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Chondrocytes and Meniscal Fibrochondrocytes
Differentially Process Aggrecan During De Novo
Extracellular Matrix Assembly
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Aggrecan is an extracellular matrix molecule that contributes to the mechanical properties of articular cartilage
and meniscal fibrocartilage, but the abundance and processing of aggrecan in these tissues are different. The
objective of this study was to compare patterns of aggrecan processing by chondrocytes and meniscal fi-
brochondrocytes in tissue explants and cell-agarose constructs. The effects of transforming growth factor-beta 1
(TGE-B1) stimulation on aggrecan deposition and processing were examined, and construct mechanical properties
were measured. Fibrochondrocytes synthesized and retained less proteoglycans than did chondrocytes in tissue
explants and agarose constructs. In chondrocyte constructs, TGF-B1 induced the accumulation of a 120-kDa
aggrecan species previously detected in mature bovine cartilage. Fibrochondrocyte-seeded constructs contained
high-molecular-weight aggrecan but lacked aggrecanase-generated fragments found in native, immature me-
niscus. In addition, reflecting the lesser matrix accumulation, fibrochondrocyte constructs had significantly lower
compression moduli than did chondrocyte constructs. These cell type—specific differences in aggrecan synthesis,

retention, and processing may have implications for the development of functional engineered tissue grafts.

Introduction

HE HEALTHY ARTICULAR cartilage extracellular matrix
(ECM) is rich in aggrecan, a large, aggregating proteo-
glycan glycosylated with up to 100 negatively charged sulfated
glycosaminoglycan (sGAG) chains." Aggrecan is also widely
distributed and expressed in meniscal fibrocartilage,> and the
proteoglycan content of the knee menisci increases with age.*”
In the bovine meniscus, aggrecan was found to be more highly
processed than age- and species-matched articular cartilage,®
and aggrecanase-mediated aggrecan degradation was local-
ized in the middle and outer zones of the immature meniscus
(unpublished data). The functional significance of these tissue-
specific patterns of aggrecan processing is unclear but may be
related to the differences in ECM architecture and mechanical
loading environment between cartilage and fibrocartilage. In
addition, the development of engineered cartilage grafts with
tissue-specific mechanical properties may hinge upon reca-
pitulation of the native tissue’s proteoglycan processing.
Poteolytic cleavage of the interglobular domain (IGD), ex-
posure of the NITEGE*> C-terminal neoepitope, and release
of sSGAG characterize aggrecan degradation in degenerative

articular cartilage. Proteases from the A disintegrin and me-
talloproteinase with thrombospondin motifs (ADAMTS)
family, including ADAMTS-4 and -5 (aggrecanase-1 and -2),
have been shown to mediate this “destructive” aggrecanolysis
and the release of sGAG.”® In contrast, m-calpain-mediated
aggrecan cleavage is marked by accumulation of the GVA”"
neoepitope and is a product of “non-destructive” aggrecan
processing thought to occur during normal aggrecan turn-
over.” There are few reports describing the structure of ag-
grecan in engineered cartilages, but identifying mechanisms
of aggrecan processing during de novo ECM assembly may
provide clues on how to promote the maturation of functional
cartilage and fibrocartilage grafts. Aggrecan in chondrocyte-
alginate constructs was found primarily in high-molecular-
weight forms,'” but aggrecan processing in fibrocartilage
constructs has not been previously reported.

Members of the transforming growth factor beta (TGF-)
cytokine family, including TGF-B1, regulate ECM production
in articular chondrocytes,n’12 and TGEF-B1 is often used to
promote chondrogenesis in chondrocyte- and progenitor cell-
populated cartilage constructs.'*'* Paradoxically, TGF-B1
can also upregulate ADAMTS activity in chondrocytes.'
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Meniscal fibrochondrocytes are a heterogeneous population
of cells resembling, to various degrees, chondrocytes and fi-
broblasts.’® Like chondrocytes, the fibrochondrocytes also
exhibit robust anabolic responses to TGF-P1 stimulation in
explants,”’18 three-dimensional scaffolds,'*?° and monolay-
er.?! The concentration of TGF-B1 reported for synovial effu-
sions from patients with osteoarthritis (3.8ng/mL) and
rheumatoid arthritis (10 ng/mL)* falls in a range previously
reported to stimulate meniscal explant sGAG synthesis and
release.'® Tissue constructs would, if implanted for thera-
peutic purposes, presumably be exposed to a similar con-
centration of TGF-B1. However, the capacity for this cytokine
to alter patterns of aggrecan processing in engineered carti-
lages has not been previously examined.

