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Il. Abstract
Bone induction involves the enhanced differentiation of osteoblasts and osteoclasts from
specific stem cells in response to specific morphogens and occurs within a defined
differentiation programme. Contrary to that of rodents, lagomorphs and canines, the
recombinant human transforming growth factor-Bs (nTGF- Bs) induces endochondral bone
formation in the non-human primate Chacma baboon Papio ursinus. Coral-derived 7%
hydroxyapatite/calcium carbonate (CC/HA) preloaded with 125 pug hTGF-p3 were implanted
in the rectus abdominis muscle of 4 adult Papio ursinus. These constructs along with
surrounding muscle tissue were harvested on days 17, 19, 25, 27 and 30 after heterotopic
implantation. Tissues were homogenised, and RNA extracted from both the coral-derived
devices and the surrounding muscle tissue. Following a reverse transcription step, the extracts
were analysed by quantitative reverse-transcriptase polymerase chain reaction to study the
temporal changes in gene expression for members of the Transforming Growth Factor-f (TGF-
B), Bone Morphogenic Protein (BMP) and Fibroblast Growth Factor (FGF) families and their
receptors, WNT signalling, Sma and mad (SMAD) families along with collagen type | (Coll),
Noggin, POU Class 5 Homeobox 1 (POU5F1) and SRY (Sex Determining Region Y)-Box 2
(SOX-2). The rapid induction of bone formation was sustained and highlighted by j-catenin
and Coll overexpression at days 19 and 23, with down-regulation of CD-10, CryaB, Noggin,
POUS5F1 and FGF-1, -2 and their receptors. The SMAD signalling cascade is prominent with
the up-regulation of SMAD-2 and -4 and the down-regulation of SMAD-5. Stemness genes,
such as SOX-2, were over-expressed while CD-10 and CD-92 were down-regulated. BMP-6
was down-regulated with up-regulation of BMP-2 and -9. The study shows that implantation
of 125 pg hTGF-Bs preloaded coral-derived calcium phosphate macroporous bioreactors
induces bone formation in heterotopic sites of the rectus abdominus muscle by day 19 by the

temporal expression of a range of genes implicated in the bone induction cascade.
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1.Introduction
Bone is a specialised connective tissue and forms the key element of the skeletal system. The
formation and subsequent transduction of bone is orchestrated by the members of the
transforming growth factor (TGF) superfamily. One member of this superfamily, the bone
morphogenetic proteins (BMPs), are osteogenic molecules which play a vital role in osteoblast
differentiation and the induction of bone as well as the formation of bone itself (Ripamonti,
2006, Rahman et al., 2015). Bone is developed either from distinct osteoinductive
intramembranous vessels or via endochondral bone formation. Endochondral ossification
involves the progressive remodelling of cartilage into bone while intramembranous ossification
shapes bone directly from mesenchymal stem cell (MSCs) condensates lacking a cartilage
intermediate (Chen et al., 2012). Osteoclasts, mineralized bone matrix, MSC derived
osteoblasts and osteocytes form major components of the bone’s microenvironment (Chen et
al., 2012). Within the skeleton, bones are continuously remodelled throughout life and any
alteration or imbalance in their development can result in bone disease such as osteoporosis.
Bone loss through trauma or cancerous metastatic growth is a significant public health issue
with $ 2.5 billion being spent in the USA on bone defect repairs and bone trauma was found to
be a major cause of mortality in people younger than 40 years (Livingston et al., 2003, Baroli,
2009). Therefore, understanding how TGF superfamily members function in vivo to initiate

bone induction will allow for novel therapeutics to be developed to combat local bone loss.

1.1 Bone remodelling

Bone remodelling is characterized by a series of critical molecular and cellular events (Parfitt,
1994). Two key cellular lineages play a vital role in mesenchymal osteoblastic cell lines and
hematopoietic osteoclastic cell lineages (Chen et al., 2012). The bone remodelling process is a
continuous process which arises at specific periods of time within the development of
vertebrates (Raisz, 1999). It is not limited to foetal development but is a continuous process in
adult vertebrates as it establishes bone homeostasis (Rodan, 1998). Bone homeostasis consists
of two fundamental processes: resorption and formation allowing for an equilibrium to be
established (Frost, 1990). A balanced number of osteoblasts and osteoclasts facilitates bone

remodelling equilibrium to form a basic multicellular unit (BMU) (Chen et al., 2012).

The bone remodelling model has key five phases, namely, activation, absorption, reversal,

formation and quiescence (Huang et al., 2007). These phases arise through several signalling
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cascades and have been investigated extensively in the bone formation process (Chen et al.,
2012).

In the first phase of bone remodelling (activation\resting), the release of cytokines and calcium
ions induces oestrogen release and angiogenesis. Mononuclear pre-osteoclasts are recruited
from the cellular niche which attach to the bone surface and fuse to form multiple
multinucleated osteoclasts (Kular et al., 2012, Klar et al., 2013)(Fig. 1A).

In the reabsorption phase (Fig. 1B), multinucleated osteoclasts aggregate forming a ruffled
border allowing them to adhere to the surface of the bone (Kular et al., 2012). This establishes
an isolated microenvironment between the underlying bone and the osteoclasts. Osteoclasts
establish the release of protons by secreting carbonic anhydrase Il that dissolves bone material.
This specifically releases hydrogen ions by a membrane bound pump into the localized
microenvironment under the ruffled bone and is coupled with the transport of chloride ions via
an osteoclast membrane bound chloride channel to maintain electroneutrality in the
microenviroment (Tolar et. al., 2004). Subsequently, this leads to osteoclasts’ secretion of
proteases such as matrix metalloproteinases or cathepsin K, which degrade collagen-rich bone
matrix and release calcium ions (Silver et. al., 1988; Delaissé et. al., 2003). This results in an
acidic micro environment that dissolves the collagenous matrix via mononuclear cells;
producing an irregular geometry of concavities with various curvatures, radii and dimensions
on the bone surface termed cylindrical haversian canals or howship lacunae (Hadjidakis and
Androulakis, 2006, Kapinas and Delany, 2011). The dissolving of the collagenous matrix
primes the bone surface which, at the same time, deposits proteoglycans and other growth
factors onto the surface of the bone matrix to help promote osteoblastogenesis (Kular et al.,
2012).

During the reversal phase (Fig. 1C), remodelling starts with mononuclear cells preparing the
bone surface for new osteoblasts. The recruitment of mononuclear cells on the bone surface
further allows old bone collagenous matrix to degrade and assists in the deposit of rich
proteoglycans on the cement lining below the recruited osteoblasts (Kapinas and Delany, 2011,
Kular et al., 2012).

