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Abstract

Controlling the phenotype of transplanted stem cells is integral to ensuring their therapeutic
efficacy. Hypoxia is a known regulator of stem cell fate, the effects of which can be mimicked
using hypoxia-inducible  factor (HIF) prolyl hydroxylase inhibitors such as
dimethyloxalylglycine (DMOG). By releasing DMOG from mesenchymal stem cell (MSC)
laden alginate hydrogels, it is possible to stabilize HIF-1a and enhance its nuclear localization.
This correlated with enhanced chondrogenesis and a reduction in the expression of markers
associated with chondrocyte hypertrophy, as well as increased SMAD 2/3 nuclear localization in
the encapsulated MSCs. In vivo, DMOG delivery significantly reduced mineralisation of the
proteoglycan-rich cartilaginous tissue generated by MSCs within alginate hydrogels loaded with
TGF-B3 and BMP-2. Together these findings point to the potential of hypoxia mimicking

hydrogels to control the fate of stem cells following their implantation into the body.
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1. Introduction

The clinical success of stem cell-based therapies largely depends on the ability to control stem
cell fate in vivo. Stem cells sense and respond to the biochemical signals and biophysical forces
they experience in their local environment [1] . Oxygen availability has been identified as a key
determinant of numerous stem cell functions including proliferation, maintenance of stemness
and cell-fate commitment [2]. Oxygen levels have also been shown to regulate chondrogenesis,
osteogenesis and adipogenesis of mesenchymal stem cells (MSCs) and to modulate their
paracrine functions [3-7]. Therefore, engineering implantable devices that can control local
oxygen levels, or mimic the effects of instructive oxygen environments, may be key to regulating

the fate of stem cells in vivo.

Hypoxia inducible factors (HIFs) are transcriptional activators comprised of the constitutively
expressed B subunit (HIF-1p) which binds with one of the hypoxia inducible a subunits (HIF-1a
or HIF-2a) to regulate cell response to changes in oxygen tension [8, 9] . Dysregulation of HIFs
has been shown to be associated with many pathological processes, while therapeutic modulation
of HIFs is gaining increased interest for the treatment of different diseases [9]. In recent years,
several small molecules have been developed which can inhibit HIFs at the gene or protein level
[10, 11] . HIF prolyl hydroxylases (HIF PH) regulate the HIF transcriptional cascade in response
to differences in oxygen availability [12, 13]. In low oxygen environments, degradation of the
HIF-a subunits through the ubiquitin-proteosomal pathway initiated by oxygen and iron-
dependent HIF-PH is inhibited. As a result, a subunits accumulate and translocate to the nucleus
where they dimerize with B subunits and influence downstream signalling. Pharmacological

inhibition of HIF-PH by the cell penetrating compound dimethyloxalylglycine (DMOG) can
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mimic the effect of low oxygen conditions by stabilizing HIF-1a and inducing HIF-1 dependent

transcription of downstream genes [13, 14].

Oxygen levels are known to strongly regulate the differentiation of mesenchymal stem cells
(MSCs) [3, 5, 15-18]. A low oxygen tension is known to enhance chondrogenesis of MSCs and
to inhibit hypertrophy and progression along an endochondral pathway [7, 19]. Either hypoxia or
HIF-1a overexpression has been shown to be effective and sufficient to induce chondrogenesis of
MSCs[19], while HIF-1a has been shown to potentiate BMP2-induced cartilage formation and
inhibit endochondral ossification during ectopic bone/cartilage formation [20]. A number of
studies have also demonstrated that HIF stabilizing compounds can enhance chondrogenesis of
MSCs [19, 21, 22], with a recent comparison of three such compounds demonstrating that

DMOG stimulation induce a more chondrogenic transcriptional profile [23].

Different biomaterial-based systems have been developed in an attempt to control the fate of
stem cells. Modulation of biomaterial composition, stiffness [24, 25], scaffold pore size [26] and
the local delivery of recombinant proteins [27, 28]have all been explored as strategies to regulate
stem cell differentiation in vitro and in vivo. Despite the known importance of oxygen levels in
regulating the fate of cells, relatively few biomaterial systems have been developed to modulate
the oxygen environment or mimic the effects of altered oxygen conditions. Attempts have been
limited to the development of hypoxia-inducible hydrogels that form hydrogel networks via
oxygen consumption [29, 30] , cobalt ion releasing scaffolds to mimic the effect of hypoxia to
enhance angiogenesis for bone tissue engineering [31, 32] and oxygen generating/delivering
biomaterials [33, 34]. This study reports the development of a hydrogel system to deliver a

prolyl-hydroxylase inhibitor to MSCs, which functions to stabilize HIF-1a in the encapsulated
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cells. When coupled with controlled growth factor delivery, we demonstrate that such

biomaterial systems can be used to modulate the differentiation of transplanted MSCs in vivo.

2. Materials and Methods

2. 1 MSC isolation, expansion and encapsulation within the RGD-alginate

hydrogels

MSCs were isolated and expanded from the femoral shaft of 4-month-old pigs as previously
reported. Briefly, aseptically harvested mononuclear cells from the femur were diluted in
Dulbecco’s modified Eagle’s medium with GlutaMAX (here after known as expansion medium)
supplemented with 10% v/v foetal bovine serum (FBS), 100 U mL™ penicillin/100 pg mL™
streptomycin (all Gibco Biosciences, Ireland) and 5 ng mL™ human fibroblastic growth factor-2
(FGF-2; Prospec-Tany TechnoGene Ltd., Israel) and seeded on to T175 tissue culture flasks at a
seeding density of 1.5 x 10° cells’‘cm® Non-adherent cells were washed away after 24 h and
MSCs attached to the tissue culture flask were allowed to develop colonies. MSC colonies were
trypsinised at nearly 70% confluency and reseeded with a density of 5 x10° cells per cm? on
T175 flasks, expanded in 20% O, and cryopreserved in liquid nitrogen. The colony forming unit
assay (CFU-F) of isolated MSCs were evaluated (data not shown) and passage 2-3 cells from the

same donor was used for all experiments in this study.

