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Abstract

Synovium-derived mesenchymal stem cells (SMSCs) are an emerging cell source for regenerative
medicine applications, including osteochondral defect (OCD) repair. However, in contrast to bone
marrow MSCs, scaffold compositions which promote SMSC chondrogenesis/osteogenesis are still
being identified. In the present manuscript, we examine poly(ethylene) glycol (PEG)-based
scaffolds containing zonally-specific biochemical cues to guide SMSC osteochondral
differentiation. Specifically, SMSCs were encapsulated in PEG-based scaffolds incorporating
glycosaminoglycans (hyaluronan or chondroitin-6-sulfate [CSC]), low-dose of chondrogenic and
osteogenic growth factors (TGFB1 and BMP2, respectively), or osteoinductive
poly(dimethylsiloxane) (PDMS). Initial studies suggested that PEG-CSC-TGFp1 scaffolds
promoted enhanced SMSC chondrogenic differentiation, as assessed by significant increases in
Sox9 and aggrecan. Conversely, PEG-PDMS-BMP2 scaffolds stimulated increased levels of
osteoblastic markers with significant mineral deposition. A “Transition” zone formulation was
then developed containing a graded mixture of the chondrogenic and osteogenic signals present in
the PEG-CSC-TGF1 and PEG-PDMS-BMP2 constructs. SMSCs within the “Transition”
formulation displayed a phenotypic profile similar to hypertrophic chondrocytes, with the highest
expression of collagen X, intermediate levels of osteopontin, and mineralization levels equivalent
to “bone” formulations. Overall, these results suggest that a graded transition from PEG-CSC-
TGFB1 to PEG-PDMS-BMP?2 scaffolds elicits a gradual SMSC phenotypic shift from chondrocyte
to hypertrophic chondrocyte to osteoblast-like. As such, further development of these scaffold
formulations for use in SMSC-based OCD repair is warranted.
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INTRODUCTION

Osteochondral defects (OCDs) are localized damage of cartilage and underlying
subchondral bone, which can cause pain and loss of joint function.!> Due to the poor
intrinsic healing potential of cartilage and the associated deterioration of the exposed
subchondral bone, untreated OCDs progressively worsen and may result in degenerative
diseases such as osteoarthritis.>= Current clinical treatments require further tissue damage
in order to achieve therapeutic effects2 or the use of allografts with their concomitant risks
of disease transmission and immune rejection.” Considering these limitations, tissue
engineering approaches could represent a promising alternative for OCD repair and
regeneration. However, the unique and complex structure (which gives rise to function) of
the osteochondral unit and interface has proven challenging to reconstruct, hampering
clinical success. In particular, the osteochondral interface is critical to ensuring a gradual,
non-stress concentrating transfer of load from cartilage to bone.® While the osteochondral
unit is continuous, it generally consists of three distinct tissue regions—cartilage, calcified
cartilage, and the underlying calcified subchondral bone—each with distinct extracellular
matrix (ECM) composition and cell types.? Thus, an ideal tissue engineered scaffold should
stimulate associated cells to recapitulate the zonally-specific structure and function of the
osteochondral unit.

Conventionally, tissue engineering approaches are comprised of a biomaterial scaffold to
provide a three-dimensional (3D) architecture combined with cells and bioactive stimuli
(e.g., growth factors or material-mediated cues) to induce desired cell responses.!? Due to
their capacity to acquire both chondrocyte-like and osteoblast-like phenotypes,
mesenchymal stem cells (MSCs) harvested from bone marrow have been a common cell
source for tissue engineering approaches for OCD repair. However, the painful harvesting
procedure and low MSC yields obtained per biopsy have led researchers to investigate
alternate MSC sources, including the synovium surrounding the joint.!1-12

Since their isolation and characterization in 2001,!3 many studies have pointed out the
advantages synovium-derived MSCs (SMSCs). In particular, SMSCs can be extracted at 60
to 100-fold higher yields per nucleated cell relative to bone marrow MSCs, 415 and the
harvesting procedure is relatively noninvasive and is associated with minimal complications
at the donor site.!3:15 Moreover, it has been reported that SMSCs possess a high degree of
multipotency, remaining unaffected by donor age, cell passages up to passage 10, and
cryopreservation.!3-10 These advantages make SMSCs a promising cell source for
osteochondral regeneration. While methods to guide SMSC chondrogenic and osteogenic
differentiation have been studied previously,!4-15:17-20 these approaches often implement
high dosages of growth factors such as transforming growth factor-B1 (TGFf1) and bone
morphogenic protein 2 (BMP2), which are associated with high costs and negative side
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effects.21-23 In addition, although bone marrow MSC responses to a range of scaffold-based
biochemical stimuli have been systematically examined, SMSC responses to 3D scaffold
formulations are just beginning to be understood and characterized. For example, a majority
of the work with SMSCs has focused on chondrogenic applications with scaffold-free
approaches2*23 or using a variety of different scaffolds, including collagen26 and gelatin-
dextran.?’” However, studies which allow comparison of SMSC differentiation in response to
defined scaffold-based biochemical signals are limited,2® as are reports of scaffold-based
SMSC osteogenic differentiation.2%-30 This situation hampers efforts to improve the design
of scaffolds intended to drive the chondrogenic and osteogenic SMSC differentiation needed

for tissue engineered osteochondral applications.