Newly differentiated osteoblasts are attracted to the site of resorption and lay down osteoid that
is then replaced with calcium and phosphate ions to form new bone (Kapinas and Delany, 2011,
Kular et al., 2012) (Fig. 1D). The deposition of new bone matrix continues until the concavity
is entirely replaced with new osteogenic material (Kapinas and Delany, 2011, Kular et al.,
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2012). This is due to osteoblast proliferation and secretion of collagen type | (Coll) into the

extracellular matrix (ECM).

The osteoblasts become resting cells on the newly formed bone surface due to maturation of
the osteoblast, and apoptosis or terminal differentiation into bone surface lining cells rooted in
the calcified matrix and covered with flattened lining cells (Kapinas and Delany, 2011). This
forms the quiescence phase (Fig. 1E) in which resting lining cells are integrated and remain

dormant until the next cycle.

_ Mesenchymal
Myeloid stem cell
Progenitor
cell l
_ Osteoblast
i recursor Active
Osteoclast Active Mononuclear P Osteoblast

Osteoclast
precursor Osteoclast (ces E

b
- . - "'.
(A) (D) (E)
Resting/ (B) ) (C) Bone Quiescence/
Activation Reabsorption Reversal formation Mineralization

Figure 1: Bone remodelling. Mononuclear pre-osteoclasts are recruited which attach to the bone surface and fuse
to form multiple multinucleated osteoclasts (A). Multinucleated osteoclasts aggregate forming a ruffled border to
establishes an isolated microenvironment between the underlying bone and the osteoclasts. The osteoclasts
establish an acidic microenvironment that dissolves the collagenous matrix producing an irregular geometry of
concavities with various curvatures (B). Remodelling of the bone begins with mononuclear cells preparing the
bone surface for new osteoblasts as well as the deposition of rich proteoglycans on the cement lining below the
recruited osteoblasts (C). Newly differentiated osteoblasts are attracted to the site of resorption and lay down
osteoid and form new bone (D). The deposition of concavity is entirely replaced with new osteogenic material
leads to the maturation of osteoblast to resting cells, osteocytes and apoptosis or terminal differentiation into bone
surface lining cells rooted in the calcified matrix (E). The matrix mineralization and generation of new bone thus

completes the remodelling cycle.
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This extraordinary potential to regenerate bone has captivated scientists to have a continuous
desire to mechanistically understand the induction of bone formation and utilise the capacity
of bone formation induction and bone repair in tissue engineering, known as the “bone
induction principle” (Urist et al., 1967). One area of interest researchers began investigating is

the use of mesenchymal stem cells due to their ability to self-renew into multiple cell lineages.

1.2 Mesenchymal stem cells involvement in osteogenesis

Adult mesenchymal stem cells are derived from bone marrow, adipose tissue and peripheral
blood, neonatal birth-associated tissues (including placenta, umbilical cord and cord blood)
(Beltrami et. al., 2003; Cao and Dong et. al., 2005), hematopoietic stem cells as well as
endothelial populations including endothelial progenitor cells and endothelial colony forming
cells (Hass et. al., 2011). They differentiate and self-renew into various mesodermal cell
lineages such as chondrocytes, adipocytes, osteoblasts and myocytes (Fig. 2). Multipotent stem
cells differentiation towards an osteoblastic fate relies on multiple signalling pathways
including the BMP pathway (Beederman et al., 2013). Aging reduces the number of available
MSCs that are able to differentiate into osteoblasts in the bone marrow, however, if MSCs
could be directed toward osteogenic differentiation, they could be a feasible therapeutic option

for bone regeneration (Guan et al., 2012).

Osteoprogenitor
Preosteoblast
Osteogenic
——
Proliferation —
Runx2 Osterix Alkaline phosphatas
Chondroprogenitor -
A ' Chondroblast _.Lrolife
Chondrogenic . . Cho
- —— -
. Proliferation
“ Sox9
s Adipoprogenitor
Multipotent PRS0
MSCs Adipogenic .
————
Proliferation . iy
PPARy C/EBPs o ar’ s
Myoprogenitor Muscle
Myogenic

Proliferation
Pax3 Pax7 MyoD Myfs

3 Differentiation -

Figure 2: Illustration of the MSCs lineage-specific differentiation. Mesenchymal stem cells form part of
pluripotent predecessor cells with the unique ability to differentiate into several lineages, such as adipogenic,
osteogenic, myogenic and chondrogenic, giving rise to osteocytes, adipocytes, chondrocytes and muscle

respectively. Indicators and regulators of lineage-specific differentiation are shown (Beederman et al., 2013).
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Bone stem cell markers have been used to monitor osteogenic differentiation capacity and to
monitor the expression profiles of MSCs during bone expansion. Microarray analysis of MSCs
in osteogenic differentiation discovered markers such as CRYoaB which is involved in the
reconstruction of the developmental phases during osteoblast proliferation, differentiation,
mineralization and matrix maturation, and further illustrated the essential activation of the Sma
and mad (mothers against decapentaplegic) (SMAD) signalling in BMP signalling. Crystallin
aB is a novel osteogenic marker specifically expressed during the osteogenic differentiation of
MSCs in vitro (Kulterer et al., 2007). CD-10/MME and CD-92/SLC where identified as
additional bone stem cell markers, as they represent key genes in osteogenic and adipogenic
differentiation of MSCs in vitro. The surface markers, CD-10 and CD-92, demonstrated
significantly increased expression in MSCs differentiated towards the osteogenic, adipogenic
and muscle lineages (Graneli et al., 2014). NANOG is an essential transcription factor involved
in maintaining pluripotency within embryonic stem cells (ESC). NANOG together with Sex
Determining Region Y-Box 2 (SOX-2) and POU Class 5 Homeobox 1 (POU5F1), are used to
characterise ESC. Embryonic stem cells can differentiate into the three germ layers (ectoderm,
mesoderm and endoderm). Understanding the underlying mechanisms that maintain a cell's
pluripotency is critical for understanding how MSCs lead to bone formation (Gamblin et al.,
2014).

1.3 Bone morphogenetic proteins

Bone morphogenetic proteins (BMPs) also termed osteogenic proteins (OPs) are a homologous
group of signalling proteins that function as growth factors and form part of the transforming
growth factor B (TGF) superfamily. Bone morphogenetic proteins have been broadly studied
and found to play vital roles in cell proliferation, organogenesis, embryogenesis, and stem cell
differentiation (Hogan, 1996, Zou et al., 1997, Reddi, 1998, Kang et al., 2004). To date, at least
20 different BMPs have been identified and characterized in humans (Beederman et al., 2013).
BMPs play an critical role in skeletal bone development and MSC differentiation (Beederman
et al., 2013). Tissue-specific knockout studies and signal transduction studies have shown that
SMAD-1, -5 and -8 play a fundamental role in BMP signal transduction forming part of the

initial signalling cascade downstream of the BMP receptors (Chen et al., 2004).

