TISSUE ENGINEERING: Part A
Volume 24, Numbers 5 and 6, 2018
© Mary Ann Liebert, Inc.

DOI: 10.1089/ten.tea.2016.0533 Tissue Engineering

& Regenerative Medicine
International Society

ORIGINAL ARTICLE
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Low collagen accumulation in the extracellular matrix is a pressing problem in cartilage tissue engineering,
leading to a low collagen-to-glycosaminoglycan (GAG) ratio and poor mechanical properties in neocartilage.
Soluble factors have been shown to increase collagen content, but may result in a more pronounced increase in
GAG content. Thyroid hormones have been reported to stimulate collagen and GAG production, but reported
outcomes, including which specific collagen types are affected, are variable throughout the literature. Here we
investigated the ability of thyroxine (T4) to preferentially stimulate collagen production, as compared with
GAG, in articular chondrocyte-derived scaffold-free engineered cartilage. Dose response curves for T4 in pellet
cultures showed that 25 ng/mL T4 increased the total collagen content without increasing the GAG content,
resulting in a statistically significant increase in the collagen-to-GAG ratio, a fold change of 2.3+1.2, p <0.05.
In contrast, another growth factor, TGFB1, increased the GAG content in excess of threefold more than the
increase in collagen. In large scaffold-free neocartilage, T4 also increased the total collagen/DNA at 1 month
and at 2 months (fold increases of 2.1+0.8, p<0.01 and 2.1+0.4, p<0.001, respectively). Increases in GAG
content were not statistically significant. The effect on collagen was largely specific to collagen type II, which
showed a 2.8 £1.6-fold increase of COL2A1 mRNA expression (p <0.01). Western blots confirmed a statis-
tically significant increase in type II collagen protein at 1 month (fold increase of 2.2+ 1.8); at 2 months, the
fold increase of 3.7+ 3.3 approached significance (p=0.059). Collagen type X protein was less than the 0.1 ug
limit of detection. T4 did not affect COLI0OAI and COLIA2 gene expression in a statistically significant manner.
Biglycan mRNA expression increased 2.6t 1.6-fold, p<0.05. Results of this study show that an optimized
dosage of T4 is able to increase collagen type II content, and do so preferential to GAG. Moreover, the
upregulation of COL2A1 gene expression and type II collagen protein accumulation, without a concomitant
increase in collagens type I or type X, signifies a direct enhancement of chondrogenesis of hyaline articular
cartilage without the induction of terminal differentiation.

Keywords: thyroxine, engineered cartilage, collagen type II, collagen-to-GAG ratio, chondrogenesis, extra-
cellular matrix composition

Introduction primarily of type II collagen, followed by glycosaminogly-
can (GAG). Collagen is reported to account for 67% of the

OW COLLAGEN CONTENT in the neocartilage extracel- dry weight of human medial femoral condylar cartilage,'
lular matrix (ECM) is a chronic problem in cartilage ~whereas GAG is reported to account for 21%,” resulting in a
tissue engineering. The ECM of hyaline cartilage is comprised  collagen-to-GAG ratio of 3.2-to-1. Native rabbit articular
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cartilage demonstrates a nearly identical collagen-to-GAG
ratio of 3.3-to-1.% Tissue-engineered cartilage (TEC) com-
monly contains >75% of the GAG content found in native
cartilage (NC),*® whereas collagen content is usually
<40%"° of that found in NC (a collagen-to-GAG ratio of
~1.7). Studies in TEC and NC have shown a correlation of
mechanical properties to both collagen”® and GAG®*'°
content, whereas studies on osteoarthritic cartilage (OAC)
have found that the mechanical properties of OAC are
highly correlated with the extent of collagen degradation but
not GAG content."'

Based on these studies, and owing that collagen is usually
greatly deficient in TEC, both in an absolute sense and when
compared with GAG content, low collagen content has been
identified as a major cause of the characteristically poor
mechanical, and functional, properties of TEC.'? Recently,
we demonstrated that scaffold-free engineered cartilage
deficient in collagen content is susceptible to cracking and
surface peeling when subjected to even subphysiological
frictional shear forces.'> To enhance the ability of TEC
to withstand the demanding mechanical environment of
weight-bearing diarthroidal joints, increased collagen con-
tent is a requisite.

Many different soluble factors have been tested for their
effects on the ECM of TEC. This work has been extensively
reviewed by Demoor er al.'* Although some factors may in-
crease collagen accumulation, the increase in GAG content is
usually greater than the increase in collagen.'” As the
collagen-to-GAG ratio in TEC is usually already lower than
that in NC, the ability to selectively increase collagen content
more so than GAG content is needed to achieve ECM content
comparable with that of NC.