In the present work, we seek to identify specific, scaffold-based biochemical cues which
stimulate SMSC differentiation into the functional cell types within the osteochondral unit
(i.e., chondrocytes, hypertrophic chondrocytes, and osteoblasts). To ensure defined
presentation of desired biochemical signals, poly(ethylene glycol) (PEG)-based scaffolds
will be utilized. Photo-polymerizable PEG-based scaffolds offer a versatile platform for
fabricating scaffolds with the spatially varying properties needed for OCD repair via 3D
printing,31-32 gradient,33-33 or stereolithographic3® methods. Furthermore, PEG-based
scaffolds are intrinsically resistant to serum protein adsorption, cell attachment, and
spreading.3” This biological “blank slate” character permits the controlled presentation of

38,39

desired biochemical cues (e.g., ECM components and growth factors#041) and

systematic examination of their effects on cell behavior. Moreover, growth factors tethered
into PEG-based scaffolds are effectively inhibited from being internalized by cells, 042
allowing for repeated signaling by a single growth factor molecule and use of lower growth

factor doses. 4344

45-50 4nd

With the beneficial properties of PEG-systems and their prior use in cartilage
bone*!91-53 applications in mind, the overall goal of this work is to develop a set of PEG-
based scaffolds—each presenting a defined combination of biochemical cues and low-dose
growth factors—to enable the zonally-specific SMSC differentiation needed for OCD repair.
In selecting biochemical signals to analyze, we focused on cues that have been shown to
support bone marrow MSC chondrogenesis or osteogenesis so as to identify potential
similarities in SMSC and bone marrow MSC responses. In particular, PEG-based scaffolds
incorporating TGF[3154’55 or hyaluronan (HA)56’57/ch0ndr0itin sulfate (CS)39’58—tW0
glycosaminoglycans (GAGs) abundant in cartilage—have been shown to promote
chondrocyte-specific phenotypic signatures. Similarly, PEG-scaffolds incorporating
hydrophobic, inorganic poly(dimethylsiloxane) (PDMS) along with low-dose BMP2
stimulate bone marrow MSC osteoblastic differentiation while maintaining a non-brittle,
elastomeric structure for physiological loading.*3-59

In the current work we therefore focused on varying the levels of PDMS, tethered BMP2,
tethered TGFp1, and incorporated HA or chondroitin-6-sulfate (CSC) within PEG-based
scaffolds to promote zonally-specific SMSC differentiation into cellular phenotypes
consistent with the cartilage, transition, and bone regions of the osteochondral unit. Through
a series of initial “tuning” experiments, we identified “Cartilage” and “Bone” scaffold
formulations that induced specific chondrogenic and osteogenic differentiation, respectively.
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We then developed a “Transition” zone/interface scaffold formulation, after which we
confirmed that our zonal formulations stimulated SMSCs to recapitulate the graded
phenotypic profiles representative of the osteochondral unit.

MATERIALS AND METHODS

Preparation of diacrylate-terminated PEG and methacrylate-terminated star PDMS

Diacrylate-terminated PEG (PEGDA, M,, = 3.4 kDa) and methacrylate-terminated star
PDMS (PDMS;;,-MA, M,, = 2 kDa) were prepared accordingly to previously described
protocols.’9-62 PDMS,,-MA methacrylation was confirmed by proton nuclear magnetic
resonance (\H-NMR) to be >90%. Acrylation of the PEG end hydroxyl groups was also
characterized by 'H-NMR to be ~97.5%. At this PEG acrylation level, 92%-100%
incorporation of methacrylated HA/CSC, acrylate-derivatized RGDS, and acrylate-

derivatized growth factors is achieved using the photopolymerization conditions used herein.
44,63,64

Preparation of methacrylated HA and CSC

HA and CSC were selected for evaluation based on their structural role in cartilage, their
chondroprotective effects, and their ability to facilitate chondrogenesis.3*93-79 In order to
conjugate these GAGs into the PEGDA-based scaffolds, each GAG type was methacrylate-
derivatized according to standard protocols.71 In brief, CSC (51 kDa, 6.4 wt % sulfur,
Sigma) and HA (Streptococcus equi, My~ 1.65 x 103 kDa, Fluka) were dissolved in
deionized (dI)H»O to achieve a 1 wt % final concentration, and the pH of each solution was
adjusted to 8.0. A 10-fold molar excess of methacrylic anhydride (Polysciences) was added
per disaccharide unit, and each reaction was allowed to proceed under constant stirring at
4°C at pH ~ 8.0. The product of each reaction was precipitated twice using chilled 95%
ethanol, dialyzed against dIH,O for 48 hr, and lyophilized. The extent of methacrylate-
derivatization of both CSC-MA and HA-MA was characterized by 'H-NMR to be ~1.0%—
1.6%. (per available —OH groups). These levels of methacrylate-derivatization have
previously been shown to negligibly alter observed cell-GAG interactions3® yet to be
sufficient to avoid significant sol in PEGDA networks.*

