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Abstract

Inflammation plays a major role in the destruction of cartilage in osteoarthritis (OA), with the
interaction of multiple mediators, immune cells, fibroblasts and chondrocytes. Current 2D studies
in vitro with cell lines, as well as animal models, are limited in terms of providing insight into
pathogenic mechanisms related to the human system. Hence, an in vitro human 3D cartilage tissue
system was established to study the impact of inflammatory mediators on chondrocytes and
matrices as an initial approach to emulating early stages of OA. An in vitro 3D humancartilage
tissue system was established by culturing primary chondrocytes in silk protein porous scaffolds
up to 21 days in static culture, with and without cytokine (IL-1p and TNF-a) exposure or with the
use of macrophage conditioned medium (MCM). To assess chondrocyte responses, transcript
levels, histology and immunohistochemistry were used to assess changes in cell viability and in
cartilage matrix composition, including collagen type Il and aggrecan. Chondrocyte hypertrophy
and apoptosis were assessed via collagen type X and caspase-3. RT-PCR revealed that the
cytokines and the MCM regulated matrix-related gene expression of chondrocytes, but with
different outcomes. For anabolic-encoding genes, MCM suppressed collagen type 1l and up-
regulated aggrecan. In contrast, the cytokines suppressed aggrecan formation and had no effect on
collagen type 1. For catabolic-encoded genes, both cytokines and MCM upregulated MMP1,
MMP3, MMP13 and ADAMTS4, with cytokines preferentially upregulating MMP13 and MCM
upregulating ADMTS4. MCM down-regulated ADAMTSS. In addition, MCM stimulation led to
hypertrophy and apoptosis of chondrocytes, outcomes not found with the cytokine treatment
group. A decrease in aggrecan content with cytokines and MCM stimulation was found, while
MCM resulted in greater reduction than the cytokine treatment. The results demonstrated that OA-
like features, such as changes in matrix synthesis gene expression, increase of collagense gene
expression and loss of aggrecan, were initiated within this 3D chrondrocyte human tissue system
upon stimulation of the cultures with cytokines and MCM. MCM was a better inducer of immune-
related features of OA, because besides the features found with cytokine stimulation, the MCM
treatment also initiated collagen X expression and deposition and apoptosis of chondrocytes,
important features of human OA. The results obtained with this new in vitro tissue model provide
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an initial step towards the development of an early stage OA system to allow for more systematic
study and insight into the origins and outcomes with this disease.

1. Introduction

Osteoarthritis (OA) is a major cause of disability during aging. By the age of 60, close to
100% of the population will have histological changes indicating degeneration of knee
cartilage, and over 80% will have radiographic evidence of OA in at least one joint [1]. The
mechanisms involved in osteoarthritis remain elusive. Animal models and monolayer
cultured cells are most often used to study OA-related features. For animals, there are OA
models such as the STR/ort mouse model [2]; genetic models such as knock-outs of matrix
proteins [3, 4], knock-outs of signaling molecules [5, 6], and surgical instability induced OA
models, such as joint damage by transsection of the collateral and anterior cruciate ligaments
(ACL) [7, 8]. Animal models are limited in terms of utility due to differences with human
systems, and primary tissues are limited by source and individual differences. Chondrocytes
isolated from animal joints and cartilage tissue from surgery are also used for the study of
OA in monolayer cultures [9]. 3D cell-cell and cell-extracellular matrix interactions [10],
together with the development of central hypoxia [11], are important for the study of
cartilage, and these conditions are poorly reflected by conventional two-dimensional (2D)
cell culture systems. The inherent limitations of conventional methods, both in vitro and in
vivo, prompt the need for improved options to study OA using 3D human tissue systems.