Sodium alginate powder (MW=196000 Da) (Pronova Biopolymers, Norway) was gamma-
irradiated (5 Mrad) [35] and RGD (GGGGRGDSP) peptides were covalently coupled to alginate
(10 mg RGD per g of alginate) with aqueous carbodiimide chemistry, purified and sterilised as
previously described [36, 37]. In brief, sterile RGD-alginate solution (4 wt.%) was prepared by

overnight stirring of alginate in ultrapure water in a 50-mL falcon tube. Single cell suspension of
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MSCs was prepared in the expansion media and mixed with the alginate solution in 1:1 ratio and
a 2% RGD-alginate solution containing MSCs were prepared. Sterile agarose (Sigma-Aldrich,
Ireland) (3%) containing 50 mM calcium chloride (Sigma-Aldrich, Ireland) was prepared and
custom-made agarose moulds containing multiple wells (5 mm dia. x 3 mm depth) were
prepared. MSCs encapsulated within RGD-y-alginate hydrogels (5 mm dia. x 3 mm depth) were
prepared by pipetting the MSCs containing alginate-gel solution in to the wells in the agarose
mould and incubating it for 15-20 min at 37° C. The prepared hydrogels were maintained in
chondrogenic growth media without FBS, supplemented with 100 pug mL-1 sodium pyruvate, 40
ug mL-1 L-proline, 50 pg mL-1 L-ascorbic acid-2-phosphate,1.5 mg mL-1 bovine serum
albumin, 1X insulin-transferrin-selenium, 100 nM dexamethasone (all from Sigma-Aldrich,
Ireland) and 10 ng mL-1 recombinant human TGF-B3 (ProSpec-Tany TechnoGene Ltd., Israel)
unless stated otherwise. For specifically investigating the role of GFs encapsulated within the
hydrogels, Chondrogenic growth media without TGF-B3 supplementation was used for
specifically investigate the role of GFs encapsulated within the hydrogels in chondrogenesis of
MSCs in the presence and absence of DMOG. Defined oxygen conditions (20 % O2 or 5% 02)
for the experimental conditions were provided using normoxia and hypoxia CO2 incubators
(Steri-Cycle, Thermo Fisher Scientific, UK New Brunswick™ Galaxy® 170R, Eppendorf, UK)
and media change was performed every other day. In order to minimise the changes in the
oxygen conditions in the case of 5% 02, growth media maintained in 5% oxygen incubator in
cell culture flasks was used during media changes and media change was performed as quick as

possible.

2.2 Preparation of DMOG delivery hydrogels and DMOG and GF co-delivery
hydrogels
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DMOG delivery hydrogels were prepared by incorporating three different concentrations of
DMOG (Sigma-Aldrich, Ireland) (2.1, 4.2 and 6.3 mg/mL) into the RGD-alginate hydrogel
solutions before mixing with MSCs. Release profiles of DMOG from the hydrogels were
evaluated using ultraviolet (UV) spectrometry as previously reported [38]. Briefly, DMOG-
loaded RGD-alginate hydrogels containing MSCs was incubated in 2 mL OptiMEM (Sigma-
Aldrich, Ireland) at 37 °C for defined time periods (1, 3, 6, 24, 48 and 72 h). At each time point,
1 mL of media was collected from the well for analysis and 1 mL fresh media was added back to
the well. The absorbance maxima of DMOG in the media was reconfirmed by scanning the
media containing increasing concentrations of DMOG from 200 to 300 nm at 1 nm intervals. The
absorption maxima was confirmed as 230 nm (Supplementary Fig. 1). The cumulative release of
DMOG from the hydrogel was calculated by using increasing concentrations of DMOG as
standards. The GF delivery hydrogels were prepared by incorporating previously reported
optimal concentrations of BMP-2 (400 ng/mL) and TGF-B3 (40 ng/mL) [39] to the RGD-
alginate. The DMOG co-delivery hydrogels were prepared by combining 4.2 mg/mL of DMOG
(final concentration in the RGD alginate) with the GF incorporated RGD-alginate just before
preparing hydrogels. MSCs were encapsulated in this hydrogel solution at a density of 10

million/mL and hydrogels were prepared as described above.
2.3 Viability of MSCs encapsulated in DMOG delivery hydrogels

Viability of MSCs encapsulated within the DMOG delivery hydrogels was evaluated at 24 h
using live/dead assay kit (Invitrogen, Dublin, Ireland) as per the manufacture’s instructions.
Briefly, MSCs encapsulated DMOG delivery hydrogels were maintained in the growth media for
24 h in the incubator. After 24 h, these hydrogels were incubated in optiMEM containing 20 mM

Calcein and 5 mM Ethidium bromide for 30 min at 37° C. After 30 min of incubation, hydrogels
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were washed three times in fresh OptiMEM and were imaged using the confocal microscope
(TCS SP8 II; Leica Microsystems, Mannheim, Germany) with laser power, gain and offset
conditions optimised with positive and negative controls. Metabolic activity of the encapsulated
cells was evaluated at day 1, 3 and 7 using alamar blue assay (alamarBlue™ Cell Viability
Reagent, Invitrogen) as per manufactures instructions. In order to evaluate the proliferation of
the cells encapsulated within the hydrogels, DNA content at day 1, 3 and 7 were evaluated using

Hoechst Bisbenzimide 33258 dye assay (Quant-iT ssSDNA Assay Kit, Biosciences).