Methacrylated HA of intermediate molecular weight (HApw-MA) was subsequently
prepared according to previously described protocols.?8:6472 In brief, HA-MA was dissolved
at 1 mg/ml in phosphate buffered saline (PBS) containing 5 U/ml hyaluronidase IV-S
(H3884, Sigma). Following 12 hr treatment overnight at 37°C, the enzyme was heat-
inactivated. The resulting digestion product was dialyzed against d[H,O for 48 hr and
lyophilized. The average molecular weight of the isolated HApw-MA was determined to be
~600 kDa, with a polydispersity of ~1.3, using gel permeation chromatography (Viscotek).
This average molecular weight is within the range noted for chondroprotective effects.”3

Synthesis of acrylate-derivatized peptides and growth factors (RGDS, BMP2, and TGFp1)

Addition of acryl groups to RGDS (American Peptide), human recombinant carrier free
BMP2 (R&D systems), and human recombinant carrier free TGFB1 (EMD Millipore) was
carried out via reaction with acryloyl-PEG-succinimidyl valerate (ACRL-PEG-SVA, 3.4
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kDa; Laysan Bio) at a 1:1 molar ratio for RGDS or 1:6 molar ratio for BMP2 and TGFp1.
Reconstituted TGFP1 and BMP2 were first dialyzed to non-growth factor associated primary
amines. The resulting mixtures were reacted for 2 hr in 50 mA/ sodium bicarbonate buffer,
pH 8.5.7475 The ACRL-PEG-RGDS was purified by dialysis overnight against dIH,O at
4°C using 3500 MWCO Snakeskin Dialysis tubing (Thermo Fisher Scientific) to remove
unreacted ACRL-PEG-SVA. ACRL-PEG-BMP2 and ACRL-PEGTGFp1 were purified by
dialysis overnight against dIH,O at 4°C using 5000 MWCO Snakeskin Dialysis tubing.

Tissue collection and cell isolation

Canine SMSC isolation was conducted with the approval of the Texas A&M University
Institutional Animal Care and Use Committee (Animal Use Protocol 2015-0072). SMSCs
were isolated using previously described techniques.'# Briefly, canine synovium samples
were obtained during knee arthroscopy and surgery for cranial cruciate ligament rupture.
Under general anesthesia, a synovium/subsynovial biopsy was isolated from the
proximolateral femoropatellar joint using arthroscopic biopsy forceps. Primary SMSCs were
isolated from three donors to partially control for age and breed effects: (1) a 1.2-year-old,
65 b intact male Walker hound (~equivalent to a 16.5-year-old human), (2) a 6-yearold, 148
Ib neutered male mixed breed (~equivalent to a 46-49-year-old human), and (3) a 3.5-year-
old, 47 Ib neutered male mixed breed (~equivalent to a 30-year-old human).

As expected, ! SMSCs at passage 1 were negative for CD34 and CD45 and positive for
CD9, CD44, CD90, CD105, and STRO-1 (Supporting Information Figure S1). Isolated
SMSCs were also confirmed to be able to differentiate down adipogenic, chondrogenic, and
osteogenic lineages by standard methodologies (Supporting Information Figure S1).
Characterization at passage 1 is considered a standard as long as appropriate culture
conditions (e.g., <70% confluence) are maintained, and SMSCs have been shown to
maintain stable surface antigen expression through passages 4-7.13 The cells in the present
study were utilized at passage 3.

Fabrication of cell-laden constructs

In each study, PEGDA and ACRL-PEG-RGDS were combined with PDMSg;,-MA,
HAmw-MA, CSC-MA, ACRL-PEG-TGFp1, and/or ACRL-PEG-BMP2 to yield scaffold
formulations intended to stimulate desired differentiation.

Initial chondrogenic and osteogenic scaffold formulation assessment.—As an
initial assessment of various biochemical moieties on SMSC chondrogenic and osteogenic
differentiation, 10 wt % PEGDA solutions containing: (1) 5 mg/ml HApyw-MA, 5 ng/ml
TGFB1, and 1 mM RGDS (“Cartilage™), (2) 4 wt % PDMSq,-MA, 5 ng/ml BMP2, and 1
mMRGDS (“Bone”), or (3) and 1 mM RGDS (“PEG” control) were prepared in PBS.

