophic
phenotype with large cell diameters and high gexgression levels of hypertrophic
genes [184, 185]. Thus the model must try to mitmis. The model presented here used
a differentiated stem cell pellet as a model of ¢hgtilage component in the joint. In
Chapter 4, the stem pellet chondrogenic period waestigated. In this series of
experiments, it was clear that a longer durationclebndrogenesis will result in an
increase in matrix deposition. Along with thisrieased matrix deposition, however, the
longer chondrogenic periods resulted in increasgubttirophy as measured by collagen
type 10 gene expression. The challenge in usieig sells as the source for cartilage
tissue engineering is to prevent this hypertrophmaturation [201, 202]. Several potential
solutions have been investigated to extend the diiegenic period while reducing the
hypertrophic response. Under the right cultureddgons, stem cell pellets have been
shown to have a reduced hypertrophic signal. Umdduced oxygen tension (2%),
adipose derived stem cell pellets had reduced geatldype 10 expression compared to
similar pellets under normoxia (20% oxygen tensif##))2]. In other experiments, a
known MEK/ERK inhibitor, PD98059, was able to reduwollagen type 10 expression by
half while increasing chondrogenic genes and GAGtert [203]. An appropriate
scaffold material can also lead to reduced hypgliicogene expression. Rabbit stem
cells were grown on porcine extracellular matrixCE) or a polyglycolic acid scaffold in
vitro for one week. The cartilaginous tissue wasntimplanted in the backs of nude
mice for up to six weeks. Rabbit stem cells grawrthe ECM scaffold underwent
chondrogenesis and maintained their chondrogereagipe relatively well throughout

the six weeks, while those on the polyglycolic asithffold progressed rapidly into
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hypertrophic changes with severe vessel invasibhis result suggests an appropriate

scaffold could aid in the chondrogenic differentiat[204].

The stem cell pellets used in this series of érparts do not contain the same
robust matrix as actual human cartilage. The tise @artilage explant, with its robust
extracellular matrix, would serve as a more natarad more resilient cartilage model.
As described in previous chapters, cartilage expldn contact with a synovium
component initiated GAG loss [131]. Similarly, acalture model was shown to degrade
a cartilage explant in the presence of the catatsiinulant, fibronectin fragment [113].
Neither of these models was able to degrade thdaggr without direct contact or an
exogenous catabolic stimulant. In the model preskrhere, degradation occurred
without contact of the two components or an addilocatabolic stimulant. The
advantage to keeping the components separatednaitdain the ability to analyze each
component independently. In this way, the contitiou of each type can be at least
partially determined. Secondly, given the mechan&nd cause of OA is unknown,
adding a catabolic stimulant has the potentialreorditically alter the model. However,

over a long, extended timeline, this cartilage congmt may degrade sufficiently.

Another modification to extend the timeline of thaeculture model is to modify
the macrophage component. As shown in Chaptdredaddition of the U937 cells was
essential to the progression of the model. In @haP, the monocyte and synovial
fibroblast interaction was explored. It was shdhat adjusting the ratio of monocytes to
synovial fibroblasts resulted in changes in thetgimo production of cytokines and
degradative enzymes. For example, in terms of U8B@ synoviocyte cocultures,
selecting a ratio of 2:1 instead of 4:1 monocytesynoviocytes can reduce the catabolic
environment. At this reduced ratio, the increase MMP-1 and MMP-3 over

synoviocytes alone was a more modest 43% and 228pectively. This is much lower
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than the 2.9 or 2.4 fold increase over synoviocglese in the 4:1 ratio cultures. The
U937 cells were also compared to THP-1 cells. ddghces in protein production were
also seen with the different cell types. The syalosomponent could be modified by
changing the ratio of U937 cells to synovial fibladis or by substituting THP-1 cells for
U937 cells. Either modification would reduce thatabolic environment and could

extend the model timeline.

