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Abstract

Extracellular matrix (ECM) derived from decellularized tissues has been found to promote tissue
neogenesis, most likely mediated by specific biochemical and physical signaling motifs that
promote tissue-specific differentiation of progenitor cells. Decellularized ECM has been suggested
to be efficacious for the repair of tissue injuries. However, decellularized meniscus contains a
dense collagenous structure, which impedes cell seeding and infiltration and is not readily
applicable for meniscus repair. In addition, the meniscus consists of two distinct anatomical
regions that differ in vascularity and cellular phenotype. The purpose of this study was to explore
the region-specific bioactivity of solubilized ECM derived from the inner and outer meniscal
regions as determined in 2D and 3D cultures of adult mesenchymal stem cells (MSCs). When
added as a medium supplement to 2D cultures of MSCs, urea-extracted fractions of the inner
(imECM) and outer meniscal ECM (omECM) enhanced cell proliferation while imECM most
strongly upregulated fibrochondrogenic differentiation on the basis of gene expression profiles.
When added to 3D cultures of MSCs seeded in photocrosslinked methacrylated gelatin (GelMA)
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hydrogels, both ECM fractions upregulated chondrogenic differentiation as determined by gene
expression and protein analyses, as well as elevated sulfated glycosaminoglycan sGAG content,
compared to ECM-free controls. The chondrogenic effect at day 21 was most pronounced with
imECM supplementation, but equivalent between ECM groups by day 42. Despite increased
cartilage matrix, imECM and omECM constructs possessed compressive moduli similar to
controls. In conclusion, soluble meniscal ECM may be considered for use as a tissue-specific
reagent to enhance chondrogenesis for MSC-based 3D cartilage tissue engineering.
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1. Introduction

The menisci of the knee, crescent-shaped fibrocartilaginous tissues interposed between the
articular surfaces of the femur and tibia, must resist compressive, tensile, and shear forces in
order to efficiently distribute tibiofemoral contact stresses and maintain joint health [1, 2].
As with other musculoskeletal tissues, the complex structure of the meniscus imparts a
unique function, allowing the meniscus to facilitate efficient articulation of the tibiofemoral
joint. A gradient of decreasing collagen type Il and proteoglycan content exists when
moving from inner meniscal regions towards the periphery, while the outer region is
principally composed of aligned collagen type | fibers capable of resisting hoop stresses
arising from joint loading [3-7]. Much like hyaline cartilage, the inner region of the
meniscus is avascular, while blood vessels infiltrate the outer 10-30% of the meniscus width
[8]. The region-specific differences in ultrastructure and biochemical composition
correspond to differences in cell phenotype; inner meniscal cells possess a round
morphology reminiscent of articular chondrocytes while cells of the outer meniscus are
found between aligned collagen fibers, similar to fibroblasts of tendon or ligament [1, 2].
Similarly, cells of the inner region express higher levels of collagen type Il and aggrecan
while cells of the outer region express greater collagen type I [9].

Given the rapid onset of joint degeneration experienced with the loss of meniscal function
[10, 11], coupled with the limited availability and narrow inclusion criteria associated with
meniscal allograft transplantation, tissue engineers have sought to develop novel
biomaterials to serve as a meniscus substitute [12, 13]. Decellularized menisci derived from
animal sources have been explored, as the removal of cellular material could mitigate an
adverse immune response while preservation of tissue ultrastructure and biochemical
composition could maintain meniscal function and promote region-specific differentiation of
infiltrating host cells. However, the dense collagenous extracellular matrix (ECM) of native
menisci necessitates relatively harsh decellularization protocols with resulting losses in
proteoglycan content and the associated compressive moduli of inner meniscal regions [14,
15]. Despite these alterations in ultrastructural and biochemical properties, infiltration of
seeded cells is still limited [16, 17].
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Enzymatic digestion (e.g., pepsin) of decellularized meniscus ECM can produce a
thermoresponsive hydrogel capable of delivering exogenous cells to a meniscal lesion, while
theoretically retaining meniscus-specific bioactive motifs capable of directing
fibrocartilaginous neotissue formation [18]. However, Lin et al. [19] reported that pepsin
digestion of ECMs offered negligible advantage over collagen type | in terms of promoting
proliferation, migration, and multilineage differentiation of mesenchymal stem cells
(MSCs), likely due to the proteolytic removal of functional components. On the other hand,
a urea-soluble fraction of ECM has been demonstrated in several studies to promote
differentiation of MSCs towards tissue-specific (i.e., homologous) phenotypes [19-21].
Most recently, we demonstrated that urea-soluble extracts of the inner and outer meniscus
ECM could promote region-specific gene expression of MSCs seeded in a photocrosslinked
polyethylene glycol diacrylate (PEGDA) hydrogel [22]. Expanding on these findings, this
study explores the effect of urea-soluble extracts of the inner and outer meniscus ECM in
promoting chondrogenic/fibrochondrogenic differentiation of MSCs seeded in a visible light
(VL) photocrosslinked methacrylated gelatin (GelMA) hydrogel. GelMA hydrogels have
been shown to support robust chondrogenesis of encapsulated MSCs [23] while the use of a
VL-activated photoinitiator obviates concerns of UV light-induced mutagenesis or
cytotoxicity [24]. We hypothesized that the ECM extracts would promote region-specific
cell phenotypes, with the inner and outer ECM extracts respectively enhancing chondrogenic
and fibrochondrogenic differentiation of MSCs seeded in GelMA hydrogels.