2.4 HIF stability and nuclear translocation in MSCs encapsulated within the
hydrogels

For evaluating HIF stability and its nuclear translocation in MSCs, both immunofluorescence
staining and western blot analysis were performed after encapsulating MSCs in DMOG delivery
hydrogels at 2h and 24h respectively. For immunofluorescence staining, MSCs in the hydrogels
were fixed with 4% paraformaldehyde for 20 min at room temperature. After fixation, the
hydrogels were pooled (minimum 6 numbers) incubated in 55 mM sodium citrate solution for 30
min and MSCs were separated from the gel network. After 30 min, cells were centrifuged down
and permeabilized using 0.5 % Triton-X 100 (Sigma-Aldrich, Ireland) for 5 min. After that, cells
were blocked with 1% bovine serum albumin (BSA) for 1 h. Blocked cells were incubated in
mouse monoclonal anti-HIF-1a antibody, (Abcam, Cambridge, UK) prepared in 1% BSA
(1:1000 dilution) and were incubated overnight at 4°C. After overnight incubation, cells were
washed in PBS and MSCs were collected by centrifugation. FITC- conjugated goat anti-mouse
secondary antibody (Abcam, Cambridge, UK) prepared in the blocking buffer (1:2000 dilution)
was added to the cells and were incubated for 1 h. After 1h incubation, MSCs were washed 3

times and counterstained with DAPI (VWR, Ireland) for 5 min. Then, the stained cells were
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dropped on the confocal dishes and were imaged using confocal microscope and analysed as
previously reported as previously reported [34]. The laser power, gain and offset of the
microscope was kept constant in between the groups to minimize error. For calculating the signal
intensity of our region of interest, the total cell area visible was outlined and the mean grey
signal intensity value was recorded using Image J. High resolution images were acquired for
FITC and DAPI by sequential scanning using the Leica (SP-8 Germany) confocal microscope. A

minimum of 50 cells were analyzed for each group for quantitative assessment.

For western blot analysis, hydrogels containing MSCs were transferred to in Eppendorf tubes
containing ice cold RIPA buffer (50 mM Tris-HCI pH 8.0, 150 mM sodium chloride, 1.0%
Triton X-100, 0.1% SDS, with 1% protease inhibitor cocktail, all from Sigma-Aldrich, Ireland)
24 h after encapsulating MSCs within the hydrogels. Tubes were kept on ice and the gels were
mechanically disrupted using an 18 G needle and a micro pestle. The resulting solution was
centrifuged at 15,000 g for 15 min to remove cell and hydrogel debris from the solution. Total
protein concentration was quantified using the BCA assay. Samples were diluted in laemmli
sample buffer and proteins were denatured by heating to 95°C under reducing conditions. After
denaturation, proteins were separated on 8% SDS polyacrylamide gels and transferred to PVDF
(Millipore, Ireland) membranes. Membranes were blocked with 5% BSA (bovine serum
albumin) in tris-buffered saline containing 0.1% TSB-T (Tween 20) and probed with anti HIF-1
a antibody (Abcam, Cambridge, UK) (Dilution 1:2000). Membranes were washed five times
with TBS-T and treated with anti-rabbit peroxidase conjugated secondary antibody (Abcam,
Cambridge, UK) in 5% BSA-TBS-T (Dilution 1:5000). Blots were developed using an enhanced
chemiluminescent substrate (Millipore, Ireland) and protein bands were visualized and imaged

using a chemiDoc imaging system (Biorad, UK)
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2.5 Nuclear translocation of Smad 2/3 in MSCs encapsulated within the hydrogels

For evaluating Smad 2/3 nuclear translocation in MSCs, hydrogels maintained in 5% O, and
20% O, were harvested at 48 h and fixed with 4% paraformaldehyde for 20 min at room
temperature. Then the hydrogels were pooled (minimum 6 numbers) and incubated in 55 mM
sodium citrate solution for 30 min followed by centrifugation. Recovered cells were
permeabilized and blocked as described above (2.4). Blocked cells were incubated in Smad 2/3
rabbit polyclonal antibody (Santa Cruz, UK), prepared in 1% BSA (1:500 dilution) and were
incubated overnight at 4°C. After overnight incubation, cells were washed in PBS and MSCs
were collected by centrifugation. FITC- conjugated goat anti-rabbit secondary antibody (Santa
Cruz, UK) prepared in the blocking buffer (1:2000 dilution) was added to the cells and were
incubated for 1 h. Then the cells were counter stained with DAPI and high-resolution images

were acquired and analysed as described above (2.4).

2.6 Quantitative PCR analysis of gene expression in MSCs encapsulated within the
hydrogel.

Day 0 and day 7 hydrogels (n=5 gels/group/time point) were transferred to RNase-free 2 mL
microtubes containing p-mercaptoethanol (Sigma-Aldrich, Ireland) supplemented (10 pl mL™)
RLT buffer (Qiagen, UK). Tubes were kept in ice and hydrogels were mechanically disrupted
using RNase-free needles and a micro-pestles and were stored in -80°C until used for RNA
isolation. For RNA isolation, this lysate was thawed on ice and homogenized using a
QIlAshredder column (Qiagen, UK) just before the isolation procedure. Total RNA was isolated
and purified using the RNeasy mini kit (Qiagen, UK) using the manufacturer’s suggested
protocol. The purity and yield of RNA were quantified using a NanoDrop Spectrophotometer