Finally, it may be of value to model the actuahdition of the OA synovium by
modifying the amount of macrophages to more matehdinical situation. In normal
synovium, macrophages make up a minority of thisc20-30%, while in inflammatory
arthritis such as rheumatoid arthritis, numbersdase substantially to account for up to
80% of the cells [205, 206]. This represents doratf synovial fibroblasts to
macrophages in normal synovium of 4:1, but in RA thtio is reversed 1:4, synovial
fibroblasts to macrophages. In the coculture systhe amount of macrophages caused
a conditioned media profile consistent with OA syiabfluid, however, the amount of
macrophages appears to have matched RA. OA symoiusomewhere in between
normal and RA synovium and quite variable. Accogdito Pessler et al., the OA
synovium has an increase in CD68+ cells betweentd %7 fold compared to normal
synovium [207]. This means the ratio of synovilfdblasts to macrophages in OA is
likely closer to 1:1. Further Benito et al. showidt the amount of macrophages
changes with state of disease [208]. Comparinty €A to late OA, there was a 70%
increase in cell depth as well as a 65% increas€®8+ cells. This increase in
macrophages was coupled with an increase in plaanmhatory cytokines. In order to
fully model the progression of OA, the amount ofcnoghages could be modulated to

reflect this change.
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7.1.2. Methodology:

Using the established methods for this coculturelehomodifications to the
cartilage or synovium component would be explorédrst, the chondrogenesis of the
stem cell pellet would be investigated to maximitendrogenesis while minimizing
hypertrophy. This would be done using culture @ols conducive to this endpoint
including hypoxia, additional stimulants or inhii$, or appropriate scaffolds. The stem
cell pellets would be analyzed for GAG content andrkers of chondrogenesis and
hypertrophy. After selecting optimized conditiottisis stem cell pellet would be added
to the synovial fibroblast/U937 coculture over atieeded timeline. Analysis would
include conditioned media for GAG content and grofoduction, gene expression of
the cell types, and GAG content of the pellets. alsimilar manner, normal human
cartilage explants would be substituted for thenstell pellet. Again, this would be
investigated over an extended timeline with analysi the conditioned media, gene
expression and GAG content. Finally, the synoe@mihponent would be modified by
adjusting the ratio of the U937 cells to the syabfibroblasts. In separate experiments,
THP-1 cells would be substituted for the U937 catlyarious ratios. Again, this would
be investigated over an extended timeline with ymiglof the conditioned media, gene
expression and GAG content. Also, the amount afrohages could be modulated to
reflect the actual cell ratios in OA as well asreased macrophage cells in early OA.
This would likely have to be accomplished by chaggthe synovial cells (synovial
fibroblasts and monocytes) for new cells with auaall ratio. Again, this would be
investigated over an extended timeline with analysfi 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 clogaaresis while minimizing
hypertrophy will likely be accomplished based oavious literature. Given results from
chondrogenic period experiments, a more chondrogeeilet will degrade less in the
current model. A challenge is whether extending timeline will lead to continued
degradation of the pellet. Using a cartilage expla the place of the stem cell pellet
presents its own challenges. First and foremastability of normal human cartilage
will always remain a challenge. While end stage %ue from knee replacement
surgeries will be available, normal tissue is mawre difficult to obtain. Second, donor
to donor variability will be a large issue in tlype of model as well. Third, given that
previous work has used cell-cell contact or an tamthl catabolic stimulant, it is unclear
whether an extended timeline alone will be suffiti® degrade the explant. In terms of
modification to the synovial component, it was shdw Chapter 3 that varying the ratio
of monocytes to synoviocytes will affect proteinoguction. A less catabolic
environment is created by using different ratiografnocytes. It was also shown that
using THP-1 cells instead of U937 cells will produa less catabolic environment.
Modifying either the ratio of the monocytes, thdl ¢gpe, or both will lead to a less
catabolic environment. The question remains tingien less catabolism, can the model

be extended and still match the hallmarks of OA.

The major challenge with this line of experimerst$hat maintaining a long term
culture is difficult with loss of viability and max likely to occur especially when
extending the culture period out to several weekmonths. Burton-Wurster and Lust
showed that defined media with insulin and calciwas able to keep cartilage explants
close to the original state post excision. At d@ythe pattern of proteoglycan synthesis

was comparable to Day 0 levels, but fibronectin #ot@l protein synthesis declined
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relative to Day O levels. The addition of TGReversed this decline [209]. The media
used in the cocultures presented here containetloaland insulin at levels consistent
with this previous work. However, the additionTEF- may be necessary to further
maintain the integrity of the culture. Althouglesie cultures were of similar length as
the ones presented in the coculture model, for éweger systems, a perfusion technique
may be necessary. Strehl et al. showed the uiility perfusion system with cartilage
explants [210]. Human cartilage explants wereutel in static or perfusion cultures out
to 56 days. At termination of the cultures, expawere sectioned and analyzed for
several cartilage markers including aggrecan andlagen type 2 Vvia