2. Methods

2.1. Overview of experimental design

Urea-soluble extracts from the decellularized ECM of inner and outer regions of juvenile
bovine menisci were isolated and characterized. The biological effects of ECM extracts on
human bone marrow MSCs were evaluated in both 2D and 3D cultures in vitro. MSCs were
cultured on 2D plastic in the presence of ECM-supplemented media; assays for cell
morphology, metabolism, and gene expression were performed up to 7 days of culture. For
3D constructs, MSCs were encapsulated in ECM-enhanced GelMA hydrogels and cultured
for up to 42 days to assess the region-specific bioactivity of the ECM extracts, as evaluated
on the basis of gene expression, histology, immunohistochemistry, biochemical composition,
and mechanical properties.

2.2. Meniscus ECM preparation

2.2.1. ECM decellularization—Menisci were procured from hindlimbs of 6-8 week old
cows (Research 87, Boylston, MA) and stored in a protease inhibitor solution (phosphate-
buffered saline, PBS; 5 mM ethylenediaminetetraacetic acid, EDTA; 0.5 mM
phenylmethylsulfonyl fluoride, PMSF) at —20°C until use. Once thawed, menisci were
halved, coarsely minced (Fig. 1A—C), and decellularized by adapting a previously
established method [21]. Briefly, 4 g of minced tissue was agitated for 24 hours at 4°C in 40
ml of protease inhibitor solution containing 1% Triton X-100 (Sigma-Aldrich, St. Louis,
MO, USA), followed by 3 washes (30 minutes each at 4°C) in PBS. Subsequently, 40 ml of
Hanks Buffered Salt Solution (HBSS, Thermo Fisher Scientific, Pittsburgh, PA, USA)
supplemented with 200 U/ml DNase and 50 U/ml RNase (Worthington, Lakewood, NJ,
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USA) was added to the tissue, with continuous agitation for 12 hours at room temperature.
The tissue was washed six times in PBS, as above, before freezing and subsequent
lyophilization. Native and decellularized tissues were evaluated for histological appearance,
cellular content, and biochemical composition, including total collagen and sulfated
glycosaminoglycan (sGAG) contents, as described below.

2.2.2. Histology of native and decellularized ECM—Native and decellularized
tissues were fixed in 10% phosphate-buffered formalin, serially dehydrated, embedded in
paraffin, and then sectioned (6 pm thickness) with a microtome (Leica RM2255, Leica
Biosystems, Buffalo Grove, IL, USA). Samples were rehydrated and stained with
haematoxylin & eosin (H&E, Sigma-Aldrich) or 4”,6-diamidino-2-phenylindole, dilactate
(DAPI, Life Technologies, Carlshad, CA, USA). H&E-stained samples were imaged using
an Olympus SZX16 stereo microscope while DAPI-stained sections were examined with an
Olympus CKX41 inverted microscope using fluorescent excitation at 405 nm.

2.2.3. Biochemical composition of native and decellularized ECM—To determine
the biochemical composition of native and decellularized tissues, dried samples were
digested overnight at 65°C at a concentration of 10 mg/mL in a digestion buffer (pH 6.0)
containing 2% papain (v/v, from Papaya latex, Sigma-Aldrich), 0.1 M sodium acetate, 0.01
M cysteine HCI, and 0.05 M EDTA. The pH was then adjusted to 7.0 through addition of
concentrated NaOH. sGAG content was quantified with a Blyscan Assay according to the
manufacturer’s instructions (Biocolor, Carrickfergus, United Kingdom). dsDNA content was
determined using the Quant-iT Picogreen dsDNA assay (Life Technologies). Total collagen
content was determined using a modified hydroxyproline assay. Briefly, 200 uL of each
sample was hydrolyzed with an equal volume of 4 N NaOH at 121°C for 75 min, neutralized
with an equal volume of 4 N HCI, and then titrated to an approximate pH of 7.0. The
resulting solution was combined with 1.2 mL chloramine-T (14.1 g/L) in buffer (50 g/L
citric acid, 120 g/L sodium acetate trihydrate, 34 g/L NaOH, and 12.5 g/L acetic acid) and
allowed to stand at room temperature for 30 min. The solution was then combined with 1.2
mL of 1.17 mM p-dimethylaminobenzaldehyde in perchloric acid and placed in a 65°C
water bath for 20 minutes. 200 pL of each sample was added to a clear 96-well plate, in
duplicate, and absorbance at 550 nm was read. PureCol bovine collagen (3.2 mg/mL,
Advanced Biomatrix, Carlsbad, CA, USA) was serially diluted to provide a standard curve
ranging from 0 to 1000 pg/mL.

2.2.4. Solubilization of decellularized ECM—Decellularized tissues were cryomilled
into a fine powder (Spex Freezer Mill 8670, Metuchen, NJ, USA) and urea-soluble extracts
of the decellularized ECM of inner and outer meniscal regions were obtained using a
previously described method (Fig. 1D, E) [21]. Briefly, 4 g of wet decellularized ECM
powder was agitated for 3 days at 4°C in 40 mL of 3 M urea dissolved in water. The
suspension was centrifuged for 20 minutes at 1,500g and the supernatant was transferred to
benzoylated dialysis tubing (Sigma-Aldrich) and dialyzed against ddH,O for 2 days at 4°C,
changing the water every 8 hours. The dialyzed ECM extract was transferred to centrifugal
filter tubes (3000 MWCO; EMD Millipore, Billerica, MA, USA) and spin-concentrated
approximately 10-fold at 1,500g for 60 minutes. The final ECM extract was filter-sterilized
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through a PVDF syringe filter unit (0.22 um; EMD Millipore). Protein concentration was
determined by BCA assay (Thermo Fisher Scientific) and aliquots of 1,000 pg/mL were
stored at —80°C until further use. Before use in experimental studies, aliquots prepared from
three different batches were pooled.