Biomaterials have been used to construct supporting scaffolds for cartilage, and each of the
materials has advantages and limitations. For example, poly lactic acid (PLA), poly glycolic
acid (PGA) and poly lactide-co-glycolide (PLGA), induce unfavorable inflammatory
responses in vivo [12], and natural polymers like collagen and alginate are limited in utility
due to rapid degradation or insufficient mechanical properties, and agarose is limited by
poor biodegradability [13]. Silk protein scaffold systems provide mechanically robust, 3D
matrices suitable for long term sustained culture due to the slow degradation of the protein
matrix. Further, these scaffold systems demonstrate biocompatibility, utility in vitro, ease of
reproduction, convenience, and can be sterilized by autoclaving [14]. We previously
reported the formation of human cartilage tissue by combining either human mesenchymal
stem cells (hMSCs) or primary chondrocytes with highly porous silk scaffolds [15, 16]. The
silk scaffolds supported cells for at least 3 weeks in vitro, and also supported chondrognesis
from hMSCs and the redifferentiation of primary chondrocytes. Cartilage-related transcripts
were upregulated and cartilage-specific extracellular matrix (ECMO deposition was
characterized. Thus, tissue engineered human cartilage, as demonstrated previously using
3D porous silk scaffolds, was selected as a suitable starting point for the implementation of
in vitro disease systems related to OA.

OA is associated with pain, the main clinical manifestation, as well as the structural
deterioration of cartilage [17]. Thus a change of the main matrix components, collagen and
aggrecan, in both quantity and quality are associated with the disease. Chondrocytes, as the
main cell type in cartilage, are fully differentiated cells with low metabolic activity. During
the development of OA, the equilibrium between metabolism and phenotype of
chondrocytes changes. In early OA, there is evidence of increased matrix synthesis and
degenerative activity of chondrocytes, including the upregulation of aggrecanase
(ADAMTS) and collagenase (MMP), promoting the synthesis of matrix components such as
collagen type 1l and 1X [18]. At the same time, collagens which are not normally found in
cartilage appear, including the hypertrophy marker collagen X, which reflects phenotypic
modulation of chondrocytes. Apoptotic death of chondrocytes is involved in normal

Biomaterials. Author manuscript; available in PMC 2012 August 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sun et al.

Page 3

physiological processes for these cells, however, aberrant apoptosis contributes to cartilage
degradation and has been implicated in the pathogenesis of OA [19].

OA is frequently associated with inflammation [20]. In clinical studies, the presence of
mononuclear cell infiltrates consisting of T cells and macrophages in the synovial membrane
of patients with OA has been reported [21, 22]. Macrophages generate a broad spectrum of
cytokines and immune factors including interleukin-1(IL-1), tumor necrosis factor (TNF),
interleukin-6 (IL-6), prostaglandin-E2 (PGEy), nitric oxide (NO), interferon-alfa (IFN-a)
and transforming growth factor-beta (TGF-), with roles in OA development and
progression [23-25]. Together with cytokines and chemokines produced by chondrocytes
and synoviocytes, these inflammatory mediators participate in cartilage metabolism [26, 27]
(Error! Reference source not found. Briefly, IL-18, TNF-o alone or together improve
collagenase and aggrecanase production, and also suppress condrocyte synthesis of aggrecan
and type Il collagen required to restore the ECM [27-30], resulting in the degradation of
cartilage matrix. IL-6, a major target of IL-1, was upregulated slightly in OA cartilage [31],
and was not capable of stimulating cartilage degradation directly. Modulation of both
catabolic and anabolic activities of IL-6 has been shown, indicating that IL-6 may have dual
roles in OA pathogenesis [27]. Nitric oxide, in response to pro-inflammatory cytokines, is a
catabolic factor produced in OA, and promotes cartilage degradation by inhibiting collagen
and aggrecan synthesis, activating MMPs, increasing susceptibility of chondrocytes to injury
by other oxidants, and causing apoptosis [32]. NO may also play a protective role at certain
levels. Like NO, PGE; is also increased in OA, but unlike NO, it can reverse aggrecan
degradation induced by IL-1p and stimulate collagen type Il gene expression. Thus PGE; is
considered a positive regulator [33, 34]. In contrast, anti-anabolic effects of PGE; on
articular cartilage have been demonstrated [35].