Thyroxine (T4) is a hormone produced by the thyroid
gland and is instrumental in various developmental pro-
cesses.'® The literature contains multiple studies describing
a range of effects on TEC, including accelerated maturation
of growth plate chondrocytes, including stimulation of al-
kaline phosphatase,'” and the upregulation of type X col-
lagen mRNA."® Induction of chondrocyte hypertrophy has
also been reported, even in nongrowth plate-derived chon-
drocytes.'” Although both type X collagen expression and
chondrocyte hypertrophy can be seen as undesirable for
articular cartilage chondrogenesis, because of their well-
known colocalization at sites of endochondral ossification,
that is, at the growth plate,19 the effect of each of these on
the functional performance of TEC is not actually known.

Furthermore, the effect of T4 on the accumulation of
cartilage-specific collagen types II, XI, and X by articular
chondrocytes is not well known, because the majority of pub-
lished collagen type studies were done at the gene expression
level, rather than at the protein level, and the studies often
examined growth plate chondrocytes rather than articular
chondrocytes. One recent study does show that thyroid hor-
mones T3 and T4 can preferentially stimulate total collagen
versus GAG and improve uniaxial mechanical properties, but
individual collagen types were not measured quantitatively.?

This study is the first of a two-part investigation to de-
termine the biochemical and biomechanical effects of T4 on
scaffold-free TEC generated from articular chondrocytes.
This study focuses on the compositional and biochemical
effects of T4 supplementation, with emphasis on protein
level effects on specific collagen types. Attention is also
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given to the collagen-to-GAG ratio, which may be an im-
portant consideration for mechanical properties.

Materials and Methods

Dose response of T4 and TGFf1 on articular
chondrocytes

Dose responses were assessed in high-density pellet cul-
tures. Neocartilage pellets were generated with 2.5x10°
culture exganded rabbit articular chondrocytes as previously
described, ! and stimulated with T4 (12.5, 25, 50, and
100 ng/mL) or TGFp1 (5, 10, 15, and 20 ng/mL) from day 2
in culture. Control pellet cultures that did not receive either
growth factor were also included. The T4 dose response was
characterized on pellets from five different donors and the
TGFp1 response on pellets from two different donors. For
each donor—concentration combination, four pellets were
generated, although at some conditions a single pellet was
lost, resulting in a minimum of three and a maximum of four
pellets for all donor—concentration combinations. Cartilage
pellets were harvested at 1 month, and GAG, hydroxypro-
line (HYP), and DNA were measured as previously de-
scribed,” and expressed as a relative increase compared with
the untreated controls.

Effect of T4 on scaffold-free neocartilage

Neocartilage generation. Articular chondrocytes were
isolated from cartilage harvested from the knees and
shoulders of skeletally mature New Zealand White male
rabbits as previously described.’ Chondrocytes were then
culture expanded in low-glucose Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine se-
rum (FBS), and 1% Antibiotic-Antimycotic (expansion me-
dium). Owing to the large number of chondrocytes needed
for neocartilage generation, chondrocytes were cultured on a
devitalized ECM generated by porcine synoviocytes™ as
previously described,” or on tissue culture-treated plastic in
expansion medium supplemented with 10ng/mL fibroblast
growth factor 2 to increase chondrocyte proliferation.’
Chondrocytes were culture expanded through two passages,
then seeded onto a porous membrane suspended in chon-
drogenic defined medium by a custom metal frame, as
previously described,” with the exception that the portion of
the assembly into which the cells were seeded was 1.65cm
deep, rather than 0.55cm. The chondrogenic defined me-
dium consisted of DMEM with 4.5g/LL glucose supple-
mented with 1% ITS + premix (BD Biosciences, San Jose,
CA), 1077 M dexamethasone (Sigma-Aldrich), 0.13 mM
L-ascorbate-2-phosphate (Wako Chemicals, Richmond, VA),
and 1:100 dilutions of GlutaMAX, nonessential amino
acids, 100 mM sodium pyruvate, and Antibiotic-Antimycotic
(Invitrogen).

Frame-membrane assemblies were placed into Nalgene™
(Nunc, Penfield, NY) containers with 255 mL of chondro-
genic medium on the outside portion of the frame—membrane
assembly,” and cells were seeded into the inner portion of the
assembly (onto the porous polyester membrane) at 6.5 x 10°
cells/cm? in 27 mL of chondrogenic medium, then incubated
at 37°C in 5% CO,. Two neocartilages per donor were gen-
erated: a control and a T4-treated neocartilage (+T4 neo-
cartilage). For the +T4 neocartilage, all additional culture
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medium supplementation and medium exchange from this
stage forward was with chondrogenic medium supplemented
with T4 at a concentration of 25ng/mL. The control neo-
cartilage was given chondrogenic medium throughout the
duration of tissue culture.

After the initial 24 h of culture, an additional 60 mL of
medium was added, resulting in fluid communication be-
tween the inner and outer portions of the frame—membrane
assembly, and the chamber was placed on an orbital shaker
set to 55 RPM to induce fluid mixing. Culture medium was
exchanged with 65% replacement twice per week.

After 1 month of culture, part of each neocartilage was
sampled (1-month samples) with 5-mm diameter biopsy
punches for assaying, as described hereunder. The remain-
der of the neocartilage was transferred to a petri dish and
cultured in 30mL chondrogenic medium on the orbital
shaker for an additional month at 37°C in 5% CO,. Culture
medium was completely exchanged twice per week. After
an additional 4 weeks, the remainder of the neocartilage was
sampled using Smm biopsy punches (2-month samples).
After each harvest, samples were weighed (wet weight),
then frozen at —80°C.