In preliminary studies, decellularized ECM was alternatively solubilized by pepsin digestion
using an established protocol [25, 26]. In particular, ECM powders were enzymatically
digested in a solution of 1 mg/mL porcine pepsin (Sigma-Aldrich) in 0.01 N HCI for 48
hours at room temperature under continuous stirring. The resulting ECM slurries (Fig. 1F)
were neutralized by addition of one-tenth digest volume of 0.1 N NaOH and one-ninth
digest volume of 10X PBS, then further diluted by addition of PBS. These pepsin-
solubilized ECM hydrogels (i.e., imAP, omAP) were principally composed of collagen (Fig.
1G, H) and were inferior to urea-soluble extracts in promoting cell proliferation and
fibrochondrogenic differentiation (data not shown); they were therefore excluded from
additional experiments.

2.2.5. SDS-PAGE and growth factor analysis of ECM—Dried samples of native
inner and outer meniscus ECM, and their corresponding urea-soluble and pepsin-digested
extracts were suspended in TM buffer (Total Protein Extraction Kit, EMD Millipore). 30 ug
total protein was mixed with SDS loading buffer and reducing agent (NUPAGE; Life
Technologies, Carlshad, CA, USA) and heated for 10 minutes at 70°C. Protein was loaded
into a pre-cast 10-well NUPAGE 4-12% Bis-tris Minigel (Life Technologies) and separated
by electrophoresis in MOPS running buffer for 50 minute at constant 200V. The gel was
washed several times in water and photographed using a CCD camera gel imaging system
(FOTODYNE, Hartland, WI, USA).

Additionally, the growth factor contents of the urea-soluble extracts of the inner meniscus
(imECM) and outer meniscus (omECM) were measured using a Human Growth Factor
Array (RayBiotech, Norcross, GA), according to the manufacturer’s instructions.

2.3 Bioactivity of meniscus ECM extract in 2-dimensional cell culture

Human bone marrow MSCs were obtained as previously described [19]. All experiments
were performed with passage 3 (P3) MSCs pooled from 3 patients (31 year old female, 42
year old male, 44 year old male) undergoing total hip arthroplasty with Institutional Review
Board approval (University of Washington and University of Pittsburgh). To determine the
effect of ECM extracts on MSC morphology and metabolism, cells were suspended in
growth medium (DMEM, 10% FBS, 1% Anti-Anti; Life Technologies) and plated in 6-well
culture plates at a density of 1 x 103 cells/cm?. One day following cell seeding, growth
medium was replaced with serum-free medium (DMEM, 1% antibiotic-antimycotic, 1%
Insulin-transferrin-selenium [ITS]; Life Technologies) with or without ECM extract
supplementation. There were three media conditions — (1) serum-free control, (2)
supplementation with 50 ug/ml imECM, and (3) supplementation with 50 ug/ml omECM.
Media were changed every 2 days. On days 1, 3, and 7, an MTS assay (CellTiter 96®
AQueous NOn-Radioactive Cell Proliferation Assay; Promega, Madison, WI) was performed
according to manufacturer’s instructions.
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To determine the effects of ECM extracts on gene expression, 2 x 104 cells/cm? were plated
in 6-well culture plates and cultured for up to 7 days, as described above. On days 1, 3, and
7, total RNA was isolated from cells using an RNeasy Plus Mini Kit (Qiagen, Valencia, CA,
USA) and reverse transcribed into cDNA through use of SuperScript 111 first-strand
synthesis kit (ThermoFisher Scientific, Pittsburgh, PA, USA). Quantitative real-time
polymerase chain reaction (QPCR) was performed using SYBR® Green master mix
(Applied Biosystems, Foster City, CA) on a StepOnePlus Real-Time PCR system (Applied
Biosystems). Relative expression of each target was calculated using the AACt method with
the arithmetic average of GAPDH and 18S rRNA expression used as the endogenous
reference. For 2D cultures, expression of SOX9, collagen type Il (COL2), collagen type |
(COL1), aggrecan (ACAN), and RUNX2, was analyzed. Additional targets were included
for 3D cultures, as described below. Primer sequences are listed in Supplemental Table 1. As
significant differences across treatment groups were only seen at day 3, expression levels
were normalized against day 3 controls.

2.4. Bioactivity of meniscus ECM extract in 3-dimensional GelMA hydrogels

Methacrylated gelatin (GelMA) was prepared as previously described [23]. ECM-enhanced
GelMA contained 500 pg/mL of imECM or omECM, whereas controls were supplemented
with an equal volume of PBS. MSCs were suspended in the liquid GelIMA (8% w/v
suspended in HBSS with 0.2% v/v of visible light-sensitive photoinitiator lithium
phenyl-2,4,6-trimethylbenzoylphosphinate, LAP) at 15 x 108 cells/mL. 50 pL of the cell
suspension was distributed to silicone molds measuring 5 mm diameter x 2 mm depth and
exposed to high intensity visible light (450-490 nm) for 2 minutes to induce photogelation.
MSC-encapsulated hydrogels were transferred to 6-well plates previously coated with
silicone (Sigmacote, Sigma-Aldrich) to prevent cell migration and adhesion onto the plastic
surface, and cultured for up to 42 days in full chondrogenic medium (DMEM, 1% antibiotic-
antimycotic, 1% ITS, 0.1 uM dexamethasone, 40 pg/mL proline, 50 ug/mL ascorbate-2-
phopshate, 10 ng/mL recombinant human transforming growth factor B3 [TGF-B3;
Peprotech, Rocky Hill, NJ, USA]). Medium was changed every 2—-3 days. The MSC-
encapsulated hydrogels were collected at various time points and analyses for gene
expression, biochemical composition, histology and immunohistochemistry, and
compressive mechanical properties, were performed.