BMPs are found to bind to both type I and Il serine/threonine kinase receptors with both
receptors crucial in signal transduction (Fig. 3). After ligand binding, the type I and Il receptors
form a heterotetrametric-activated complex (Chen et al., 2004). Type | BMP receptors form a

complex with the receptor-SMAD (R-SMAD) proteins, and these proteins play a central role
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in transmitting signals from the receptor to target genes (Chen et al., 2004). BMP receptors
phosphorylate R-SMADs (SMAD-1, -5 and -8) in a ligand-dependent manner (Nishimura et
al., 1998). After the phosphorylated SMADs are released from the receptor, they associate with
SMAD-4, which is involved in both BMP and TGF-f signalling (Nishimura et al., 1998). This
complex then translocates to the nucleus and partakes in gene transcription of osteogenic genes
with other transcription factors such as RUNX-2 (Chen et al., 2004).

Bone morphogenetic protein signalling is regulated at multiple molecular levels: firstly, BMP
antagonists such as Noggin bind to BMP-2, -4 and -7 to block BMP signalling (Devlin et al.,
2003, Wu et al., 2003). Secondly, the binding of SMAD-6 or -7 (inhibitory SMADS (I-
SMAD)) to type | BMP receptors prevents SMAD-1, -5 and -8 from being activated
downstream (Imamura et al., 1997). This negatively regulates transcription of target genes

involved in bone formation and osteoblastic differentiation (Kapinas and Delany, 2011)

1.4 Transforming growth factor-beta (TGF-B) involvement in osteogenesis

Transforming growth factor-o (TGF-a) and transforming growth factor-p (TGF-p) are another
two sub-protein groups of the TGF superfamily. The TGF-a sub-group form part of the
epidermal growth factor (EGF) receptor family (Roberts et al., 1981, Groenen et al., 1994,
Salomon et al., 1995). The TGF-B family of proteins comprises multiple members including
TGF-B1, B2 and Bs. The three isoforms share approximately 60-80% amino acid homology and
their functions range from extracellular matrix (ECM) production and control of cell adhesion,
proliferation and differentiation to cell death and survival (Massague, 1990). Transforming
growth factor-g expression mediates chondrocyte and osteoblast differentiation.

Transforming growth factor-p signalling transmits signals across the plasma membrane by the
formation of heteromeric complexes of specific type | and type Il serine/threonine kinase
receptors (Fig. 3). Within this complex, phosphorylation and activation of the type Il receptor
leads to phosphorylation of the type | receptor initiating intracellular signalling cascades
through the phosphorylation of the R-SMAD proteins SMAD-2 and -3. Activated R-SMADs
form a complex with the co-SMAD SMAD-4 which becomes translocated into the nucleus to
direct transcriptional responses (Chen et al., 2012). Within a cell, TGF-p signalling can occur
via either a SMAD-dependent pathway or non-SMAD dependant pathway.
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Figure 3: TGF-B & BMP signalling and negative regulation in bone formation. Canonical SMAD-dependent TGF-
B signalling starts with TGF-B binding to a type I (R-1) and Il (R-Il) serine/threonine kinase receptors, causing
their phosphorylation. This activates the R-SMADs which form a complex with SMAD-4. This complex
translocates into the nucleus where it interacts with transcription factors to trigger target gene expression. SMAD-
7, an inhibitor SMAD, interrupts the activated SMAD-2/3 complex formation with SMAD-4. SMAD-7 is targeted
to interact with specific histone deacetylases (HDACS), resulting in the deacetylation of SMAD-7. Deacetylation
of SMAD-7 promotes its ubiquitination and, allows for the formation of SMAD-2/-3 complexes. SMAD-
dependent-BMP signalling, BMP bind to receptor type | (R-1) and receptor type Il (R-11). This leads to a signalling
transduction of their respective SMADs. Activated SMADs form a complex with SMAD-4 and translocate into
the nucleus where it interacts with transcription factors to activate targeted gene expression. Activated SMADs
regulate expression of DIx5, RUNX-2 and Osterix (OSX), which are transcription factors and coactivators
important in osteoblastic genesis. The inhibitor SMAD, SMAD-6, binds type | BMP receptors and prevents the
activation of SMAD-1/-5/-8. Negative regulation of the induction of bone is present with the expression of Noggin.
Noggin secretion in MSCs is stimulated by BMPs but decreases once cells undergo differentiation. Noggin
regulates BMP activity in undifferentiated cells, through a negative feedback loop to control the rate of cell
differentiation. Noggin regulation of BMPs prevents the binding of BMPs with their interaction with their cell
surface receptors. Noggin binds with various degrees of affinity to BMP-2/-4/-5/-6 and -7. This decreases signal
transduction of BMPs on target cells preventing the activation of downstream SMAD-1/-5/-8 signalling. Inhibitor
SMAD-6 interferes with BMP signalling. As SMAD-6 competes with co-SMADs complex formation with R-
SMADs preventing its association. Deacetylation of SMAD-6 promotes for its ubiquitination and degradation,
allowing for the formation of SMAD-1/-5/-8 complexes. Ub (ubiquitination); P (phosphorylation).
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1.5 The SMAD-dependent pathway in TGF- B signalling

TGF-p signalling via SMAD:s is the canonical signalling pathway. The association of SMAD-
2 or -3 with the class I1 histone deacetylase (HDAC) -4 and -5 complex results in antagonization
of RUNX-2 activity (Wu et al., 2016). In the presence of SMAD-3, the SMAD-3-TGF-3
complex negatively regulates osteoblastogenesis, due to inhibition of osteoblast differentiation
and apoptosis (Wu et al., 2016). SMAD-3-null mice were found to be osteopenic, and had an
increased number of osteocytes (Borton et al., 2001). This was due to accelerated chondrocyte
hypertrophy and reduced levels of Noggin was observed (Borton et al., 2001). Thus, TGF-3-
induced inhibition of chondrocyte maturation is reliant on SMAD-3 signalling, and eliminated
by the interruption of SMAD-2 or -3 activation (Wu et al., 2016).

Furthermore, SMAD-3-TGF-f signalling has been found to play an essential role in the
postnatal maintenance of articular cartilage homeostasis (Kang et al., 2004). SMAD-3-null
mice and chondrocyte-specific SMAD-3 conditional knockout mice develop osteoarthritis and

articular cartilage degeneration (van de Laar et al., 2011).