Water content, cellularity, GAG, and total collagen. Frozen
samples were lyophilized then weighed (dry weight) and
water content was calculated as (wet weight — dry weight)/
(wet weight) x 100. Lyophilized samples were then papain
digested and assayed for DNA and GAG.? HYP assays were
adapted to a 96-well plate format and 10%, rather than 5%,
Ehrlich’s reagent was used.® Cellularity was estimated by
assuming 7.7x 107'? g of DNA/cell** and normalizing to
wet weight. Total collagen estimates were calculated as
HYPx7.5.%

Collagen cross-link analysis. Frozen samples were ly-
ophilized, weighed, and then hydrolyzed in 6 N HCI at 110°C
for 24h. An aliquot of the hydrolysate was colorimetrically
assayed for HYP. Pyridinoline cross-links were quantified in
these samples by C-18 reverse-phase high-perfomance liquid
chromatography and fluorometry and expressed as moles per
mole of collagen.”*>®

Sample thickness. Sample thickness was measured with
a micrometer by averaging a total of six measurements from
two different biopsy punches per neocartilage.
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Gene expression. One-month samples were used for
gene expression studies. After harvest, tissue samples were
stabilized in RNAlazer® (Qiagen, Inc., Toronto, Canada) and
stored at —80°C. Gene expression analysis was performed as
previously described®® with the exception that samples were
minced before homogenization. After mincing samples with a
razor blade, total RNA was extracted using a combination of
Trizol (Molecular Research Centre, Inc., Burlington, Canada)
and a High Pure RNA Isolation Kit (Roche Applied Science,
Laval, Canada) in accordance with the manufacturer’s in-
structions. Total isolated RNA was resuspended in RNase-
free (diethylpyrocarbonate-treated) water and quantified using
a Nano-Drop 2000 spectrophotometer (Thermo Scientific,
Wilmington, DE). Reverse transcription of total RNA was
conducted using a High Capacity cDNA Reverse Transcrip-
tion Kit (Life Technologies, Carlsbad, CA). The reverse
transcription was primed with oligo-dT'® primers for 1h and
then with random nonamers during the second hour. Real-
time quantitative polymerase chain reaction (PCR) was then
performed using a Roche LightCycler® 480 II real-time PCR
system (Roche Scientific, Laval, Canada) with the Kapa
SYBR Fast PCR kit (Kapa Biosystems, D-Mark Biosciences,
Toronto, Canada) with primer sequences listed in Table 1,
and additional information given by Brenner er al.*® Gene
expression levels were calculated from standard curves of
each gene. Expression levels of mRNA for collagens type |
(«2) [COLIA2], type 1T (al) [COL2AI], and type X (al)
[COL10AI], along with biglycan (BGN), and superficial zone
protein (PRG4) were measured and normalized to 18s ribo-
somal RNA.

Histological and immunohistochemical evaluation

Specimen preparation. The tissues for histology were
fixed in 10% neutral buffered formalin, dehydrated through a
graded series of ethanol (EtOH), and embedded in paraffin.
Eight micrometer-thick paraffin sections were used for all
staining. Seven donor-matched pairs of control and +T4
neocartilage were used for 1-month samples, and five pairs
were used for 2-month samples. Where available, two sec-
tions were stained for each antibody used, and up to four
sections were stained with safranin O. For immunolocaliza-
tion, paraffin sections were first deparaffinized and rehydrated
in phosphate-buffered saline (PBS), then incubated with
pronase for epitope retrieval (1 mg/mL in PBS containing

TABLE 1. PRIMER SEQUENCES FOR GENE EXPRESSION ANALYSIS

Gene Primer sequence Size (bps)

Collagen X (COL10a1) Forward 5-CCATCCTGGATCTCACAGAA-3’ 115
Reverse 5-GCCACTAGGAATCCTGAGAA-3’

Collagen II (COL2al) Forward 5-GCTGGAGAAGAAGGCAAG-3’ 391
Reverse 5-CAGGTTCACCATTGGCAC-3’

Collagen I (COL1a2) Forward 5"-CTCACCACCTTCTCTCAGAC-3’ 298
Reverse 5-GGCCTTGGAGCTCTTATAC-3’

Superficial zone protein (PRG4) Forward 5’-CCACATCACCACCATCTTC-3’ 344
Reverse 5-GCCACTTCCAGCTTCATC-3’

Biglycan (BGN) Forward 5-AAGAACCACCTGGTGGAGA-3’ 209
Reverse 5-GAGATGCGCAGGTAGTTGA-3’

18S Forward 5’-CACATCCAAGGAAGGCAG-3’ 145

Reverse

5’-CCTCCAATGGATCCTCGT-3’
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5mM CaCl,; Sigma) for 10 min. Slides were then incubated
with PBS/bovine serum albumin (BSA, 1%) for 10 min. to
block nonspecific binding and incubated overnight at 4°C
with primary antibodies diluted in PBS/BSA (mouse antitype
I collagen, 1/1000, 631703—MP Biomedical; mouse antitype
II collagen, 1/500, II-II6B3—DSHB; mouse antitype X col-
lagen, 1/1000—kindly provided by Gary Gibson, Henry Ford
Hospital, Detroit, MI).

