UC Berkeley
UC Berkeley Previously Published Works

Title
Human chondrocyte migration behaviour to guide the development of engineered cartilage

Permalink
https://escholarship.org/uc/item/74w8c819

Journal
Journal of Tissue Engineering and Regenerative Medicine, 11(3)

ISSN
1932-6254

Authors

O'Connell, Grace D
Tan, Andrea R
Cui, Victoria

Publication Date
2017-03-01

DOI
10.1002/term.1988

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/74w8c81s
https://escholarship.org/uc/item/74w8c81s#author
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Tissue Eng Regen Med. Author manuscript; available in PMC 2018 March 01.

-, HHS Public Access
«

Published in final edited form as:
J Tissue Eng Regen Med. 2017 March ; 11(3): 877-886. doi:10.1002/term.1988.

Human chondrocyte migration behaviour to guide the
development of engineered cartilage

Grace D. O’ConnelllT, Andrea R. Tan21, Victoria Cui3, J. Chloe Bulinski3, James L. Cook?,
Mukundan Attur®, Steven B. Abramson®, Gerard A. Ateshian?6, and Clark T. Hung?"

1Department of Mechanical Engineering, University of California, Berkeley, CA, USA
2Department of Biomedical Engineering, Columbia University, New York, NY, USA
SDepartment of Biological Sciences, Columbia University, New York, NY, USA
4Missouri Orthopedic Institute, University of Missouri, Columbia, MO, USA

SDepartment of Medicine, New York University School of Medicine, and NYU Langone Medical
Center, New York, NY, USA
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Abstract

Tissue-engineering techniques have been successful in developing cartilage-like tissues /n vitro
using cells from animal sources. The successful translation of these strategies to the clinic will
likely require cell expansion to achieve sufficient cell numbers. Using a two-dimensional (2D) cell
migration assay to first identify the passage at which chondrocytes exhibited their greatest
chondrogenic potential, the objective of this study was to determine a more optimal culture
medium for developing three-dimensional (3D) cartilage-like tissues using human cells. We
evaluated combinations of commonly used growth factors that have been shown to promote
chondrogenic growth and development. Human articular chondrocytes (AC) from osteoarthritic
(OA) joints were cultured in 3D environments, either in pellets or encapsulated in agarose. The
effect of growth factor supplementation was dependent on the environment, such that matrix
deposition differed between the two culture systems. ACs in pellet culture were more responsive to
bone morphogenetic protein (BMP2) alone or combinations containing BMP2 (i.e. BMP2 with
PDGF or FGF). However, engineered cartilage development within agarose was better for
constructs cultured with TGFB3. These results with agarose and pellet culture studies set the stage
for the development of conditions appropriate for culturing 3D functional engineered cartilage for
eventual use in human therapies.
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1. Introduction

Adult articular cartilage is an avascular, load-bearing tissue that has limited capacity to heal
following injury or degeneration. Osteoarthritis is the leading cause of disability in
Americans and is associated with medical costs > ~$130 billion (Kotlarz et a/., 2009; Luo et
al., 2004). Successful biological repair of osteoarthritic (OA) or injured cartilage may reduce
the need for artificial joint replacement by providing long-term pain relief and maintaining
the mechanical function of the healthy native tissue. Cultivating engineered tissue /n vitro
has shown promising results for development of engineered cartilage using animal
chondrocytes and stem cells (O’Connell et al., 2012a, 2012b; Pei et al., 2008, 2009;
Rodrigues et al., 2011; Sampat et al., 2011). For clinical applications, autologous
chondrocytes arguably represent the ideal cell source. Aside from the usual concerns of
donor site morbidity, however, developing functional engineered cartilage using cells
isolated from diseased (e.g. arthritic) tissue is not trivial (Selmi et a/., 2008). The successful
translation of engineered cartilage to the clinic will necessitate cell expansion to achieve
sufficient cell numbers. To date, the culture conditions required for expanding and
cultivating engineered cartilage with human cells that produce native properties remain
elusive. Current methods for human cells reported in the literature employ various passage
conditions and culture media formulae to support growth of chondrocytes (e.g. (Adesida et
al., 2012; Alves da Silva et al., 2011; Bian et al., 2011; de Mara et al., 2013; Ghone and
Grayson, 2012; Handorf and Li, 2011; Matsumoto et a/., 2012; Mendelson et al., 2011; Park
et al., 2011, Perrier et al., 2011; Wu et al., 2012; Yin et al., 2011; Yoo et al., 2011)).

