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Abstract: There has been significant interest in identifying alternative cell sources and growth
factor stimulation to improve matrix synthesis for disc repair. Recent work has identified na-
soseptal chondrocytes (NC) as a possible alternative cell source with significant matrix-form-
ing abilities. While various growth factors such as members of the TGFf superfamily have
been explored to enhance matrix formation, no consensus exists as to the optimum growth
factor needed to induce cells towards a discogenic phenotype. This study assessed both nucleus
pulposus (NP) and NC microtissues of different densities (1000, 2500 or 5000 cells/microtis-
sue) stimulated by individual or combinations of the growth factors TGFB3, GDF5, and GDFe6.
Lower cell densities result in increased SGAG/DNA and collagen/DNA levels due to higher
nutrient availability levels. Our findings suggest that growth factors exert differential effects
on matrix synthesis depending on the cell type. NP cells were found to be relatively insensitive
to the different growth factor types examined in isolation or in combination. Overall, NCs ex-
hibited a higher propensity to form extracellular matrix compared to NP cells. In addition,
stimulating NC-microtissues with GDF5 or TGFB3 alone induced enhanced matrix formation

and may be an appropriate growth factor to stimulate this cell type for disc regeneration.
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1. Introduction

Cell-based therapies may hold significant potential as a treatment strategy for the repair
and regeneration of the intervertebral disc (VD). However, it remains challenging to identify
an appropriate cell source that can be obtained with minimal donor site morbidity and produce
a matrix with high levels of proteoglycan containing predominately collagen type Il and low
levels of collagen type I. The most commonly explored cell types for IVD regeneration include
mesenchymal stem cells (MSCs) [1,2], articular chondrocytes [3] and disc-derived cells [4].
Studies have demonstrated that reimplantation of extracted NP cells can retard degenerative
changes, and the injection of autologous nucleus pulposus (NP) cells has been clinically tested
in humans with positive outcomes [5]. DiscGenics Inc. (Salt Lake City, Utah) is actively in-
vestigating their propriety technology IDCT (injectable discogenic cell therapy) which contains
a mixture of progenitor cells derived from allogeneic “discogenic” cells and a viscous bio-
material [6]. However, the use of NP cells is limited due to the matrix-forming capacity of
expanded NP cells derived from degenerated tissue [7] and the number of nucleus pulposus
(NP) cells that can be isolated from a degenerated disc is insufficient [8] to meet the require-
ments for successful treatment without significant culture expansion.

In contrast, stem cells can be obtained from various sources (bone marrow or adipose tis-
sue) and have been shown to survive and proliferate after implantation into the disc [9]. How-
ever, cell leakage at the injection site has been shown to result in osteophyte formation [10].
Mature chondrocytes produce a matrix similar to NP cells with nasoseptal chondrocytes (NCs)
being recently explored as an alternative non-disc cell source for IVD regeneration. NCs have
a higher cell yield and sulphated glycosaminoglycan (SGAG) synthesis [11] when compared to
articular chondrocytes (ACs) and MSCs [12]. Recently, Borrelli et al. also demonstrated that
NCs resulted in higher matrix synthesis levels in comparison to NP cells [13]. The use of NCs
for IVD regeneration may present many advantages compared to NP cells, including a high
cell yield [11], the ability to produce tissue in an age-independent manner [14,15], enhanced
matrix synthesis [13] and can be obtained with minimal donor site morbidity facilitating their
autologous use. These intrinsic properties make NCs an attractive non-disc cell source for IVD
regeneration.

Growth factors regulate I'VD homeostasis, including extracellular matrix (ECM) synthesis
and degradation, cell differentiation, or apoptosis [16]. Researchers have widely investigated
the potential of various growth factor-mediated induction of cells to mimic the expression pro-
file resembling native disc tissue. Studies have shown that the activation of transforming

growth factor beta (TGFp) signalling pathways delays IVD degeneration by increasing ECM