After overnight incubation, slides were rinsed twice with
PBS and once with PBS/BSA. They were then incubated
with secondary antibody (biotin-conjugated horse anti-
mouse, 1/2000 dilution in PBS/BSA, BA2000; Gibco) for
1h at room temperature (RT) followed by streptavidin-
horseradish peroxidase (1/5000 in PBS/BSA, 43-4323; In-
vitrogen) at RT for 30min. Sections were rinsed and
developed with peroxidase (SK4600; Vector Labs) for
10 min. Slides were then counterstained with 0.0125% fast
green, dehydrated, and mounted with Permount™ (Fisher
Scientific). Positive staining was confirmed with control
slides from human and rabbit cartilage, and negative con-
trols were made with secondary antibody only incubations.

Sections for safranin O staining were deparaffinized and
rehydrated with deionized water, then stained with hema-
toxylin solution for 2 min. After rinsing exhaustively with
water, slides were stained with 0.1% fast green solution for
5 min, and then washed again. Next, they were stained with
1% safranin O for 12 min, washed, and then dehydrated in
graded EtOH baths. Finally, slides were cleared with xylene
and cover slipped with mounting medium.

Imaging. Low-magnification (10X objective lens) sec-
ondary antibody only and type I collagen sections were
imaged as a group at the same microscope settings; type 11
and type X collagen sections were imaged as a separate
group. Excluding the native-knee sections, low-magnification
safranin O-stained sections were imaged as a single group,
as were high-magnification (40X objective lens) safranin
O-stained sections. All high-magnification immunostained
sections were imaged as one group.

Postprocessing. Micrograph black and white levels, color
balance, and exposure were adjusted in Photoshop (Adobe,
San Jose, CA). Low-magnification immunostained images
and secondary and type I collagen images were adjusted as
one group, and type II and type X collagen sections were
adjusted as a separate group. For high-magnification im-
munostained images, all images were adjusted identically as
one group. Safranin O-stained sections were adjusted as
groups of low- or high-magnification images, except in the
case of the native-knee sections that were each adjusted
individually.

Histomorphometry. Location-dependent histomorPho-
metric analysis was performed as described previously.'> In
brief, safranin O-stained histological micrographs were
manually segmented in GIMP (The Gimp Team) or Photo-
shop (Adobe) to indicate the tissue boundary and cells.
When possible, two histological sections were analyzed for
each neocartilage to reduce effects from heterogeneity
within individual neocartilages. A custom Matlab (Math-
works, Natick, MA) program was used to divide each seg-
mented image into five equal-thickness regions throughout
the depth of the histological slice and calculate the number
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of cells and area occupied by the cells within each region.
Cell density was defined as cells/mm?” and a statistic termed
“cell area fraction” was defined as the fraction of the area
of each region occupied by cells.

Electrophoresis and densitometry. After harvest, sam-
ples were frozen at —80°C until use. Samples were first ly-
ophilized then dry weights obtained. Next, proteoglycans
were extracted using 4 M guanidine hydrochloride (GuHCI).
The residue was exhaustively rinsed using MilliQ water to
remove residual GuHCI and the cross-linked collagen net-
work depolymerized usin§ equal volumes of pepsin (0.5 mg/mL
in 0.5M acetic acid).”® Equivalent aliquots of pepsin-
extracted collagen were loaded on 6% polyacrylamide gels.
After electrophoresis, collagen chains were stained using
Coomassie blue. For Western blots, after 7.5% sodium do-
decyl sulfate polyacrylamide gel electrophoresis, protein
was electrophoretically transferred onto poly vinyl di-
fluoride membrane and type X collagen was probed with an
antitype X collagen antibody (kindly provided by Gary
Gibson). Rabbit auricular cartilage was used as a positive
control because type X collagen has been immunolocalized
in this cartilage."”

After imaging of gels, densitometry was performed in
ImageJ (NIH, Bethesda, MD) for semiquantitative analysis
of collagen types II and XI. The area under the pixel in-
tensity plot curve (AUC) was measured for the peaks of the
bands for the a1, B1, and 61 chains of type II collagen, and
for the ol and o2 chains of type XI collagen. AUCs of
individual chains were summed for each collagen type, and
then the summed AUC was normalized by the dry weight of
the sample multiplied by the fraction of the digest loaded on
the gel; n=6 for 1-month and n=35 for 2-month samples.

Statistics.  All statistical analyses other than for histo-
morphometry were performed in GraphPad Prism 6 (Graph-
pad, LaJolla, CA). Histomorphometry analysis was performed
in R*' using the Ime4 package.>* Summary statistics are pre-
sented as mean t standard deviation when given.