The concentration for the GAG component of our “Cartilage” formulation was selected to be
consistent with the upper range of the total GAG content of normal (non-diseased) hyaline
cartilage (0.022-0.055 mg/mg dry weight).”® For reference, 1 ml of a 10 wt % PEGDA
hydrogel has a dry weight of 100 mg. In terms of the “Bone” constructs, previous work has
demonstrated that 100-500 ng/ml of tethered BMP2 can be as potent as higher doses of
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soluble BMP2 in driving osteogenic differentiation.*3:77-80 In the present article, we utilized
a tethered BMP2 concentration of 50 ng/ml due to internal data demonstrating that 50 ng/ml
of tethered BMP2 supported SMSC osteogenic differentiation to a similar extent as 100
ng/ml of tethered BMP2 while reducing undesired chondrogenic marker expression
(Supporting Information Figure S2). Furthermore, PDMS was increased to 4 wt % from the
2 wt % utilized in previous bone marrow MSC studies based upon the increased osteopontin

(OPN) production and mineralization associated with PDMS incorporation.*3

Tuning “cartilage” scaffold composition to enhance chondrogenesis.—
Following mono-culture and co-culture assessment of the above chondrogenic and
osteogenic formulations, we evaluated the effect of replacing HApw with CSC on the
chondrogenic differentiation of SMSCs. For this study, cells were encapsulated in 10 wt %
PEGDA solutions containing:

1. 5 mg/ml HApyw-MA, 5 ng/ml TGFB1, and 1 mM RGDS or
2. 5 mg/ml CSC-MA, 5 ng/ml TGF1, and 1 mAM RGDS.

Assessment of a “transition” formulation relative to “cartilage” and “bone”
scaffolds.—To assess our capacity to induce SMSC differentiation appropriate to each
zone of the osteochondral unit, SMSCs were encapsulated in 10 wt % PEGDA solutions
containing: (1) 5 mg/ml CSC-MA, 5 ng/ml TGFB1, and 1 mMRGDS (“Cartilage”), (2) 0.5
wt % PDMS,,-MA, 2 ng/ml TGF1, 20 ng/ml BMP2, and | mM RGDS (“Transition”), or
(3) 4 wt % PDMS;;,-MA, 50 ng/ml BMP2, and 1 mMRGDS (“Bone”).

In all studies, passage 3 SMSCs expanded in a MEM containing 10% fetal bovine serum
(FBS; Atlanta Biologics Premium Select) and 1% PSG (Penicillin—Streptomycin—
Glutamine, Cell-Gro) were collected and resuspended on the polymer precursor solutions to
yield a post-swelling cell density of 1.5 x 106 cells/ml scaffold. Photoinitiator (a 30 wt %
solution of 2,2-dimethyl-2-phenyl-acetophenone in N-vinylpyrrolidone) was added to each
precursor solution at a concentration of 10 ul/ml. The precursor solutions were then pipetted
into separate rectangular molds with 0.75 mm spacers and polymerized by 6 min exposure to
long-wave UV light (~6 mW/cm?, 365 nm). Hydrogels slabs were rinsed with sterile PBS
(pH 7.4; Invitrogen), and a sterile biopsy punch was used to process each slab into a series of
8 mm discs. These discs were cultured in Dulbecco’s modified Eagle’s medium
supplemented with 10% FBS and 1% PS at 37°C/5% CO, for 21 days, with medium
changes every 2 days. For co-culture studies, cell-laden scaffold discs were placed into 24-
well plates separated by a Transwell insert. “Cartilage” and “Bone” discs were cultured in
the upper and lower compartments, respectively.

Construct collection and analyses

Following 24 hr of swelling, a set of “day 0” discs (n = 4—6 per formulation) were collected
for mechanical characterization. After 21 days of culture, additional constructs (n = 4—-8 per
formulation per assay) were collected for endpoint mechanical, western blot, and

histological analyses. Samples for Western blot assessments were snap-frozen and stored at
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—80°C until use, while samples for histological assays were fixed in formalin and embedded
in OCT medium (TissueTek).

Mechanical characterization.—The diameter and thickness of each disc collected for
mechanical assessment was measured using a digital micrometer. Following application of a
0.01 N preload, each disc was subjected to unconstrained compression at a strain rate of 1
mm/min using an Instron 3342. The compressive modulus of each hydrogel formulation was
extracted from the resulting stress—strain data over a strain range of 0%—10%. As anticipated
for constructs compositionally dominated by PEGDA, the “day 0” compressive modulus for
all formulations examined measured at ~280 kPa (Supplementary Table S1). In addition, due
to the tight crosslink density and the slow degradation rate of PEGDA scaffolds3!-34, the
“day 21” compressive modulus was also ~280 kPa for all formulations (Supporting
Information Table S1).

Western blot analysis.—Samples for protein analyses were homogenized in lysis buffer
(Ambion, Life Technologies), and the supernatant was collected following centrifugation.
DNA levels in the supernatant solutions were then measured using the PicoGreen assay
(Invitrogen), with calf thymus DNA (Sigma) serving as a standard. Homogenates were
concentrated using 3000 MWCO Amicon filter units (Millipore), followed by addition of -
mercaptoethanol and heating at 95°C for 10 min. Concentrated protein samples with
consistent DNA levels were loaded into different wells of 8% or 12% polyacrylamide gels
and separated by electrophoresis. Proteins were transferred to a nitrocellulose membrane,
and primary antibodies for Sox9, osterix (Osx), Collagen II (Col II), tissue non-specific
alkaline phosphatase (TNAP), or B-actin (Supporting Information Table S2) were applied
overnight at 4°C with constant shaking, as previously described.’?