synthesis [17,18] and hence members of the TGFf superfamily may be potential candidates for
driving discogenic differentiation and phenotype. TGFf3 has been shown to maintain the phe-
notype of disc cells in organ culture [19] and when encapsulated with MSCs, they induced IVD
regeneration in vivo [20]. Growth differentiation factor 5 (GDF5) and GDF6 are members of
the bone morphogenetic protein (BMP) family. GDF5 and GDF6 play important roles in the
development of bones, limb joints, skull and axial skeleton [21] and are also expressed in de-
veloping cartilage, tendons and ligaments [22,23]. In GDF5/6-knockout mouse models, the
vertebral column showed severe lateral curvature and reduced staining of the IVDs indicating
lower proteoglycan content [22]. These results suggest that GDF5 and GDF6 are required for
normal development and maintenance of the I\VD. In pellet culture, GDF5 results in reduced
expression of the catabolic enzyme MMP13 in human chondrocytes [24]. There is also evi-
dence to suggest that GDF-5 confers protection against NP cell apoptosis, promotes the syn-
thesis of the main components of the extracellular matrix and can inhibit the activation of the
NF-xB signalling pathway, thereby down-regulating the expression of inflammatory cytokines
[25]. Inflammatory cytokines play an important role in the pathogenesis of disc degeneration
by promoting matrix breakdown and recruitment of immune cells [26]. GDF6 supplementation
has been shown to increase both proteoglycan and collagen production in 3D alginate bead
cultures of human NP and AF cells [27]. Clarke et al. previously tested the individual effects
of TGFB3, GDF5, and GDF6 on discogenesis of bone marrow-derived MSCs and adipose-
derived stem cells (ADSCs) reporting that GDF6 induced differentiation of these cell types
towards an NP-like phenotype to a greater extent compared to other growth factors [28]. Fur-
thermore, the authors found optimal expression of genes COL2 and ACAN when stimulated
with 10 ng/mL TGFB3 and 100 ng/mL GDF5 and GDF6. However, they did not investigate
the effect of combining these growth factors. The overall objective of this study was to assess
and compare the extent of matrix deposited by NP and NC microtissues stimulated by individ-
ual or combinations of the growth factors TGFB3, GDFS5, and GDF6.



2. Materials and Methods
2.1. Nucleus Pulposus and Nasoseptal Chondrocyte Isolation and Expansion

All tissue was sourced from a local abattoir and dissected within 24 h. NP cells were iso-
lated from the IVVDs of porcine spines (3 female donors; 4 months old). Briefly, NP tissues
were harvested aseptically from the central nucleus pulposus of the IVD avoiding the annulus
fibrosus region, washed with phosphate-buffered saline (PBS) and minced. Tissue fragments
were placed in T-25 flasks containing Low Glucose-Dulbecco’s Modified Eagle Medium (LG-
DMEM) with 10% foetal bovine serum (FBS) and penicillin (100 U/mL)-streptomycin (100
ug/mL) (PenStrep) and cultured in a humidified atmosphere at 37 °C and 5 %CO,. After ~7
days, cells had migrated from the tissue fragments, the flasks were washed with PBS and the
cells were expanded to 80% confluence. NCs were isolated from porcine nasal septa, washed
with PBS and minced. To isolate NC cells, minced tissue was digested in serum free LG-
DMEM containing PenStrep and 3000 U/mL collagenase type Il (Gibco, Invitrogen, Ireland)
at a ratio of 10 mL/g of minced tissue. Digestion was performed under constant rotation for 3
h at 37 °C and subjected to physical agitation using a tissue dissociator (GentleMACS™, Mil-
tenyi Biotech, Surrey, UK) as previously described [29]. Digested tissue/cell suspensions were
passed through a 40 um cell strainer to remove tissue debris. Cell yield and viability in both
cases were determined with a hemocytometer and trypan blue exclusion. Cells were seeded at
an initial density of 5 x 10° cells/cm? in T-175 flasks in LG-DMEM supplemented with 10%
FBS and PenStrep. Cultures were expanded to passage two in a humidified atmosphere at 37
°C and 5 %CO:..

2.2. Fabrication of PDMS Microwell Moulds and Microtissue Formation

Concave PDMS (polydimethylsiloxane) microwells were employed to generate self-as-
sembled microtissues using lower numbers of cells than traditional pellet cultures or alginate
bead models using a similar approach as described previously [30]. The microwell layout was
designed using SolidWorks software (Solid Solutions Management Ltd, Dublin, Ireland).
Moulds were designed with 100 microwells (10 x 10 array) containing 500 pm hemispherical
concave microwells, with 1390 pum centre—centre distance and a depth of 1750 um (Figure 1).
A Formlabs Form 2 printer (Formlabs GmbH, Berlin, Germany) was used to 3D print the clear
resin master stamps. After printing, the master stamps were washed in isopropyl alcohol for
20 min to remove excess residue and subsequently cured under an ultraviolet lamp (4 W,
Uvitec, Cambridge, UK) for 1 h. 3D printed stamps were inserted into 12-well plates containing

approximately 1 mL of PDMS (Sylgard® 184, Sigma-Aldrich, Arklow, Ireland), degassed in a



vacuum oven and cured at 80 °C for 4 h. After cooling, the master stamps were removed care-
fully with the use of a tweezers. The PDMS microwell moulds formed were washed with eth-
anol and phosphate-buffered saline (PBS, pH 7.4), sterilised by UV-irradiation for 3 h and al-
lowed to dry overnight in a laminar hood. The morphology and the diameter of the PDMS
microwells formed were characterised by scanning electron microscopy (SEM) (SEM, SUPRA
35V P, Carl Zeiss, Oberkochen, Germany). For microtissue formation, the moulds were placed
in 12-well plates and seeded with different densities of NP and NC cells (1000, 2500, and 5000
cells/microwell or 100,000, 250,000, 500,000 cells/mould) and centrifuged at 300x g for 3 min
to initiate microtissue formation. The plates were then cultured in a humified atmosphere at 37
°C and 5 %0 in 1 mL of media supplemented with or without growth factors as described
below. Preliminary experiments investigated the formation of microtissues with less than 1000
cells/microtissue. However, these were found to be inconsistent and lacked cohesion and in-

tegrity, making them unsuitable for further experiments.