(Labtech International, UK). A total of 50 ng RNA per sample was reverse transcribed per 20 puL
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reaction volume of a high capacity reverse transcription cDNA kit (Applied Biosystems, UK) as
per manufacturer’s instructions to obtain high quality cDNA. Quantitative PCR was performed
using SYBR select master mix (Applied Biosystems, UK) using ABI 7500 sequence detection
system (Applied Biosystems, UK). The relative expression of type-1 collagen (Col-1), type-Il
collagen (Col-2), type-X collagen (Col-10), aggrecan (ACAN), matrix metallopeptidase-13
(MMP-13), osteopontin (OPN) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were
analyzed. Primer sequences, (KiCqStart® SYBR® Green Primers; Sigma, Ireland) used for
amplification of genes are listed in Table 1. Comparative Threshold (cT) data were analyzed
using the AACT method as described previously [40] with GAPDH values from the respective
oxygen tension as the endogenous control. Relative expression of the genes is presented as fold

changes relative to the control group from the respective oxygen tension.
2.7 Subcutaneous implantation of MSC laden hydrogels in nude mice

Animal experiments were conducted after obtaining approval by the institutional ethics
committee and the Irish Medicines Board (IMB), approval number AE 19136/P0324. The
potential of DMOG delivery hydrogels to modulate stem cell fate in vivo was evaluated at 4
weeks and 12 weeks. Hydrogels were implanted into the subcutaneous space of Balb/C nude
mice (Harlan, UK) using a previously described surgical procedure[41]. In brief, two
subcutaneous pockets (one in the shoulder level and one in the hip level) were created per animal
in the dorsal side of the animal under aseptic conditions. Next, three hydrogel-cell constructs
were implanted per pocket (six per mouse) n = 8 per group. Constructs after the study period
were evaluated based on the gross appearance, micro computed tomography (UCT) scan,

histology and immunohistochemistry.
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2.8 Biochemical analysis for sulphated glycosaminoglycan (sGAG) and collagen
content

Hydrogels were stored at "80°C until digested with papain enzyme as previously reported[42].
Briefly, papain buffer extract (PBE) was prepared using 100 mM sodium phosphate buffer
containing 0.1 M sodium acetate, 0.05 M ethylenediaminetetra-acetic acid, (all from Sigma-
Aldrich, Ireland) and the pH of the solution was adjusted to 6.0. To this buffer, 125 pug mL™
papain (Sigma-Aldrich, Ireland) was added and was activated with 10 mM cysteine
hydrochloride immediately before usage. DNA content in the papain digested samples was
quantified using Hoechst Bisbenzimide 33258 dye assay (Quant-iT ssDNA Assay Kit,
Biosciences). SGAG levels in the samples were measured using dimethylmethylene blue dye-
binding assay, pH 1.35 (Blyscan, Biocolor Ltd., UK) as previously described[42]. For the
collagen assay, papain digested samples were hydrolysed by treating with concentrated HCL
(37%) and collagen content in the samples was quantified by measuring their hydroxyproline
content using the Chloramine-T assay. Collagen and sGAG content in the constructs were

normalised with DNA content in the samples.
2.9 uCT analysis

A high resolution uCT imaging system Scanco Medical 40 (Scanco Medical, Bassersdorf,
Switzerland) with 70 kVp X-ray source and 112 pA (resolution of ~12um) was used for scanning
the constructs. To evaluate the potential of the hydrogels to suppress mineralization, uCT scans
were performed at 12 weeks on DMOG releasing and control hydrogels. Volumetric
reconstructions and analysis of the acquired data were performed by analysis and visualization
software provided along with the imaging system. A cylindrical volume covering the entire

construct was selected as the volume of interest (VOI) and a global threshold of 70-255 was
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used for analysing all the constructs. Reconstructed 3D images generated from the scans were
used to visualize mineral distribution throughout the constructs and quantitative measurements

were expressed as mineral volume within the VOI.
2.10 Histological and immunohistochemical evaluation of the constructs

Hydrogel-cell constructs were fixed in 4% paraformaldehyde (Sigma-Aldrich, Ireland) at the end
of each study period, dehydrated and were wax embedded. Seven-um thick sections were
obtained from the paraffin embedded samples using a microtome (Leica, Germany). Sections
were stained with aldehyde fuchsin/alcian blue (AF/AB) for visualizing sGAG, standard
picrosirius red (PSR) for evaluating the collagen deposition. For type-1 collagen and type-2
collagen immunostaining, antigen retrieval was carried out on the sections by pre-treating them
with pronase (Sigma-Aldrich) at 37 °C for 5 min in a humidified environment. Then, sections
were blocked with goat-serum (Sigma-Aldrich) for 1 h and incubated with mouse monoclonal
type-2 anti-collagen antibody primary antibody (all Abcam, Cambridge, UK). After overnight
incubation, sections were washed in PBS and incubated with the secondary antibody, goat anti-
mouse 1gG (B7151, Sigma) for 1 h. Color was developed using the Vectastain ABC reagent kit
(Vectastain ABC Kkit, Vector Laboratories, UK) followed by exposure to DAB peroxidase
substrate (DAB Peroxidase (HRP) Substrate Kit, Vector Laboratories, UK). Reaction was
stopped when colour was visible and sections were washed, dehydrated through alcohol gradient

and mounted using Vectashield (Vector Laboratories, UK).
2.11 Statistical analysis

Statistical analyses were performed by GraphPad Prism software (v.6, GraphPad, USA).

Quantitative findings are presented as mean + standard deviation. Student’s t-test was used to
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compare differences between two experimental groups and oneway analysis of variance
(ANOVA) with Tukey post-hoc test was used to make pairwise comparisons between multiple

groups. Statistical significance was set to p<0.05.