immunohistochemistry. In perfusion cultures, themes over 80% of the aggrecan and
about 60% of the collagen type 2 as compared tdday static cultures, there was only
about 40% of the aggrecan and less than 20% afdlteegen type 2 of day O levels. This
increase with perfusion culture could be very uséfuthe long term cultures. By

modifying the media using calcium, insulin, and FGEombined with perfusion culture,

the coculture system could be adapted to long tedinres.
7.2. Individual aim 2

Explore the coculture system interacting with addional cell types relevant to

OA

7.2.1. Rationale:

Although the joints of patients may be degradingmany years, the only reason
patients present in the clinic is due to pain. ttken;, while the progressive joint failure
may cause pain and disability nearly half of pessafith structural changes consistent
with OA are asymptomatic. Adding to this difficulresearch into pain is challenging as

a result of the multiple risk factors responsilde pain occurrence and pain severity as
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well as pain being a subjective phenomenon [2THere are physiological mechanisms
of pain. Several pro-inflammatory mediators may reeruited into the OA joint
associated with damage, including nerve growthofaatitric oxide and prostanoids.
These inflammatory mediators cause localized dan@agissues, such as synovium, as
well as activating peripheral nociceptors [212,]21Bherefore a logical future direction
would be the inclusion of neuronal cells. Underdiag the complex signaling between
joint destruction and pain signaling would be extedy valuable in designing drugs that

could treat structural changes as well as reduicegral discomfort for the patient.

While OA has traditionally been considered a disez{cartilage degeneration, it
is being increasingly recognized as a diseaseeoivtiole joint involving all joint tissues
[214]. In fact, osteophytes, bony outgrowths fieain along joint margins, are the first
definitive sign of radiographic OA. These can l@éadgdditional pain or restrict motion
of the joint. Whether the changes in bone areeaugffect in response to other changes
in OA is unclear. There exists data that at leastid suggest the role of subchondral
bone changes in the early progression of OA. st animal models, cartilage lesions
form in response to subchondral bone damage thréomdling [215, 216]. Further,
animal models [217, 218] and human data [151, 2ligpest subchondral bone changes
occur early after the induction of disease andaassmciated with the progression of OA.
Osteoblasts and osteoclasts regulate the amourdtamdure of bone. In simplest terms,
osteoblasts are responsible for forming bone, wbigeoclasts are responsible for
resorbing it [220]. With the addition of cellsfaur-cell or five-cell coculture might be
too cumbersome to handle. It might be more praktio use conditioned media
experiments. In this way, conditioned media fréwva toculture can be added to neuronal
or osteoblasts and osteoclast to investigate thee mwteins produced by the catabolic

environment affect pain or bone biology. Simuliauy, it would be interesting to

139



reverse the interaction. Taking conditioned mdrhan neuronal cells or bone cells and
adding it to the triple coculture to investigate ttole pain and bone biology play in the

destruction of cartilage.
7.2.2. Methodology:

Many potential human neuronal cells exist includt@N-1, SK-N-SH, SK-N-

MC, and IMR-32 cells [221 — 223]. The first stepuld be to compare these cell lines to
each other in terms of differentiation state, prooduction, and response to proteins
that could be found in conditioned media from teulture system. Once the neuronal
cell line has been established, conditioned mexier@ments could begin. Conditioned
media from various points in the coculture modalldde added to the neuronal cells.
Response to the conditioned media could be meastimegene expression and protein
production in the neuronal cells. Separately, @@mmed media from the neuronal cell

cultures could be added to the coculture systenffeci& on GAG retention, protein

production and gene expression of the pellets, \sghdibroblasts, and monocyte cells

could be measured.