For growth factor dose response, a two-way analysis of
variance was used to assess statistical significance of all
measures. This analysis was selected to account for the large
donor-to-donor variability that was observed. Sidak’s mul-
tiple comparison test with significance set at p<0.05 was
used for post hoc testing wherein treatment conditions were
compared with controls but not to each other. For T4, results
from pellets originating from a single donor were averaged
at each concentration, and then normalized by the average
value of the control pellets from the same donor. Data are
presented as the average and standard deviation across all
donors (n=three or four pellets/donor for five donors). For
TGFp1, since pellet cultures from only two donors were
available for analysis, each pellet was normalized by the
average value of the control pellets from the matching
donor. Data are presented as mean =+ standard deviation of
all pellets at each growth factor concentration (n=minimum
of seven and a maximum of eight pellets/donor for two
donors because of some loss as already described).

For cellularity, water content, and ECM composi-
tion, two-tailed paired z-tests were used to assess differ-
ences between the matched control and +T4 neocartilage
for each donor. The number of observations in each
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TABLE 2. STATISTICAL SIGNIFICANCE TESTING FOR TISSUE
COMPOSITION IN FIGURE 2

1 month 2 months
Property n p n p
Water content 7 05081 5 0.0415
Thickness 6 04652 5 0.3461
Cells/wet weight 7 0.5069 5 04378
GAG/DNA 7 0.1995 5 0.2609
GAG/wet weight 7 04114 5 04350
Collagen/dry weight 7  0.0325 5 0.1043
Collagen/DNA 7 0.0072 5  0.0009
GAG/collagen 7  0.1586 5 06153

rp: 0.0704 rp: 0.6514

Pyridinole/collagen 6  0.3601 5 0.0728

GAG, glycosaminoglycan; rp, ratio paired.

analysis is listed alongside the results from statistical
testing in Table 2.

For histomorphometry, the effect of T4 treatment on
cell size, cell density, and the fraction of tissue occupied
by cells (cell area fraction) was determined (1-month: n=4,
2-month: n=3). To maintain consistency with our previous
study'® on depth-dependent histomorphometry, linear mixed
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effect models were used to assess these differences. For each
of the three response variables, the model included fixed
effects for T4 treatment condition, depth, and the interaction
of treatment and depth region. Random effects were in-
cluded for donor to perform a paired test between neo-
cartilages originating from the same donor. Uncorrected
significance was set at p <0.05, which was then modified to
p<0.01 to account for five multiple comparisons at each
time point, that is, five regions were compared.

For gene expression, two-tailed paired ¢-tests were used to
assess differences between the matched control and +T4
neocartilage for each gene assayed (n=7).

For densitometry, two-tailed paired z-tests were used to
assess differences between the matched control and +T4
neocartilage for each donor; n=6 for 1-month neocartilages
and n=5 for 2-month neocartilages.

Results

Dose response of T4 and TGFf1 on articular
chondrocytes

T4 increased collagen/DNA but not GAG/DNA at 25 and
50ng/mL, and increased both collagen/DNA and GAG/
DNA at 100 ng/mL (Fig. 1A). This resulted in a statistically
significant increased collagen-to-GAG ratio of 2.28 £1.18,
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Growth factor dose response in micromass culture. T4 (A, C, D) and TGFB1 (B) dose response for HYP and

GAG. In both (A) and (B), change relative to control is fold change, treatment:control. T4 increased the HYP/DNA but not
the GAG/DNA at 25ng/mL (arrow). Asterisks indicated statistical significance compared with the control (0ng/mL),
*p <0.05, #¥**¥p <0.001, ****p<0.0001. The mean response of each donor is shown in (C) and (D). GAG, glycosamino-
glycan; HYP, hydroxyproline. Color images available online at www.liebertpub.com/tea
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p<0.05, at 25ng/mL. The change in the collagen-to-GAG
ratio was not statistically significant at any other concen-
tration. When treated with TGFf1, the relative change in
GAG/DNA was greater than three times the relative change
in collagen/DNA for all concentrations tested (Fig. 1B).

Effect of T4 on scaffold-free neocartilage

Cellularity, water content, and ECM composition. Large
donor-to-donor variability caused high variance across ob-
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servations within each treatment group. When effects were
analyzed based on the effect on each donor by use of the
paired t-test, collagen was found to have increased in a
statistically significant manner at both time points on a per
DNA basis (Fig. 2, Table 2; fold increase: 1 month=2.1+
0.8, 2 months=2.1+0.4) and at 1 month on a per dry
weight basis (Fig. 2, Table 2; fold increase: 1.710.6). A
statistically significant decrease in water content (Fig. 2,
Table 2; decrease of 5.3% *+3.6%) was also observed, but
only at 2 months. No other measure achieved a p<0.05
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(Fig. 2, Table 2). However, the increase in pyridinoline/
collagen neared significance at 2 months (Fig. 2, Table 2),
and by the ratio-paired r-test (assessment of the ratio be-
tween the treated and control samples) the decrease in GAG/
collagen neared significance at 1 month (Fig. 2, Table 2).