1.6 The non-SMAD dependent pathway
In the absence of SMAD-dependant signalling, TGF-B and BMP can signal via a non-SMAD

dependant pathway. In the non-SMAD-dependent pathway, there is rapid phosphorylation of
the transforming growth factor beta-activated kinase 1 (TAK-1) resulting in the recruitment of
TABL (Transforming growth factor-beta activated kinase 1 (MAP3K?7) binding protein 1) (Fig.
3). Recruitment of TABL leads to the activation of the mitogen-activated protein kinase kinase
(MKK) three or six (Wu et al., 2016). This leads to the activation of the p38 mitogen-activated
protein kinase (MAPK) signalling pathway that has been found to be involved in various
regulatory aspects of bone initiation and maintenance (Zarubin and Han, 2005, Thouverey and
Caverzasio, 2015). The MAPK p38 group of proteins is comprised of multiple subtypes,
namely p38a, p38p, p38y and p385 (Zarubin and Han, 2005). Two subtypes are involved in
bone formation: p38a, activated by MKK-3/6, and p38p, activated by MKK-6 only (Zarubin
and Han, 2005). Both p38a and p38p are closely related proteins that are expressed in most cell
types and have overlapping functions (Zarubin and Han, 2005). p38p plays a role in the
regulation of late osteoblast differentiation (Zarubin and Han, 2005). The activation of p38a
positively regulates the transcriptional and activity of Distal-less homeobox 5, RUNX-2 and
OSX, genes involved in bone induction. Distal-less homeobox 5 is a BMP-responsive
transcriptional activator required for osteoblast differentiation by stimulating the up-regulation

of a variety of promoters such as the SP7/0OSX promoter (Xu and Testa, 2009). Mesenchymal
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precursor cells require the expression of RUNX-2 and OSX expression to induce differentiation
of MSC into osteoblasts (Xu and Testa, 2009).

TGF-p type I receptor kinase (AIK5) is a protein that forms a heteromeric complex with TGF-
B receptors and transduces the TGF-beta signalling pathway once activated. Studies performed
on an MSC-specific AIk5 conditional knock out mouse model demonstrated that MAPK
signalling promoted early osteoblast proliferation (Matsunobu et al., 2009, Lee et al., 2002).
The MAPK pathway was found to positively regulate RUNX-2 expression and function to
promote MSC differentiation into osteoblasts (Lee et al., 2002). In another study, TGF-B2
stimulated cranial healing was promoted by osteoprogenitor proliferation via the MKK—ERK
signalling pathway (Lai and Cheng, 2002). These studies demonstrated that TGF-p operates
either through either SMAD dependant or non-dependant signalling pathways. Osteoblast
progenitor enrichment occurs with early differentiation, but is negatively regulated by

osteoblast differentiation and mineralization at latter stages (van de Laar et al., 2011).

1.7 Interplay between bone morphogenetic proteins and TGF-f signalling in osteoblasts and

bone formation

Transforming growth factor-/Bone morphogenetic proteins have been widely researched and
are recognized for their role in bone formation during mammalian tissue induction. Disruptions
of TGF-B/BMP signalling have been implicated in several bone diseases such as osteoarthritis,
brachydactyly type A2 and tumour metastasis in cancer (Siegel and Massague, 2003,
Papachroni et al., 2009, Chen et al., 2012).

Recent studies have demonstrated that TGF-f and BMPs interplay is essential for bone
formation (Chen et al., 2012, Rahman et al., 2015). Transforming growth factor-f: infused
coral implants used in mice increase bone formation five-fold compared to bone induction by
direct injection BMP-2 of alone (Tachi et al., 2011). The interaction of TGF-B1, FGF-2 and
platelet-derived growth factor-AB with BMPs is believed to allow for increased osteogenic
function of BMP in vitro (Singhatanadgit et al., 2006). This indicates a strong relationship
between TGF- and BMP signalling in osteoblast differentiation.

1.8 WNT signalling pathway & involvement in bone remodelling

Wingless-type MMTYV integration site family (WNT) genes play a central role in the early
organs and tissues development such as bone, neural structures and musculoskeletal (Gordon
and Nusse, 2006, Issack et al., 2008). Activation of WNT mediated signals have been found to

play a role in bone remodelling under physiological and pathological conditions (Kobayashi,
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2012). Although WNT has been identified in bone remodelling, the molecular mechanism of
WNT action in human bone development is not fully understood (Nusse, 2005, Kobayashi,
2012).

WNT proteins bind to cell-surface receptors and activate signalling pathways which control
gene expression in cell growth and differentiation (Issack et al., 2008). WNT signalling has
two distinct pathways, the independent non-canonical pathways and B-catenin independent
canonical. Within the B-catenin independent canonical pathway WNTSs act on precursor
osteoblasts and assist in the promotion of precursor osteoblasts differentiation into mature
osteoblasts and osteogenesis (Kobayashi, 2012). However, activation of the [-catenin-
independent non-canonical pathway has been found to enhance osteoclast formation (Gordon
and Nusse, 2006).

WNT signalling gain-of-function mutations or specific loss-of-function in humans and mice
that has resulted in increased bone formation or loss in bone development, respectively (Issack
et al., 2008). These results demonstrate that WNT-mediated signals are involved in several

aspects of bone formation and bone resorption.

1.9 Role of fibroblast growth factors in bone regeneration

Fibroblast growth factors (FGFs) are pleiotropic growth factors that regulate cell proliferation,
differentiation, and the migration of cells within multiple organs including bone (Boilly et al.,
2000). Fibroblast growth factor 1 (FGF-1) protects osteoblast cell lineages from cell death
during bone fracture healing. Fibroblast growth factor 1 was found to enhance cellular growth
by increasing endogenous levels of tyrosine phosphorylation and inducing expression of both
osteocalcin and osteopontin mRNA. Fibroblast growth factor 1 also renders osteoblast
precursors and osteoblasts resistant to cytotoxic signals which consequently promotes the
initiation of bone repair mechanisms after fracture trauma (Kelpke et al., 2001) .