2.3. Growth Factor Stimulation

Microtissues were cultured in 1 mL of LG-DMEM with PenStrep, 1.5 mg/mL bovine se-
rum albumin (BSA; Sigma-Aldrich), 1x insulin-transferrin-sodium selenite (ITS; Sigma-Al-
drich), 40 pg/mL L-proline, 100 nM Dexamethasone, 50 pg/mL L-ascorbic acid 2-phosphate,
4.7 pg/mL linoleic acid and were either supplemented with no growth factor (control) or with
10 ng/mL TGF3 [31]. Microtissues were maintained at 37 °C for 7 days under low oxygen (5
%0>) conditions. After 7 days of culture, microtissue size was evaluated through image anal-
ysis using Image J software (NIH, Bethesda, MA, USA). Initial results showed that lower cell
density microtissues (1000 cells/microtissue) resulted in higher matrix production. Hence, this
cell density was chosen for further experiments and they were individually supplemented with
either 100 ng/mL of GDF5, 100 ng/mL of GDF6 [28], 10 ng/mL TGFp3 + 100 ng/mL GDF5,
10 ng/mL TGFB3 + 100 ng/mL GDF6 or 10 ng/mL TGF@3 + 100 ng/mL GDF5 + 100 ng/mL
GDF6.

2.4. In-Silico Modelling of Microtissue Nutrient Microenvironment

The in silico nutrient model of microtissues was created using COMSOL Multiphysics 5.6
(COMSOL Ltd., Cambridge, UK). Oxygen concentration at the microtissue boundary was de-
pendent on multiple local environmental factors such as external level at the air/media inter-
face, diffusion rate within the media, and the volume of media used. Glucose concentration and

pH level at the microtissue boundary was dependent on the initial concentration of the media



and the volume of media. Therefore, the in silico model was based on the in vitro geometry of
the media-filled microwell containing an idealised radially symmetric microtissue with an ini-
tial cell seeding density of 1000, 2500 or 5000 cells. Since oxygen kinetics occur on a faster
timescale than cell cycle kinetics the radius of the microtissue was assumed to be constant. The
steady-state nutrient microenvironment was governed by coupled reaction-diffusion equations
as described previously for disc cells [32]. Briefly, the metabolic rates were modelled as being
dependent on local oxygen and pH levels by employing Michaelis—Menten equations derived
and published previously [32-35]. Results for oxygen, glucose and pH levels were predicted
and displayed as concentration contour plots through the midplane of the microtissues and

graphically as a function of normalised radial distance through the microtissues.

2.5. Live/Dead Analysis

Cell viability was assessed using the LIVE/DEAD® viability/cytotoxicity assay kit (Invi-
trogen, Biosciences, Dublin, Ireland). Briefly, microtissues were washed with PBS and incu-
bated in live/dead solution containing 2 uM calcein AM (live cell membrane, abs/em = 494/517
nm) and 4 uM ethidium homodimer-1 (dead cell DNA, ex/em = 528/617 nm; both from Cam-
bridge Bioscience, Cambridge, UK) in PBS for 1 h. Samples were then washed in PBS, imaged
with a Leica SP8 scanning confocal microscope at 515 and 615 nm channels and assessed using
Leica Application Suite X (LAS X) Software (Version 3.5.5.19976)

2.6. Quantitative Biochemical Analysis

After 7 days in culture, microtissues were flushed from the moulds with PBS and frozen
at —80 °C for further analysis. Microtissues were digested with 3.88 U/mL papain in 0.1 M
sodium acetate, 5 mM L-cysteine-HCI and 0.05 M ethylenediaminetetraacetic acid (EDTA)
(pH 6.0) (all from Sigma-Aldrich) at 60 °C under constant rotation for 18 h. DNA content was
quantified using the Quant-iT PicoGreen® dsDNA (Invitrogen) assay. SGAG content was quan-
tified using the dimethylmethylene blue dye-binding assay at pH 1.35 (Blyscan, Biocolor Ltd.,
Carrickfergus, Northern Ireland), with a chondroitin sulphate standard. Total collagen content
was determined by measuring the hydroxyproline content. Samples were hydrolysed at 110 °C
for 18 h in 12 M HCI, assayed using a chloramine-T assay [36] and the collagen content deter-
mined using a hydroxyproline:collagen ratio of 1:7.69. Samples of media supernatants were
also analysed for both SGAG and collagen content. DNA and sGAG contents were normalised
based on the mass of all the microtissues (~100) from the entire microwell. The sGAG/collagen

ratio was determined by dividing SGAG (ug) by collagen (ug).