Among mediators, IL-1p and TNF-a play important roles in the development and
progression of OA [27, 36, 37]. IL-1p and TNF-a have been used as OA inducers in studies
with chondrocytes in vitro or with cartilage tissue from joint replacement surgery [28, 38].
However, the development and progression of OA occurs in an environment where multiple
mediators are active, and IL-1f and TNF-a alone can not fully represent the complex
signaling generated by immune cells, activated chondrocytes and other cells found in the
joint environment. Further, the impact of these mediators related to OA are likely subtle and
long acting, thus sustained or long term tissue systems are essential to begin to elucidate
cause and effect.

The goal in the present study was to begin to develop a more relevant 3D tissue system for
OA, using tissue engineering and the combined effects of inflammatory mediators. Our
hypothesis was that sustained 3D cartilage culture with human cells and interactions with
cytokines as well as macrophage conditioned medium would simulate an inflammatory
environment for OA formation. This system mimicked the inflammatory environment of OA
cartilage with more than one cytokine, vs. traditional investigations. This in vitro OA tissue
system may find utility in the study of OA formation and progression to aid in the
investigation of the disease as well as for drug screening.

2. Materials and Methods

2.1. Silk purification and scaffold fabrication

Silk fibroin was purified and fabricated into 3-D scaffolds following our prior studies [39].
Briefly, to remove sericin, Bombyx mori cocoons were boiled in a solution of 0.02 M
Na,CO3 for 30 min and then washed with distilled water. The extracted fibroin protein was
then dissolved in 9.3M LiBr for 4 hours to yield a 15 w/v% silk solution. The LiBr was
removed by dialysis against distilled water using Slide-a-Lyzer dialysis cassettes. The silk
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scaffolds were prepared by adding 4 g of granular NaCl (500-600 um) into 2 ml 6-8% silk
solution in Teflon containers and then left at room temperature for 24 hrs. Subsequently, the
NaCl particles were leached out by dissolving in distilled water. The scaffolds were punched
into discs 5 mm in diameter and 3 mm thick. Scaffolds were autoclaved and conditioned
with Dulbecco's modified eagle medium (DMEM) containing 10% fetal bovine serum (FBS)
overnight prior to cell culture.

2.2. Chondrocyte culture and tissue engineered cartilage construction

Adult human knee chondrocytes (NHAC-kn) were obtained from Lonza (Walkersville, MD,
USA). All cells were cultured in normal human chondrocyte cell growth medium
(BulletKit® , Lonza) and maintained in 5% CO, in a 37°C incubator. Before seeding into
silk scaffolds, cells were sub-cultured 2-3 times to less than 85% confluency and the
medium was changed twice a week. The cells were trypsinized with 0.25% trypsin/EDTA
and resuspended. The cells, 1.5 million, were suspended in 30 ul medium and seeded into
each scaffold evenly dropwise. To allow the cells to diffuse and attach, the scaffolds were
incubated for 2.5 hours before 3 ml fresh medium was added. After 2 days, all cell-seeded
scaffolds were transferred to chondrogenesis medium with chondrocyte differentiation basal
medium, supplements and growth factors (R3-1GF-1, TGF-B1, transferrin, insulin, FBS and
gentamicin/ amphotericin-B) (Chondrocyte Differentiation Medium BulletKit®, Lonza) and
cultured for 4 weeks to generate tissue engineered cartilage. Medium was replaced twice a
week.