Fibroblast growth factor 2 (FGF-2) is expressed in osteoblast lineage cells and is a critical
component of maintenance in stem cell cultures (Kuro-o, 2008). Stabilization of FGF-2 levels
in culture medium improved stem cell marker expression, resulting in decreased spontaneous
differentiation and increased number of stem cells (Lotz et al., 2013). The addition of FGF-2
to murine periosteum-derived cells (mPDC) during culture expansion enhanced bone formation
by promoting mPDC proliferation and inhibiting culture-induced senescence (Charoenlarp et
al., 2017).
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Structural interaction studies have revealed that FGF-1 binds to fibroblast growth factor
receptor 2 (FGF-R2) and FGF-2 to fibroblast growth factor receptor 1(FGF-R1) (Stauber et
al., 2000). Furthermore, both FGF-R1 and FGF-R2 are expressed in condensing mesenchyme
cells during early bud development. In developing bone, FGF-R2 is mainly localized to
periosteal and perichondrial tissue and also is expressed in differentiating osteoblasts and
osteocytes playing a vital role in human skeletal development (Chen et al., 2012). Fibroblast
growth factor receptor 1 is involved in endochondral ossification. Activating mutations in FGF-
R1 cause osteoglophonic dysplasia, which is a rare syndrome characterized by rhizomelic
dwarfism (Orr-Urtreger et al., 1993). Activating FGF-R2 mutations have a variety of effects
on differentiation of MSC and cranial cell replication in mice and humans (Chen et al., 2012).
More than 10 gain-of-function mutations in FGF-R2 are known to cause multiple types of
craniosynostoses, for example Apert syndrome (Orr-Urtreger et al., 1993).

Thus, FGF-1/-2 and their receptors play on essential role in the regulation of cell proliferation,
differentiation, and the migration of cells within bone. Fibroblast growth factor signalling
protects osteoblast cell lineages from cell death and consequently promotes the progression of

bone repair mechanisms after fracture trauma (Kelpke et al., 2001).

1.10 Coral-derived macroporous bioreactors as a delivery system for biological activity of the

recombinant hTGF-B3 isoform

Nature has a conserved molecular mechanism tailored to allow for the emergence of tissues.
Accepted theories on the induction of bone formation require the use of an insoluble
substratum, combined with soluble proteins to set in motion a rapid, ripple-like cascade
inducing bone formation (Reddi, 1994, Reddi, 2000, Ripamonti, 2004, Ripamonti, 2006).
Studies have shown that ECM macroenvironments can be tailored to duplicate the formation
of bone by the combination of stem cells and inductive soluble signals, allowing for the
assembly of new biomimetic matrices that initiate the induction of bone (Reddi, 2000,
Ripamonti et al., 2007, Ripamonti, 2009).

Systematic studies have shown that calcium phosphate-based bioreactors, implanted in
intramuscular heterotopic sites in a non-human primate Papio ursinus, also known as the
Chacma baboon, could reproducibly induce new bone formation (Ripamonti, 1991, Ripamonti
et al., 1993, Ripamonti et al., 1996, Ripamonti, 2009). Papio ursinus species have been found
to share similar and comparable osteonic bone remodelling and bone physiology with humans
(Schnitzler et al., 1993). In vivo, time studies suggest that myoblast stem cells adhere to the
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peripheral surface of the bioreactors and lead to the proliferation and differentiation into
osteoblastic-like cells (Ripamonti et al. 1993; Ripamonti et al. 2009). Morphological and
immunohistochemical studies have demonstrated that activation of angiogenesis allows for a
continuous migration of stem cells and osteoblasts to attach to the implanted bioreactors
(Ripamonti et al. 1993). Immunohistochemical staining demonstrated high levels of sprouting
and invading capillaries within the macroporous spaces of the implanted bioreactors during the
developmental processes culminating in bone differentiation, and were associated with alkaline
phosphatase and laminin expression (Ripamonti et al. 1993).

Alkaline phosphatase activity of the invading capillaries was additionally associated with
increased expression of collagen type IV (CollV) (Ripamonti et al. 1993). The temporal
induction of CollV and its association of angiogenesis was proposed to assist in the initiation
of bone formation. Mesenchymal collagenous condensations at the hydroxyapatite surface
suggest a prominent differentiating event precedes the induction of bone within the coral-
derived bioreactors (Ripamonti, 1991, Ripamonti et al., 1993, Ripamonti et al., 1996,
Ripamonti, 2009).

In Papio ursinus substantial bone induction was induced by the implantation of super-activated
coral-derived bioreactors implanted with hTGF-Bz into heterotopic sites. Studies have
demonstrated that bone induction is proportional to the amount of hTGF-3 protein used within
the implanted bioreactors (Ripamonti et al., 2012). High doses of the hTGF-Bs demonstrated
pronounced induction of bone formation compared to low doses of hTGF-B3 (Ripamonti et al.,
2012). Bone formation was seen to form significantly at the periphery of the devices,
suggesting that a rapid cascade of bone differentiation is set into motion at the site of ligand
binding at the peripheral regions of the super activated construct (Ripamonti et al., 2012). This
is demonstrated by a rich capillary network with paravascular myoendothelial stem cells
present at the periphery which later differentiate towards osteoblastic cell lineages under the
influence of hTGF-f33 protein (Ripamonti et al., 2012).

To summarise, induction of bone formation requires the combination of soluble osteogenic
molecular signals in combination with an insoluble substratum that resembles the geometry of
in vivo bone to induce its formation (Sampath and Reddi, 1981, Khouri et al., 1991, Reddi,
1994, Reddi, 2000, Ripamonti et al., 1993, Ripamonti, 2006).
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1.11 The induction of bone by mammalian TGF-$ isoforms (hTGF- 31, hTGF-B>, hTGF-B3)

The induction of bone initiated by hTGF- B3 in the rectus abdominis muscle of Papio ursinus

is accomplished via the BMP pathway (Ripamonti et al., 2016a). Human- transforming growth
factor-fB3 controls the induction of bone formation by the regulating of the expression of BMPs
through Noggin, Noggin being an antagonist of the BMP pathway (Ripamonti et al., 2016a).
All three TGF-f isoforms have been found to be involved in osteogenesis and bone remodelling
as well as the induction of bone formation (Ripamonti et al., 2016a). Initially, TGF-f isoforms
were not believed to be osteoinductive due to their inability to stimulate bone formation in
rodent models (Roberts et al., 1981). This was refuted in studies showing that TGF-B; loaded
into a collagenous-matrix carrier and implanted in heterotopic extra skeletal muscle sites of the
rectus abdominis muscle of Papio ursinus could induce new bone formation (Ripamonti et al.,
1997)

Osteoinduction is not restricted solely to naturally derived or recombinant BMPs/OPs, but
includes mammalian TGF-B1, TGF-f2 and TGF-B3 (Ripamonti et al., 1997, Ripamonti et al.,
2000, Ripamonti et al., 2008). When insoluble collagenous bone matrix was combined with
hTGF-z it induced rapid endochondral bone formation within the rectus abdominis muscle of
Papio ursinus (Ripamonti et al., 2008). Further studies have shown that hTGF-B, and hTGF-
B3 in particular loaded into either macroporous calcium phosphate-based or coral-derived
biomimetic devices can induce bone formation when implanted into heterotopic intra-muscular

rectus abdominis sites of the baboon (Ripamonti et al., 2000, Ripamonti et al., 2008).