The aims of this study were to compare mechanisms of
aggrecan turnover by chondrocytes and fibrochondrocytes
and describe the cell type-dependent effects of TGF-f1 on
proteoglycan accumulation and aggrecan processing. Tissue
explants and isolated cells were harvested from immature
bovine stifle joints, and engineered tissue constructs were
prepared by suspending the cells in agarose. The results of this
study highlight cell type—specific differences in the accumula-
tion and retention of proteoglycans, mechanisms of aggrec-
anolysis, and mechanical properties of engineered cartilage
and fibrocartilage. In addition, the results contribute to our
understanding of ECM turnover and will aid in the develop-
ment and assessment of engineered soft orthopedic tissues.

Methods
Materials and reagents

Immature bovine stifle joints were from Research 87
(Boylston, MA). High-glucose Dulbecco’s modified Eagle
medium (DMEM); antibiotic-antimycotic solution containing
100 U/mL penicillin, 100 pg/mL streptomycin, and 0.25 pg/
mL amphotericin B; 1% non-essential amino acids (NEAAs),
1% N-(2-hydroxyethyl)-piperazine-N’'-2-ethanesulfonic acid
(HEPES), trypsin-ethylenediaminetetraacetic acid (EDTA),
proteinase K, and Dulbecco’s phosphate buffered saline
(DPBS) were from Invitrogen (Carlsbad, CA). Ten percent
neutral buffered formalin (NBF) was from VWR (West Che-
ster, PA). Dr. John Sandy (Rush Medical University, Chicago,
IL) provided antibodies to aggrecan G1, aggrecan G3, and the
NITEGE and GVA neoepitopes. Dr. Amanda Fosang (Uni-
versity of Melbourne, Melbourne, Australia) provided the
antibody to aggrecan G2. Dr. Larry Fischer (National Institute
of Dental and Craniofacial Research, Bethesda, MD) provided
the antibody LF-94 to bovine decorin. Guanidine hydro-
chloride, 4-morpholineethanesulfonic acid (MES), iodoacetic
acid, sodium acetate, chondroitin sulfate, urea, protease-free
chondroitinase ABC, keratinase I, agarase, agarose, and alka-
line phosphatase-conjugated anti-rabbit secondary antibody
were from Sigma (St. Louis, MO). ITST Premix containing
insulin (6.25ug/mL), transferrin (6.25pg/mL), selenious
acid (6.25ng/mL), linoleic acid (5.35pug/mL), and bovine
serum albumin (1.25mg/mL) was from BD Biosciences
(San Jose, CA). Keratinase II was from Associates of Cape
Cod (Falmouth, MA). Dimethylmethylene blue (DMMB)
was from Polysciences (Warrington, PA). Recombinant hu-
man TGF-B1 was from R&D Systems (Minneapolis, MN).
Protease inhibitor cocktail containing EDTA, 4-(2-aminoethyl)
benzenesulfonylfluoride, leupeptin, E-64, and aprotinin was

WILSON ET AL.

from Calbiochem (San Diego, CA). The chemifluorescent
substrate ECF was from Amersham (Piscataway, NJ).

Tissue culture

Articular cartilage and meniscal fibrocartilage were har-
vested from calf stifle joints under aseptic conditions. Carti-
lage explants (n=84) were taken from the patellar groove
and femoral condyles using a 4-mm diameter biopsy punch,
and fibrocartilage explants (n=84) were taken from the
middle regions of medial and lateral menisci. Surface zone
tissue was trimmed away, and explants were cut to 2mm
thick using a custom cutting block. The explants were moved
to 48-well plates and cultured overnight in 0.5mL of basal
medium consisting of high-glucose DMEM, ITS+, 0.1 mM
NEAA, 10 mM HEPES, 82 pg/mL L-ascorbic acid-2-PO,, and
antibiotic—antimycotic (100 U penicillin/mL, 100 pg strepto-
mycin/mL, 0.25 pg amphotericin B/mL). The following day,
some explants were removed as day 0samples (n=6/tissue
type) and stored at —20°C in DPBS with protease inhibi-
tors. Remaining explants were cultured for 10 days in basal
medium or with 5ng/mL TGF-B1. Media were collected,
replaced, and prepared with fresh cytokine every 48 h; con-
ditioned media were stored at —20°C for biochemical anal-
ysis. Day 10 explants were stored at —20°C in DPBS with
protease inhibitors.