Bound primary antibodies were detected by the application of appropriate horseradish
peroxidase-conjugated or alkaline phosphatase (AP)-conjugated secondary antibodies
(Jackson ImmunoResearch), followed by the application of Luminol (Santa Cruz
Biotechnology) or Novex chemiluminescent substrate (Life Technologies) respectively.
Chemiluminescence was detected using a ChemiDoc XRS* System equipped with Image
Lab Software (BioRad), with exposure time controlled to avoid signal saturation. The band
integrated optical density for each marker was quantified using Adobe Photoshop and
normalized to B-actin.

Immunohistochemical analysis.—Embedded histological samples were cryosectioned
at 20 um thickness, after which relative protein levels of OPN, Collagen X (Col X), and
aggrecan were assessed using standard immunohistochemical techniques (Supporting
Information Table S2). In brief, rehydrated sections were blocked for 10 min by exposure to
Terminator solution (Biocare Medical). Samples were incubated at 4°C overnight with
primary antibody diluted in PBST (PBS plus 0.1% Tween 20) containing 3% bovine serum
albumin. Bound primary antibody was detected using the appropriate AP-conjugated
secondary antibody (Jackson Immunoresearch) followed by the application of chromogen
Ferangi Blue (Biocare Medical) and mounting. Stained sections were imaged using a Zeiss

Axiovert microscope.
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von Kossa staining.—von Kossa staining was used to assess mineralization according to
the manufacturer’s protocol (American Mastertech Scientific). Rehydrated sections were
rinsed with water, after which a 5% silver nitrate solution was applied, followed by 1 hr
exposure to full-spectrum light. Samples were then rinsed with distilled (d)H,O, exposed to
5% sodium thiosulfate for 3 min, briefly rinsed with dH,O, and mounted. Stained sections

were imaged using a Zeiss Axiovert microscope.

Semi-quantitative staining assessment.—It should be noted that matrix deposition
confined to the immediate pericellular space is standard for the PEG-based scaffolds and
time frames used herein due to their tight nanoscale mesh structure and slow in vitro
degradation rate.3!-84 Thus, cell counts were carried out to semi-quantitatively evaluate
immunostaining and von Kossa staining according to established methods.36-88 Each cell, 7,
in a given section was assigned a staining intensity, d, on a scale of 0-3 (0 = “no staining”
and 3 = “highest intensity among all formulations for that antibody’’). The cumulative
staining intensity, d, for a given antibody in a particular section was then calculated using the
following equation: d'= ( Y)/(total cell number). A minimum of eight sections per sample
per treatment group were assessed.

Statistical analyses

RESULTS

All data are reported as the mean + standard error of the mean. After testing the
homogeneity of variance assumption using Levene’s test, comparison of experimental group
means (n = 4-8 samples per experimental group) was performed by a Tukey’s post-hoc test
or by a Games-Howell post-hoc test in cases where Levene’s test returned a significant
result. For all tests, a p-value <.05 was considered significant and SPSS software was

utilized.

Initial chondrogenic and osteogenic scaffold formulation assessment

To gain initial insight into the effects of various biochemical moieties on SMSC
chondrogenic and osteogenic differentiation, SMSC responses to “Cartilage” constructs
(PEG-HApvw-TGFpB1) and “Bone” constructs (PEG-PDMS-BMP2) were evaluated
following 21 days of culture. Specifically, the levels of chondrogenic markers Sox9 and Col
IT and osteogenic markers TNAP, OPN, and mineralization were assessed relative to “PEG”
controls (Figure 1). Representative western blot and immunostaining images are shown in
Supporting Information Figure S3.

Although levels of the chondrogenic transcription factor Sox9 remained unchanged in the
“Cartilage” constructs relative to “PEG” controls, the presence of HApw and TGFp1
promoted a significant increase in the deposition of Col II (~1.9-fold, p = .025).
Furthermore, “Cartilage” constructs displayed a marked decrease in mineralization (~3.0-
fold, p=.015; Figure 1) relative to “PEG” scaffolds, despite a significant increase in TNAP
levels relative to “PEG” controls (~2.0-fold, p < .0005). Conversely, the presence of 4 wt %
PDMS¢,; and 50 ng/ml BMP2 supported a significant increase in all osteogenic markers
analyzed (TNAP, OPN, and mineralization; > 2.2-fold, p < .0005) but no change in
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chondrogenic markers Sox9 and Col Il relative to “PEG” controls. Cumulatively, these
results indicate two main points: (1) the combination of HApyw and TGFB1 promoted
chondrogenic differentiation but incompletely suppressed osteogenic differentiation and (2)
the combination of PDMSg;,; and BMP2 induced a strong and specific osteogenic response.