2.3. THP-1 cell culturing and differentiation

Human acute monocytic leukemia cell line (THP-1) cells were obtained from ATCC
(Manassas, VA) and cultured in medium with 90% RPMI 1640, 10% fetal bovine serum
(FBS), 2.5 mM HEPEs, 1% Antibiotic-Antimycotic (Invitrogen, Carlsbad, CA) and 0.05
mM 2-mercaptoethanol (Sigma, St. Louis, MO). THP-1 cells were differentiated following
routine protocols [40], and the dose of inducer was optimized by cell morphology and
cytokine secretion (data not shown). Specifically, monocytes was induced in 6-well plate
with 200 ng/ml PMA (phorbol 12-myristate-13-acetate) for 6 days; each well contained 0.3
million cells. Cells were cultured fresh when a 6-day conditioned medium sample was
needed for chondrocyte treatment during a period of 3 weeks.

2.4. Cytokines and macrophage conditioned medium

After 6 days of PMA induction, 0.3 million THP-1 cells secrete TNF-o and IL-1f in
concentrations of about 500 pg/ml, thus we added a 0.5 ml aliquot of monocyte conditioned
medium to 4.5 ml of TE cartilage culture medium for each scaffold, to yield a final
concentration of 50 pg/ml in TNF-o and 50 pg/ml in IL-1p. Correspondingly, the same dose
of recombinant cytokines TNF-a (cat # 210-TA/CF, lot # AA3308062, R & D system,
Minneapolis, MN) and IL-1p (Prod# RIL1BI, lot # JG125416, Pierce Biotech, Rockford, IL)
were added to the culture medium directly. All supplements were refreshed when medium
was replaced twice a week.

2.5. Total RNA extraction, reverse transcription and RT-PCR analysis

Whole scaffolds were put into 0.5 ml Trizol (Invitrogen, Carlsbad, CA) and after
homogenization, the RNA was extracted using phase separation with chloroform (Sigma, St.
Louis, MO) in a volume ratio of 5:1 with the Trizol. Total RNA was purified using an
RNeasy Mini kit (Qiagen, Valencia, CA, USA) following the protocol supplied. cDNA was
reverse transcribed from RNA using High-Capacity cDNA archive kits (Applied
Biosystems, Carlsbhad, CA) according to standard protocol from the vendor. TagMan Gene
Expression assay kits (Applied Biosystems, Carlsbad, CA) were used to analyze

Biomaterials. Author manuscript; available in PMC 2012 August 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sun et al.

Page 5

transcription levels of matrix-related and remodeling genes including: collagen type Il
(NM_001844), ACAN (NM_013227.2), Col type X (NM_000493.3), MMP1
(NM_002421.2), MMP3 (NM_002422.3), MMP13 (NM_002427.2), ADAMTS4
(NM_005099.4), and ADAMTS5 (NM_007038.3). RT-PCR processing and final data
analysis were conducted using Mx3000 and Mxpro™ QPCR software, version 4.01
(Stratagene, La Jolla, CA). Gene expression was normalized to GAPDH (NM_002046.3).

2.6. Immunohistochemistry

After 1 week and 3 weeks of treatment, the TE cartilage were collected in 4% formalin, and
processed and stained following standard procedures. Briefly, samples were dehydrated
through a series of gradient alcohols, embedded in paraffin and sectioned at 5 um thickness
and then rehydrated through a series of gradient alcohols. A primary antibody of caspase-3
(Abcam, Cambridge MA USA) and collagen Il (Santa Cruz, CA USA) were incubated on
sections separately, followed by mouse HRP-labeled secondary antibody. Sections were
counterstained with hematoxylin.

2.7. sGAG and DNA quantification

2.8. ELISA

SGAG was analyzed by using a Sulfated Glycosaminoglycan Assay (Blyscan™ Kit,
Biocolor UK) following the protocol provided. Briefly, 125 ug/mL of papain solution was
added to samples and incubated in 60°C for 24 hrs. Subsequently, dye was added into the
samples and mixed for 30 minutes to form a glycosaminoglycan-dye complex. After
centrifugation and removing unbound dye, the insoluble pellet was re-dissolved and
absorbance was read at 656 nm by a microplate reader (VERSAmax microplate reader,
Molecular Devices). Correspondingly, DNA from the same sample was quantified with
Picogreen kit (Invitrogen, Carlshad, CA) following the protocol provided. Samples were
read at 480 nm/528 nm in the micxroplate reader (VERSAmax), and DNA concentration
was determined by standard curve.