In this study, we first evaluated the effect of passaging on cell migration and movement in
two-dimensional (2D) culture to guide an appropriate condition (i.e. passage number) for
developing three-dimensional (3D) engineered cartilage. The use of direct current (DC)
electric fields (EFs) of strengths in the range 1-10 V/cm is known to induce directed
movement (galvanotaxis) and shape change (galvanotropism) in a number of terminally
differentiated musculoskeletal cells, including chondrocytes, fibroblasts, osteoblasts,
osteoclasts and meniscal fibrochondrocytes (Chao et al., 2000; Ferrier et al., 1986; Gunja et
al., 2010, 2012; Sillman et a/., 2003). Endogenously generated electric field gradients of this
strength have been shown to guide cell migration in developing embryos (Robinson, 1985)
and at the cut surfaces of wounds (Soong et a/., 1990). Using the well-established bovine
model for cartilage research (Hung et al., 2004; O’Connell et al., 2012a, 2012b; Sampat et
al., 2011), our laboratory has recently demonstrated that calf synovial-derived stem cells
(SDSCs), expanded in the presence of a growth factor cocktail comprised of TGFp-1, FGF-2
and PDGF-Bp, display passage-dependent cell surface marker expression and migration
behaviour in response to applied EFs (Tan et al., 2014). Specifically, late-passage cells (e.g.
passages 3 and 4), with sufficient chemical priming, responded to DC EFs with cathodal
migration, which is the same direction in which chondrocytes travel (Chao et a/., 2000), and
were capable of creating cartilaginous-like tissue with elevated amounts of collagen Il and
GAG deposition (Tan et al., 2014). Importantly, we have also observed similar findings for
human MSCs with passage (unpublished). In this manner, we believe that galvanotaxis
provides a useful 2D assay for identifying cell populations that exhibit a high propensity to
produce cartilage-like tissue when cultured in 3D conditions.
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Monolayer and pellet cultures with human chondrocytes have demonstrated that
chondrogenesis can be improved by using various growth factors and their combinations.
Bone morphogenetic protein-2 (BMP2) has been suggested to increase aggrecan and
collagen type 1l expression and to prevent dedifferentiation of chondrocytes (Luyten et al.,
1992; Sailor et al., 1996; Stewart et al., 2000; Theodoropoulos et a/., 2011). Previous studies
demonstrated beneficial effects of TGFp on collagen type Il production and gene expression
(Chiang et al., 2011). Furthermore, combining growth factors, such as TGFp with BMP2,
has shown potential to further enhance aggrecan and collagen gene expression (Mendelson
et al., 2011; Perrier et al., 2011). While these studies provide valuable information about the
cellular response to chemical stimuli, the culture conditions of these relatively short duration
studies (i.e. 7-14 days) that monitor gene expression and matrix production in pellet culture
may not be indicative of conditions that will lead to long-term functional cartilage
development. A successful biological repair strategy for damaged or injured cartilage will
need to exhibit functional tissue properties that can withstand and distribute the high
compressive joint loads experienced by the native tissue.

With the growing success in developing functional engineered cartilage /n vitro using
chondrocytes and stem cells derived from various animal models (Farrell et a/., 2013; Huey
et al., 2012; Johnstone et al., 2013; Natoli et al., 2009; O’Connell et al., 2012b), there has
been a shift in attention toward translating these findings to developing engineered cartilage
with human cells (Naumann et a/., 2004). Adopting a suitable cell passage from the
galvanotaxis response of the OA chondrocytes, as described above, we then cultured human
cells to determine whether stimulation with growth factors that have been used to improve
cartilage production in human articular chondrocyte pellet or self-aggregating constructs
(Bian et al., 2011; Matsumoto et al., 2012; Yin et al., 2011) is translatable to their culture in
agarose, a clinically-relevant hydrogel scaffold for cartilage repair strategies (Selmi et al.,
2008). While incorporation of agarose hydrogel would affect the nature of cell—cell
interactions indicative of cell-only constructs, fewer cells would be needed to generate an
engineered tissue of a specified volume. Moreover, the ability to use human cells
successfully with the agarose system would permit direct translation of strategies such as
applied deformational loading (Bian et al., 2012; Mauck et al., 2002) and osmotic loading,
which have been shown to promote /n vitro functional cartilage tissue development of non-
human mammalian cells encapsulated in agarose (Sampat et a/,, 2011). Thus, in this study,
we examined matrix production and mechanical properties of 3D engineered cartilage in
pellet and agarose culture under several different growth factor conditions.