Co-culture assessment of initial “cartilage” and “bone” formulations

Since crosstalk between the cartilage and bone regions of the osteochondral unit is known to
occur in vivo and can impact zonal cell phenotype,®? we reasoned that the incomplete
suppression of osteogenic differentiation within the “Cartilage” constructs may be improved
through co-culture with the “Bone” constructs. Moreover, it was also important to evaluate
possible detrimental effects of co-culture on observed SMSC responses. In terms of the
“Cartilage” constructs, 21 day co-culture with “Bone” scaffolds elicited not only a
significant decrease in Sox9 (~1.3-fold, p=.017) but also a significant increase in OPN
(~3.0-fold, p=.001) relative to mono-culture “Cartilage” constructs (Figure 2). In contrast,
co-culture had a minimal impact on the expression of chondrogenic and osteogenic markers
in the “Bone” constructs (Figure 3). Cumulatively, these data suggested an overall
osteogenic effect of co-culture and emphasized a need for an alternative “Cartilage” scaffold

formulation.

As we expanded our studies to investigate alternative chondrogenic approaches, we
simultaneously assessed variability in outcomes with SMSC donor (n = 3) utilizing our
“PEG” and “Bone” scaffolds. Importantly, similar SMSC responses persisted across donors

of differing ages and neuter status (Supporting Information Figure S4).

Tuning “cartilage” scaffold composition to enhance chondrogenesis

In order to improve SMSC chondrogenic differentiation in the “Cartilage” constructs, the
composition of the scaffolds was modified by replacing HApyw with an equivalent wt % of
CSC, while retaining the TGFB1 concentration at 5 ng/ml. Following 21 days of culture,
assessment of chondrogenic and osteogenic markers was performed (Figure 4). PEG-CSC-
TGFp1 scaffolds exhibited significantly increased levels of chondrogenic markers Sox9
(~1.5-fold, p=.010) and aggrecan [~4.6-fold, p < .0005; Figure 4(A)] but unchanged levels
of Col II relative to PEG-HAw-TGFP1 constructs. In addition, PEG-CSC-TGFf1
constructs were associated with a significant decrease in TNAP levels [~2.0-fold, p < .0005;
Figure 4(B)] and no change in OPN relative to PEG-HAqw-TGFP1 constructs.
Cumulatively these data suggest that incorporation of CSC in place of HApyw was able to
enhance both the degree and specificity of SMSC chondrogenic differentiation.

Assessment of a “transition” formulation relative to “cartilage” and “bone” scaffolds

After confirming that CSC resulted in improved chondrogenic behavior in our PEG-based
“Cartilage” constructs, a “Transition” scaffold formulation was fabricated to contain a
graded mixture of the chondrogenic and osteogenic signals utilized in the PEG-CSC-TGFB1
“Cartilage” constructs and the PEG-PDMS-BMP2 “Bone” constructs. This “Transition”
scaffold—a 10 wt % PEGDA scaffold containing 0.5 wt % PDMSg,-MA, 2 ng/ml TGFp1,
20 ng/ml BMP2, and 1 mAM RGDS—was designed to induce SMSC differentiation into
hypertropic chondrocytes. CSC-MA was not included in “Transition” scaffold due to
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previous work suggesting that CSC is a potent inhibitor of hypertrophic chondrocyte
differentiation.3%-90 The effects of the “Cartilage,” “Transition,” and “Bone” constructs on
SMSCs were then compared.

SMSC:s cultured in the “Cartilage” constructs generally expressed the highest levels of
chondrogenic markers Sox9 and Col II, although the only significant difference noted was
between “Cartilage” and “Bone” for Sox9 (~2.0-fold, p < .0005; Figure 5). In contrast,
“Cartilage” constructs produced significantly lower levels of the hypertrophic chondrocytic
marker Col X relative to both “Transition” (~2.2-fold, p < .0005) and “Bone” constructs
(~1.7-fold, p=.011), with the “Transition” scaffolds being associated with the highest levels
of Col X (p < .0005). The “Transition” scaffolds also produced a higher Osx/Sox9 ratio,
another metric of hypertrophic chondrocytic differentiation,”!~93 relative to “Cartilage”
constructs (~1.8-fold, p=.026).

SMSCs also displayed a general increase in osteogenic markers from ‘Cartilage’ to
“Transition” to “Bone”. Specifically, cells cultured in “Cartilage” scaffolds produced
significantly lower levels of the osteogenic marker OPN relative to “Transition” (~3.7-fold, p
<.0005) and “Bone” (~7.6-fold, p < .0005) constructs in addition to significantly lower
levels of mineralization relative to both “Transition” and “Bone” scaffolds (>2.7-fold, p <.
0005; (Figure 5). Moreover, the levels of TNAP and OPN were both significantly greater in
“Bone” constructs relative to both “Cartilage” (>2.4-fold, p <.002) and “Transition” (>1.5-
fold, p <.032) scaffolds. Representative Western blot and immunostaining images are
provided in Supporting Information Figure S5.

Cumulatively, these data suggest that the formulations tested herein are capable of inducing
SMSC phenotypic differentiation consistent with osteochondral tissue (from chondrocyte to
hypertrophic chondrocyte to osteoblast), at least in mono-culture. The maintenance of this
graded phenotypic transition in a tri-culture scenario will however need to be confirmed
prior to preclinical assessments.