2.7. Histology and Immunohistochemistry

Microtissues were treated with 4% paraformaldehyde (4 °C, 12 h) and washed in PBS.
Microtissues were encapsulated in 2% agarose (Sigma-Aldrich) to facilitate handling, trans-
ferred to a cassette, dehydrated in a series of graded alcohols and finally wax embedded. Sec-
tions of 5 um were stained with 1% alcian blue 8GX in 0.1 M HCI to assess SGAG deposition
and with picrosirius red to evaluate collagen distribution. Collagen types I and Il were assessed
using immunohistochemistry techniques. Sections were treated with chondroitinase ABC (37
°C, 1 h) (Sigma-Aldrich), and non-specific sites were blocked using 5% BSA. Sections were
incubated at 4 °C overnight with collagen type | (Abcam, Cambridge, UK) or collagen type 1l
(Santa Cruz, Heidelberg, Germany) primary antibodies. The secondary antibody (Anti-Mouse
igG biotin conjugate, Sigma-Aldrich) was applied for 1 h followed by incubation (45 min) with
ABC reagent (Vectastain PK-400, Vector Labs, 2BScientific Ltd, Oxfordshire, UK). DAB pe-

roxidase (Vector Labs, UK) was used as a developer.

2.8. Statistical Analysis

Statistical analysis was performed using GraphPad Prism (version 9.3.1, GraphPad Soft-
ware, San Diego, CA, USA) software with 3—4 samples analysed for each experimental group.
Two-way ANOVA was used for analysis of variance with Tukey’s multiple comparisons test
to compare between groups. Three technical replicates from three different porcine donors (bi-
ological replicates) were analysed. Results are displayed as mean + standard deviation, with

significance accepted at a level of p < 0.05.

3. Results
3.1. Design and Fabrication of PDMS Microwells

The master stamp prototype designed using SolidWorks software (Figure 1A) was fabri-
cated using a Form 2 printer (Figure 1B). The printed stamps had a smooth and clear surface
and were used to form the negative PDMS moulds. The PDMS moulds formed had 100 mi-
crowells (10 x 10 array) with 500 um hemispherical concave microwells, with 1390 pum centre-
centre distance and depth of 1750 um (Figure 1C). The microwells had a uniform size with an

average diameter of 504 + 24 um based on SEM images (Figure 1D).



Figure 1. Fabrication of PDMS microwells for microtissue formation. (A) Design of the master

stamp with negative pattern containing 10 x 10 microwells and the dimensions of the individual
microwell. (B) 3D printed master stamp. (C) PDMS moulds with a 10 x 10 array for microtis-

sue culture. (D) Microwells exhibited uniformity in size and shape as confirmed by SEM im-

aging.

3.2. Morphology and Viability of Microtissues

In terms of cell viability, results revealed high viability in low cell density microtissues
with more dead cells being detected in the microtissues formed using higher cell numbers (Fig-
ure 2A). Moreover, the microtissues in the control group were loosely packed, exhibiting an
irregular surface with loose arrangement of cells at the peripheral layers while the microtissues
formed in the presence of TGF3 exhibited a smooth surface with compact organisation of the
interior cells. The low cell density microtissues in the control group were also easily dissociated
during the flushing process. The size of the microtissues increased with increasing cell numbers
in both control and TGFf3 treated groups for both NP and NC microtissues (Figure 2B). As
expected, DNA content increased with higher content observed in higher cell density microtis-
sues. NC microtissues exhibited increased DNA content (which indicates higher cell content)
compared to NP microtissues, with a significant difference observed for 2500 and 5000

cells/microtissue cultured in the presence of TGF3 (Figure 2C).
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Figure 2. Morphology and viability of microtissues formed using nucleus pulposus (NP) and
nasoseptal chondrocyte (NC) cells. (A) Representative brightfield and fluorescent Live/Dead®
images demonstrating the morphology and viability of microtissues in microwells seeded with
1000, 2500 and 5000 cells/microwell, after 7 days (B) Diameter of microtissues were analysed
using ImageJ (C) DNA content (ug) was determined in digested microtissues from moulds at
each timepoint (day 0 or day 7). Data represent mean £ SD of at least three independent exper-
iments performed in triplicate. ! (p < 0.05) indicates significance compared to 1000 cells/mi-
crotissue. # (p < 0.05) indicates significance compared to the control group for the same cell
number. $ (p < 0.05) indicates significance compared to day 0 for the same cell number. * (p
< 0.05) indicates significance compared to the NP microtissues for the same experimental

group and cell number.