Cell-agarose constructs were prepared using articular
chondrocytes and meniscal fibrochondrocytes isolated from
calf stifle joints (different than those from which the explants
were harvested). Articular cartilage from the patellar groove
and femoral condyles and fibrocartilage from the medial and
lateral menisci were minced to approximately 1-mm? pieces,
weighed, and moved to T75 flasks. After a 30-min digestion at
37°C with 0.025% trypsin-EDTA in Ca*"/Mg"*-free DPBS,
the tissues were digested in 0.4% collagenase/DMEM at 37°C
on a shaker plate. After 48h, the tissue digests were filtered
through a sterile 37-um-pore-size nylon mesh, and cell via-
bility and counts were quantified using an automated via-
bility counter (ViCell XR, Beckman Coulter, Fullerton, CA).
Cell-agarose constructs were prepared by mixing equal vol-
umes of 45°C 3% (w/v) agarose/DPBS and cells in DMEM at
2 x 107 cells/mL. The molten cell-agarose suspensions were
thoroughly mixed and cast between two parallel glass plates
approximately 2.5mm apart. The cell-agarose slab was al-
lowed to polymerize for 20 min at 4°C, and cylindrical sam-
ples were cut from the slab using a 6-mm-diameter biopsy
punch (n=48/cell type). Cell-agarose constructs were equil-
ibrated overnight in basal medium. Day 0 constructs (n =6/
cell type) were moved to DPBS with protease inhibitors and
stored at 4°C before undergoing mechanical tests within 72 h.
The remaining constructs were cultured for 16 days in basal
medium or basal medium with 10ng/mL TGF-B1. Media
were collected, replaced, and prepared with fresh cytokine
every 48 h; collected media were stored at —20°C. At the end
of each experiment, cell-agarose constructs were fixed in 10%
NBF for 4 h at 4°C and embedded in paraffin for histochemical
analysis (n=2/treatment/cell type) or stored in DPBS with
protease inhibitors at 4°C before mechanical testing.

Mechanical testing

The cell-agarose constructs were tested in oscillatory un-
confined compression. Before testing, each construct was
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weighed, and the thickness and diameter were measured in
three locations using digital calipers (Series 500, Mitutoyo
America, Aurora, IL). Each construct was positioned be-
tween impermeable platens on an ELF3100 mechanical test
frame (Bose Electroforce, Eden Prairie, MN) and brought into
contact with the platens by application of a 10-mN preload.
After compression by 10% at 0.1 mm/min and relaxation for
1200's, each construct was loaded in oscillatory compression
at 0.05, 0.1, 0.5, and 1Hz and 1.5% strain amplitude. The
dynamic compression moduli (E*) were calculated as the
ratio of the magnitude of the stress and strain waveforms at
the fundamental frequency. After testing, constructs were
frozen and lyophilized before biochemical analysis.

Biochemistry

Conditioned media were assayed for released sGAG by the
DMMB assay” using chondroitin sulfate standards diluted in
basal medium. After mechanical testing and lyophilization,
constructs were weighed and extracted in 1 mL of extraction
buffer (4M guanidine hydrochloride, 10 mM of MES, 50 mM
of sodium acetate, 5 mMof iodoacetic acid, protease inhibi-
tors, pH 6.5) for 48 h at 4°C on a rocker. Lyophilized explants
were extracted similarly. Extracts were assayed for sGAG
using the DMMB assay using chondroitin sulfate standards
diluted in extraction buffer. After extraction, explant and
construct residues were frozen, lyophilized, weighed, and
digested in 500 pL of 300-pg/mL proteinase K/100mM of
ammonium acetate overnight at 60°C. Cell-agarose residues
were melted at 100°C for 10 min and further digested with 3 U
(15 uL) of agarose overnight at 43°C. Explant and construct
residue digests were assayed for sGAG content using the
DMMB assay. The sGAG release and retention results were
consistent between two (for explants) or three (for constructs)
independent experiments. Construct extracts and residue di-
gests were assayed for DNA content using the Hoechst 33258
dye method.**

Equal volumes of explant or construct extracts were
pooled from six condition-matched samples and added to 3
volumes of ice cold ethanol/5mM of sodium acetate for
overnight precipitation of proteoglycans at —20°C. Pre-
cipitates were centrifuged at 21 k x g for 30 min, the super-
natants were removed, and the pellets were dried for 0.5to 2h
at room temperature. Pellets were resuspended in buffer
containing 50 mM of Tris hydrochloride, 50 mM of sodium
acetate, 10mM of EDTA, and protease inhibitors, at pH 7.5,
and assayed for sGAG. Precipitations typically yielded 80%
recovery of sGAG from guanidine extracts. Samples were
deglycosylated using incubation with chondroitinase ABC,
keratinase I, and keratinase II overnight at 37°C. Samples
were then frozen, lyophilized, and resuspended in sample
buffer containing 3 M of urea, tris-glycine sample buffer, and
dithiothreitol. Extracts of chondrocyte constructs and articu-
lar cartilage explants were resuspended in 5 and 10 times
greater volumes of sample buffer, respectively, than fibro-
chondrocyte construct and fibrocartilage explant extracts to
accommodate higher sGAG concentrations.