DISCUSSION

SMSCs are an emerging cell source for regenerative medicine applications, including for
bone22-30 and cartilage?*27 applications. The long-term goal of this work was to identify
scaffold-based biochemical cues capable of guiding zonally-tailored SMSC differentiation
for OCD repair.”*%> However, in contrast to bone marrow MSCs, scaffold compositions
which promote SMSC chondrogenesis/osteogenesis are still being identified. In the present
work, we evaluated the effects of a subset of biochemical cues using PEG-based scaffolds.
Specifically, SMSCs were encapsulated in PEG-based scaffolds presenting varying
combinations of TGFB1, BMP2, PDMS, and HApw or CSC to promote zonally-specific
SMSC differentiation into cellular phenotypes consistent with the cartilage, transition, and
bone regions of the osteochondral unit.

We began our studies by assessing the capacity of initial “Cartilage” (PEG-HApw-TGFB1)
and “Bone” (PEG-PDMS-BMP2) formulations to induce specific SMSC chondrogenic and
osteogenic differentiation, respectively. This pilot study revealed that, relative to “PEG”
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controls, PEG-HApw-TGFB1 scaffolds induced SMSC chondrogenic differentiation (1Col
11, Ymineralization), but this differentiation appeared to be weak (<>Sox9) and/or non-
specific ("TNAP; Figure 1). In contrast, the “Bone” scaffold formulation was associated
with a clear osteogenic response relative to “PEG” controls ('TNAP, TOPN, "mineralization,
with <>So0x9 and <>Col II; Figure 1) While we did not control for donor variability in all of
our scaffold development studies due to practical reasons, we observed minimal effect of
donor with our osteogenic scaffolds (Supporting Information Figure S4), as was observed
previously for bone marrow derived MSCs.*3

The relatively weak SMSC chondrogenic response to PEG-HApw-TGFp1 scaffolds led us
to further investigate the “Cartilage” scaffold. Unfortunately, co-culturing PEG-HAp\rw-
TGFB1 and PEG-PDMS-BMP2 constructs yielded no improvement with respect to
chondrogenesis, and generally had an osteogenic effect on the “Cartilage” constructs
($Sox9, TOPN) without influencing SMSCs cultured in “Bone” scaffolds (Figures 2 and 3).
Thus, we revised our initial ‘Cartilage’ formulation, substituting HApw with CSC. Similar
to HApvw, CSC is a GAG component of native cartilage ECM that is widely utilized in
cartilage bioengineering applications. 8- Interestingly, incorporation of CSC into our
PEGDA networks stimulated an enhanced SMSC chondrogenic response relative to HApw
(1Sox9, Taggrecan, { TNAP; Figure 4). Our results compare favorably with previous work
demonstrating enhanced bone marrow MSC chondrogenesis (1Col I1:Col X and 1Sox9
mRNA) in scaffolds containing CSC compared to HA.°%-97 Given that the bulk compressive
modulus was similar across our scaffold formulations (Supporting Information Table S1),
the enhanced chondrogenic response observed in PEG-CSC-TGFp1 versus PEG-HApyw—
TGFp1 scaffolds may be due to complex, differential cell-ECM, growth factor-ECM, and
ion-ECM interactions mediated by anionic GAG domains.98-99

After refining the “Cartilage” formulation to support more robust chondrogenesis, a
“Transition” scaffold was fabricated to contain a graded mixture of the chondrogenic and
osteogenic signals utilized in the PEG-CSC-TGFp1 “Cartilage” constructs and the PEG-
PDMS-BMP2 “Bone” constructs. This “Transition” scaffold was intended to promote
SMSC:s to take on a hypertrophic chondrocytic phenotype mimetic of the osteochondral
“transition zone” at the cartilage-bone interface. The effects of the “Cartilage,” “Transition,”
and “Bone” constructs on SMSCs were then compared. As anticipated, SMSCs within the
‘Cartilage’ formulation exhibited a phenotypic signature most aligned with non-hypertrophic
chondrocytic behavior (1Sox9, 1Col II, {Col X, {TNAP, {OPN, and {mineralization) of the
zonal formulations. These results are consistent with the incorporation of CSC into PEG-
networks, which has been shown to induce stable chondrogenesis in MSCs and prevent
hypertrophic differentiation.3-63

Aside from the general trends observed between “Cartilage” and the other two zones, more
subtle differences between phenotypes were also present between “Transition” and “Bone.”
For example, the “Transition” and “Bone” constructs had similar levels of mineralization but
differed in other aspects of their phenotypic profile. Specifically, “Transition” scaffolds
stimulated the highest levels of the hypertrophic marker Col X of the formulations examined
(Figure 5). Similarly, the “Bone” scaffolds—which contained the highest levels of
osteoinductive PDMS and BMP2—induced the greatest expression of osteogenic markers
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TNAP and OPN, in agreement with previous bone marrow MSC studies.*? Overall, these
results suggest that a graded transition from PEG-CSC-TGFB1 to PEG-PDMS-BMP2
scaffolds elicits a gradual SMSC phenotypic shift from chondrocyte to hypertrophic
chondrocyte to osteoblast-like. As such, further development of these scaffold formulations
for use in SMSC-based OCD repair is warranted.