3.3. ECM Synthesis and Optimising Cell Density of TGF3 Stimulated Microtissues

Total SGAG content increased with increasing cell densities, with NC microtissues achiev-
ing significantly higher sGAG levels for all cell densities compared to NP microtissues cultured
in the presence of TGFP3 (Figure 3A). sGAG normalised to DNA showed increased
sGAG/DNA for lower cell density microtissues and the NC 1000 cells/microtissue in TGFB3
achieved a significantly higher level compared to NP 1000 cells/microtissue (Figure 3B). A
similar trend was observed for total collagen content with higher cell density microtissues re-
sulting in higher collagen accumulation (Figure 3C). Interestingly, when normalised to DNA
content, NP 1000 cells/microtissue in TGFB3 was significantly higher compared to NC 1000
cells/microtissue in TGFB3 (Figure 3D). Strong alcian blue staining in lower cell density NC
microtissues in TGFB3 confirmed the higher synthesis of sGAG (Figure 3E). Picrosirius red
staining for collagen also corroborated the collagen biochemical data with dense staining ob-
served in NP 1000 cells/microtissue supplemented with TGFB3. Comparatively, low cell den-
sity microtissues resulted in better ECM synthesis on a per cell basis and in silico modelling
was performed to determine the nutrient microenvironment within the microwells to elucidate

how this may be influencing matrix synthesis.
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Figure 3. Biochemical and histological staining for SGAG and collagen of nucleus pulposus
(NP) and nasoseptal chondrocyte (NC) microtissues stimulated with TGF(3 on day 7. (A) Total
SGAG (ug) content (B) Total SGAG/DNA (C) Total Collagen (ug) (D) Total Collagen/DNA.
Data represent mean + SD of at least three independent experiments performed in triplicate. !
(p < 0.05) indicates significance compared to 1000 cells/microtissue. # (p < 0.05) indicates
significance compared to the control for the same cell number on day 7. $ (p < 0.05) indicates

significance compared to day O for the same cell number. * (p < 0.05) indicates significance



compared to the NP microtissues for the same experimental group and cell number. (E) Histo-
logical evaluation with alcian blue staining and picrosirius red to identify SGAG collagen con-

tent, respectively.

3.4. In-Silico Modelling of Microtissue Nutrient Microenvironment

An in silico modelling analysis was performed based on the size of the microtissues for
each of the cell densities investigated. As expected, an inverse relationship between metabolite
concentration and cell density was observed and correlated well with the biochemical observa-
tions, whereby higher ECM on a per cell basis was observed with higher oxygen, glucose and
pH levels. In terms of oxygen, minimum levels of 2.7 %03, 1.8 %0, and 0.9 %O, for 1000,
2500 and 5000 cells/microwell were observed, respectively (Figure 4A,B). For glucose, mini-
mum levels of 4.6 mM, 4.1 mM and 3.4 mM (Figure 4C,D) and for pH, 7.3, 7.2 and 7.0 were
observed for 1000, 2500 and 5000 cells/microwell respectively (Figure 4E,F). Minimal gradi-

ent effects from the centre to the periphery of microtissues were observed.
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Figure 4. In silico modelling of the nutrient microenvironment within microtissues as a func-
tion of cell density. Predicted contour plots and radial profile through the midplane containing
1000, 2500 and 5000 cells for (A,B) oxygen (%0O2) (C,D) glucose (mM) and (E,F) pH. The
radial distance was normalised by the radius of the microtissue for each cell density.

3.5. Viability and ECM Synthesis of Microtissues in the Presence of Different Growth
Factors and Combinations

Based on the observations of lower cell density microtissues resulting in higher cell via-
bility and matrix production, a cell density of 1000 cells/microtissue was chosen for further
experiments. Microtissues formed by NCs were more compact compared to NP microtissues.
No significant difference in viability was observed among the microtissues cultured in the pres-
ence of various growth factors, with high cell viability observed on day 7 (Figure 5A). Weak
alcian blue staining for SGAG was observed in NP microtissues supplemented with GDF5 and



GDF6 growth factors in isolation. Increased positive staining was observed by co-stimulation
with TGFB3. For NC microtissues, GDF5 had a positive effect with minimal staining observed
for GDF6. TGFB3 co-stimulation resulted in intense staining and was comparatively stronger
than NP microtissues (Figure 5B). Both NP and NC microtissues stained positive for collagen
in the presence of GDF5, with higher deposition of collagen observed in the presence of GDF6
and when co-stimulated with TGFB3 (Figure 5C).
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Figure 5. Live/Dead® and histological staining of nucleus pulposus (NP) and nasoseptal chon-
drocyte (NC) microtissues (1000 cells/microtissue) treated with no growth factor (control) or
stimulated with TGEB3, GDF5, GDF6, TGFB3 + GDF5, TGFp3 + GDF6, TGFB3 + GDF5 +
GDF6 on day 7. (A) Live/Dead® fluorescent images demonstrating cell viability. Histological
evaluation with (B) alcian blue staining to identify sGAG and (C) picrosirius red to detect

collagen.