Before electrophoretic separation, samples were melted
at 110°C for 5 min and loaded into 4% to 12% (for anti-G1, -G2,
-G3, and -NITEGE blots) or 4% (for anti-GVA blots) Tris-
glycine gels. The samples were separated at 200 V and trans-
ferred to nitrocellulose at 50 to 100 V. Membranes were
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blocked in 1% nonfat dry milk for 30 min at room tempera-
ture and incubated with primary antibodies diluted 1:1000 to
1:5000. After incubation with secondary antibody (1:10,000)
for 1h at room temperature, membranes were developed in
ECF for 5min and imaged on an FLA3000 phosphorimager
(Fuji, Tokyo, Japan). Membranes initially probed with anti-
NITEGE antisera (1:1000) were subsequently stripped in 1 x
Re-Blot reagent (Chemicon, Temecula, CA) for 10 min at room
temperature and reprobed with anti-G1 antisera (1:5000).
Anti-G2 was used at 1:4000, and anti-GV A was used at 1:1000.
Membranes initially probed with the anti-G3 antisera were
stripped and reprobed with the LF-94 anti-decorin antisera
(1:5000).

Statistics

Data were analyzed using analysis of variance and the
general linear model in MINITAB Release 14 (Minitab, Inc,
State College, PA). Differences were deemed significant at
p <0.05.

Results

Cell type—specific patterns of proteoglycan deposition were
first examined in explanted immature bovine cartilage and
meniscal fibrocartilage. Quantitative measurements of sGAG
in conditioned media, explant extracts, and residue digests
(Fig. 1A, B) were coupled with sodium dodecyl sulfate poly-
acrylamide gel electrophoresis analysis of aggrecan extracted
from the explants (Fig. 1C, D). After 10 days of culture with or
without TGF-B1 stimulation, articular cartilage explants had
tissue (extract + digest) sGAG much greater than that of day 0
explants (Fig. 1A), indicating that chondrocyte proteoglycan
synthesis is maintained under the basal culture conditions
used in this study. TGF-p1-stimulated cartilage exhibited tis-
sue sGAG similar to untreated controls, although sGAG re-
lease was significantly reduced by 23% (p < 0.05). In contrast,
untreated meniscal fibrocartilage explants exhibited a marked
loss (33%) of tissue sGAG to the medium (Fig. 1B). TGF-
Bl-stimulated fibrocartilage explants had significantly higher
total sGAG (explant content + media) than untreated controls
(p < 0.05). Fibrocartilage explants exhibited a lower capacity
to incorporate sGAG than cartilage, releasing more than 37%
of newly synthesized sGAG to the medium (<14% was re-
leased from similarly treated cartilage), and TGF-B1 had little
effect on this SGAG release. The fraction of extractable pro-
teoglycans also varied with cell type and culture condition
and was consistently lower in fibrocartilage (16-24%) than in
articular cartilage explants (43—47%).

Extracts of articular cartilage and meniscal fibrocartil-
age were reactive with antibodies to the N- and C-terminal
globular domains (G1 and G3, respectively) of the aggrecan
core protein. Cartilage explants retained primarily high-
molecular-weight G1- and G3-bearing fragments (i.e., full-
length aggrecan), several minor G1 fragments, and a 120-kDa
G3 fragment (Fig. 1C). TGF-B1 stimulation did not appear to
alter the baseline pattern of aggrecan processing in cartilage.
In contrast, extracts of fibrocartilage explants contained full-
length aggrecan and a 65- to 70-kDa G1 doublet (Fig. 1D).
Whereas the doublet was retained in the explants regardless
of culture condition, TGF-B1 stimulation was required to re-
tain full-length aggrecan. The doublet was identified as
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FIG. 1. Articular cartilage (A,C) and meniscal fibrocartilage (B,D) explants exhibit distinct patterns of proteoglycan distri-
bution (A,B) and aggrecan processing in vitro. *Indicates total construct sGAG (extract + digest) is different from untreated day
10 controls (p < 0.05). Note 10-fold difference in scale between A and B. Data are mean + SEM, with n=6. In C & D, equal
portions of explant extracts (pooled from 6 samples) were loaded in each lane. Articular cartilage extracts were diluted 10-fold
over fibrocartilage extracts to account for the substantially higher sGAG content. Numbers to the left ofeach blot indicate the
migration of molecular weight markers in kDa. sGAG, sulfated glycosaminoglycan; TGF-B1, transforming growth factor-beta 1.