The measurement of pain in vitro has been studjaddny with several possible
measurable outcomes. Activation of neurons leadsdreases in neurite outgrowth.
Using dorsal root ganglion sensory neurons fronitaets, Wong et al. measured neurite
initiation and elongation as measures of neuritigrowth [224]. Specifically, total
length, maximum length, root number and branch tgoiwere measured as a way of
guantifying length and complexity of the neurofi$hese techniques could be used on the
human cells as well. Specific receptors have #lsen studied including transient
receptor potential vanilloid type 1 and 2 (TRPV1danRPV2). Activation of these
receptors can signal a pain response. Study cddtieation of the TRPV1 receptor can

be accomplished using the cobalt uptake assay Hsasealcium influx assays [225,
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226]. Further, calcitonin gene related peptide REB is a peptide produced both in
central and peripheral neurons and can functicthentransmission of pain. CGRP can
be measured in the conditioned media via ELISAesEhmeasurements could be used to

measure the response of neurons to proteins prddinicee coculture model.

Previously, conditions have been worked out inlabrfor long term cocultures
of osteoblasts and osteoclasts [227]. These @@l® established by differentiating
human cells, thereby maintaining all human celldsing this technique, the model of
bone could be added to the triple coculture innailai manner as the neuronal cells.
Conditioned media from various points in the camdtmodel could be added to the bone
cells. Response to the conditioned media couldnbasured via gene expression and
protein production in the bone cells. Separatebnditioned media from the bone cell
cultures could be added to the coculture systenffects on GAG retention, protein
production and gene expression of the pellets, \8ghfibroblasts, and monocyte cells

could be measured.

7.2.3. Expected results and challenges:

Prostaglandins, especially prostaglandin(EGE2), are spontaneously released
by OA cartilage as well as normal cartilage stirteda by cytokines [228, 229].
Prostaglandins sensitize peripheral nociceptoriteris and produce localized sensitivity
to pain [230]. However, PGE2, generated by chondes, has been shown to be
physiologically important for maintaining cartilagemeostasis as well [229]. Nerve
growth factor (NGF) is an important molecule foe thurvival and differentiation of
sensory and sympathetic neurons [231]. The pragucf NGF has been shown to be
induced in chondrocytes by an inflammatory stimylatbeit IL-1 [232]. Given the

production of these important neuronal proteins dpndrocytes, it is feasible that
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conditioned media from the coculture also produbese proteins. These proteins could

lead to changes in neuronal cells.

Chondrocytes have been shown capable of produakegptor activator of
nuclear factor-B ligand (RANKL). Further, RANKL produced by chamdytes was
shown capable of differentiating osteoclasts [2Z33}]. Given the production of RANKL
by chondrocytes, it is feasible that conditioneddiaefrom the coculture model also
produces RANKL. This could lead to changes inedéhtiation of the osteoclasts and
change the dynamic in the bone cell coculturese mMajor challenges with this line of
experiments are in development. Developing a wagambine these different culture
systems and measure a change remains to be sésm.idéntifying the proteins and cell
types responsible for the changes may be diffigith up to five separate cell types in
the model system. Further, although chondrocyte® lbeen shown to produce several
proteins that can modulate neuronal cells or baiks,cit remains to be seen if these

cocultures also produce these proteins and atael@oncentrations.
7.3. Individual aim 3

Explore the possibility of disrupting the catabolic environment using
inhibitors of OA, cytokines found in the conditionel media, or the synovial

fibroblast/monocyte interaction
7.3.1. Rationale:

As shown in chapter 5, inhibiting the right ageah protect the pellet from GAG
loss. In that series of experiments, MMPs werébitdd using a broad spectrum MMP
inhibitor. This protected the pellet from GAG lpsghile leaving most of the protein
production unchanged. The conclusion drawn frors sleries of experiments was that