3.6. Quantitative Biochemical Analysis of Microtissues in the Presence of Different Growth
Factors

Both cell types responded positively to growth factor treatment relative to the no growth
factor control (red solid line). For NP microtissues, no significant differences in DNA content
were observed after 7 days irrespective of the growth factor type or combination. In contrast, a
higher DNA content was observed in NC microtissues when cultured in the presence of GDF5
and all other combinations of growth factors relative to GDF6 (Figure 6A). Total SGAG was
highest in NP microtissues stimulated with TGFB3 + GDF5, although there were no significant
differences between the groups investigated. Total SGAG levels in the NC microtissues were
similar for all growth factor groups and combinations and were significantly higher compared
to GDF6. Overall, sSGAG levels for NC microtissues were significantly higher compared to NP
microtissues (Figure 6B). When normalised by DNA content (SGAG/DNA), no differences
were found between growth factor groups for a specific cell type, although NC microtissues
still exhibited higher content compared to NP cells (Figure 6C).

In terms of total collagen content, for NP microtissues, a synergistic effect was observed
through co-stimulation of growth factors (TGFB3 + GDF5, TGFB3 + GDF6 and TGFB3 +
GDF5 + GDF6) when compared to GDF5 and GDF6 alone. A similar synergistic effect was
observed for NC microtissues when cultured in the presence of TGFB3 + GDF5. However, the
collagen content in NC microtissues treated with TGFB3 + GDF6 and TGFB3 + GDF5 + GDF6
were significantly higher than those treated with GDF5 alone. NC microtissues cultured in the
presence of GDF6, TGFB3 + GDF5 and TGFB3 + GDF5 + GDF6 exhibited significantly higher
collagen content compared to NP microtissues exposed to similar conditions (Figure 6D). Total
collagen/DNA was significantly higher in NP microtissues cultured in the presence of TGF3
+ GDF6, and no significant difference was observed when compared to TGFB3 (red dashed
line). However, for NC microtissues, GDF6-treated groups exhibited significantly higher con-
centrations compared to TGFB3 (red dashed line), GDF5 and TGFB3 + GDF5 + GDF6 treated
groups (Figure 6E). In terms of SGAG/collagen level, which is a surrogate measure of NP-like
matrix, with a higher ratio being desirable, no significant difference—irrespective of the
growth factor treatment—was observed for NP microtissues. NC microtissues treated with
GDFS5 showed significantly higher concentrations compared to GDF6, TGFB3 + GDF5 and
TGFp3 + GDF6. They also exhibited higher ratios compared to NP microtissues when cultured
in the presence of TGFB3 (red dashed line), GDFS, TGFB3 + GDF5, TGFB3 + GDF6 and
TGFB3 + GDF5 + GDF6 growth factor combinations (Figure 6F).
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Figure 6. Biochemical analysis of nucleus pulposus (NP) and nasoseptal chondrocyte (NC)
microtissues stimulated with GDF5, GDF6, TGFB3 + GDF5, TGFB3 + GDF6, TGFB3 + GDF5
+ GDF6 on day 7. (A) DNA (ug), (B) Total sGAG (ug), (C) Total SGAG/DNA, (D) Total
Collagen (ug), (E) Total Collagen/DNA and (F) sGAG/Collagen ratio. & (p < 0.05) indicates
significance compared to other growth factors in the same experimental group, * (p < 0.05)
indicates significance compared to the NP microtissues for the same growth factor group. Solid
red line indicates no growth factor treatment group (control); red dashed line indicates TGF[33

stimulation group.

3.7. Immunostaining for Collagen Type of Microtissues in the Presence of Different Growth
Factors

Irrespective of the growth factor used, immunostaining showed limited presence of colla-
gen type | in both NP and NC microtissues (Figure 7A). NP microtissues also showed weak
positive staining for collagen type 1l while NC microtissues stimulated with TGFf3, GDF5 and
TGFB3 + GDF5 growth factors had higher and more dispersed collagen type 11 content (Figure
7B).
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Figure 7. Immunostaining for collagen types I and Il of nucleus pulposus (NP) and nasoseptal
chondrocyte (NC) microtissues stimulated with TGFB3, GDF5, GDF6, TGFB3 + GDFS5,
TGFp3 + GDF6, TGFB3 + GDF5 + GDF6 on day 7. (A) Collagen type | and (B) Collagen type
.