Gene expression. As seen in Figure 3, gene expression
at 1 month showed a 2.8+ 1.6-fold increase of COL2AI
(p=0.007), and 2.6*1.6-fold increase of BGN, mRNA
expression for +T4 neocartilages versus paired controls.
Although donor-to-donor variability precluded significance,
COLIA2 expression was decreased in every T4-treated
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FIG. 3. ECM gene expression at 1 month. ECM gene
expression is relative to 18S gene expression. Lines between
—T4 and +T4 samples indicate matched constructs (same
donor) paired for statistical analysis. Differences between
control and +T4 samples in genes without an indicated
p-value were not significant.
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sample as compared with that in the paired controls. PRG4
expression decreased as a result of T4 treatment in six out of
seven paired neocartilages. The effect on COLIOAI was
inconsistent, and not significant, although there was a
greater than twofold reduction in the mean for +T4 neo-
cartilages.

Histological and immunohistochemical evaluation. Both
control and T4-treated neocartilage exhibited strong safranin
O staining for GAG in the ECM. Both showed large rounded
cells in lacunae near the center, with some flattened cells at
the surface (Figs. 4 and 5). The lacunae in the +T4-treated
tissue appeared larger than those in the control. Immuno-
histochemistry localized type II collagen in the ECM and
not in the cells. Little to no type I collagen was detected in
the ECM in either control or +T4 neocartilage, and type X
collagen was immunolocalized to a limited extent within
cells in both control and +T4 neocartilage (Fig. 4).

Histomorphometry. Cell size, cell density, and cell area
fraction exhibited nearly identical depth-dependent patterns
for both control and T4-treated neocartilage (Fig. 6). There
were no statistically significant differences between control
and treatment groups for matched regions, for example,
comparing the 0-20% depth region in the control group with
the 0-20% depth region in the treatment group. It is worth
noting that even without correcting for multiple comparisons,
no differences would have achieved statistical significance.

It appeared that there were differences between depth
regions, specifically that cell size and cell area fraction were
larger in the 40-60% depth region as compared with the
upper and lower regions for both control and treatment.
However, this was not tested statistically as it was not the
focus of this study. Region-specific average cell area was
measured to be between 125 and 175 um? for both control
and T4-treated neocartilage at month 1, and between 100
and 150 um? at month 2.

Electrophoresis and densitometry for collagen character-
ization. Figure 7A shows the Coomassie blue-stained
collagen bands after electrophoresis. The major bands in
TEC extracts were similar to that for type II collagen con-
trols. The two additional bands in the TEC at ~170kDa
(Fig. 7A),were al(XI) and o2(XI) collagen chains as we
have identified by mass spectrometry.>’*** Type II colla-
gen generally appeared to be more abundant in T4-treated
samples verses paired controls (Fig. 7A). Densitometry
confirmed a statistically significant increase in type II col-
lagen (fold change of 2.2+ 1.8) on a mass basis, at 1 month;
at 2 months the difference approached significance
(p=0.059) even with a reduced sample size compared with
1-month samples (Fig. 7B). No significant differences in
collagen type XI (a1 and o2) were found between controls
and +T4 neocartilage at either time point.

Western blotting revealed the pepsinized chain of type X
collagen [ad(X),] in native auricular cartilage extracts as
expected.19 In control or T4-treated neocartilages, however,
type X collagen chains were not detected in 4 M GuHCl
extracts (noncross-linked collagen) or in pepsin extracts
(cross-linked collagen) (Fig. 7C).
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FIG. 4. Histological evaluation. Micrographs of safranin O (saf O) and collagen type I, type II, and type X, im-
munostained histological cross-sections of native rabbit and TEC. In immunostained images, blue and green coloring is a
result of a fast green counterstain, and darker coloring (red, brown, purple) is the result of the peroxidase reaction,
indicating detection of the specific collagen type. B, bone; C, cartilage; GP, growth plate; PC, perichondrium; TEC, tissue-

engineered cartilage; TM, tide mark. Color images available online at www.liebertpub.com/tea

0.125 mm
]

FIG. 5. Magnified histological cross-sections showing flat-
tened cells near the construct periphery. Both —T4 (A) and +T4
(B) constructs exhibited some flattened cells (arrows) near the
periphery of the constructs. (A, B) are magnified views of the
1-month safranin O-stained images from Figure 4. Color
images available online at www.liebertpub.com/tea

Discussion

In this study, the thyroid hormone T4 has been shown to
enhance chondrogenesis at both the molecular level (in-
creased collagen content at both 1 and 2 months of culture,
and increased expression of COL2AI and BGN mRNA) and
the bulk tissue level (water content closer to that of NC at 2
months of culture), in neocartilage originating from articular
chondrocytes (Figs. 2 and 3).