MMPs were at least partially responsible for thgrddation of the pellet, but other
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agents were likely responsible for initiation oétbatabolic environment. In addition to
the measurements of total MMPs, the activity of MMBnd natural inhibitors is
important. The enzymatic activity of MMPs is cantiled by inhibition with specific
inhibitors, tissue inhibitors of metalloproteinagd@$MPs). Thus, the balance between
the amount of MMPs and TIMPs in synovial fluid dikéwise the conditioned media of
the coculture system is important to degeneratfcdhecartilage. Yoshihara et al. found
the molar ratio of MMPs to TIMPs in RA synovial itwas about 44, while in OA the
ratio was only about 9 [8]. Based on these numlikesratio of enzyme to inhibitor is
about 5 fold higher in RA as compared to OA. Ttasild possibly explain the more
aggressive nature of RA and increased destruaticdhis more inflammatory disease. It
also suggests the activity of MMPs is more balaricgdA and the damage may be more
localized. Another regulatory mechanism of MMPshs selective activation of the
enzymes. MMPs exist in a latent form, as well asaetive form [235]. The ratio of
active enzyme to total enzyme as well as activg/reaezcompared to inhibitor may be
more instructive to the overall model outcome. tRer, much of the focus of this work
was on MMP-3 and its possible role in the degradatif the pellets. Another role that
MMP-3 could be playing is the activation of otherMs. MMP-3 is capable of
activating other pro-MMPs, including pro-MMP-1, pstMP-7, pro-MMP-8, pro-MMP-

9, and pro-MMP-13 [236]. Investigation of this ity would be instructive in the

coculture model system as well.

Another protein that was investigated was IL-1As shown in chapter 5, there
was no apparent effect of IL-1 However, there are several other possible pretiiat
could be responsible for progression of the disea8s discussed in Chapter 1, pro-
inflammatory cytokines could be responsible for gession of OA. Several pro-

inflammatory cytokines were measured in the coodéd media of the coculture model
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including IL-8, MCP-1, MIP-1, RANTES, and VEGF. Investigation of these cytelsin
using known inhibitors or blocking antibodies cowdticidate the mechanism of the
model. Matrix fragments including fibronectin fragnt and collagen telopeptides have
also been implicated in the progression of theadise In fact in Chapter 3 and Chapter 4,
fibronectin fragment was added to portions of ttelel to induce changes in catabolism.
In both cases, adding fibronectin fragment incrdassatabolism significantly.
Measurement and possible blockade of these fragnentid explain a role for matrix
fragmentation in the perpetuation of the diseademandberg et al. were able to block
the effects of fibronectin fragment in terms of geaglycan loss in cartilage by focusing
on the alphgeta RGDS dependent fibronectin receptor integrin. stiusing rabbit
antihuman polyclonal antibodies to the aliteda fibronectin receptor, they were able to
mimic the activities of fibronectin fragment. Seddy, using peptides resembling the
receptor binding sequence, they blocked the agtivitfibronectin fragment. Finally,
using antisense oligonucleotides to down regulag dlpha protein, the effects of
fibronectin fragment were able to be suppressed,[238]. Using a similar approach

may be able to reduce GAG loss in the cocultureesys

In chapter 3, the interaction between synoviatdlitasts and monocytes was
investigated. An interesting area of study woul ibhibiting this interaction. As
described throughout this body of work, the intécacof synovial fibroblast and U937
cells led to increased OA protein production aslwsl increased glycosaminoglycan
(GAG) released by the cartilage component. As shiowChapter 3, macrophage colony
stimulating factor (MCSF) was found in higher camications in cocultures of synovial
fibroblasts and U937 cells. MCSF is known to beytkine that exhibits influence over
macrophages in terms of proliferation, differembaf and survival. MCSF signals

through its receptor colony stimulating factor teptor (CSF1R), also known as cFMS.
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MCSF appears to signal through phosphatidylinostéinase (PI3K) and Akt. Akt
promotes cellular survival by suppressing the #@gtof pro-apoptotic proteins [239]. To
explore the potential for disruption of this intetian as a possible therapeutic, several
parts of the pathway could be explored. GW258@ fgotent, commercially-available
inhibitor of cFMS kinase which has been shown tongletely inhibit human cFMS
kinase in vitro at 60 nM. Further, GW2580 at 1 adnpletely inhibited MCSF-induced
growth of mouse M-NFS-60 myeloid cells and humannomytes and completely
inhibited bone degradation in cultures of humareadsts, rat calvaria, and rat fetal
long bone [240]. Another area to focus on in fathway is PI3K. LY294002, is potent,
reversible, commercially-available, and specifi@®linhibitor with a reported 1C-50
value 1.4 uM. In work by Kelley et al, LY294002pguessed M-CSF-stimulated Akt
kinase activity as well as MCSF-induced survivalairdose-dependent manner. This
suggests that blockade of either PI3K or Akt mafficgantly disrupt the monocyte and

synovial fibroblast interaction.