4. Discussion

In this study, a microwell array system was used to promote the formation of self-assem-
bled homogenous microtissues using two different cell types, nucleus pulposus cells and na-
soseptal chondrocytes, and were subsequently assessed in response to growth factor stimula-
tion. Growth factors TGFB3, GDFS5, GDF6 and a combination of these growth factors were
assessed for their ability to induce matrix synthesis. The choice of growth factors selected was
based on previous research in the field. For example, TGFB3 is known to support the mainte-
nance of the phenotype of disc cells in a rat lumbar organ culture [19] and MSCs supplemented
with TGFB3 support their differentiation towards an NP-like phenotype [37]. In addition, mu-
rine IVD explants treated exogenously with TGFB3 have been shown to result in an up-regu-
lation of aggrecan [38]. Studies have also shown that cells primed with TGFB3 promoted higher
SGAG and collagen synthesis [31,39] and also mitigated the detrimental effect of the harsh
acidic microenvironment [40]. GDF5 (also known as cartilage-derived morphogenetic protein,
CDMP1) and GDF6 (CDMP2) are members of the bone morphogenetic protein (BMP) family

and are key regulators of cellular condensation and chondrogenesis [41]. GDF5 binds with



higher affinity to BMP receptor type-1B (BMPR-1B), which controls the primary stages of
cellular condensation and promotes cartilaginous tissue formation [42,43]. GDF6 has been
shown to promote chondrogenesis and it positively regulates growth and maintenance of artic-
ular cartilage [44]. Both GDF5 and GDF6 have been shown to induce the expression of NP
associated genes in MSCs and adipose-derived stem cells (ASCs) [45] with a healthy NP phe-
notype exhibiting stabilised expression of hypoxia inducible factor HIF-1a, the glucose trans-
porter glut-1, the PG aggrecan (ACAN), type 11 collagen (COL2A), the signalling factor sonic
hedgehog (SHH), the transcription factor Brachyury [T], keratins KRT18, KRT19, carbonic
anhydrase CA12, and CD24 [46].

We selected the growth factor concentrations of TGFB3, GDF5, and GDF6, based on pre-
vious work stimulating bone marrow-derived MSCs and adipose-derived stem cells (ADSCs)
which reported optimal expression of genes COL2 and ACAN when stimulated with 10 ng/mL
TGFB3 and 100 ng/mL GDF5 and GDF6 [28].

This study confirms that the initial cell seeding density of microtissues plays an important
role in regulating ECM deposition. Although the amount of SGAG and collagen produced were
highest in high cell density microtissues, SGAG and collagen synthesised on a per cell basis
(per DNA) were highest in low density microtissues (1000 cells/microtissues). Based on the in
silico models, higher cell density microtissues experienced lower nutrient levels and this in
turn could alter the metabolism of the cells [32,47], and inhibit or impede matrix synthesis
[39,48]. Overall, higher levels of matrix synthesis were observed for NC microtissues com-
pared to NP microtissues, and it was significantly pronounced for NC microtissues stimulated
with GDF5 or in combination with TGFB3. In agreement with previous studies, microtissues
stimulated with TGF[3 resulted in increased proteoglycan synthesis compared to the controls
[49,50]. TGFpB3 is widely known to modulate cell proliferation, differentiation and ECM syn-
thesis and in particular supports chondrogenic differentiation of various cell types including
mesenchymal stem cells [37,51-54], through the activation of the Wnt signalling pathway
[55,56]. It has also been reported that Smad2/3 cooperatively is one of the important signalling
pathways stimulated by TGFpB3 that helps in developing and maintaining a chondrocytic phe-
notype [57].

Given that increased ECM synthesis was observed in low cell density microtissues, we
next explored the effect of growth factors—GDF5, GDF6 in isolation or in combination with
TGFP3. A synergistic effect on DNA content (indicative of increased cell number), total sGAG
and total collagen was observed for both cell types with higher values observed in groups stim-
ulated with the addition of TGFB3 to GDF5 or GDF6, and this was evident for both cell types.



NP microtissues stimulated with TGFB3 + GDFS5 or TGFB3 + GDF6 or TGFB3 + GDF5 +
GDF6 were comparable to TGFB3 alone while the NC microtissues cultured in the presence of
GDF5 alone were equally effective to TGFB3 and had a synergistic effect when combined
(TGFB3 + GDF5). When these effects were evaluated on a per cell basis, the effects were di-
minished, with only a marginal increase observed in microtissues that were co-stimulated with
growth factors. This was evident in the NC microtissues, but was not explicit in NP microtis-
sues. Interestingly, Coleman et al. showed that MSCs co-stimulated with TGFf3 (10 ng/mL)
and GDF5 (150 ng/mL) resulted in a significant increase in SGAG/DNA by day 7 compared to
TGFpB3 alone [58]. In this study, microtissues cultured in the combination of those growth fac-
tors did not result in any significant increase in proteoglycan synthesis on a per cell basis com-
pared to TGF3 alone, irrespective of the cell type. This could be due to the lower concentration
of GDF5 used (100 ng/mL) or could be attributed to the difference in the cell type or culturing
conditions with lower oxygen and glucose concentrations. Another study by Jenner et al.
showed that GDF5 stimulation caused an increase in cell numbers but collagen/DNA was sig-
nificantly high in MSC scaffolds treated with TGFB1 compared to GDF5 [59]. This trend was
also observed in this study for NC microtissues, whereby TGFf3 stimulation resulted in a sig-
nificant increase in collagen/DNA compared to GDF5 only.