To confirm IL-1B TNF-a and PGE; concentrations in culture, ELISA kits (B&D system,
Sparks, MD) were used following the protocols provided. Briefly, supernatant taken from
tissue culture media were added into antibody pre-coated microplates and incubated for 1
hour, then enzyme-linked polyclonal antibody specific for target molecules was added to the
well, followed by a substrate solution for color development. At each step, unbound material
and antibody-enzyme were washed away. Color intensity was measured at 450 nm by a
microplate reader (VERSAmax), with a wavelength correction set to 540 nm.

2.9. Measurement of Nitric Oxide

Supernatants from THP-1 cultures were collected after 6 days of inducing in 200 ng/ml
PMA, and nitrite was assayed with the Griess reagent kit (Molecular Probes, Eugene, OR).
Briefly, a 150ul aliquot of culture supernatant was mixed with 20 ul of Griess reagent (0.1%
N-(1-naphthyl) ethylenediamine dihydrochloride and 1% sulfanilic acid in 5% phosphoric
acid) and diluted with 130ul of deionized water. Absorbance was measured at 548 nm and
the amount of nitrite in the sample was calculated from a sodium nitrite standard curve.

2.10. Statistical analysis

Results are presented as means +/-SD with N>3. Unless otherwise noted, one-way ANOVA
was used for comparisons assuming equal variances. P<0.05 was considered statistically
significant.
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3.1. Proinflammatory factor release

THP-1 cells were differentiated with 200 ng/ml PMA for 6 days. After secretion of
proinflammatory factors, including TNF-a, IL-1B, PGE2 and NO, each factor was
determined separately. In 5 ml of differentiation medium there were 504.1+42.24 pg/ml
TNF-a, 491.28+31.79 pg/ml IL-1 B, 68.54+10.11pg/ml PGE2 and 0.39+0.06 uM/ml NO,
respectively (Error! Reference source not found.)

3.2. Type Il collagen expression

Collagen expression is regulated by an overbalance of cytokines, and we found that collagen
level was regulated by cytokine culture and MCM differently in the TE cartilage (Error!
Reference source not found.). Specifically, at the transcriptional level, thecollagen type 11
gene was down-regulated in the MCM treatment group but not in the cytokine treatment
group; the cytokine treatment resulted in a dramatic up-regulation of collagenase encoding
genes, including MMP1, MMP3, MMP13. There was no statistical difference in MMP1 and
MMP13 regulation between the cytokine and MCM treatment groups, but the cytokine
treatment had a more significant effect on MMP3 up-regulation. With
immunohistochemistry, no obvious qualitative differences in collagen type I1 levels were
observed between the tissue engineered cartilage study groups with cytokines or MCM
stimulation, or in the control without treatment (Error! Reference source not found.Error!
Reference source not found.).

3.3. SGAG expression

At the transcrip level, aggrecan (ACAN) was down-regulated in the cytokine treatment
group but up-regulated in the MCM treatment group (Error! Reference source not found.).
The cytokine treatment resulted in a dramatic up-regulation of aggrecanase encoding genes
ADAMTS4, and ADAMTSS5 and the MCM treatment had a greater effect on ADAMTSA4.
When normalized by cell number both the MCM and cytokine treatment groups showed a
reduction in aggrecan content after 3 weeks of stimulation (Error! Reference source not
found.Error! Reference source not found.).