2.4.1. Gene expression and biochemical composition analyses—On days 1, 7,
21, and 42, total RNA was isolated from constructs through sequential use of Trizol (Thermo
Fisher Scientific) and RNeasy Plus Mini Kit (Qiagen), according to manufacturers’
protocols. Reverse transcription and qPCR was performed as described above. Expression of
the following gene targets was determined for the 3D constructs — SOX9, collagen type |1
(COL2), collagen type | (COL1), aggrecan (ACAN), collagen type VI (COL6), RUNX2,
cartilage oligomeric matrix protein (COMP), platelet-derived growth factor receptor
(PDGFR), tissue inhibitor of metalloproteinase 2 (TIMP2), scleraxis (SCX), tenascin C
(TNC), and fibromodulin (FMOD). Relative expression of each condition at a given time
point was normalized against day 1 controls. Primer sequences are listed in Supplemental
Table 1.
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On days 21 and 42, constructs were digested overnight in papain using the protocol
described in Section 2.2.3. Total sGAG and dsDNA contents were determined, allowing
subsequent normalization of SGAG by dsDNA.

2.4.2. Histological and immunohistochemical analysis—Hlistological sections were
prepared on days 21 and 42 following a similar protocol as performed when characterizing
the appearance of native and decellularized meniscal tissues described in Section 2.2.2.
Following rehydration, samples were stained with Safranin O/Fast Green (Electron
Microscopy Sciences, Hatfield, PA USA); nuclei were counterstained with Hematoxylin. For
immunohistochemical staining of collagens type Il and type I, antigen retrieval was achieved
by incubation of slides for 30 minutes at 37°C in Chondroitinase ABC (100mU/ml, Sigma)
and Hyaluronidase (250 U/ml, Sigma) suspended in 0.02% bovine serum albumin (BSA).
Endogenous peroxidase activity was blocked with 3% H,0, (in methanol). Non-specific
binding was blocked with 1% horse serum. Samples were then exposed to rabbit anti-human
collagen type 1l primary antibody (ab34712; Abcam, Cambridge, MA, USA) diluted 1:400
or rabbit anti-human collagen type | primary antibody (ab34710; Abcam) diluted 1:100 in
1% horse serum overnight at 4°C. Equine biotinylated secondary antibody binding, signal
amplification, and visualization were achieved through the use of VectaStain Universal Elite
ABC Kit (Vector Laboratories, Burlingame, CA, USA) in accordance with the
manufacturer’s instructions. Nuclei were counterstained with Haematoxylin QS (Vector).

2.4.3. Compressive mechanical testing—On day 42, the cylindrical specimens were
tested in uniaxial unconfined compression with a Bose Electroforce 3200 series |1
(resolution 1nm, load cell 1000g) while kept moist in PBS. After a preload condition of
0.1% strain, samples were compressed at a 0.01 mm/s rate reaching a strain of 20%. The
elastic modulus E was extracted by linear fitting of the final part of the stress-strain curve
near the maximum load as previously described [7].

2.5. Statistical analyses

3. Results

Comparisons across multiple conditions or time points were made using a one-way or two-
way analysis of variance (ANOVA) with Tukey post-hoc testing for multiple comparisons.
When comparing two conditions, a Student’s t-test was performed. Data are presented as
mean + standard deviation. Sample sizes are indicated in figure legends. Statistical
significance was considered p < 0.05.

3.1. Characterization of inner and outer meniscal ECM

Histological staining confirmed the absence of cell nuclei in both inner and outer meniscal
ECM prepared by the decellularization protocol (Fig. 2A-H), with a corresponding
reduction in dsSDNA content (Fig. 21; Native vs. Decellularized — Inner: 555.1 + 62.5 ng/mg
vs. 7.7 £ 6.2 ng/mg, p < 0.001; Outer: 616.3 £ 52.1 ng/mg vs. 11.7 £ 9.4 ng/mg, p < 0.001).
Decellularized ECM from both inner and outer regions possessed a lower SGAG content
than the respective native tissues (p < 0.001). However, native and decellularized inner
meniscal ECM possessed higher sSGAG content (31.7 £ 6.8 pg/mg and 9.7 = 5.9 pug/mg,
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respectively) than outer meniscal ECM (10.0 + 1.7 pg/mg and 1.6 £ 1.0 ug/mg, respectively)
at the corresponding step (Fig. 2J). Conversely, the total collagen content was equivalent
between meniscal regions and remained constant following decellularization (Fig. 2K). As
compared to native inner and outer meniscus, inECM and omECM possessed a reduced
amount of high molecular weight proteins, including collagen, but relatively more abundant
low and moderate molecular weight proteins and/or fragments, as seen by SDS-PAGE (Fig.
1G, H). Growth factor array analysis revealed differences in several proteins when
comparing imECM with omECM; notably, basic fibroblast group factor (bFGF) was found
only in omECM while TGF-B concentrations were higher in imECM (Table 1).

3.2. ECM-induced MSC proliferation and fibrochondrogenic differentiation in 2D culture

Over a 7-day culture period, imECM and omECM exposure enhanced cell proliferation of
MSC:s as observed by phase contrast microscopy (Fig. 3A-C) and MTS assay. imECM and
omECM supplementation increased cell proliferation equivalently at all time points (Fig.
3D). On day 3, both imECM and omECM increased expression of SOX9, COL2, and COL1,
although statistically significant increases over controls were only seen with imECM
supplementation (p < 0.05). ACAN and RUNX2 expression did not significantly differ
across conditions.