Early molecular expression experiments suggested that the TGF-B3 isoforms regulated certain
BMPs (Ripamonti and Klar, 2010) and further demonstrated that the osteoinductive capability
of TGF-B3 was due to its capacity to indirectly initiate bone induction by modulating Noggin
expression (Klar et al., 2014). As a result, TGF-3 regulated the extent of BMP expression and
increased the rate of new bone formation within coral-derived macroporous devices (Klar et
al., 2014). Altered genetic expression patterns were observed between day 15 and day 30 in in
vivo implanted heterotopic coral-derived macroporous devices treated with 125ug hTGF-f3
(Klar et al., 2014). This correlated with the time period during which new bone formation was
first detected histologically (Klar et al., 2014). Coral derived bioreactors pre-treated with
hTGF-B3 induce structural organization of fibrin/fibronectin rings within the macroporous
spaces as early as day 15 (Klar et al., 2014). Bone has been found to form rapidly by day 30
with substantial induction and invasion of the macroporous spaces. This has indicated that the

induction of bone formation must initiate between 15 and 30 days exploiting early tissue
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morphogenesis and ECM patterning with fibrin/fibronectin rings. Though the model of
molecular gene transcription during in vivo bone induction was made clearer by Klar et al.
(2013; 2014) studies, a fuller understanding of the cellular activation and transition of the signal

over time remains a challenge and needs to be evaluated.

2. Research Scope, Aims & Obijectives

2.1 Problem Statement

Bone induction involves the enhanced differentiation of osteoblasts from specific stem cells in
response to specific morphogens and occurs within a set period of time. Osteoclasts derived
from blood monocytes, stem from haemopeoitic cells in the bone marrow. Monocytes are
released into the blood stream and collect at bone resorption sites. Monocytes fuse to allow the
formation of multinucleated osteoclasts, which attach to the bone surface, and reabsorb bone
matrix. It is still unknown when genes related to the osteogenic and TGF-/BMP pathways are
initiated or change their expression patterns temporally during the 17- 30 day time period of
heterotopic bone formation. Therefore, this study focuses on elucidating the temporal gene
expression using real-time PCR. This study will also elucidate how cells of the
microenvironment respond to hTGF-f3 by the use of Real Time gene expression data. This
will further facilitate the understanding of key signalling pathways that drive bone formation
during the 30 day implantation period allowing for a greater clarity in understanding the

complex pathways involved in the regulation and enhancement of bone formation in vivo.

2.2 Study Rationale

The rapid induction of bone formation by the hTGF-B3 isoform in Papio ursinus has forced re-
evaluation of the mechanistic insights of this process. Bone induction occurs 17-30 days after
implantation of hTGF-f3 treated coral-derived bioreactors into the muscle tissue of the Chacma
baboon, but it is still unclear how the hTGF-3 isoform initiates bone induction at a molecular
level. In order to understand how hTGF-Bs affects the expression of key genes and alters signal
transduction pathways, coral-derived macroporous devices, treated with 125 pg hTGF-fs, were
implanted into the rectus abdominis muscle of Papio ursinus for 17, 19, 23, 25, 27 and 30 days.
Samples harvested from the various time points were subjected to molecular analysis. gRT-
PCR was used to analyse the temporal changes in gene expression for members of the TGF-5,
BMP, FGF and SMAD families along with Coll, Noggin, POU5F1 and SOX-2. This will enable
the investigation of the influence of hTGF-B3 on the cellular microenvironment and on gene

expression changes linked to bone induction.
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2.3 Significance of Research

This research sought to elucidate and map the molecular signals and cellular mechanisms
allowing for a rapid initiation of the induction of bone cascade by super-activated coral-derived
calcium carbonate/hydroxyapatite-based bioreactors and expand the current developed

paradigm of bone formation in the primate Papio ursinus.

2.4 Primary Aim

The aim of this study is to evaluate the molecular mechanisms underlying the rapid induction

of bone formation by hTGF-Bs in Papio ursinus using qRT-PCR.

2.5 Objectives
To investigate the temporal gene expression pattern of TGF-gs, BMPs, FGFs and their

receptors, SMADs, WNT signalling and stem cell markers in tissues heterotopically implanted

with hTGF-Bs treated devices and the surrounding tissue using qRT-PCR.
This was achieved by:

I.  Extraction of RNA from four cylinders of coral-derived calcium carbonate
macroporous constructs implanted heterotopically, in duplicate, within the rectus
abdominis muscle of four adult baboons, along with newly formed bone tissue
surrounding the coral- derived macroporous devices, at varying time periods from 17
to 30 days.

ii.  Reverse transcription of mMRNA to cDNA from extracted RNA samples for time periods
17 to 30 days.

iii.  Quantitative Real-time PCR to track the relative expression levels of TGF isoforms,
BMP isoforms, FGFs and receptors, SMADs, stem cell markers, WNT signalling and

reference genes involved in bone formation over the time course.
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3.Methodology

3.1 Primate model for tissue induction and morphogenesis

The preparation of the macroporous hydroxyapatite replicas of the calcium carbonate
exoskeletal macrostructure of the coral genus Goniopora was as previously described
(Ripamonti et al., 2012). Briefly, 7% hydroxyapatite/calcium carbonate macroporous
constructs (7% HA/CC) were loaded with 125 pg hTGF-3 by pipetting vertically on top of the
constructs to ensure an even distribution of hTGF-3 throughout the macroporous spaces. The
coral-derived macroporous constructs pre-loaded with 125ug hTGF-B3 (experimental group),
were implanted in the rectus abdominis muscle of four clinically healthy non-human primate
Papio ursinus. Baboons with a mean (£SD) weight of 21.2 (£1.48) Kg were selected from the
primate colony of the University of the Witwatersrand, Johannesburg. Criteria for selection,
housing conditions and diets were as previously described (Ripamonti, 1991, Ripamonti, 1992,
Ripamonti et al., 1997, Ripamonti et al., 2000, Ripamonti et al., 2008, Klar et al., 2014,
Ripamonti et al., 2015). Research protocols were approved by the Animal Ethics Screening
Committee of the University (AESC#: M&E ex 2008/53/05). Animals were housed by the
University and in compliance with the National Code for Animal Use in Research, Education
and Diagnosis in South Africa (Public Service Department, 1990). Premedication, before
induction of general anaesthesia, was by midazolam hydrochloride (Dormicum 3 mg/kg 1M,
Roche, Illovo, South Africa). Animals were anaesthetized with ketamine hydrochloride (5-15
mg/kg; Eutaphent Kyron Laboratories, Johannesburg, South Africa) and general anaesthesia
maintained by Isofor (1.5-2%; Safe Line Pharmaceutical, Johannesburg, South Africa), after
oro-tracheal intubation (Ripamonti, 2009, Ripamonti and Klar, 2010). Sixteen 7% HA/CC
treated macroporous constructs were implanted bilaterally in intramuscular pouches surgically
created by sharp and blunt dissection within the rectus abdominis muscle in four animals for
harvesting after 17, 19, 23, 25, 27 and 30 days in vivo. Implants were aligned longitudinally ~2
cm apart (Ripamonti, 2010). Post-operative pain and inflammation were controlled by
buprenorphine hydrochloride (Temgesic 0.3 mg/kg IM), and carpofan (Rimadyl 3 mg/kg
subcutis) (Fig. 4).
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Figure 4. Heterotopic rectus abdominis implantation design and surgical model for 4 adult baboons, Papio ursinus.
In each animal, four cylinders of coral-derived calcium carbonate macroporous constructs were implanted
heterotopically in duplicate, within the rectus abdominis muscle. Coral-derived constructs pre-treated with 125
pg of recombinant human recombinant human transforming growth factor-ps (hTGF-B3) were implanted for 19,
23 and 27 days in two of the baboons and 17, 25, 30 days in the other two baboons prior to harvesting.