3.4. Chondrocyte hypertrophy

Hypertrophy is found in the lower zone of osteoarthritis cartilage [41] and is the main force
driving endochondral ossification. Therefore, this marker is used histopathology of cartilage
from OA patients to grade disease severity. Thus we examined collagen types X expression
in both MCM and cytokine treatment groups in the present study. The cytokine treatment
did not cause a significant change in type X collagen expression at the transcript level
compared to the control group, but the MCM treatment up-regulated expression in
chondrocytes significantly (21+3 fold) (Error! Reference source not found.a).
Furthermore, collagen type X expression was confirmed at the protein level by
immunohistology staining (Error! Reference source not found.b,c,d).

3.5. Apoptosis

Chondrocyte death has been reported in OA joints and most studies have reported increased
apoptotic cell death. This outcome is recognized as a central feature associated with the
failure of cartilgae structure and function in OA [42-45]. After 3 weeks of countinuous
stimulation, apoposis, as measured by caspase-3 positive staining, was found in the MCM
treatment group (Error! Reference source not found.b), but not in the control and cytokine
treatment groups (Error! Reference source not found.a,c).
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4. Discussion

Synovial inflammation likely contributes to the dysregulation of chondrocyte function,
favoring changes between catabolic and anabolic activities during cartilage metabolism and
remodeling [18]. The transcriptional levels of matrix-remodeling genes were differently
regulated by the MCM and the cytokine treatments in the cartilage constructs. IL-1p and
TNF-a affect the activity of chondrocytes by suppressing the synthesis of aggrecan and type
Il collagen, as reported for articular chondrocytes [28, 29]. In the present study, a decrease
of aggrecan in the cytokine treatment group was observed, but suppression of collagen type
I1 did not occur. A possible explanation could be that IL-1f can induce PGE; expression
from chondrocytes, and PGE, opposes the inhibitory effects of IL-1 on matrix synthesis by
stimulating type 11 collagen expression [20] (Figure 1). For the suppression of collagen type
Il in the MCM group, NO could play a key role. NO is present at high levels in OA cartilage
[46], and has been shown to inhibit the synthesis of collagen type Il and aggrecan [47],
independent of PGE,. A slight increase in aggrecan expression in the MCM treatment group
could be due to the effect from PGEj, which was reported to improve aggrecan synthesis in
vitro [48].

It has been documented that the production of MMPs is stimulated by TNF-a and 1L-1p
[49], which explains the up-regulation of all MMPs in the cytokine treatment group.
However, factors like PGE, play a compensating role on cytokine effects, especially IL-1p.
PGE, caused the down-regulation of IL-1-induced MMP-3 production in fibroblasts [50].
Thus differential regulation of MMP3 in the MCM treatment group could be a result of
combined mediator activity. ADAMTS4 and ADAMTS5 enzymes were identified as highly
selective aggrecanases induced by proinflammatory cytokines [51]. In the present cartilage
system the up-regulation of ADAMTS4 and ADAMTS5 with cytokine treatment is
consistent with previous in vitro studies with human explants [52]. Compared with the
cytokine treatment, the MCM study group induced a down-regulation of ADAMTSS5 in the
cartilage (Error! Reference source not found.). Although both ADAMTS4 and
ADAMTSS5 are known to constitute early events in osteoarthritic cartilage damage [53],
research has shown that their regulation and function are different [54-56]. Previous human
data has shown that there is predominant expression of ADAMTS4 in osteoarthritic
cartilage, while ADAMTSS is constitutively expressed in osteoarthritic and normal cartilage
[57], which is more closely akin to the MCM treatment results shown here.

The RT-PCR results demonstrated that cytokine stimulation induced catabolic transcripts
related to collagen Il by upregulating collagenase MMP1, 3 and 13, with no effect on
anabolic transcript for collagen type Il (Error! Reference source not found. COL llal,
Error! Reference source not found. MMP1,3,13). In contrast, MCM stimulation
suppressed gene collagen I1 transcript levels but with a reduction in MMP3 to a lesser extent
compared with the cytokine stimulation study group (Error! Reference source not found.
COL llal, Error! Reference source not found. MMP1,3,13). Therefore, the cytokine and
MCM treatments could result in a similar level of collagen type 11 turnover, but through
different mechanisms. In addition, the accumulation of collagen type Il in TE cartilage was
lower than in native cartilage tissue due to the limited secretion function of primary
chondrocytes in vitro, an issue that should be addressed in future studies. Thus, a significant
change in type Il collagen protein levels was difficult to detect.