3.3. Gene expression of 3D MSC cultures in GelMA hydrogels enhanced with ECM

Seeding of MSCs in GelMA hydrogels supported robust upregulation of cartilage matrix
genes, COL2 and ACAN, over a 42-day culture, with modest increases in COL1 and
RUNX2 expression in all groups on days 7 and 21, before returning to baseline on day 42
(Fig. 4). imECM exposure upregulated SOX9 over controls and omECM on day 1, while
both ECM groups were slightly inferior to controls on day 7 before demonstrating
equivalency across groups at later time points. Both ECM groups strongly upregulated
COL2 expression on day 7, while only imECM supplementation maintained enhanced
expression over controls on day 21. Conversely, omECM upregulated COL1 expression on
day 1, while both imECM and omECM had significantly reduced COL1 expression on day
21 compared to controls. imECM and omECM increased ACAN expression on day 21, but
differences were not statistically significant. COL6 expression across all groups was
downregulated after day 1, with further reductions induced by omECM on days 7 and 21.
RUNX2 expression was decreased in omECM and imECM constructs on days 7 and 42,
respectively, as compared with controls. Expression of additional genes associated with the
fibrochondrocyte and fibroblast phenotypes was measured (Supplemental Fig. 1), showing
that ECM supplementation had either a negligible or inhibitory effect as compared against
controls.

3.4. Immunohistochemical and histological staining of MSC-seeded GelMA constructs

At day 21, positive staining for collagen type Il was found in the pericellular region, with
cells near the construct perimeter demonstrating more intense staining (Fig. 5A-F). ECM-
supplemented constructs exhibited greater collagen type 11 deposition, with imECM
constructs superior to omECM constructs. By day 42, all groups demonstrated robust
collagen type 1l immunostaining distributed throughout the entire construct area (Fig. 5G—
L). In comparison, regions of reduced intensity were found between intensely staining
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clusters only in Controls, while imECM and omEMC constructs exhibited a more
homogeneous distribution of intense collagen type Il staining.

Proteoglycan deposition, as visualized through Safranin O staining, paralleled collagen type
Il immunostaining (Fig. 6). Both imECM and omECM constructs showed more intense
staining on day 21, as compared to Controls, with imECM producing the greatest effect (Fig.
6A-F). However, by day 42, all constructs showed intense proteoglycan deposition and
differences among groups could not be qualitatively detected (Fig. 6G-L). Supplementation
of the culture medium with TGF-B3 was essential for such robust anabolic effects. When
constructs were cultured in the absence of TGF-B3, no proteoglycan deposition was noted in
Controls by day 42 (Supplemental Fig. 2A, F). Inclusion of imECM and omECM within
hydrogels only resulted in low levels of pericellular proteoglycan deposition (Supplemental
Fig. 2B-C, G-H), but staining intensity was much less that of constructs cultured in TGF-p3
containing full chondrogenic medium (Fig. 6). Acellular constructs, even with ECM
supplementation, were negative for proteoglycan deposition (data not shown), supporting the
cellular origin of the histologically detectable proteoglycan.

Immunohistochemical staining for collagen type | showed a pattern opposite to that seen for
collagen type 11 and proteoglycan (Fig. 7). In particular, imECM constructs showed the least
collagen type | deposition on days 21 and 42. Controls and omECM constructs showed
comparable collagen type | deposition on day 21 (Fig. 7A-F), but by day 42, staining
intensity was most profound in Controls (Fig. 7G-L).

3.5. Biochemical composition and compressive moduli of MSC-seeded GelMA hydrogels

The biochemical composition of constructs mirrored the histological findings. Total SGAG
content was significantly increased in imECM and omECM constructs on days 21 and 42
(Fig. 8A), while no significant difference in dsSDNA content was found over time or among
groups (Fig. 8B). Nevertheless, when sGAG content was normalized to cellular content, only
imECM constructs showed significantly elevated values over Controls on day 21, while both
ECM-supplemented groups were significantly increased by day 42 (Fig. 8C). Similar to the
histological findings, acellular constructs possessed negligible SGAG content, even when
supplemented with imECM or omECM (data not shown); imECM and omECM constructs
trended towards higher compressive moduli than Controls, but these differences were not
statistically significant (Fig. 8D).

4. Discussion

Expanding on our recent work [22], this study investigated the region-specific bioactivity of
urea-extracted decellularized meniscal ECM when presented to human bone marrow MSCs
in both 2D and 3D cultures. In preliminary studies, pepsin-digested hydrogels derived from
decellularized inner and outer meniscal ECM did not affect fibrochondrogenic
differentiation of MSCs when added as a medium supplement in 2D culture or when seeded
with MSCs as a 3D hydrogel. The absence of fibrochondroinductivity of pepsin-digested
hydrogels agrees with recent work by Visser et al. [27] which showed the supplementation
of pepsin-soluble meniscal ECM to MSCs in hydrogel cultures did not alter gene expression
or protein deposition. As seen both grossly and by SDS-PAGE, pepsin digestion yielded a
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slurry that contains predominantly collagen. Conversely, urea-extracted fractions are
enriched for low to moderate molecular weight proteins, the combination of which has been
previously demonstrated to promote tissue- or region-specific differentiation of MSCs [19-
22]. Similarly, in this study, imECM and omECM were found to promote MSC proliferation
and upregulation of fibrochondrogenic markers SOX9, COL2, and COL1, when added as a
supplement in 2D culture. Based upon these findings, the bioactivities of imECM and
omECM were further explored when mixed with MSC-seeded GelMA hydrogels.