2. Materials and methods

Avrticular cartilage was acquired according to an IRB-approved protocol from two patients,
aged 45 and 51 years, receiving total knee replacement (New York University School of
Medicine). Chondrocytes were acquired as described by Attur et al. (2012). Cells were
expanded in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% serum,
1% 100 U/ml penicillin, 100 mg/ml streptomycin and amphotericin B (Invitrogen, Carlsbad,
CA, USA), 1 ng/ml TGFB1, 10 ng/ml PDGFpP and 5 ng/ml FGF2. Cells were passaged four
times for galvanotaxis studies, and the results from the galvanotaxis study (study 1)
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informed which passage to use for 3D culture (study 2; Figure 1). The same donor cells were
expanded for 3D cultures in pellets and agarose scaffolds.

2.1. Galvanotaxis

At each passage, when confluence had been reached, cells were trypsinized and counted.
One subset was replated for further expansion and another subset was resuspended at 50 x
103 cells/ml in DMEM containing 5% serum, amino acids (0.5x minimal essential amino
acids, 1x non-essential amino acids), buffers (10 mm HEPES, 10 mm sodium bicarbonate, 10
mm TES, 10 mm BES) and antibiotics (100 U/ml penicillin, 200 mg/ml streptomycin) and
allowed to equilibrate for 1 h. Then the cells were plated at 2.65 x 10* cells/cm? onto sterile
glass slides (Fisher Scientific, Pittsburgh, PA, USA), using removable silicone wells, and
allowed to attach for 1 h in a 5% CO, incubator at 37 °C. The slides were rinsed with
medium to remove any non-adherent cells and placed into a custom galvanotaxis chamber
under aseptic conditions (Figure 1). A modified parallel-plate flow chamber was used, as
described previously (Chao et al., 2000). Briefly, two Plexiglas blocks with glass windows
were separated by a uniform thickness rectangular Silastic spacer (McMaster-Carr, New
Brunswick, NJ, USA) and held together with screws to create a sealed rectangular channel
with defined geometry (5 cm length, 1.3 cm width, 250 pm height). A power supply
(Keithley Instruments) delivered a current of 3.3 mA (6V/cm electric field strength) through
the chamber, and experiments were performed at room temperature for 3 h. Control slides
were treated similarly, except that no electric field was applied.

Cell migration patterns were captured using a digital camera connected to EOS Utility
(Canon Rebel T3i, Canon, USA). Using a x 10 objective (1 pixel = 0.17 pm), approximately
30-40 cells/slide were observed; images were acquired at 10 min intervals. The incremental
change in position for each cell was automatically tracked with a custom MATLAB
algorithm. Overall cell migration speed was calculated as the net displacement divided by
the 3 h time span. Migration direction was quantified as sin ¢, where ¢ is the angle between
the x coordinate axis and the migration vector, such that sin ¢ was defined as the value -1
when ¢ = 4.71 rad (270°), the direction of the cathode. The directional velocity, defined as
the component of the speed directed toward the negative pole (Chao et al., 2000), was
obtained by multiplying the cell’s speed by sin ¢. Each data point represented the mean and
standard error (SE; 60-80 samples). Two-way ANOVA was performed on cell speed,
directed velocity and total displacement for factors of treatment (applied EFs vs control) and
passage number. Tukey’s post hoc analysis was performed to assess significance between
each treatment and passage group; significance was set at p < 0.05.

To correlate chondrogenic phenotype with EF-induced migration direction, cells from
passages that were directed to the cathode (P2) and anode (P3) were placed in pellet culture,
and aggrecan expression was measured after 7 days (see section on 3D cultures, below, for
culture details). Pellets were stored in Trizol reagent to perform RNA extraction and total
sample cDNA generation. Real-time PCR was then run for human aggrecan and p-actin, a
known housekeeping gene. Unpaired #test was performed for aggrecan gene expression
normalized to B-actin expression, to compare P2 and P3 OA chondrocytes.