the aggrecanase-generated fragment bearing the NITEGE
neoepitope (Fig. 1D, lower panel), and this fragment was not
detected in articular cartilage extracts. Similar patterns of
aggrecan G1 bands were observed in extracts from a second,
independent experiment. An approximately 55-kDa G3 frag-

ment was also uniquely detected in cultured fibrocartilage
explants. Collectively, these data show important baseline
and TGF-B1-sensitive differences in sGAG accumulation and
aggrecan processing between chondrocytes and meniscal fi-
brochondrocytes in their native ECMs.
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FIG. 2. Chondrocyte-agarose (A) and meniscal fibrochondrocyte-agarose (B) constructs exhibit distinct patterns of pro-
teoglycan distribution. Total sGAG (retained in constructs + released to the media) was normalized by DNA content in C.
*Indicates a statistically significant difference between TGF-B1-stimulated and untreated day 16 constructs (p < 0.05). Note 4-
fold difference in scale between A and B. Data are mean 4 SEM, with n=6.

To examine the fidelity with which engineered cartilages
recapitulate the cell type-specific patterns of proteoglycan
processing observed in tissue explants, chondrocyte— and fi-
brochondrocyte—agarose constructs were prepared. The ac-
cumulation of sGAG within the construct and the medium
were measured (Fig. 2A, B). Over 16 days, chondrocyte con-
structs synthesized approximately four times the total sGAG
of similarly treated fibrochondrocyte constructs. Although

Untreated

Chondrocytes

Fibrochondrocytes

fibrochondrocyte constructs contained 15% to 20% fewer cells
than the chondrocyte constructs (depending on culture con-
dition), the cell-type differences in sGAG accumulation were
also evident after normalizing sSGAG content to DNA content
(Fig. 2C). TGF-B1-stimulated chondrocytes and fibrochon-
drocytes exhibited significantly higher total construct sGAG
(the sum of construct extract and digest) than untreated
controls, consistent with the expected anabolic responses to

Native Tissue

FIG. 3. Cell type differences in deposition of newly synthesized sGAG are illustrated by Safranin-O staining. Cell-agarose
constructs treated with (middle panels) or without (left panels) TGF-B1 for 16 days were compared with sections of native
articular cartilage or midstubstance meniscal fibrocartilage (right panels). Sections were counterstained with fast green and

hematoxylin. Scale bar =100 um; inset scale bar =25 um.



1518

TGF-B1. A striking feature of these data, consistent with the
observations of explants, is that the proportion of newly
synthesized sGAG released to the medium was substan-
tially higher for fibrochondrocyte constructs (~50%) than
for chondrocyte constructs (~15%). The absolute amounts
of sGAG released to the medium from chondrocyte and fi-
brochondrocyte constructs were comparable and increased
with TGF-1 stimulation. Although the fraction of guanidine-
extractable sGAG was generally higher in constructs than in
explants, the fraction was lower in fibrochondrocyte con-
structs (28-52%) than in chondrocyte constructs (46-85%).

Safranin-O staining of day 16 constructs (Fig. 3) revealed
cell type-specific spatial distributions of sGAG accumula-
tion. Untreated chondrocytes assembled an sGAG-rich peri-
cellular ECM, and TGF-B1 stimulation promoted sGAG
accumulation in the further-removed matrix. In contrast, the
fibrochondrocyte constructs appeared to be largely devoid of
sGAG. TGF-Bl-stimulated fibrochondrocytes appeared to
deposit more sGAG in the pericellular compartment than
controls (Fig. 3, lower panel insets). The fast green counter-
stain in these images highlights pericellular accumulation of
protein in the fibrochondrocyte constructs and suggests that
the fibrochondrocytes are assembling ECM, albeit low in
sGAG content. Stained sections of immature bovine articular
cartilage and meniscal fibrocartilage (right panels) demon-
strate the unique ECM composition and structure of each
tissue that appear to be partially recapitulated in the cell-
agarose tissue constructs.

Western blots of chondrocyte construct extracts showed
more-extensive aggrecan processing in TGF-Bl-stimulated
constructs than in untreated controls (Fig. 4). Aggrecan G1,
G2, and G3 blots demonstrated the presence of full-length
aggrecan in the controls, whereas TGF-B1 induced genera-
tion of a G1- and G2-bearing species migrating at 140 kDa
and a G2-bearing doublet at approximately 50 kDa. The 140-
kDa fragment was subsequently shown to bear the GVA
C-terminal neoepitope. A G3 fragment migrating at approx-
imately 120kDa was detected in all lanes, and minor bands
at approximately 98kDa and 60kDa were found only in
extracts of TGF-Bl-stimulated constructs. Day O constructs
contained aggrecan that, presumably, was retained in the
intra- or peri-cellular compartments during isolation from
the tissue. Destructive aggrecanolysis, typically marked by
generation of the NITEGE neoepitope, was absent under all
treatment conditions. TGF-B1 stimulation also increased ac-
cumulation of the small proteoglycan decorin over untreated
chondrocyte constructs.