The finding of a reduction in aggrecan content after 3 weeks of stimulation is consistent with
previous reports from OA patients and from in vitro studies [34, 58, 59]. More specifically,
the cytokine treatment showed a further decrease in aggrecan content when compared with
the MCM group. In RT-PCR results, ACAN expression was down-regulated and
ADAMTS4,5 upregulated in the cytokine treatment group, thus the net effect of cytokine
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treatment was a statistically significant decrease in aggrecan, consistent with the aggrecan
quantification results. For the MCM treatment group, the decrease in aggrecan was moderate
compared with the cytokine group (Error! Reference source not found.), which is due to
the competing effects from both aggrecan synthesis and degradation. The RT-PCR results
showed that expression of ACAN was upregulated by treatment with MCM and ADAMTS5
was dramatically down-regulated, both leading to the anabolism of aggrecan. ADAMTS4
was upregulated, which suppressed the anabolism activity. Thus interacting mechanisms
result in remodeling of this cartilage component by degradation of aggreacan and
replacement with newly synthesized aggrecan. At a certain stage in the progression of OA,
the chondrocytes are unable to compensate for aggrecan loss even in the presence of
increased synthesis, resulting in a net loss of matrix [60, 61]. In this study, the transcript
results from the MCM treatment supported this mechanism.

Phenotypic modulation of chondrocytes in early stages of OA is reflected by the presence of
collagen not normally found in cartilage, including the hypertrophic chondrocyte marker,
type X collagen [18]. There is no literature showing that IL-1 or TNF-a induce collagen X
expression from chondrocytes, consistent with the cytokine treatment group in the present
study. Other inflammation mediators secreted by macrophages can affect collagen X
expression and hypertrophy in cartilage, including NO, PGEy, and TGF-. In previous
studies, the expression and localization of iNOS showed an association with NO and
hypertrophy in human chondrocytes [62], which suggested NO as an inducer of hypertrophy
in chondrocytes. In contrast, PGE, inhibited chondrocyte collagen X expression and
suppressed hypertrophy [63, 64]. Our results confirmed that IL-1B or TNF-a. are not initial
factors responsible for collagen X expression in OA-related tissue systems, extrapolating
from the current tissue system as a test model. Since NO and PGE; play opposite roles,
together with other existing mediators in MCM, the synergy and competition between these
factors results in an acceleration of collagen X expression in the cartilage studied here.

The effects of IL-1 and TNF-a on chondrocyte apoptosis are debatable. In some studies,
chondrocytes are resistant to induction of apoptosis by IL-1 treatment alone [65, 66],
however, conflicting data have shown IL-1B-induced apoptosis in human articular
chondrocytes [67]. There is increasing evidence that excess NO is important in the
pathology of OA,; regulating chondrocyte apoptosis as one function [65, 68]. Both
chondrocytes and synoviocytes can produce NO, and previous research has shown that
exogenous NO produced by synoviocytes will induce chondrocyte apoptosis [19,64,69],
with possible mechanisms of reduing mitochondrial potential, ATP generation, and
increasing caspase activity [70, 71]. Thus the role of NO on tissue engineered chondrocytes
is as an inducer of apoptosis [34]. The function of PGE, on chondrocytes apoptosis is
unclear. Some research has indicated that PGE, had no effect on apoptosis by itself, but
enhanced NO-induced apoptosis in chondrocytes [72]. Other data indicated that PGE,
induced chondrocyte apoptosis in vitro via a cAMP-dependent pathway [73]. The data in the
present study demonstrated that the addition of IL-1p and TNF-a, without other
inflammatory factors, did not lead to apoptosis of chondrocytes in the TE cartilage, thus the
presence of NO, PGE, and other mediators in MCM must play a crucial role in the apoptosis
induction process. In addition, since chondrocytes can also produce NO and PGE; in
response to some inflammatory factors, in future studies these mediators should be
monitored in the culture medium to better elucidate their roles on chondrocyte apoptosis and
the initiation of other OA-like features.