J Tissue Eng Regen Med. Author manuscript; available in PMC 2018 March 01.
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2.2. 3D cultures

P2 human OA chondrocytes exhibited cathodal migration that yielded cell pellets with
increased aggrecan expression over other passages examined (see Figure 3 and detailed
results below). Previously, P2 bovine chondrocytes were found to display excellent
capabilities in developing functional engineered cartilage in agarose cultures (O’Connell et
al., 2014). Therefore, cells were passaged twice before using them in 3D culture studies for
subsequent studies (Figure 2) (O’Connell et al., 2014).

Once confluence was reached during the second passage, cells were trypsinized and pellets
were formed for each cell type by centrifugation. The pellets were cultured for 28 days in a
chemically defined medium [CM; DMEM with 0.1 um dexamethasone, 40 mg/ml L-proline,
50 mg/ml ascorbate 2-phosphate, 100 mg/ml sodium pyruvate, 1x ITS* premix, 100 U/ml
penicillin and 100 mg/ml streptomycin and amphotericin B (Invitrogen), supplemented with
growth factors]. Based on previously reported values for growth factor concentrations and
uses in 3D tissue-culture studies, pellets were cultured with CM supplemented with the
following growth factor combinations: 50 ng/ml BMP2 with 10 ng/ml FGF2; and 50 ng/ml
BMP2 with 10 ng/ml PDGFBB (Balakrishnan et al.,, 2014; Barbero et al., 2004; Chuang et
al., 2012; de Mara et al., 2013; Handorf and Li, 2011; Johns and Athanasiou, 2008; Mayer-
Wagner et al., 2011; Perrier et al., 2011). Pellets cultured with 10 ng/ml TGF3 only or 50
ng/ml BMP2 only served as single growth factor controls (Figure 2). TGFB3 only was
chosen as a study group, as it is directly comparable to our previous work with animal cell
sources and one of the most commonly used growth factors in cartilage tissue-engineering
studies (Huang et al., 2009; O’Connell et al., 2012b).

Pellets were cultured for 28 days and extracellular matrix production was assessed bi-weekly
(i.e. days 0, 14 and 28; n = 5/group at each time point). Media aliquots were saved to
measure GAG release into the medium and pellets were prepared for biochemical analysis.
The pellet culture was repeated using chondrocytes from a second donor to demonstrate
robustness of the results. DNA content was measured using the PicoGreen Kit (Invitrogen).
GAGs were measured using DMMB assay, and collagen content was measured using
hydoxyproline assay. Two-way ANOVA was performed on the biochemical properties, with
the treatment group and time as factors. Bonferroni post hoc analysis was used when
significance was found (p < 0.05).

Following the pellet study, cells were passaged for 3D culture in 2% w/v low-gelling agarose
slab (Type V1, Sigma-Aldrich) at a final concentration of 30 x 10° cells/ml (Mauck et a/.,
2002). Constructs were punched from the slab (2.34 mm thickness) using a 4 mm diameter
biopsy punch and cultured in CM supplemented with growth factors, based on the results
from the pellet culture. Due to the number of cells required for agarose culture, chondrocyte-
laden constructs were cultured with either 10 ng/ml TGFB3 (control) or 50 ng/ml BMP2.

At day 28, cell viability in agarose constructs was assessed with the Live/Dead Kit to
determine cell distribution throughout the construct (7= 1/group; Invitrogen). At day 56,
mechanical, biochemical and histological analyses were performed (7= 6-8/group/donor).
The equilibrium Young’s modulus was determined from a stress relaxation test in
unconfined compression at 10% strain. A sinusoidal compressive strain (= 1%, 0.5 Hz) was

J Tissue Eng Regen Med. Author manuscript; available in PMC 2018 March 01.
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then applied to determine the dynamic modulus at that frequency. Wet weights (ww) were
measured following mechanical testing and the samples were dried to obtain dry weights
(dw). DNA content was determined using the PicoGreen Kit (Invitrogen). The GAG and
collagen content were determined using 1,9-dimethylmethylene blue (DMMB) and
hydroxyproline assay, respectively. The ratio of hydroxyproline to collagen was assumed to
be 7.64, based on the molecular weights provided in Hollander ef a/. (1994). The GAG and
collagen contents were normalized by wet weight, dry weight and DNA content. Student’s #
test was performed to compare mechanical and biochemical properties assessed from 3D
agarose cultures. Biochemical composition was normalized by wet and dry weight as a
measure of matrix composition in the de novo cartilage, and for comparison with previously
reported values of native cartilage. Normalization by DNA content was used as a
measurement of cell activity in matrix production.