3. Results

3.1 DMOG releasing hydrogels stabilize HIF-1a in MSCs

The cell penetrating compound dimethyloxalylglycine (DMOG) has been shown to mimic the
effects of hypoxia by stabilizing HIF-1a [7, 19, 43, 44]. We first sought to determine if an RGD
modified alginate hydrogel could be used as a delivery system to expose encapsulated MSCs to
DMOG during the early stages of differentiation. To this end we evaluated the release kinetics of
different initial doses of DMOG from alginate hydrogels. For all doses, a burst release of DMOG
was observed from the hydrogel over the first 3 hrs followed by a slower but sustained release
for a period of 72h (Fig. 1A), with 80-100% of the loaded DMOG released over this 72-hour
period. MSCs encapsulated within the hydrogels remained viable irrespective of the amount of
DMOG added to the construct (Fig.1B). There was a significant decrease in the metabolic
activity of MSCs encapsulated within the DMOG releasing hydrogels at day 1 and 3
(Supplementary Figure 2), but by day 7 there were no significant difference compared to control
conditions. There was no significant change in the DNA content of MSC laden hydrogels
overtime or between the groups (Supplementary figure-2). To assess if DMOG delivery from
alginate hydrogels was leading to HIF-1 stabilization in encapsulated cells, HIF-1a levels in the
nucleus of MSCs encapsulated in RGD-Alginate (control) and DMOG releasing RGD-Alginate
(4.2 mg DMOG /mL) hydrogels maintained at either normoxia (20% O;) or low oxygen

condition (5% O,) (Fig. 1C) were evaluated using confocal microscopy. Two hours post-
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encapsulation, the ratio of nuclear to cytoplasmic HIF-1a was higher in MSCs encapsulated
within HIF-stabilizing hydrogels maintained at 20% O, compared to control constructs (Fig. 1D).
In contrast, no statistically significant difference in nuclear HIF-1a levels were observed in
constructs maintained at 5% O, (Fig. 1D). 24 hours post-encapsulation, western blot analysis
confirmed stabilization of HIF-1a within MSCs encapsulated in DMOG releasing hydrogels

which were maintained at both 5 % and 20% O, (Fig. 1E).
3.2 DMOG delivery enhances chondrogenesis and supresses hypertrophy

Oxygen availability is believed to play a key role in long bone development by regulating HIF-
la and HIF-2a signalling in stem cells and activating chondrogenesis [3, 13, 19, 23] . To
determine if DMOG delivery and associated regulation of nuclear HIF-1a levels could regulate
the differentiation of adult stem cells, DMOG releasing hydrogels (RGD-alginate containing
either 2.1, 4.2 and 6.3 mg DMOG /mL) containing MSCs were maintained in culture in the
presence of TGF-B3, a growth factor known to play a crucial role in skeletal development [45].
When maintained in a normoxic environment (20% O;), DMOG releasing hydrogels enhanced
the expression of key chondrogenic genes such as type-1l collagen (Col-2) and aggrecan, and
supressed expression of the hypertrophic marker matrix metallopeptidase-13 (MMP-13) for all
the three DMOG concentrations (Fig. 2A) under standard chondrogenic media conditions. At
20% oxygen, DMOG release did not significantly influence the expression of type | collagen
(Col-1), but the expression of type X collagen (Col-10) significantly increased for the lowest
concentration of DMOG delivery. The expression of the osteogenic marker osteopontin was
significantly reduced at medium and higher concentrations of DMOG delivery in 20 % oxygen
conditions. When maintained at low oxygen conditions (5% O), no significant changes in Col-1,

Col-10 or osteopontin gene expression were observed in DMOG releasing hydrogels. In such
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low oxygen conditions, hydrogels releasing high concentrations of DMOG were found to supress
type Il collagen (Col-2) expression but to continue promoting aggrecan gene expression. The

highest concentration of DMOG significantly down regulated MMP-13 expression (Fig. 2B).

We next assessed if these short term (week 1) changes in gene expression would lead to
longer term (week 3) changes in tissue development within DMOG releasing hydrogels. When
maintained at 20% O, DMOG release enhanced type-11 collagen deposition, although
glycosaminoglycan production did not significantly increase (Fig. 2C-G). In agreement with the
literature [3, 18, 46], chondrogenesis was enhanced in hydrogels maintained at 5% O, as evident
by increased sGAG and type Il collagen deposition. In such low oxygen conditions, DMOG
release was found to significantly increase GAG accumulation (Fig. 2D and F), although no
differences in overall collagen deposition was observed (Fig. 2C and E). Even though decreases
in col-2 gene expression was observed after 1 week in a low oxygen environment, intense type-I1
collagen deposition was observed at the protein level in all DMOG releasing hydrogels at week
3. Type-1l collagen deposition appeared to be more diffuse throughout the matrix in DMOG
containing hydrogels, but more localized to the pericellular space in in the control constructs

(Fig. 2G).
3.3 DMOG delivery increases Smad 2/3 nuclear translocation

Smads are known to play a central role in regulating chondrogenesis and osteogenesis of MSCs
[47, 48]. Members of the TGFB subfamily ligands, by binding and assembling a receptor
complex on the cell, activate and transduce downstream signalling through receptor smads (R-
Smads) 2 and 3 [47, 48]. To better understand the mechanism by which these hypoxia mimicking

hydrogels were enhancing chondrogenesis of encapsulated MSCs, we next investigated Smad 2/3
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levels and their nuclear translocation in DMOG releasing hydrogels (Fig. 3A, B). A clear
increase in Smad 2/3 levels was observed in MSCs maintained at 5% O, (Fig. 3C). DMOG
releasing hydrogels were also found to increase nuclear Smad 2/3 levels in MSCs maintained at

both 20% and 5% oxygen (Fig. 3D, E).