GelMA is a versatile biomaterial capable of supporting robust chondrogenic differentiation
of encapsulated MSCs after rapid light-activated gelation [23, 28]. Additionally, the
inclusion of a water-soluble, visible light-responsive photoinitiatior (i.e., LAP) obviates
concerns of possible cellular damage caused by UV light exposure, as required by most
photoinitiators (e.g., Irgacure) [24]. While the effect of meniscal ECM supplementation on
MSC-seeded GelMA hydrogels was previously unexplored, functionalization of GelMA
with particulated (hyaline) cartilage ECM has been reported to enhance chondrogenesis of
encapsulated MSCs [29, 30]. Although the particulated ECM was presumably
chondroinductive due to retention of intrinsic chondrogenic cues, robust chondrogenesis
required stimulation with exogenous TGF-B3. A similar result was found in this study.
Namely, iImECM and omECM supplementation of MSC-GelMA constructs produced
discernible low-level deposition of proteoglycan in the pericellular regions when cultured in
medium without TGF-B3 (Supplemental Fig. 2), but modestly upregulated expression of
chondrogenic markers (data not shown). In contrast, additional supplementation of TGF-p3
to culture medium produced robust chondrogenic differentiation of MSCs, as determined by
multiple assays. Supplementation with meniscal ECM enhanced chondrogenic gene
expression at earlier time points (i.e., days 7 and 21), translating into sustained increases in
collagen type 11 and SGAG deposition at days 21 and 42. While omECM supplementation
significantly upregulated COL1 expression on day 1, the effect was not sustained over the
culture period. Rather, constructs supplemented with either iImECM or omECM
demonstrated repressed COL1 expression at day 21, as compared against Controls.
Similarly, ECM-mediated decrements in collagen type | deposition were seen on day 42 by
immunohistochemistry. In our previous study [22], in which PEGDA hydrogels were
supplemented with inner or outer meniscal ECM, omECM constructs showed sustained
upregulation of COL1 expression for at least 7 days while iImnECM preferentially
upregulated COL2 expression, suggesting region-specific bioactivity of the soluble meniscal
ECM. However, later time points were not included nor was immunohistochemical staining
performed, as employed in this study, which showed both imECM and omECM similarly
enhanced chondrogenesis by day 42. Although the mechanistic basis underlying these
discrepancies between studies in not presently clear, differences in hydrogel composition
(i.e., GeIMA vs. PEGDA), cell densities (i.e., 15.0 x 108 vs. 1.0 x 106 MSCs/mL), meniscal
ECM-hydrogel interactions, cell adhesion/morphology, and duration of TGF-B3 exposure,
may have contributed to the relatively equivalency of chondrogenic bioactivity of iImnECM
and omECM supplements. More specifically, the prolonged exposure to TGF-p3 in the
culture medium may have saturated the independent chondrogenic bioactivity mediated by
soluble meniscal ECM.
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For instance, imECM transiently upregulated expression of chondrogenic regulator SOX9 on
day 1, with negligible differences across groups at later time points. Interestingly, cells
isolated from the inner and outer regions of native menisci were reported to express
equivalent levels of SOX9, suggesting minimal influence of SOX9 in distinguishing region-
specific phenotypes [9]. Vanderploeg et al. [6] showed collagen type VI to be concentrated
in inner meniscal regions and localized to the pericellular matrix; in this study, omECM
supplementation downregulated Col6 expression, as compared with Controls and imECM
constructs. In examining additional putative meniscal cell markers [31], ECM
supplementation tended to have a negligible or inhibitory effect at early time points, with
broad equivalency across groups by day 42. The extent that these transcriptional changes are
meaningful for tissue engineering application remains uncertain, given the paucity of studies
characterizing the phenotypes of cells across various meniscus regions.

On the other hand, the homogeneous distribution of MSCs within GelIMA hydrogels clearly
does not recapitulate the complex fibrous architecture of native menisci [1, 2]. In particular,
tie fibers are known to extend radially from the central meniscus to the periphery, binding
aligned circumferential fibers and allowing efficient transformation of compressive loads
into hoop stresses [1]. In an in vitro model, Puetzer and Bonassar [32] demonstrated that
simulated tibiofemoral loading of an engineered meniscus composed of high density
collagen seeded with meniscal fibrochondrocytes began to recapitulate the fibrous
ultrastructure and resulting mechanical anisotropy of native menisci. Whether mechanical
loading could orchestrate similar structural organization of MSC-GelMA constructs remains
to be explored.

Alternatively, ECM-supplemented hydrogels may be combined with electrospun nanofibers
to better reconstitute the structural and biochemical properties of the meniscus [33, 34].
Baek et al. [35] fabricated multilayered scaffolds with alternating layers of electrospun
nanofibers and MSC-seeded alginate hydrogels, which allowed tunable tensile anisotropy
depending on fiber orientation. However, compressive mechanical properties were not
measured. In this study, compressive moduli of constructs (~ 40-50 kPa) did not differ
across groups. These values are weaker than those of native menisci (~ 100-500 kPa) [2, 36,
37] but few studies have examined the differences between compressive properties of the
inner and outer meniscal regions. On the other hand, the modulus values found herein are
congruent with reported values for GelMA hydrogels [23, 38]. Unlike other studies, in
which values of compressive modulus correlated with glycosaminoglycan content [38, 39],
the greater SGAG content of ECM-supplemented constructs did not significantly enhance
compressive moduli, suggesting that the differences in SGAG content or the resulting
hydrogel architecture were insufficient to produce discernible changes in mechanical
properties. Analyses of possible ECM-mediated increases in collagen content were not
performed, as the gelatinous nature of the GelMA hydrogel would likely obscure any group
differences.