At day 56, extra constructs were preserved for histology to evaluate the distribution of cells,
collagen and GAGs. Briefly, histological samples were embedded in paraffin wax and slides
were prepared (8 um sections). The sections were stained with safranin-O for GAG
distribution and picrosirius red for collagen distribution. Sections were also stained for
collagen types I, 1l and VI. Briefly, the sections were digested in 0.5 mg/ml testicular
hyaluronidase, swollen in 0.5 m acetic acid, blocked in 10% normal goat serum (NGS) and
labelled with 10% NGS containing monoclonal primary antibody for collagen types Il and
VI (Abcam). AlexaFluor 488-conjugated goat anti-mouse secondary antibody labelling
(Invitrogen) and TOTO-3 nuclear counterstaining (Invitrogen) were performed to visualize
the collagen networks and cells, respectively. After staining, slides were coverslipped with
Fluoroshield (Sigma) and the sections were analysed using an inverted microscope with an
Olympus Fluoview confocal system, with dual wavelength excitation at 488 and 640 nm.

At all passages, chondrocytes exposed to an applied direct current electric field travelled
faster and farther than cells not exposed to a field (v < 0.0001; Figure 3A). By late passage
(P4), EF-exposed cells were more responsive to the applied field, showing increased
migration speeds compared to early passage (P2) cells (11.6 £ 0.84 vs 8.34 + 0.76 um/h; p<
0.05; Figure 3A). This change in overall speed through passage number was mirrored with a
change in migration direction travelled by EF-exposed cells. Control cells exhibited no
preferential direction (i.e. directed velocity = 0 um/h; p > 0.05); however, EF-exposed cells
travelled significantly further toward a specific pole, depending on the passage. P2 cells
expressed preferential migration toward the cathode (negative pole, =6.21 + 0.95 um/h; p<
0.0001); later passage cells began changing their direction of migration, turning notably
toward the anode (positive pole) by P3 (Figure 3B; 1.21 + 0.93 um/h; p< 0.05) and
increasingly continuing for P4 (Figure 3B; 2.39 £+ 1.08 um/h; p < 0.05). Therefore, P2 cells
were used for 3D pellet and agarose culture studies.

Subsequently, a relationship between galvanotaxis response and chondrogenic phenotype
was investigated for pellet cultures established from P2 and P3 OA chondrocytes (pooled
donors). Cathodal-directed P2 cells exhibited a nearly five-fold increase in aggrecan
expression compared to those derived from anodal-directed P3 cells (P2, 4.72 + 2.52 x 10~°

J Tissue Eng Regen Med. Author manuscript; available in PMC 2018 March 01.
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vs P3, 0.97 +0.77 x 10~5; p< 0.05; 7= 5-6 samples/group). Together, these findings led us
to adopt P2 OA chondrocytes for our subsequent studies comparing the influence of growth
factors on pellet and agarose cultures.

Pellets cultured in CM supplemented with BMP2 were significantly larger than the control
(Figure 4, inset). Human ACs maintained cell viability throughout the culture period, as
denoted by vital staining as well as DNA content (Figure 4A). Cell proliferation was
observed for pellets cultured with BMP2 + PDGF, where the DNA content at day 14 was
almost 2x the day 0 values (p < 0.0001; Figure 4A, *). However, there was a decrease in
DNA content from day 14 to day 28 (Figure 4A, b), resulting in a final DNA content that
was not significantly different from day 0. By day 28, the GAG content in pellets cultured
with BMP2 only and BMP2 + FGF2 was 80% greater than the control (o < 0.015; Figure
4B). The GAGs measured in the media aliquots accounted for 5.0-7.4% of the total GAG
content measured (i.e. pellet GAG + medium GAG). The GAG content in the medium
normalized by DNA was greatest in the BMP2-only group and was 70% greater than the
control (medium GAG/DNA for the BMP2 group = 4.9 £ 0.7 mg/mg; Figure 4B, z). At day
28, the collagen content normalized by DNA content was 56.6 + 26.4 mg/mg for the control
group, and there were no significant differences with growth factor treatment (o= 0.14;
Figure 4C). The ratio of total GAG content: collagen content was not significantly different
across the experimental groups (p = 0.12).