3.4 Co-delivery of DMOG, TGF-B3 and BMP-2 initiates chondrogenesis

Co-delivery of TGF beta and BMP-2 from alginate hydrogels has been previously shown to
promote endochondral bone formation in vivo [39, 49]. With a view towards assessing if DMOG
delivery could be used to modulate MSC fate in vivo, we first examined how co-delivery of
DMOG, TGF-3 and BMP-2 would impact MSC differentiation in vitro. Co-delivery of these
factors was found to enhance chondrogenesis compared to delivery of DMOG or growth factors
(GFs) in isolation when constructs were maintained at 20% oxygen (Fig. 4). Specifically, co-
delivery increased the expression of the early chondrogenic markers Sox-9, type Il collagen and
type X collagen at 20% oxygen, in media not additionally supplemented with TGFB-3. In the
same media conditions, in already low oxygen conditions (5% oxygen), DMOG delivery had no
effect on the expression of chondrogenic marker genes Sox-9, Col-2 and aggrecan. After 4 weeks
in vitro, DMOG and GF releasing hydrogels contained higher levels of GAGs compared to all
other groups (Fig. 4C). Short-term delivery of DMOG from the hydrogel did not negatively

influence collagen production within the hydrogels (Fig. 4 D).
3.5 DMOG delivery modulates transplanted stem cell fate in vivo

To assess how DMOG delivery influences MSC fate in vivo, we subcutaneously implanted GF
(40 ng/mL TGF-B3 and 400 ng/mL BMP-2) or GF and DMOG (4.2 mg/mL) releasing hydrogels

(co-delivery) containing MSCs into the subcutaneous space of nude mice and evaluated tissue
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development after 4 and 12 weeks. After 4 weeks in vivo, both hydrogels supported the
development of a fibrocartilaginous-like tissue, as evident by the deposition of SGAG and type-I
and type-Il collagen (Fig. 5A). Furthermore, type X collagen deposition was also observed after
4 weeks in vivo (Fig. 5F). Type-1 collagen deposition appeared more intense in GF releasing
hydrogels compared to constructs containing both DMOG and GF (Fig. 5A). GF + DMOG
releasing hydrogels appeared denser than GF releasing hydrogels, the central regions of which
appeared more porous and disrupted. Differences in tissue development within the two hydrogel
systems became more evident with time in vivo. After 12 weeks, the GF-delivery hydrogels
supported the development of an early bone-like tissue as evident by H&E and Goldner’s
trichome staining and areas of mineral deposition within the constructs (Fig. 5B). In contrast,
negligible mineral deposition was observed in DMOG + GF delivery hydrogels (Fig. 5B). This
was confirmed by pCT analysis which demonstrated higher levels of mineral deposition within
GF hydrogels. The GF + DMOG releasing hydrogels appeared to support the development of a
more stable cartilaginous tissue, with higher levels of SGAG accumulation (Fig. 5C), which
appeared to prevent the degradation of the hydrogel construct in vivo. This demonstrates the
potential of DMOG-releasing hydrogels to modulate MSC differentiation in vivo, supporting the
development of a more stable, cartilage-like tissue as opposed to the default phenotype of

chondrogenically primed MSCs in vivo which is to proceed along an endochondral pathway.

4 Discussion

In this study we used alginate hydrogels to deliver DMOG to MSCs, where both the compound

and the cells were encapsulated into the hydrogel at the time of fabrication. DMOG acts by
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regulating the activity of two hydroxylases, prolyl hydroxylase 2 and factor inhibiting HIF, that
determine the participation of HIF-1a subunit in the HIF complex [50]. During the first 72 hours
after hydrogel fabrication, the majority of DMOG was released from the alginate hydrogel,
providing encapsulated cells with short-term exposure to this compound. Alginate has been
previously used as a drug delivery system, especially for short-term drug release[51].
Encapsulation of MSCs into the alginate hydrogel facilitates the localized delivery of DMOG to
the encapsulated cells, which would be difficult to control using, for example, bolus injection of
the compound to a site of injury. As expected, DMOG stimulation was found to stabilize HIF-1a
in MSCs, which correlated with increased nuclear Smad 2/3 levels and ultimately enhanced MSC
chondrogenesis and a suppression of hypertrophy. When combined with growth factor delivery,
these hypoxia mimicking hydrogels were found to promote a more stable chondrogenic
phenotype in vivo, as evident by a reduction in cartilage matrix calcification compared to

hydrogels that did not contain DMOG.

In agreement with recent studies [23], DMOG was found to stabilize HIF-1a in MSCs.
Indeed, DMOG delivery appeared to have greater effect on HIF-1a stabilization than lowering
the external oxygen concentration from 20% to 5%. This is perhaps unsurprising, as 5% O, can
be considered as more physiological for tissues such as articular cartilage, with lower oxygen
conditions likely required to promote a hypoxic response. Other studies have reported improved
chondrogenesis at <3% oxygen compared to higher oxygen tensions, which could be correlated
to increased HIF stabilization at <3% O2 [46, 52, 53]. Previous studies have observed that that
HIF-1a can improve chondrogenesis by inducing type-2 collagen expression through the
interaction with the Sox 9 promoter [53, 54]. It has also been shown that HIF-1a overexpression

is effective and sufficient to induce chondrogenesis of MSCs without the use of exogenous
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growth factors[19], although we found that DMOG stimulation in the absence of exogenous

TGF-p did not result in robust chondrogenesis.