7.3.2.  Methodology:

A series of experiments exploring the concept divaton of MMP-1 and
MMP-3, inhibition of MMPs, and the possible secarydeole of MMP-3 activating
additional MMPs could be accomplished using the eh@ystem used in this series of
experiments. The active and total MMP-1 and MMiP-8ne conditioned media can be
measured via commercial available ELISA kits. Te¢mncentration of TIMPs and
additional MMPs that were not the focus of the wgmlesented here can also be

measured via commercial available ELISAs.

In a similar manner to the Batimastat and IL-1 ptoe antagonist studies, the
full coculture plus or minus inhibitors would beptored. Cytokines measured in the

conditioned media of the full coculture system hagen measured. Therefore, blocking
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antibodies to these proteins of interest could dexwas well as small molecule inhibitors
of the receptors. Using different approaches wdnaldiseful to explore both ligand and
receptor inhibition. In terms of matrix fragmenfgst the level of matrix fragments

should be measured in the conditioned media. themsureable amount was found,
inhibition of at least fibronectin fragment could bccomplished by targeting the alpha
subunit as described above. In terms of the swhdibiroblast and monocyte interaction,
GW2580 and LY294002 should be explored. As desedriabove, 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, centration of TIMPs,
and concentration of additional MMPs will be sthafgrward. The analysis and
conclusions drawn from those results will be indérg. It is likely that the
concentration of active MMP-1 and MMP-3 will be dleathan the total concentration.
TIMP-1 will likely be measurable in the conditionededia. It is unclear whether
additional TIMPs or MMPs will be measurable in tbenditioned media. It is also
unclear what the results of this analysis will bet there will likely be a correlation

between MMPs and TIMP-1 based on clinical OA.

Given the complex nature of the model, it is unclednether inhibiting an
individual cytokine will result in changes in GAGsks or protein production. In terms of
matrix fragments, it is unclear if there is a stuifint concentration in this model to
produce a catabolic signal. One result that caeXpected is a sufficient disruption in
the interaction of synovial fibroblasts and monecgtlls will lead to a reduction in GAG
loss and OA protein production. As shown in Chaptethe synovial fibroblasts are
responsible for much of the protein production, le/tthe U937 cells were not. Also, it

was shown that cultures of pellets plus synoviacydne or pellets plus U937 cells
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alone did not result in an increase in GAG losswelver, the inclusion of the U937 cells
with the synovial fibroblasts increased OA protpneduction and led to an increase in
GAG loss. Thus, if the interaction between these tell types is reduced by the
addition of the inhibitors, it should result in $esf the OA proteins being produced as
well as less GAG loss. It is possible that theitamd of the inhibitors may result in a

situation that mirrors the pellets plus synoviatdiblasts alone cultures.

The major issue with this analysis lies in apgiaa of the inhibitors. For
example, if a small molecule is the approach ofieghacare must be taken to ensure the
specificity of the molecule being used. If a siRM4pe approach is being used, care
must be taken to ensure the right cell type or dypee being inhibited. Further, if
inhibiting a protein results in a measurable chatige interpretation of this change must
be further validated. Interpreting whether thistpmn is a primary cause of the catabolic
environment or merely a small secondary playerhi@ model is important. Lastly,
putting these results in the context of establishedvo models or even clinical OA will

help further validate these pathways as poteraigkets.
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8. Appendix
8.1. Characterization of synoviocyte and monocyte interetion

8.1.1. Ratio of monocytes to synoviocytes

Figure 8.1: MMP-1 production in synoviocyte and @98ocultures. Syn alone
represents synoviocytes with no U937 cells. Sy2XHJ937 represents 2X U937 cells
relative to synoviocytes. . Syn + 4X U937 représedX U937 cells relative to

synoviocytes. . Syn + 6X U937 represents 6X USHI5 relative to synoviocytes.
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Figure 8.2: MMP-3 production in synoviocyte and @98ocultures. Syn alone
represents synoviocytes with no U937 cells. Sy2XHJ937 represents 2X U937 cells
relative to synoviocytes. . Syn + 4X U937 représedX U937 cells relative to

synoviocytes. . Syn + 6X U937 represents 6X UGAI5 relative to synoviocytes.
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Figure 8.3: IL-8 production in synoviocyte and U9&3cultures. Syn alone represents
synoviocytes with no U937 cells. Syn + 2X U937resents 2X U937 cells relative to
synoviocytes. . Syn + 4X U937 represents 4X UB8IIs relative to synoviocytes.