As with fiber architecture, mechanical loading has been found to further increase SGAG
deposition, with concurrent improvements in compressive mechanical properties of 3D cell-
seeded constructs [32, 40]. Controlled mechanical loading as part of post-surgical
rehabilitation may serve as a viable strategy to further enhance the compressive moduli of
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the remodeling hydrogels [40, 41]. Additional improvements in initial material properties of
GelMA constructs may also be realized by adding exogenous hyaluronic acid and/or
modifying the decellularization process so as to retain a higher endogenous sGAG content
within the resulting ECM extracts [42]. As demonstrated by Levett et al. [38],
supplementation of GelMA hydrogels with exogenous hyaluronic acid, rather than
endogenous production by encapsulated cells, produced the greatest improvements in
compressive mechanical properties.

While preservation of the bioactive physical and biochemical motifs of the native ECM is
presumed to most faithfully reconstitute tissue-specific cell phenotypes, limitations in whole
meniscus decellularization, as described in the Introduction, necessitate further processing to
improve cell infiltration [43]. To that end, one must balance the disruption of native
bioactive motifs with technical and biological utility gained by further ECM processing.
Retention of higher SGAG content within ECM extracts may not only improve mechanical
properties of constructs but may also enhance chondrogenic differentiation of seeded cells.
For instance, hyaluronan of native ECM, through binding to the CD44 receptor of the cell
surface, can upregulate chondrogenesis [44, 45]. Similarly, greater retention of soluble
meniscal ECM through functionalization of the GeIMA backbone (e.g., with heparin-
binding domains) or covalent binding with methacrylated ECM proteins might bolster the
chondrogenic effect of the hydrogels by prolonging cell-ECM interactions [27].
Alternatively, exogenous hyaluronan/sGAG could be added to the present formulation of
ECM-supplemented GelMA for possible benefit. Nevertheless, future investigations
elucidating the essential elements of the meniscus ECM that govern cell phenotype are
essential to guide tissue engineering applications aimed at restoring the structure and
function of the meniscus, in turn preserving joint integrity.

Therapeutic translation also requires consideration of how the hydrogel will be delivered in a
surgical context. The current formulation of GeIMA, with inclusion of a visible light-
responsive photoinitiator, undergoes gelation in seconds, with complete curing in minutes
[23]. A large animal study is currently ongoing in which autologous stromal cells are
isolated from infrapatellar fat, suspended in a GelMA hydrogel containing TGF-3 and
soluble ECM, and photocrosslinked within a meniscal lesion concomitantly repaired with
sutures, providing a point-of-care strategy for cell-based meniscal regeneration. With
improvements in mechanical properties and the ability to adhere to native meniscal tissue,
MSC-seeded hydrogels may be used to replace larger defects, similar to a related study
investigating 3D printing protein-releasing polymeric scaffolds [46]. Assuming these
material properties can be achieved, the cell-seeded photocrosslinkable hydrogel could serve
as a dynamic biomaterial to restore meniscus structure in a single surgical procedure.

5. Conclusion

In this study, urea-extracted preparations of decellularized inner and outer meniscal ECM
enhanced proliferation and fibrochondrogenic differentiation of 2D cultures of human bone
marrow MSCs. GelMA hydrogels supplemented with soluble ECM fractions accelerated
chondrogenic differentiation of seeded MSCs as determined by analyses of gene expression,
protein deposition, and biochemical composition of the constructs. imECM supplementation
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promoted early chondrogenic upregulation but was equivalent to omECM by later time
points. While ECM supplementation alone enhanced chondrogenic differentiation, robust
effects required supplementation of media with exogenous TGF-B3, which may have
saturated the chondrogenic bioactivity of soluble ECM by day 42. Given these findings,
photocrosslinkable hydrogels enhanced with meniscal ECM, TGF-3, and MSCs, may offer
a potential therapeutic strategy to promote meniscus neotissue formation when combined
with surgical repair of meniscus tears.
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Fig. 1.

Sog:ubilization of ECM from inner and outer meniscus. (A) Whole menisci were obtained
from 6-8 week old cow hindlimbs, (B) halved, and (C) manually minced (8-27 mm3).
Following decellularization, (D) tissues were cryomilled and soluble fractions were obtained
either by (E) urea-extraction (supernatant was retained, yellow line) or (F) acid-pepsin
digestion. SDS-PAGE of (G) inner meniscus and (H) outer meniscus tissues and soluble
preparations demonstrate that urea extraction (imeECM, omECM) retained low and moderate
molecular weight proteins while pepsin digestion (imAP, omAP) yielded mostly collagen.
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Characterization of native and decellularized meniscus tissue. (A, B) H&E and (C, D) DAPI
staining of native inner and outer meniscus, respectively. (E, F) H&E and (G, H) DAPI
staining of decellularized tissues. Arrows indicate blood vessels found in outer meniscus (B,
F); Scale bar = 500 um. (1) dsDNA content of native and decellularized meniscus; dotted
line at 50 ng/myg is established threshold for sufficient decellularization [43]. (J) Total SGAG
content. (K) Total collagen content. For biochemical assays, n = 8-10 per condition. # p <
0.001, significant difference between native and decellularized tissue from a given region.
Lines over bars indicate significant difference between regions for a given step, p < 0.05.
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Bioactivity of soluble ECM extracts on MSCs in 2D culture. (A-C) Phase contrast
microscopy; Scale bar = 100 um. (D) MTS assay measuring cell metabolism as a function of
culture time; n = 6-8 per condition; Lines indicate significant difference between groups on
given day, p < 0.05. (E) Gene expression analysis on day 3; n=3 independent trials, each
performed in biological triplicate; Lines indicate significant difference between groups, p <

0.05.