The effect on collagen type II was seen both at the gene
expression level (Fig. 3) and in protein accumulation in the
ECM (Fig. 7). Furthermore, this increase in collagen type 11
content was achieved without a significant increase in GAG
content. Despite the GAG content not being significantly
altered, the increased collagen accumulation in treated
samples did not produce a significant increase in the
collagen-to-GAG ratio of neocartilages. One cause of this
may be that the T4 concentration was optimized in pellet
cultures—in that culture system, a statistically significant
increase in the collagen-to-GAG ratio was observed (Fig. 2,
Table 2). Testing whether the collagen-to-GAG ratio could
be significantly improved in the large neocartilage cultures
through optimization of the T4 concentration in that culture
platform could be an important question for a future study.

It is important to note that although the stimulation of
collagen type II gene expression and protein accumulation
appear relatively small in magnitude, the change is consistent
between gene expression and protein accumulation, with both
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being approximately twofold higher in treatment versus
control neocartilages. It should also be noted that collagen
content in engineered neocartilage is typically reported to be
on the order of 40%,4’6 that of NC, and that the tensile me-
chanical properties are proportional to the collagen content.”®

The immunohistochemistry assay, designed only to ob-
serve spatial distribution, not quantity of collagen, was very
similar between treatment and control neocartilages. Taken
together with the results of the gene expression and protein

accumulation assays, these results indicate that type II col-
lagen quantity, not localization, is affected by T4. This
finding will be important as the effect of T4-related collagen
effects on mechanical properties continues to be elucidated;
collagen quantity and distribution are both important factors
regulating mechanical properties.

Quantitative measures of chondrocyte terminal differen-
tiation indicators, hypertrophy and expression of collagen
type X, indicated that T4 did not drive articular chondrocytes
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FIG. 7. The effect of T4 on types of collagen in neo-
cartilage. (A) Coomassie blue-stained sodium dodecyl sul-
fate polyacrylamide gel electrophoresis showing the
presence of type II and type XI collagen in pepsin extracts
of TEC. Bovine type II collagen was electrophoresed as a
control. (B) Densitometric semiquantitative analysis of type
IT and type XI collagen in TEC. AUC is the area under the
pixel intensity plot curve. (C) Western blot probed with type
X collagen antibody in 4 M GuHCI and pepsin extracts of
TEC and native auricular cartilage as a positive control. In
(A, C) the molecular weights of globular protein standards
are shown. GuHCI, guanidine hydrochloride. Color images
available online at www.liebertpub.com/tea

toward terminal differentiation in this system (Figs. 3 and 6).
Limited intracellular type X collagen staining was observed
by immunohistochemistry, but not to the extent seen in
native rabbit growth plate cartilage or native auricular
cartilage. (Fig. 4). Type X collagen was below the level of
detection in the £T4-treated neocartilages in the Western
blot assay (Fig. 7C). These results indicate that T4 en-
hances chondrogenesis at a precise dosage, and that this
can be tuned to favor collagen accumulation over GAG
accumulation.

Although the primary objectives in this study were to
determine whether T4 could increase the collagen-to-GAG
ratio, and specifically whether collagen type II expression
and accumulation were increased, the findings on the effect
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on type X collagen localization and accumulation are also
noteworthy. Multiple studies on the effects of thyroid hor-
mones on type X collagen in chondrocytes are present in the
literature, yet the range of culture conditions, chondrocyte
sources, and specific thyroid hormone used have resulted in
a wide variety of findings.">>* The results in this study
are similar to those of Liu et al., who found that the thyroid
hormone, tri-iodothyronine (T3), increased collagen type II
and reduced the stimulation of collagen type X that was
induced by a combination of bone morphogenetic protein 2
(BMP2) and insulin.'” The findings of Liu ef al. are espe-
cially relevant to the current study given that T4 is canon-
ically viewed as the prohormone of T3, because T4 is
converted to the potent genomic regulator T3 by deiodinases
in the cytoplasm of various cells.”* Recent evidence also
shows that T4 itself regulates certain signaling pathways,
such as MAPK, by directly binding to cell surface recep-
tors, 63436 However, the results in this study, indicating that
a precise dosage of T4, like that shown for T3,'5 demon-
strate that thyroid hormones are able to induce collagen type
II mRNA and protein synthesis, without a concomitant in-
crease of type X collagen.

Our results also corroborate those of Lee et al., who found
that T3 and T4 can selectively upregulate total collagen
accumulation without a concomitant increase in GAG ac-
cumulation.”® However, in their system, collagen type X
was also upregulated by T3 and T4. Dosage differences
between the two studies may account for the apparent
contradiction, because we used one-fourth the concentration
of T4 used by Lee et al.