Syn + 6X U937 represents 6X U937 cells relativeytooviocytes.
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Figure 8.4: MCP-1 production in synoviocyte and @@8cultures. Syn alone represents
synoviocytes with no U937 cells. Syn + 2X U937resents 2X U937 cells relative to
synoviocytes. . Syn + 4X U937 represents 4X UB8IIs relative to synoviocytes.

Syn + 6X U937 represents 6X U937 cells relativeytooviocytes.
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Figure 8.5: MMP-1 production in synoviocyte and TFHPcocultures. Syn alone
represents synoviocytes with no THP-1 cells. SyBX+THP-1 represents 2X THP-1
cells relative to synoviocytes. . Syn + 4X THRepresents 4X THP-1 cells relative to

synoviocytes. . Syn + 6X THP-1 represents 6X THEtlIs relative to synoviocytes.
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Figure 8.6: MMP-3 production in synoviocyte and TFHPcocultures. Syn alone
represents synoviocytes with no THP-1 cells. SyBX+THP-1 represents 2X THP-1
cells relative to synoviocytes. . Syn + 4X THRepresents 4X THP-1 cells relative to

synoviocytes. . Syn + 6X THP-1 represents 6X THEtlIs relative to synoviocytes.
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Figure 8.7: IL-8 production in synoviocyte and THRocultures. Syn alone represents
synoviocytes with no THP-1 cells. Syn + 2X THPepresents 2X THP-1 cells relative
to synoviocytes. . Syn + 4X THP-1 represents 471 cells relative to synoviocytes.

. Syn + 6X THP-1 represents 6X THP-1 cells relativ synoviocytes.
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Figure 8.8: MCP-1 production in synoviocyte and FHRocultures. Syn alone
represents synoviocytes with no THP-1 cells. SyBX+THP-1 represents 2X THP-1
cells relative to synoviocytes. . Syn + 4X THRepresents 4X THP-1 cells relative to

synoviocytes. . Syn + 6X THP-1 represents 6X THEtlIs relative to synoviocytes.
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8.1.2. The effect of exogenous fibronectin fragment

Figure 8.9: MMP-1 production measured in conditdbmeedium. White bars represent
the cells alone as dictated by the x-axis. Blaakshrepresent 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 condgmedium. White bars represent
the cells alone as dictated by the x-axis. Blaakshrepresent 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 conditdmeedium. White bars represent the
cells alone as dictated by the x-axis. Black bapmesent 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 condécdmedium. White bars represent
the cells alone as dictated by the x-axis. Blaakshrepresent 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. Expressiond#¥/Lells alone versus in coculture

with synovial fibroblasts.

160



Figure 8.14: CD14 gene expression. Expressiond¥/Lells alone versus in coculture

with synovial fibroblasts.
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Figure 8.15: CD80 gene expression. ExpressidrHif-1 cells alone versus in coculture

with synovial fibroblasts.
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Figure 8.16: CD14 gene expression. ExpressidrHif-1 cells alone versus in coculture

with synovial fibroblasts.
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Figure 8.17: CD80 gene expression. Expressiotd@37 cells alone, U937 cells
cocultured in direct contact with synovial fibrosis, U937 cells cocultured but separated

from synovial fibroblasts, and U937 cells cultureith 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 expnesisanges over the 4 week culture
of mesenchymal stem cell pellets. The bars repte&€AN expression relative to

GAPDH
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Figure 8.19: SOX9 gene expression. Gene expreshiamges over the 4 week culture of

mesenchymal stem cell pellets. The bars repr&®@XiQexpression relative tGAPDH
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Figure 8.20: Collagen type 2 gene expression. @gpeession changes over the 4 week
culture of mesenchymal stem cell pellets. The bepeesenCOL2 expression relative to

GAPDH
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Figure 8.21: Collagen type 10 gene expression. eGapression changes over the 4
week culture of mesenchymal stem cell pellets. Baes representOLX expression

relative toGAPDH
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8.2.2. Chondrogenic culture period of the pellet