Fibrochondrocyte constructs accumulated limited amounts
of highly processed aggrecan (Fig. 5). Aggrecan G1- and G2-
containing fragments were relatively low in abundance, and,
consistent with the low sGAG content of these constructs,
there was little evidence of sGAG-bearing aggrecan, as indi-
cated by weak staining in the high-molecular-weight regions
of G1, G2, and G3 blots. TGF-f1 modestly promoted accu-
mulation of full-length aggrecan in the constructs to within
the detection limit of the assays. Smaller fragments migrating
at 65 to 80 kDa were also detected in the TGF-B1-stimulated
constructs, but there was no evidence of the 140-kDa G1- and
G2-containing aggrecan observed in chondrocyte constructs.
Blots for G3 revealed the clear presence of several fragments,
including a 120-kDa band similar to that observed in chon-
drocyte constructs and bands at 140kDa, 65 kDa, and 40 kDa
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FIG. 4. Highly processed aggrecan accumulates in TGF-1-
stimulated chondrocyte-agarose tissue constructs. Blots are
of extracts of freshly-prepared constructs (Day 0) and con-
structs cultured for 16 days with or without TGF-B1. Ag-
grecan fragments bearing the G1, G2, and G3 domains or the
NITEGE or GVA neoepitopes were examined. Extracts were
also probed for the small proteoglycan, decorin. Numbers to
the left of each blot indicate the migration of molecular
weight markers (in kDa). Equal volumes of extracts pooled
from 6 constructs were loaded in each lane.

that were apparently unique to the fibrochondrocyte con-
structs. These fragments accumulated independent of treat-
ment group. The 65-kDa and 40-kDa fragments were evident
in day O constructs, and were presumably carried in intra-
cellular or pericellular compartments during isolation. As
with the chondrocyte cultures, aggrecan-NITEGE was not
detected in fibrochondrocyte constructs, and accumulation of
decorin increased with TGF-B1 stimulation.

Oscillatory compression tests revealed cell type-dependent
differences in the mechanical properties of engineered carti-
lage and fibrocartilage. Chondrocyte and fibrochondrocyte
constructs cultured in basal medium for 16 days exhibited
higher dynamic compression moduli than the respective
freshly prepared (day 0) constructs, indicating that the en-
capsulated cells assembled a load-bearing ECM (Fig. 6). TGF-
B1 stimulation resulted in significantly greater dynamic
compression moduli of chondrocyte and fibrochondrocyte
constructs than in untreated controls (89% and 7%, respec-
tively). This was consistent across frequencies. (Liftoff was
observed at the 1 Hz frequency for some samples, primarily
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FIG. 5. Fibrochondrocyte constructs stimulated with TGF-
Bl accumulate full length aggrecan. Blots are of extracts of
freshly-prepared constructs (Day 0) and constructs cultured
for 16 days with or without TGF-p1. Aggrecan fragments
bearing the G1, G2, and G3 domains or the NITEGE neoepi-
tope were examined. Extracts were also probed for the small
proteoglycan, decorin. Numbers to the left of each blot indi-
cate the migration of molecular weight markers (in kDa).
Equal volumes of extracts pooled from 6 constructs were
loaded in each lane.

TGF-B1-treated articular chondrocyte constructs.) Despite the
cytokine-induced gains in construct stiffness, the compression
moduli of immature bovine articular cartilage and meniscal
fibrocartilage explants (at 0.1 Hz) were 25 and 2 times higher
than the stiffest chondrocyte and fibrochondrocyte constructs,
respectively.