We found that short-term exposure to DMOG can lead to long term changes in the
phenotype of MSCs both in vitro and in vivo, including changes in chondrogenic gene expression
at week 1 (in vitro), increases in cartilage-specific matrix accumulation at week 3 (in vitro) and a
more stable cartilage-like phenotype after 12 weeks in vivo. We were initially concerned that
DMOG exposure might supress collagen synthesis, as 2-oxoglutarate analogues such as DMOG
can also inhibit prolyl 4-hydroxylases that play a crucial role in collagen biosynthesis [43].
Indeed, treating articular chondrocytes with DMOG has previously been shown to increase Sox-
9 expression but to supress type Il collagen expression [43]. However, in our study, DMOG
release from the hydrogels did not appear to affect long-term collagen bio-synthesis, which may
be due to its relatively fast release and clearance from the hydrogel (~80-100 % of the loaded
DMOG is released within 72 hours of encapsulation). Further emphasising the importance of
temporal DMOG exposure on chondrogenesis of MSCs, recent studies have found that sustained
DMOG stimulation is found to suppress type Il collagen expression [23]. While we did observe
that DMOG delivery led to reduced type Il collagen gene expression after 1 week of culture, no
long-term changes in type Il collagen deposition were observed. This suggests that short-term
delivery of DMOG from alginate hydrogels can lead to long term improvements in

chondrogenesis with no negative effects on long-term collagen synthesis.

DMOG releasing hydrogels were found to increase nuclear Smad 2/3 levels in MSCs
maintained at both 20% and 5% oxygen, suggesting that increases in MSC chondrogenesis and
the suppression of hypertrophy within these constructs can be linked to increases in nuclear

SMAD 2/3. Smads are known to play a central role in regulating chondrogenesis and
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osteogenesis of MSCs [44, 45], with Smad2/3 signalling known to regulate Sox9 expression [55]
as well as playing a role in preventing hypertrophy [56]. It has previously been demonstrated that
a low oxygen tension can increase nuclear translocation of Smad-2 and Smad-3 proteins in
endothelial cells [57]. Therefore, regulation of Smad 2/3 levels and their nuclear translocation in
MSCs encapsulated within DMOG releasing hydrogels is likely a downstream effect of HIF-1a
stabilization which is initiated by DMOG mediated inhibition of prolyl hydroxylase domain
(PHD) proteins, although future studies are required to directly confirm this link between DMOG

stimulation and Smad 2/3 signalling.

To explore how these hypoxia mimicking hydrogels might influence the fate of stem cells in
vivo, alginate hydrogels were used to co-deliver DMOG and a combination of growth factors
known to support cartilage development and progression along an endochondral pathway. In our
in vitro evaluation of these growth factor delivery hydrogels, basal chondrogenic media without
additional growth factors was used. Hence the BMP-2 and TGF-f3 that are initially loaded in the
hydrogels are the only available source of growth factors for the encapsulated cells. In this model
system we also found that co-delivery of DMOG will enhance chondrogenesis of MSCs, but to
also enhance type X collagen expression, a common marker of hypertrophy in late-stage
chondrogenesis. It should be noted, however, that in vitro chondrogenesis in this model system is
less robust than that observed when growth factors are continuously supplemented into the
culture media. When progression along the chondrogenic pathway is less advanced, the
expression of markers associated with late stage chondrogenesis and hypertrophy (such as type X
collagen) must be interpreted with caution, as type X collagen has previously been reported to be
expressed early in chondrogenesis [58, 59]. Hence, we cannot necessarily conclude that

increased type X expression early in chondrogenesis is predictive of hypertrophy later in
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chondrogenesis. Importantly, we observed in vivo that DMOG delivery enhanced cartilage
matrix accumulation and supressed calcification of the implant. In saying this, we cannot
definitively conclude that DMOG delivery will prevent chondrocyte hypertrophy and
endochondral ossification in the long-term, and hence further studies are required to further
characterise the in vivo phenotype of DMOG stimulated MSCs and to examine the potential of
these hypoxia mimicking hydrogels to regulate the fate of transplanted stem cells within

appropriate orthotopic defect environments.

5 Conclusions

In this report, we demonstrated the ability to control the differentiation of MSCs transplanted
within RGD-modified alginate hydrogels by stabilizing HIFs through the short-term release of
the cell penetrating compound DMOG. Stabilization of HIFs within these MSC laden hydrogels
was followed by increased nuclear localization of Smad 2/3, mimicking the intracellular
signalling events observed in MSCs when maintained in low oxygen environments. As expected,
based on the results of previous studies exploring the role of hypoxia in regulating MSC
differentiation [3, 19, 20, 23, 60] , this resulted in increased chondrogenesis and inhibition of
hypertrophy and endochondral ossification. Through the co-delivery of DMOG with
recombinant growth factors, the fate of transplanted MSCs shifts to support the development of
more phenotypically stable cartilaginous tissue as opposed to progressing along an endochondral
pathway. The delivery of HIF-PH inhibitors to stem cells from hydrogels has numerous
applications in regenerative medicine, from engineering phenotypically stable articular cartilage
for synovial joint repair to spatially regulating tissue differentiation when engineering spatially

complex interfaces such as the ligament-to-bone enthesis.
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Figure Captions

Figure Legends

Fig.1: Development and evaluation of HIF-stabilizing hydrogels. (A) Cumulative release of
DMOG from the RGD-Alginate hydrogels with 3 different concentrations of DMOG (2.1, 4.2
and 6.3 mg/mL). (B) Representative Live/ Dead staining of MSCs encapsulated in the hydrogels
after 24h of in vitro culture at 5% O, (Green = Live cells, Red = Dead cells). (C) Representative
confocal images of MSCs encapsulated in RGD-Alginate (control) and DMOG releasing RGD-
Alginate (4.2 mg DMOG /mL) hydrogels recovered from the hydrogels and immuno-stained
against HIF-1a after 2h in vitro, at both 20% and 5% oxygen. (D) Quantification of the ratio of
nuclear to cytoplasmic HIF-1 o in MSCs maintained at 20 % and 5% oxygen conditions after 2
h. (E) Western blot analysis of HIF-1a levels in MSCs 24 h after encapsulation within control

hydrogels and DMOG releasing (2.1, 4.2 and 6.3 mg/mL) hydrogels at 20% and 5% oxygen.