Figure 8.22: Aggrecan gene expression in 2 weakdtogenic pellets. Each bar
represents a group containing pellets cultured \hih corresponding title. Media =
media alone, Syn = synoviocytes alone, U937 = U8l alone, Syn/U937 = full

coculture.
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Figure 8.23: Aggrecan gene expression in 3 weakdtogenic pellets. Each bar
represents a group containing pellets cultured \hih corresponding title. Media =
media alone, Syn = synoviocytes alone, U937 = UB8Ifs alone, Syn/U937 = full

coculture.
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Figure 8.24: Aggrecan gene expression in 4 weakdtogenic pellets. Each bar
represents a group containing pellets cultured \hih corresponding title. Media =
media alone, Syn = synoviocytes alone, U937 = UB8Ifs 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 cuitwt pellets alone compared to
pellets cultured with FN-f. GAG released has brermalized to DNA content in the

pellets.
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Figure 8.26: Percent GAG retained. GAG retaineduiltures 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. L&tVP-1 gene expression relative ®APDH
for the three cell types. RightiMP-1 gene expression normalized to expression in the
U937 cells, i.e. fold change relative to U937 celBy definition, the U937 cells have a

fold change of 1.
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Figure 8.28: MMP-3 gene expression. L&ttVIP-3 gene expression relative ®APDH
for the three cell types. Righ¥iMP-3 gene expression normalized to expression in the
U937 cells, i.e. fold change relative to U937 celBy definition, the U937 cells have a

fold change of 1.
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Figure 8.29: IL-8 gene expression. Lék:8 gene expression relative ®APDH for the
three cell types. RightL-8 gene expression normalized to expression in tHg7d@lls,
i.e. fold change relative to U937 cells. By ddfam, the U937 cells have a fold change

of 1.
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Figure 8.30: MCP-1 gene expression. LBCP-1gene expression relative @APDH
for the three cell types. RightiCP-1 gene expression normalized to expression in the
U937 cells, i.e. fold change relative to U937 celBy definition, the U937 cells have a

fold change of 1.
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Figure 8.31: MMP-1 protein production. MMP-1 frandividual cultures of the three

cell types.

Figure 8.32: MMP-3 protein production. MMP-3 frandividual cultures of the three

cell types.
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Figure 8.33: IL-8 protein production. IL-8 fromdividual cultures of the three cell

types.

Figure 8.34: MCP-1 protein production. MCP-1 fravdividual 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 retainedultures of pellets alone compared

to pellets cultured with ITS-X.

Figure 8.36: GAG released. GAG released in cuitwt pellets alone compared to

pellets cultured with ITS-X.
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Figure 8.37: Aggrecan gene expressioACAN gene expression in pellet cultures of

pellets alone compared to pellets cultured with-K.'S

Figure 8.38: DNA content. DNA per pellet in cultsrof pellets alone compared to

pellets cultured with ITS-X.
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Figure 8.39: MMP-1 protein production. MMP-1 irethonditioned media of cultures of

pellets alone compared to pellets cultured with-K.S

Figure 8.40: MMP-3 protein production. MMP-3 irethonditioned media of cultures of

pellets alone compared to pellets cultured with-K.'S
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Figure 8.41: IL-8 protein production. IL-8 in tkkenditioned media of cultures of pellets

alone compared to pellets cultured with ITS-X.

Figure 8.42: MCP-1 protein production. MCP-1 ie ttonditioned media of cultures of

pellets alone compared to pellets cultured with-KI.'S
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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 expressioACAN relative to GAPDH in pellet cultures
from day 4. Each bar represents the gene expre$sim pellets cultured with the
corresponding title. Media = media alone, Syn ros§yocytes alone, U937 = U937 cells

alone, Syn/U937 = full coculture.
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Figure 8.44: Aggrecan gene expressioACAN relative to GAPDH in pellet cultures
from day 7. Each bar represents the gene expre$sim pellets cultured with the
corresponding title. Media = media alone, Syn rosyocytes alone, U937 = U937 cells

alone, Syn/U937 = full coculture.
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Figure 8.45: Aggrecan gene expressioACAN relative to GAPDH in pellet cultures
from day 14. Each bar represents the gene exprefiim pellets cultured with the
corresponding title. Media = media alone, Syn rosyocytes alone, U937 = U937 cells

alone, Syn/U937 = full coculture.
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