The data indicate that chondrocytes responded to both cytokine and MCM induced effects in
the TE cartilage systems studied here, and matrix turnover related to the disease condition is
at least mimicked in part in these early stages of study. Chondrocytes respond differently to
the cytokines and MCM treatments due to the complexity of impacts of inflammation
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mediators in the MCM. Table 3 shows a systematic comparison of matrix-remodeling gene
expression and cell responses comparing in vivo, 2D culture systems and 3D systems. The
data show that traditional 2D cultures are sufficient for studying cell response to cytokines,
but limited in the study of ECM and the dynamic process involved. Moreover, the
comparisons suggest that the tissue engineered cartilage stimulated with MCM was a more
appropriate tissue model to use to study certain aspects of OA progression, such as the
impacts due to NO and PGE,.

5. Conclusions

An in vitro human cartilage 3D tissue system was developed to allow the study of the
combined effects of inflammatory factors and chondrocyte functions in a controlled and
systematic fashion. Silk porous scaffolds provided a compatible environment for three-
dimensional tissue engineered cartilage formation, and in the presence of cytokines the
tissue engineered cartilage showed some OA-like phenotype. The tissue engineered cartilage
was induced with a proinflammatory environment, a macrophage conditioned medium
containing the full spectrum of cytokines, growth factors, small molecules and other
mediators, to mimic the in vivo situation. The regulation and remodeling of chondrocyte
extracellular matrix was influenced by multiple immune mediators and their balance in the
MCM treatment resulted in different outcomes than the cytokine-specific simulation, which
is a closer approximation to early stage symptoms of OA. The results reported here set the
stage for future studies where mechanical forces, dose dependent effect of inflammatory
mediators, longer term cultivation and hypoxia can be explored related to OA. In the long
term, a 3D tissue system such as that initiated here would offer a useful platform to study
disease formation, progression and modes of intervention
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Figure 3.
Histology of cross-sections of tissue engineered cartilage with different study groups on

collagen type 1l expression at 3 weeks stimulation: (a) control, (b) MCM stimulation (c)
cytokine stimulation. Scale bars, 50 um.
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Figure 4.

Transcriptional levels of human aggrecan and aggrecanases ADAMTS4, ADAMTSS in
tissue engineered cartilage without stimulation (control), with stimulation by macrophage
conditioned medium (macrophage) or with cytokine additions to the medium (cytokines) for
1 week. Significant differences between groups at p<0.05.
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Figure 7.

Histological analysis of apoptosis (brown dots are positive hypoxyprobe staining) in tissue
engineered cartilage without stimulation (a) after stimulation with macrophage conditioned
medium, and (b) cytokines (c) for 3 weeks. Scale bars, 50 um.

Biomaterials. Author manuscript; available in PMC 2012 August 1.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Sun et al.

Table 1

THP-1 derived macrophage secretion of inflammatory factors

Proinflammatory  Concentration in macrophage

TNF-a
IL-1B
PGE,
NO

504.1+42.24 pg/ml
491.28+31.79 pg/ml
68.54+10.11 pg/ml
0.39+0.06 uM/ml
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Table 2

Study groups and abbreviations

No proinflammatory factor added Control
Macrophage conditioned medium stimulation, added 0.5 mI MCM to 4.5 ml culture medium  Macrophage

Cytokine stimulation, added 50 pg/ml TNF-a, on d 5 0 pg/m | IL-1 B to culture medium Cytokine
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