Several limitations of the present study merit comment. First, extrapolating our findings to
humans is not guaranteed due to the experimental system utilized (in vitro culture with
canine SMSCs). We evaluated canine SMSC responses rather than human cells in this initial
study because OCD treatments must demonstrate efficacy in large animal preclinical studies
before advancing to humans, and canine in vivo models of OCD defects offer several
advantages over other large animals. Indeed, the overall degree of similarity between human

100 ce]] and tissue response to stimuli,!01-109

and canine with respect to bone composition,
and pathological outcomes!10-113 highlights a significant overlap in behaviors. Second,
although we identified scaffold formulations which independently favored zonally-specific
SMSC behavior, implementing these formulations as a scaffold for OCD repair will require
layer assembly and knowledge of how these constructs behave when placed in culture
together. Moreover, future refinement of the zonal scaffold formulations may manipulate
scaffold modulus in addition to biochemical cues to further promote induction of desired
SMSC differentiation due to chondrogenesis and osteogenesis being favored at moduli
between ~40 and 100 kPa.!14-118 However, incorporating these mechanical cues into a
practical OCD construct may require a balance between this important mechanobiology

variable and the load bearing nature of the osteochondral unit.

CONCLUSIONS

The present study investigated SMSC responses to PEG-based scaffold formulations with
varying levels of chondrogenic and osteogenic cues. Overall, our results suggest that a
graded transition from PEG-CSC-TGFf1 to PEG-PDMS-BMP?2 scaffolds elicits a desired
SMSC phenotypic shift from chondrocyte to hypertrophic chondrocyte to osteoblast-like.
Future work into the development of these scaffolds is both warranted and needed to achieve
our long-term goal: the development of a PEG-based, zonally-tailored scaffold capable of
guiding SMSC-based OCD repair. More broadly, the current study also supports the use of
SMSC:s for osteochondral tissue regeneration strategies, potentially overcoming current
limitations associated with the harvest of bone marrow MSCs.
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Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.

Relative levels of chondrogenic markers Sox9 and Col II and osteogenic markers TNAP,
OPN, and mineralization in SMSCs cultured in various scaffold formulations for 21 days.
Data are presented relative to PEG scaffold controls. * denotes a significant difference
relative to “PEG” scaffolds. # denotes a significant difference relative to “Cartilage”
scaffolds. OPN, osteopontin; PEG, poly(ethylene) glycol; SMSCs, synovium-derived
mesenchymal stem cells; TNAP, tissue non-specific alkaline phosphatase.
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FIGURE 2.
Relative levels of chondrogenic markers Sox9 and Col II and osteogenic markers TNAP,

OPN, and mineralization in SMSCs cultured in “Cartilage” constructs with or without co-
culture with complementary “Bone” constructs for 21 days. Data are presented relative to
the mono-culture experimental group. * denotes a significant difference relative to mono-
culture. OPN, osteopontin; SMSCs, synovium-derived mesenchymal stem cells; TNAP,
tissue non-specific alkaline phosphatase.
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FIGURE 3.
Relative levels of chondrogenic markers Sox9 and Col II and osteogenic markers TNAP,

OPN, and mineralization in SMSCs cultured in “Bone” constructs with or without co-culture
with complementary “Cartilage” constructs for 21 days. Data are presented relative to the
mono-culture experimental group. OPN, osteopontin; SMSCs, synovium-derived
mesenchymal stem cells; TNAP, tissue non-specific alkaline phosphatase.
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FIGURE 4.
Relative protein levels of (A) chondrogenic markers Sox9 and Col II and aggrecan (B)

osteogenic markers TNAP and OPN in SMSCs cultured in either PEG-HA\w-TGFB1 or
PEG-CSC-TGFp1 constructs for 21 days. Data are presented relative to the PEG-HApyw-
TGFp1 constructs. * denotes a significant difference relative to PEG-HApw-TGFB1. CSC,
chondroitin-6-sulfate; HA, hyaluronan; OPN, osteopontin; PEG, poly(ethylene) glycol;
SMSCs, synovium-derived mesenchymal stem cells; TGF, transforming growth factor;
TNAP, tissue non-specific alkaline phosphatase.
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FIGURE 5.

Relative levels of chondrogenic markers Sox9 and Col I, hypertrophic markers Col X and
Osx/Sox9, and osteogenic markers TNAP, OPN, and mineralization in SMSCs seeded in
various scaffolds designed to elicit zonally-specific cell phenotypes. Data are presented

relative to the “Cartilage” constructs. * denotes a significant difference relative to
“Cartilage”. # denotes a significant difference relative to “Transition”. OPN, osteopontin;
SMSCs, synovium-derived mesenchymal stem cells; TNAP, tissue non-specific alkaline

phosphatase.
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