Discussion

The results of this study reveal important differences in
the ways immature chondrocytes and meniscal fibrochon-
drocytes synthesize, accumulate, and process aggrecan. Pro-
teoglycan synthesis in fibrochondrocyte constructs (as
indicated by total sGAG production) was approximately 25%
of that in articular chondrocyte—populated constructs. This
result is consistent with previous reports and work in our
laboratory using 3550, incorporation as an index of proteo-
glycan synthesis.'”'®*?¢ sSGAG synthesized by fibrochon-
drocytes was less likely to be retained within the constructs
than sGAG synthesized by chondrocytes. In fibrochondrocyte
cultures, 48% to 58% of the total synthesized sGAG was found
in the medium, whereas chondrocytes only released 11% to
17%. For the same anabolic stimulus, fibrochondrocytes had
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semble ECMs with different compressive properties. The
dynamic compressive moduli (at 0.1 Hz) were determined
by oscillatory unconfined compression tests. # indicates dif-
ferent from untreated day 16 controls (p <0.05). Data are
mean + SEM, with n=6.

lower proteoglycan synthesis and retained a smaller fraction
of newly synthesized proteoglycans than articular chon-
drocytes. The proteoglycans in fibrochondrocyte cultures
were more difficult to extract than those in chondrocyte cul-
tures, suggesting the presence of a tightly bound pool of
proteoglycans in the fibrocartilage explants and constructs
that is absent or smaller in chondrocyte cultures. In vitro
fibrocartilage degradation studies have also suggested the
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presence of such a proteoglycan population (unpublished
data). These tissue-specific differences in proteoglycan depo-
sition, consistent between two experimental systems, may be
significant in the development and evaluation of functional
engineered grafts.

The mechanisms regulating sGAG accumulation in these
cell types are not well understood, and the results of this study
indicate that aggrecanolysis is not a primary mechanism.
Although the absence or presence of various aggrecan frag-
ments and their neoepitopes demonstrated qualitative dif-
ferences in aggrecan processing between the cell types, the
two cell types may differentially express molecules involved
in proteoglycan aggregation, including hyaluronan, link
protein, and the hyaluronan receptor CD44, to regulate sGAG
deposition. Versican, another large aggregating proteogly-
can, is expressed during the maturation of articular cartilage27
and fibrocartilage,”® and differential expression of versican
or other proteoglycans by these cell types may also contrib-
ute to distinct patterns of sGAG accumulation and reten-
tion. Decorin, detected in cartilage and fibrocartilage extracts
(not shown) and in TGF-Bl-stimulated chondrocyte and
fibrochondrocyte-agarose constructs, may indirectly regulate
sGAG accumulation by binding (and sequestering) TGF-p1*
or altering collagen ﬁbrillogenesis.30 Alternatively, chon-
drocytes may intrinsically assemble a collagen network that
more effectively entangles proteoglycan aggregates than
does the fibrochondrocyte-assembled ECM. It is also possible
that changes in aggrecan glycosylation or sGAG sulfation
patterns®*? contributed to cell type— and culture condition—
dependent differences in sGAG accumulation. Elucidation
and manipulation of the phenotypic differences between cell
types in proteoglycan synthesis, post-translational modifica-
tion, and retention will be useful in the development of en-
gineered cartilage and fibrocartilage.

Western analysis of chondrocyte construct extracts re-
vealed that TGF-B1 induced differences in aggrecan proces-
sing. Chondrocytes suspended in alginate were previously
shown to accumulate primarily (~98%) full length aggrecan,
and those experiments were performed in the presence of
serum.'? Under the serum-free conditions used in the current
study, chondrocytes also accumulated primarily full-length
aggrecan. Surprisingly, TGF-p1-stimulated chondrocytes ac-
cumulated aggrecan bearing the neoepitope GVA”'?, known
to be generated by m-calpain in vitro. A similar fragment was
detected in low abundance in the “further removed matrix” of
chondrocyte-alginate constructs,'® and several groups have
documented the presence of this fragment in extracts of ma-
ture articular cartilage.*”® Cartilage explant extracts con-
tained 140-kDa aggrecan G1- and G2-positive fragments
(Fig. 1), and we have immunolocalized m-calpain and
aggrecan-GVA in thin sections of immature cartilage (unpub-
lished observations), suggesting that this enzyme and aggrecan
fragment also exist in native immature articular cartilage.
Although other enzymes may contribute to generation of
this fragment, metalloproteinases, including ADAMTS-4 and
matrix metalloproteinase-3, were incapable of cleaving ag-
grecan at this site.” m-Calpain, or an enzyme with equivalent
activity on aggrecan, thus appears to play a role in non-
destructive aggrecanolysis during TGF-f1-stimulated cartilage
matrix remodeling.