This study showed that GDF6 alone had little effect on DNA content (an indicator of cell
number) for both NP and NC microtissues. This is in agreement with Bobacz et al., who re-
ported no increase in cell numbers when articular chondrocytes were cultured in GDF6-sup-
plemented media [60]. Gulati et al. showed that GDF6 at a concentration of 400 ng/mL resulted
in a significant increase in proteoglycan accumulation in NP cells compared to the non-treated
controls [27]. Similar observations were made in this study with both NP and NC microtissues
exhibiting significantly higher SGAG/DNA in the presence of GDF6 compared to the non-
treated controls.

sGAG/collagen was quantified to estimate the potential of the microtissues stimulated with
various growth factors to produce the appropriate matrix type normally found in the disc. A
higher ratio of SGAG composition of the ECM in comparison to the collagenous matrix is a
predominant characteristic of NP tissue [45]. While no significant differences were observed
for NP microtissues irrespective of the growth factor used, supplementation of NC microtissues
with GDF5 or TGFB3 alone or with the combination of growth factors (TGFB3 + GDF5 +
GDF6) yielded a significantly higher concentration. This implies that GDF5 or TGFB3 alone
could produce similar effects to the combination of growth factors indicating their potential to

induce NC microtissues to form an NP-like matrix.



Recent research has shown that a combination of TGFB1 and GDF5 significantly enhanced
glycosaminoglycan content of human-derived MSCs, suggesting that this combination is opti-
mal for MSC to NP cell induction [61]. Clarke et al. previously investigated the effect of
TGFB3, GDF5 and GDF6 growth factors on the discogenic differentiation of bone marrow-
and adipose-derived MSCs (AD-MSCs). After 14 days, they observed that GDF6 resulted in
increased expression of NP phenotypic genes KRT8, 18, and 19, FOX1 and CAXII compared
to either TGFPB3 or GDFS5 alone in both cell types with greater effects observed for AD-MSCs.
However, they did not evaluate the effects of combining the growth factors [28].

In this study, GDF6 resulted in a higher sGAG/collagen ratio in NP microtissues, although
this was not found to be statistically significant. On the other hand, GDF5 stimulation resulted
in the highest sSGAG/collagen ratio in NC microtissues, which was significantly higher than
GDF6, TGFB3 + GDF5 and TGFB3 + GDF6. Interestingly, TGFB3-only stimulation had a
comparable effect to combinations with GDF5/GDF6. For NP microtissues, TGF[33 also had a
similar effect to other growth factors used in isolation and in combination, thereby demonstrat-
ing the potency of TGFpB3 in promoting matrix synthesis. The differential effects induced by
the different growth factors, despite all belonging to the TGFf superfamily, could be due to the
difference in the signalling pathways activated. TGFB3 is recognised by receptor type I, which
activates the SMAD 2/3 signalling pathway, while GDF5 and GDF6 utilise the BMP receptor
I, which activates the SMAD 1/5/8 pathway [28,62]. Activation of these distinct pathways
ultimately results in different downstream signals, which may explain the differential effects
observed in this study.

There are several limitations associated with the present study worth highlighting. First,
longer term evaluation beyond 7 days may result in larger differences in microtissue matura-
tion. However, this study is valuable as it demonstrates that microtissues stimulated with
growth factors can produce a significant amount of ECM in a short time frame of 7 days, which
would be compatible with a priming or conditioning strategy prior to implantation in the chal-
lenging disc microenvironment. We have previously shown that bone marrow stem cells
(BMSCs) respond to growth factor stimulation (TGFB3) under acidic conditions typically
found in the degenerated disc (pH 6.8) [63]. A growth factor supplementation strategy with
any of the growth factors assessed in this work may also prove to be beneficial. In addition, we
have previously demonstrated that priming of BMSCs, NP and chondrocyte tissues with growth
factors prior to a challenge or insult, confers better protection against acidic conditions, possi-
bly due to the ECM being produced during the priming phase, thereby providing a protective



niche [31,40,64]. In addition, further investigations on the gene expression profile of NCs

would be valuable to identify whether typical NP markers are up-regulated.

5. Conclusions

In this study, we have developed and evaluated self-assembled microtissues stimulated
with various growth factors and combinations. In general, while NP cells did respond to growth
factor stimulation, NP cells were found to be relatively insensitive to the different growth factor
types examined in isolation or in combination in this experimental setting. In contrast, NCs,
which are more easily isolated in a less invasive manner and are more easily expandable, may
prove to be an alternative cell type for NP repair and these cells could be primed with either

GDFS5 or TGFB3 to enhance matrix synthesis.
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