Cell viability in agarose was maintained throughout the culture period (Figure 5A, Figure
6A top row) and cell proliferation was observed in constructs cultured with TGFB3 (DNA
content at day 56, 6.85 + 0.44 ug; vs 1.18 + 0.16pg for the BMP2 group; p < 0.001; Figure
6A). Young’s modulus of the agarose constructs was 9.3 + 1.2 kPa after casting (day 0). At
day 56, Young’s modulus of the TGFB3 group was 96.0 + 16.5 kPa and was 6.5 times
greater than in the BMP2 group (o= 0.0001; Figure 5B). Similarly, the dynamic modulus of
the TGFR3 group was 1120 + 190 kPa and was six times greater than in the BMP2 group
(175 £ 35 kPa; p < 0.0001). This finding was repeated independently using chondrocytes
derived from another donor, where the Young’s modulus of engineered cartilage developed
was approximately 2.5 times greater for the TGFf group than the BMP2 group (data not
shown).

Agarose constructs increased in opacity with culture, demonstrating increased matrix
deposition throughout the construct (Figure 5, inset). GAG content of engineered constructs
cultured with TGFP3 was two to eight times greater than the BMP2 group for GAG
normalized by dry weight (TGFB3 group = 23.4 £ 5.4%/dw), wet weight (2.16 + 0.51% ww)
and DNA content (116.3 £ 22.3ug/ug; p < 0.003; Figure 5C). The intensity of safranin-O
staining for GAGs was much greater for the TGFB3 group and was more uniformly
distributed throughout the construct than the BMP2 group (Figure 6, middle row). The
collagen content of the TGFB3 group was 18.03 + 6.21% dw, or 91.3 + 35.8ug/ug when
normalized by DNA content, and was not significantly different from the collagen content of
the BMP2 group (p > 0.3; Figure 5D). The collagen content normalized by wet weight was
1.66 + 0.57% ww for the TGFB3 group and was significantly greater than in the BMP2
group (0.48 = 0.59 %/ww; p=0.01). Collagen was uniformly distributed in both the TGFB3
and BMP2 groups, but staining was greater for the TGFb3 group, which compared with the
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quantitative assay data (Figure 6, bottom row). Immunohistochemistry stained positive for
collagen Il and VI for the TGFB3 and BMP2 groups. Collagen VI in the BMP2 group
remained closer to the cell edge than in the TGFB3 group (Figure 6, bottom row inset).

4. Discussion

Engineering of articular cartilage may provide a biological repair strategy for injured or
arthritic cartilage. Extensive work has been performed using animal models and cells from
animal donors (Hung et al., 2004; Johnstone et al., 2013; Kock et al., 2012; O’Connell et al,
2012b). However, direct translation of culture techniques and conditions appropriate for
growing de novo animal cartilage tissue to human tissue has been challenging. Our
laboratory, and others, have demonstrated that supplementation of expansion medium with a
growth factor cocktail of FGF, PDGF and TGFp1 is crucial for developing functional
engineered cartilage in 3D cultures (Pei et al., 2008; Sampat et al., 2011). In this study, an
applied DC EF was applied to human chondrocytes from OA cartilage to determine a
passaging limit for 2D expansion, in order to maintain the chondrogenic phenotype.
Galvanotaxis to the cathode is exhibited by normal chondrocytes and stem cells expanded
with growth factors for defined passages (Chao et a/., 2000; Tan et al., 2014). Our results
suggest that using human chondrocytes at P2 may improve the matrix production and
mechanical properties of 3D engineered functional cartilage. It was observed that matrix
production by P2 human chondrocytes was dependent on the 3D culture environment (pellet
vs agarose hydrogel) and growth factor supplementation. The findings from this study
further support the notion that functional engineered cartilage can be developed from
chondrocytes from OA tissues (Bian et al., 2011).