Acta Biomater. Author manuscript; available in PMC 2017 August 04.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Rothrauff et al.

Relative Expression

Sox9

Relative Expression

Group
M control
OimeEcm
[ClomECM

Day

Acan

1000

800

600

400

200+

Group
M control
OimECM
[JomECM

Fig. 4.
Gene expression analysis of 3D MSC-GelMA constructs as a function of culture time.

Relative expression normalized to day 1 Controls. n=3 independent trials, each performed in
biological triplicate; Lines indicate significant differences between groups, p < 0.05.

Relative Expression

Page 19
100000 Group 3 =" Group
=Control — g QContml
0000 imECM = i imECM
L CJomECM -4 CJomECM
— )
1000~ s
w
o0
s
10 &
0_ -
21 42
Day Day
1.2+ Group J Group
e [l Control c B control
2 1.0 OimECM S &I @imecm
2 CJomECM -] CJomECM
£ o £
E » 4
w6 Wi
2 = S
8 4 Towy 8 2]
[ ]
e 2 (4
0 o
1 T 21 42 ; | i 21 42
Day Day

Acta Biomater. Author manuscript; available in PMC 2017 August 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Rothrauff et al.

Control imECM

Ao

e

Day 21

Day 42

Fig. 5.

Irr?munohistochemical staining of collagen type 1l in 3D MSC-seeded GelMA constructs.
(A-F) Constructs on day 21; (A—C) Low magnification, scale bar = 1 mm; Area of
magnification shown by black box; (D-F) High magnification, scale bar = 200 pm. (G-L)
Constructs on day 42; (G-I) Low magnification, scale bar = 1 mm; Area of magnification
shown by black box; (J-L) High magnification, scale bar = 200 pm.
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Fig. 6.

Sag:‘ranin O staining of 3D MSC-seeded GelMA constructs. (A-F) Constructs on day 21; (A-
C) Low magnification, scale bar = 1 mm; Area of magnification shown by black box; (D-F)
High magnification, scale bar = 200 um. (G-L) Constructs on day 42; (G-I) Low
magnification, scale bar = 1 mm; Area of magnification shown by black box; (J-L) High
magnification, scale bar = 200 pum.
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Day 21
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Fig. 7.

Irr?munohistochemical staining of collagen type | in 3D MSC-seeded GelMA constructs.
(A-F) Constructs on day 21; (A—C) Low magnification, scale bar = 1 mm; Area of
magnification shown by black box; (D-F) High magnification, scale bar = 200 pm. (G-L)
Constructs on day 42; (G-I) Low magnification, scale bar = 1 mm; Area of magnification
shown by black box; (J-L) High magnification, scale bar = 200 pm.

Acta Biomater. Author manuscript; available in PMC 2017 August 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Rothrauff et al.

A sGAG B

DNA

Group
Mcontrol
Oimecm
ComEcm

w 200 Group = 700
‘5 Mcontrol 5.
> EimecMm o g 600
g 150-| CJomECM
> £ 500
- —_— =
& 400
g 100-
o < 300
g ]
200+
N :
100~
3 2
0- 0
21 42
Day
Fig. 8.

Fal

Day

Page 23

C sGAG/DNA D Modulus

ug sGAG/ug dsDNA

Modulus (kPa)

Biochemical composition (days 21 and 42) and compressive modulus (day 42) of 3D MSC-
seeded GelMA constructs. (A) Total SGAG content. (B) Total dsSDNA content. (C) SGAG
normalized by DNA. (D) Compressive modulus on day 42. n=8-10 samples per condition;

Lines indicate significant difference between groups, p < 0.05.
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Growth factor and cytokine concentrations (pg/ml) measured in imECM and omECM

Table 1

Protein imECM | omECM
bFGF 0.0 362.6
EGFR 31 0.0
EG-VEGF 0.1 0.0
IGFBP-4 3.6 0.0
Insulin 0.0 36.6
NT-3 3.4 3.2
OPG 59.0 54.7
SCF 1.8 11
SCFR 16.3 0.0
TGFbl 241.7 140.9
TGFb3 29.3 0.0

Acta Biomater. Author manuscript; available in PMC 2017 August 04.

Page 24



	Abstract
	1. Introduction
	2. Methods
	2.1. Overview of experimental design
	2.2. Meniscus ECM preparation
	2.2.1. ECM decellularization
	2.2.2. Histology of native and decellularized ECM
	2.2.3. Biochemical composition of native and decellularized ECM
	2.2.4. Solubilization of decellularized ECM
	2.2.5. SDS-PAGE and growth factor analysis of ECM

	2.3 Bioactivity of meniscus ECM extract in 2-dimensional cell culture
	2.4. Bioactivity of meniscus ECM extract in 3-dimensional GelMA hydrogels
	2.4.1. Gene expression and biochemical composition analyses
	2.4.2. Histological and immunohistochemical analysis
	2.4.3. Compressive mechanical testing

	2.5. Statistical analyses

	3. Results
	3.1. Characterization of inner and outer meniscal ECM
	3.2. ECM-induced MSC proliferation and fibrochondrogenic differentiation in 2D culture
	3.3. Gene expression of 3D MSC cultures in GelMA hydrogels enhanced with ECM
	3.4. Immunohistochemical and histological staining of MSC-seeded GelMA constructs
	3.5. Biochemical composition and compressive moduli of MSC-seeded GelMA hydrogels

	4. Discussion
	5. Conclusion
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6
	Fig. 7
	Fig. 8
	Table 1