Fig. 2: Expression of chondrogenic, hypertrophic and osteogenic genes in MSCs after 1 week of
culture and matrix deposition after 3 weeks of culture in the control and DMOG releasing
hydrogels maintained in 20% and 5% oxygen conditions in the presence of TGF B3. (A, B)
Quantification of gene expression after 1 week of culture at 20% and 5% oxygen. Expression is
relative to that in control (DMOG-free) hydrogels maintained at 20% or 5% oxygen respectively.
“*> indicates P< 0.05 (upregulation) and ‘+’ indicates P< 0.05 (downregulation) compared to
untreated controls (n = 3). (C) Aldehyde fuchsin/alcian blue and picrosirius red stained sections
from hydrogels maintained at 20% oxygen demonstrating GAG and collagen deposition
respectively. (D) Biochemical quantification of GAG synthesis in hydrogels maintained at 20%
oxygen. *P< 0.05 compared to untreated control (n = 5). (E) Aldehyde fuchsin/alcian blue and

picrosirius red stained sections from hydrogels maintained at 5% oxygen showing demonstrating



GAG and collagen deposition respectively. (F) Biochemical quantification of GAG synthesis in
hydrogels which were maintained at 5% oxygen. (G) Type-Il collagen immunostaining in
DMOG releasing hydrogels compared to control hydrogels at 20% and 5% oxygen conditions at

week 3. Scale bar = 500 um (low magnification images).

Fig. 3: Protein expression and the nuclear translocation of Smad 2/3 in MSCs encapsulated in
DMOG releasing hydrogels. (A and B) representative confocal microscopic images of MSCs
encapsulated in the hydrogels recovered from the hydrogels and immunostained against Smad
2/3 and counter stained with DAPI after 48 h incubation at 20% and 5% O, respectively. (C)
Mean Smad 2/3 signal intensity in the cytosol and nucleus, as well as the Smad 2/3 nuclear to
cytoplasmic ratio, in control (DMOG-free) hydrogels maintained at 20% and 5% oxygen. (D and
E) Mean Smad 2/3 signal intensity in the cytosole and nucleus, as well as the Smad 2/3 nuclear
to cytoplasmic ratio in MSCs encapsulated in control and DMOG releasing hydrogels at 20%

oxygen and 5 % oxygen respectively.

Fig. 4: Effect of DMOG and GF co-delivery from hydrogels on the chondrogenic differentiation
of encapsulated MSCs in vitro. (A, B) Relative quantification of chondrogenic gene expression
after 1 week in hydrogels maintained at 20% and 5% O,. Expression is relative to that within
control hydrogels (free of DMOG and GF) maintained at 20% or 5% oxygen respectively. (C)
Aldehyde fuchsin/alcian blue stained sections demonstrating GAG accumulation. (D)
Biochemical quantification of GAG and collagen synthesis in the hydrogels. ‘*’ indicates P<

0.05 compared to untreated controls (n = 5).

Fig. 5: Effect of DMOG + GF co-delivery from alginate hydrogels containing MSCs on
chondrogenesis and mineralization in vivo. (A) Haematoxylin eosin, aldehyde fuchsin/alcian blue

stained sections and type-I, type- Il and type-X collagen immuno stained sections obtained from



DMOG + GF co-delivery hydrogels and control hydrogels (GF only) after 4 weeks in vivo. (B)
Hematoxylin eosin, Goldner’s trichrome, aldehyde fuchsin/alcian blue and alizarin red stained
sections and representative micro-CT images of DMOG incorporated-GF delivery hydrogels and
control hydrogels (GF only) after 12 weeks in vivo. (C) Biochemical quantification of GAG
content in the hydrogels after 12 weeks in vivo. (D) Micro-CT quantification of the mineral

volume at 12 weeks. *P< 0.05 compared to GF only hydrogels (n = 5).



Table Captions

Table-1

Genes and primer sequences used for quantitative real-time PCR analysis
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Table

Gene Symbol Forward Primer Reverse Primer

Collagen type-1 Col-1A1 TAGACATGTTCAGCTTTGTG GTGGGATGTCTTCTTCTTG
Collagen type- 2 Col-2A1 CGACGACATAATCTGTGAAG TCCTTTGGGTCCTACAATATC
Collagen type-10 Col-10A1 GTAGGTGTTTGGTATTGCTC GAGCAATACCAAACACCTAC
Aggrecan ACAN GACCACTTTACTCTTGGTG TCAGGCTCAGAAACTTCTAC
Matrix metallopeptidase 13 MMP-13 GACCAAATTATGGAGGAGATG AAACAAGTTGTAGCCTTTGG
Secreted phosphoprotein 1 (Osteopontin) SPP1 CTGCAGACCAAGGAAAATC AGCATCTGTGTATTTGTTGG
SRY (Sex Determining Region Y)-Box-9 SOX9 CAGACCTTGAGGAGACTTAG GTTCGAGTTGCCTTTAGTG
Glyceraldehyde-3-phosphate dehydrogenase GAPDH TTTAACTCTGGCAAAGTGG GAACATGTAGACCATGTAGTG
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