Autologous chondrocytes are the ideal cell source for clinically relevant engineered cartilage
implants; however, these cells need to be expanded to obtain sufficient cell numbers for
developing neocartilage. With each subsequent passage, the chondrocytes dedifferentiate
towards a fibroblastic lineage, which is noted by a change in morphology and increased cell
migration (Figure 3) (Chao et al., 2000, 2007).We observed that cell migration behaviour of
OA P2 chondrocytes was similar to that of juvenile bovine chondrocytes, which is a robust
cell source for developing neocartilage in vitro (O’Connell et al., 2012b). Although the
current study was limited by the number of human donors (7= 2), we suggest that the high
repeatability of our experiments across donors is indicative of a robust observation. As such,
our findings reported here suggest that adult chondrocytes can be passaged twice for
expansion, while maintaining the chondrogenic phenotype, for developing neocartilage.

For the conditions of the present study, large differences were observed in matrix production
between pellet and agarose culture conditions, which agrees with previous studies reporting
gene expression of 3D cultures (Dehne et al., 2009). In pellet culture, BMP2 increased the
swelling and physical size of the de novotissue with human chondrocytes (Figure 4, inset).
Furthermore, BMP2 demonstrated increased GAG production under specific conditions.
However, matrix production and mechanical properties were higher for chondrocyte-seeded
agarose constructs cultured with TGFR3. It is possible that these differences in cell
behaviour and matrix production are due to differences in cell—cell interactions, or in the
diffusion of nutrients or growth factors (Bian et al., 2013; Pei et al., 2008). Although the
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sizes of TGFR3 (13 kDa) and BMP2 (26 kDa) differ only by a factor of two; this difference
may be sufficient to restrict diffusion of nutrients, such as growth factors, through the
construct (Albro et al., 2009; Chahine et al., 2009).

Gene expression and, in turn, matrix production potential decreases significantly with age
(Liu et al., 2013). Therefore, the results from this study, which used chondrocytes from OA
knee joints, demonstrates promising results towards developing functional engineered
cartilage from patient tissues. The GAG deposition observed in the agarose constructs was
comparable to native values (2.2% ww at day 56; native cartilage 2-3% ww) (Treppo et al.,
2000). Collagen deposition was significantly lower than native values (native cartilage = 10—
15% ww) (O’Connell et al., 2012b; Treppo et al., 2000), which represents a limitation of the
hydrogel scaffold system despite the fact that it maintains the round chondrocyte
morphology.

The compressive Young’s modulus of engineered cartilage constructs cultured with TGFB3
was approximately 100 kPa (native cartilage = 400-600 kPa) (Jurvelin et al., 2003; Treppo
et al., 2000). These results are encouraging, as they suggest that human chondrocytes from
OA tissues can be used to develop larger engineered cartilage tissues (i.e. millimeter-scale).
Moreover, recent work has demonstrated better integration of biological repair tissues when
the mechanical properties of the repair tissue are lower than those of the surrounding native
tissue (Miot et al., 2012). Miot et al. (2012) demonstrated that a shorter /n vitro culture for
engineered cartilage provided a balance between integration with the native cartilage and
matrix deposition. Therefore, these results suggest that engineered cartilage constructs may
be developed /n vitro with mechanical integrity that may be sufficient for initial repair and
integration into native tissue.

While we demonstrate that neocartilage produced by chondrocytes from OA cartilage
resembles native cartilage, it remains to be seen whether these tissues function as normal
cartilage after implantation. Further assessment of the tissue response to applied stimuli,
including proinflammatory cytokines, will help to determine whether the cells maintain an
osteoarthritic phenotype. In this context, these engineered tissues could alternatively serve as
a platform to study pathological cartilage (Musumeci et al., 2011).

There are many studies on human cells that have evaluated gene expression in monolayer
culture in media supplemented with serum. Our preliminary findings in pellet culture with
serum demonstrated an increase in cell proliferation; however, matrix production of serum-
supplemented pellets was significantly lower than that in pellets cultured without serum
(data not shown). These findings are comparable to the findings of Stewart ef a/. (2000), in
which serum supplementation decreased gene expression of aggrecan and collagen in pellet
culture when compared to a serum-free culture condition. Similarly, our pellets cultured with
BMP2 + PDGF demonstrated that increases in cell proliferation resulted in a relative
decrease in GAG content when normalized by DNA (Figure 4). These results demonstrate
that culture conditions need to balance cell proliferation and matrix production, as some
media components may cause cells to focus more energy on proliferation at the expense of
synthesizing cartilage with mechanical and biochemical properties comparable to native
values.