Devices were harvested together with the surrounding muscle tissue and each sample cut into

2 sections using sterile blades and processed as follows:

)] One half was snap frozen in liquid nitrogen and stored at -80°C for gene expression
analysis by gRT-PCR.

i) One half was fixed in 10% neutral buffered formalin for histological analysis
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3.2 To investigate the temporal expression pattern of TGF-B isoforms, BMP isoforms,
SMADs and stem cell markers using gqRT-PCR.

3.2.1 RNA extraction

Under sterile conditions, surrounding muscle tissue (termed muscle) was removed from the

heterotopic specimens (termed device). The muscle and device samples, along with a control
muscle sample (control muscle) from each baboon were ground to powder in liquid nitrogen
using a pestle and mortar. Total RNA was extracted from the ground tissue using the Maxwell®
16 tissue LEV total RNA purification kit (Promega, Madison, Wisconsin, United States) on the
Maxwell® 16 benchtop DNA extraction system. Thirty milligrams of ground tissue were
homogenised using a Silentcrusher S (Heidolph Instruments) in lysis buffer and the lysed
samples taken through the Maxwell® 16 LEV automated purification procedure as per
manufacturer’s recommendations. The Maxwell® 16 LEV automated purification procedure
uses MagneSil™ Paramagnetic Particles which are silica-paramagnetic particles with an
affinity for DNA or RNA under defined conditions to ensure particle structure and solution
composition to selectively adsorb RNA. The automated purification method uses a three-step
procedure: binding of the RNA to the silica-paramagnetic particles, a series of wash steps to
remove contaminates and finally elution in nuclease free water. A low elution volume of 30 pl
was used to yield more concentrated RNA. The RNA samples and any remaining ground tissue
were stored at -80 °C until required.

3.2.2 Assessment of RNA concentration, quality, and integrity
RNA Concentration

RNA concentration was determined using the NanoDrop ND-1000 Spectrophotometer (Ingaba
Biotech, Johannesburg, South Africa). The NanoDrop ND-1000 Spectrophotometer measured
of absorbance of nucleic acids at 260 nm (1 OD2e0 = 40ng/pl RNA) and the 260/280 nm ratio;
a ratio of ~2 signifies pure RNA, with minimal protein contamination. RNA quality was
assessed using the Pico6000 RNA kit (Agilent Technologies, Santa Clara, CA, USA) on a
Bioanalyzer 2100 (Agilent Technologies). The bioanalyzer uses an algorithm that is user-
independent, automated and reliable for standardization of RNA quality and allowed for the
calculation of an RNA integrity number. An electropherogram of each sample was produced

to determine the quality of the extracted RNA.
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3.3 cDNA synthesis by RT-PCR

Reverse transcription involves the generation of cONA from an mRNA template and enables

researchers to study RNA with the same molecular technique used for DNA investigations.
cDNA generated by reverse transcription can be amplified using polymerase chain reaction
(PCR). The combination of reverse transcription and PCR (RT-PCR) allows the detection of
RNAs within a sample even if the RNA is expressed in low levels. The High Capacity cDNA
Reverse Transcription kit (Applied Biosystems, Foster City, CA, USA) was used to reverse
transcribe the RNA to cDNA. Following isolation and quantification, 2 pg total RNA was
reverse transcribed in a 20 pul reaction. The mRNA strand was reverse transcribed with a reverse
transcriptase enzyme producing a complementary cDNA-RNA hybrid strand. Initially, samples
are incubated at 25°C to allow for annealing of the random oligonucleotide primers to their
respective complementary sequence(s) of interest. Reverse transcriptase is then added to the
reaction to allow for DNA synthesis and the temperature raised to the optimal activity
temperature of the reverse transcriptase for synthesis. Table 1 shows the reverse transcription
mix to which 10 pl (2pg) of RNA sample is added. Reverse transcription was performed in a
thermal cycler according to the conditions set out in Table 2. The reverse transcription reactions
(cDNA) were used for quantitative RT-PCR.

Table 1: Master mix for cDNA synthesis reactions

VVolume/Reaction RNA solution
Component (uL) (ul)
Master mix

10X RT Buffer 2 -

25X dNTP Mix (100 mM) 0.8 -

10X RT Random Primers 2 -

MultiScribe™ Reverse L ]
Transcriptase (50 U/ul)

Nuclease-free H20 4.2 -

RNA (200ng/ul) - 10

Total 10 10
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Table 2: Thermocycler conditions

Stage Temperature (°C) Time (minutes)
Initiating reverse transcription 25 10
Reverse transcription of mMRNA 37 120
Termination of reverse transcription reaction 85 5
Storage -20 00

3.4 Primer design for guantitative reverse transcription polymerase chain reaction (QRT-PCR)

Primers were designed using the web-based primer design programme primer3

(http://bioinfo.ut.ee/primer3/) from sequences obtained from the NCBI nucleotide sequence

databank (Appendix 2). Where available, primers were designed against Papio sequences;
otherwise, they were designed against Homo sapiens sequence information. Primers were
designed to be ~20 nucleotides long and contain 50-60% GC. Additionally, primers were
designed with a GC clamp at the 3' end to enhance specific binding due to the stronger bonding
of G and C bases. Secondary structures and self-dimers of primers were tested for using the
primer3 software to ensure limitation these structures. Furthermore, total amplicon length was
limited to less than 200 nucleotides for real time PCR analysis. Primers were synthesised by
Integrated DNA Technologies (Whitehead Scientific) (Appendix 2).