Unlike the chondrocytes, fibrochondrocytes exhibited
modest differences in aggrecan processing upon stimulation
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with TGF-B1. Anti-G1 and -G2 blots (Fig. 5), loaded with five
times the extract volume of the blots of chondrocyte construct
extracts (Fig. 4), indicated the low amounts of aggrecan in the
fibrochondrocyte cultures. Anti-G3 blots, however, revealed
the presence of aggrecan species in fibrochondrocyte con-
structs that were apparently absent in chondrocyte cultures.
Based on their migration, these fragments are thought to be
products of non-destructive ADAMTS-mediated trimming of
the aggrecan core protein.** The basis for retention of ag-
grecan G3 fragments within the constructs is unclear. Because
these species lack a hyaluronan-binding domain, they are not
expected to form proteoglycan aggregates. Rather, G1-lacking
aggrecan fragments would be expected to emerge in the su-
pernatants of these cultures. The conditioned media from
both cell types contained primarily full-length aggrecan (not
shown), suggesting that aggrecan degradation products are
retained in the newly formed ECM. Aggrecan G3 contains
lectin domains that can interact with other ECM molecules,
such as tenascin- and fibulin-family proteins, and G3 frag-
ments may be retained through these interactions.® It is
possible that aggrecan G3 fragments can modulate the ECM
organization, material properties, and biosynthetic activity of
engineered cartilages, and selective perturbation of fragment
formation and retention may be useful in guiding tissue-
specific construct maturation.

In contrast to age-matched meniscal midsubstance ex-
plants, the fibrochondrocyte constructs did not appear to
generate or accumulate aggrecan fragments with the NI-
TEGE neoepitope. The fibrochondrocytes were isolated from
whole menisci, and whereas the middle and outer regions of
the immature menisci contain abundant aggrecan-NITEGE,
the inner region of the menisci has much less. In addition, cells
from the inner meniscus are phenotypically more similar to
articular chondrocytes (e.g., exhibit rounded morphology and
express more aggrecan and collagen type II) than cells in the
middle and outer regions of the menisci.? 238 Thus, agarose
suspension may induce fibrochondrocytes to exhibit a less
aggrecan—destructive phenotype characteristic of cells iso-
lated from the inner meniscus; indeed, agarose suspension
culture has demonstrated utility in maintaining the chon-
drocyte phenotype.*”*’ The agarose scaffolds used in these
experiments initially lack the barriers to diffusion (e.g., high
concentrations of structural proteins) that are present in the
explants, and agarose does not readily bind cytokines as na-
tive ECM can; these differences may underlie the differences
in fibrochondrocyte-mediated aggrecan processing, retention,
and release between the two experimental systems. Other
aspects of the apparent phenotypic change, such as the types
of collagen synthesized, were not examined in this study but
will benefit from future investigation. The lower extractability
of proteoglycans from fibrochondrocyte cultures (explants
and constructs) or limited sensitivity of the western blot as-
says may have precluded detection of various aggrecan spe-
cies, and more-aggressive extraction techniques may allow a
more-complete analysis of aggrecan processing in these ex-
perimental systems.

Consistent with the biochemical data, chondrocytes and
fibrochondrocytes exhibited differences in their capacity to
assemble a compressive load-bearing ECM. Chondrocyte
constructs exhibited robust increases in dynamic compres-
sive modulus with time and TGF-B1 stimulation, whereas fi-
brochondrocyte constructs from all culture conditions showed
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only modest differences in compressive modulus from day 0
constructs. Immature articular cartilage is stiffer in compres-
sion than age- and species-matched meniscal fibrocartilage,
and this difference in native tissue material properties may be
related to intrinsic differences in the metabolic activity, ECM
protein gene expression, and cell—cell interactions. The dy-
namic compressive modulus was chosen as the measure of
construct mechanical function because we have found it to be
more sensitive to changes in matrix composition than the
equilibrium modulus,*! but alternative tests (e.g., tension or
shear) might reveal other cell type-specific differences in the
construct material properties. For example, scaffold-free con-
structs prepared with meniscal fibrochondrocytes exhibited
higher tensile modulus and ultimate tensile strength than
constructs prepared with chondrocytes.*> Fibrochondrocytes
may, then, preferentially exclude sGAG-bearing aggrecan in
favor of matrix components that more aptly bear tensile or
shear loads. The results reported here support the idea that
maintaining tissue-specific patterns of matrix remodeling
promotes the formation of engineered tissues with appropri-
ate, tissue-specific material properties.

The composition and structure of articular cartilage and
fibrocartilage are related but distinct, and the cells residing
in these tissues exhibit differences in gene expression, mor-
phology, and their responses to cytokine stimulation. Devel-
opment of functional engineered tissue grafts for these two
tissues, then, is expected to benefit from recapitulation of the
tissue-specific patterns of ECM production and processing.
Identifying tissue-specific patterns of aggrecan degradation
may also provide criteria for evaluating the chondrogenic or
fibrochondrogenic potential of tissue-engineered cell sources.
The results reported here underscore the functional implica-
tions of tissue-specific ECM remodeling in the maturation of
engineered cartilage and fibrocartilage.
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