J Tissue Eng Regen Med. Author manuscript; available in PMC 2018 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

O’Connell et al.

Page 10

5. Conclusion

The duration of the studies performed here was significantly longer than most studies that
evaluate gene expression or matrix production of monolayer and pellet cultures. Our
findings suggest that culture periods > 8 weeks will be necessary to develop mature
engineered cartilage in free swelling conditions prior to implantation (chondrocyte-seeded
scaffolds cultured with TGFB3 was approximately 100 kPa at day 56; Figure 5). While these
findings are encouraging, long culture times are a significant limitation for clinical
applications, due to the increased time between initial tissue harvest and final implantation
surgeries. Future work will focus on improving the rate of matrix deposition by applying
dynamic loading in culture, which have been shown to upregulate BMP2 and TGFp3
expression (Nam et al., 2013; Tenney and Discher, 2009) and increase extracellular matrix
deposition rates of agarose constructs seeded with bovine cells (Kelly et al., 2013; Sampat et
al., 2011). Additionally, these efforts would likely benefit from incorporation of strategies
that can provide further refinement of the cell population to those geared to produce tissue in
3D.
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L2

2D Expansion
Medium: (DMEM, 10% FBS, 1 ng/ml TGFA1,
10 ng/ml PDGFppB, and 5 ng/ml FGF2)

Galva notaxis Power Supply

Electrodes
alt bridges / /
Figure 1.

10x objective Saline
reservoirs
Schematic of galvanotaxis studies. Human chondrocytes were cultured in expansion medium
containing 1 ng/ml TGFB1, 10 ng/ml PDGFBR and 5 ng/ml FGF2 to prime the cells for 3D
cultures. Galvanotaxis studies were performed for four passages
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25282

2D Expansion

Medium: (DMEM, 10% FBS, 1 ng/ml| TGFA1,
10 ng/ml PDGFB8,and 5 ng/ml FGF2)

5 &2

Pellet Culture Agarose Culture
50ng/mL BMP2 + 10ng/mL FGF2, 10 ng/mL TGFB3 or
50ng/mL BMP2+10ng/mL PDGF, 50 ng/mL BMP2

10 ng/mL TGFB3, or
50 ng/mL BMP2

Figure2.
Schematic of tissue-engineering study for human chondrocytes acquired from osteoarthritic

joints; four growth factor combinations were evaluated for pellet cultures and agarose
constructs were cultured with either BMP2 or TGFf3
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Cell migration parameters for passaged human chondrocytes: (A) overall speed for EF-
treated cells increased with passage number; (B) directed velocity for those cells is
orientated toward the cathode at P2 before changing direction toward the anode for later
passages; (inset) speed and directed velocity of juvenile bovine chondrocytes at P2; *p <

0.05 vs control at each passage
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Figure 4.
(A) DNA content of pellets over the 28 day culture period; dotted line represents day 0

values; groups with the same letter were found to be significantly different from one another,
i.e. p<0.05avsa); " represents p< 0.05 vs day 0 values. (B) GAG content normalized by
DNA content at day 28; a and b represent differences in pellet GAG content, and z
represents differences in medium GAG content. (C) Collagen content normalized by DNA
content at day 28; no significant differences (p= 0.14): (inset) representative images of
pellets at day 28; pellets were cultured with TGFp3-only (left), BMP2 with FGF (middle) or
BMP2 with PDGF; note that the BMP2-only group is not shown here; bar = 1 mm
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Figure5.
(A) Cell viability of chondrocyte-seeded scaffolds: living cells shown in green and dead

cells in red; bar = 150 um; (inset) representative images of a construct at day 0 (left) and a
construct cultured with TGFB3 (right). (B) Equilibrium Young’s modulus, (C) GAG and (D)
collagen contents normalized by dry weight for culture with TGFB3 only or BMP2 only
(day 56 values); *significant differences between groups
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Safranin-O H&E

Picrosirius Red

Figure®6.
Representative histology for agarose constructs cultured with TGFB3 or BMP2. Samples

were stained with haematoxylin and eosin (H&E) for cell distribution (top row), safranin-O
for GAG distribution (middle row) and picrosirius red for collagen distribution (bottom
row); (inset) representative image of collagen V1 staining from immunohistochemistry; note
that the darker region at the bottom of the safranin-O stain for the TGFp3 group is due to a
fold in the sample
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