Our results may also appear to run counter to other
published reports demonstrating thyroid hormone-induced
upregulation of type X collagen mRNA and protein syn-
thesis by chondrocytes'®>"; evidence suggests that cell
source may be an important factor in the apparent discrep-
ancy. We used rabbit articular chondrocytes; Ballock and
Reddi, using rat growth plate chondrocytes, showed that T4
increased the type X collagen expression in pellet cultures,’
whereas Boehme et al. (1992) found that T4 stimulated type
X collagen expression 17-day-old chick embryo sternal
chondrocytes cultured in agarose.'®

In addition to cell source, the level of chondrocyte
differentiation/dedifferentiation while in cell culture has
also been implicated. Lassova et al. have demonstrated
collagen type X expression as a result of T3 stimulation, but
that T3 exerted this effect through BMP4, and that the BMP
antagonist, noggin, was able to counteract T3-induced col-
lagen type X expression.’® In the same study, they also
found that in culture, chondrocytes expressed noggin ini-
tially, but that during cell culture, noggin expression quickly
dropped to approximately one-third of the initial level. Thus,
thyroid hormones themselves are not sufficient to drive
maturation, and varying effects of thyroid hormones on
chondrocyte maturation may result from confounding ef-
fects of other soluble molecules present in culture medium,
or those produced by chondrocytes themselves at various
stages of development. Findings from a study by Alini
et al.® support this, as they found that hormone concen-
tration may also determine whether hypertrophy is induced.
When taken together with this study, evidence suggests that,
when added to articular chondrocytes at select dosages, T4
can induce type II collagen, rather than type X collagen.
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This may depend on the current differentiation state of the
chondrocytes, and it is possible that thyroid hormone stim-
ulation further enhances chondrocyte subtype maturation
along a predetermined fate-committed lineage, rather than
an obligatory terminal differentiation.

The upregulation of BGN in T4-treated neocartilage is
also an interesting finding. Moreno et al. (2005) have de-
scribed a role for BGN in inactivating BMP4 by enhancing
binding of BMP4 to chordin,*® another BMP antagonist.
Thus, considering the interplay between T4 and BMP4 in
chondrocyte maturation already described, T4 could poten-
tially downregulate collagen type X by stimulating BGN. In
addition, Heinegéard and Oldberg have reported that BGN is
more abundant in tissues that carry load,*' and in implan-
tation studies of scaffold-free rabbit TEC generated in vitro.
Brenner ef al. also found that the expression of BGN cor-
related positively with in vivo outcomes.*’

Although there are several positive findings in this study,
it is not without limitations. First, since the level of protein
expression of type X collagen was below detectable limits,
an exact determination of the effect on type X collagen
protein cannot be made. However, there was no consistent
effect on gene expression of this terminal differentiation
marker. In a similar regard, some isolated hypertrophy was
qualitatively observed in +T4 neocartilages (Fig. 4), al-
though the increase in cell size was not statistically signif-
icant when measured quantitatively at the gross level
(Fig. 6).

Even isolated hypertrophy in +T4 neocartilages raises the
question as to whether these neocartilages would be con-
verted to bone through endochondral ossification if im-
planted. Hypertrophy itself is not sufficient for induction of
the endochondral pathway though. Auricular cartilage
comprises mainly hypertrophic chondrocytes'® (Fig. 4), yet
does not become ossified under normal physiological con-
ditions. Furthermore, type X collagen is abundant in auric-
ular cartilage'® (Fig. 4), so the limited type X collagen
immunolocalized in this study is not necessarily an indicator
of susceptibility to endochondral ossification. If these neo-
cartilages did prove susceptible to ossification, their use
would be limited in joint repair, but could prove beneficial
in bone regeneration applications.

Second, although total collagen content increased in these
neocartilages in a statistically significant manner and GAG
content did not, the change in the collagen-to-GAG ratio did
not achieve statistical significance (Fig. 2, Table 2). This is
in contrast to the T4 dose response in pellet cultures. One
possible reason for this difference is that culture conditions
and neocartilage geometry differ between the two, and are
likely to influence mass transfer and cellular signaling.
Optimization of the concentration in the larger neocartilage
format may prove able to increase the collagen-to-GAG
ratio. Donor-to-donor variability was also a factor in this
study, and for future studies with human chondrocytes, it
may be necessary to screen each donor for the optimal T4
concentration. Interestingly, the collagen-to-GAG ratio did
approach significance at 1 month (but not at 2 months) when
the fold change (or ratio) was compared (ratio-paired #-test);
the 1-month time point corresponds to the same time point
at which pellet cultures were harvested. Thus, although
statistically significant effects on collagen content were
seen at 2 months of culture, additional studies are needed
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to determine the optimal timing and the duration of the
T4 effect.

Another limitation may be that the expression of PRG4
decreased in five out of seven neocartilages treated with T4.
In addition to positive correlation between BGN and in vivo
outcomes, Brenner et al. also found a positive correlation
between PRG4 and in vivo outcomes.”

Lastly, harvest of 1-month samples (biopsy punches)
caused localized damage to the neocartilages, and it is
known that disrupting the ECM causes metabolic changes in
cartilage, in an apparent attempt at repair. Results at 2
months are, therefore, potentially affected by the prior
sampling at 1 month.

In conclusion, results of this study show that optimized
dosage of T4 is able to preferentially increase collagen
content without causing large increases in GAG that are
often caused by other soluble factors. Moreover, the upre-
gulation of collagen type II gene and protein expression,
without a concomitant increase in collagen type I or colla-
gen type X, signifies a direct enhancement of chondrogen-
esis of hyaline articular cartilage.
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