3.5 Optimization of PCR annealing temperatures by gradient PCR

Optimisation of annealing temperatures for newly designed primers using the primer pairs
designed above (section 3.4), endpoint PCR amplification with a gradient of annealing
temperatures was performed to optimise the annealing temperature. Primers of the respective
genes and cDNA from a control muscle sample was used. Each primer set was run in a

temperature gradient of 50 to 65 °C to determine optimal spasticity of primers.

0.5 ul of undiluted cDNA was added to a PCR master mix containing 3.5 pL H20, 5 pl Phusion
Flash High-Fidelity PCR Master Mix (Thermo Scientific™), 0.5 pl forward primer (10 pM)
and 0.5 pl reverse primer (10 uM) was added. This solution was briefly centrifuged and placed
in a thermal cycler c1000 system (Bio-Rad Laboratories Ltd, Hercules, California)

programmed with the following cycling conditions:

20| Page


http://bioinfo.ut.ee/primer3/

Table 3: PCR thermocycler conditions

Cycles 1 30 1 1
Temperature
. 98 98 * 72 72 4
(°C)
Time (S) 10 1 5 10 60 o0

* 8 melting temperatures ranging from 50 °C and 65 °C — namely 50 °C, 51.1 °C, 53.2 °C, 55 °C, 59,3
°C, 62 °C, 64 °C, 65 °C — were used

1 % wi/v of agarose to 1x Tris-acetate-EDTA (TAE) buffer was dissolved by heating in a
microwave to allow the agarose to dissolve. The mixture was left at room temperature to cool
to 50 °C - 60 °C, 1x GelRed Nucleic Acid Gel Stain (Merck KGaA, Darmstadt, Germany) was
added and the molten agarose poured into a mini-gel mould electrophoresis apparatus and
allowed to set completely before submerging in 1x TAE buffer. Samples were prepared by
adding 1xDNA Loading buffer to 10pl PCR product prior to loading on the gel. Gels were
resolved for ~35 minutes with constant voltage of (100 V) and imaged using a ChemiDoc™

MP System (Bio-Rad Laboratories Ltd, Hercules, California).

Table 4: 10x Tris-acetate-EDTA Buffer components

Component Quantity
dH20 900 mL
Tris base 48.4 ¢
Glacial acetic acid 11.4 mL
EDTA 3.72¢g
Adjust volume to 1 L with dH20

3.6 Quantitative reverse transcription polymerase chain reaction (QRT-PCR)

Quantitative reverse transcription polymerase chain reaction (QRT-PCR) reactions were
performed in duplicate on a CFX-96 thermocycler (Bio-Rad Laboratories Ltd) using 10 ng of
cDNA,; 1x Eva-Green Master Mix (Bio-Rad Laboratories Ltd) and 0.3 pl of forward primer
(10 M) and 0.3 pl reverse primer (10 uM) (Appendix 2). Genes assayed included: members of
TGF-B, BMP, FGF and WNT signalling pathways and stem cell markers.

Thermocycling parameters included a denaturation step of 94°C for 2 min.; 40 cycles of 95°C

for 10 sec., 60°C for 10 sec. and 72°C for 30 sec; and a final extension at 72°C for 5 min
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(Appendix 3). Gene expression was normalized against the expression of three reference genes:
R-Actin; Succinate dehydrogenase complex subunit A (SDHA) and Ribosomal Protein Large
PO (RPLPO). These reference genes were selected based on previous GeNorm analysis
(http://medgen.ugent.be/~jvdesomp/genorm) that established these were the most stably
expressed internal reference genes in Papio ursinus (Klar et al., 2014). Gene expression from
the harvested macroporous devices and adjacent muscle tissue was normalized to the control
muscle tissue in each animal and to the geometric mean of the reference genes using the 244¢4
method (Hellemans et al., 2007).

Calibrated normalized relative quantities (CNRQs), which reflect the logio®2<t, were
determined and a Student’s T-test used to determine statistical significance with p<0.05

considered significant.

3.7 Data analysis: Quantitative real-time PCR experiments

Minimum Information for Publication of Quantitative Real-time PCR Experiments (MIQE)
guidelines were followed to ensure all experimental parameters were of high quality and that

results would be reliable, reproducible and acceptable for submission to any journal.

Normalised relative quantities (NRQs) were log-transformed to give log;, 2722t values
resulting in statistically normal distributions. Gene expression levels was analysed with the use
of Excel (Microsoft®). hTGF-pB3 treated devices and adjacent muscle samples were compared
to control muscle to determine how the TGF-B3 affected gene expression patterns over time.
All statistical analysis was performed in excel, where a Student's T-test with a 95% confidence
interval was used to see if these differences were statistically significant. P-values of less than

0.05 were considered significant.
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4. Results

4.1 Optimisation of PCR annealing temperatures

Primers for gRT-PCR analysis were tested using a conventional PCR approach with control
muscle tissue as template. Samples were run using a gradient of 3 different annealing
temperatures namely 59°C, 60°C and 61°C. RPLO, g-actin, TGF-#,, p-catenin, POU5F1,
FGF-R1 and SMAD-3 where found to amplify products of the expected lengths (Fig. 5). For
all these primer pairs an annealing temperature of 60°C was found to amplify successfully and

this annealing temperature was therefore used for the real time PCR.

RPLO TGF-5 POUSF1 | swmaps |

f-catenin

500bp
400bp
300bp

200bp

100bp

0 1 23 45 6 7 8 9 10 11 12 131415 16 17 18 19 20 21 22

Figure 5: Composite 1% Agarose gel of optimized gRT-PCR primer amplicons

Composite 1% agarose gel of qRT-PCR primer products RPLO, g-actin, TGF-$,, f-catenin, POU5SF1, FGF-R1,
SMAD-3 were run using a gradient of 3 different annealing temperature namely 59°C, 60°C and 61°C. Lanes 0 &
22: 100 bp molecular weight marker, lanes 1-3: RPLO at 59°C, 60°C and 61°C annealing temperatures, lanes 5-
7: p-actin at 59°C, 60°C and 61°C annealing temperatures, lanes 4,8,9: TGF-4, at 59°C, 60°C and 61°C annealing
temperatures, lanes 10-12: g-catenin at 59°C, 60°C and 61°C annealing temperatures, lanes :13-15 POU5F1 at
59°C, 60°C and 61°C annealing temperatures, lanes: 16-18 FGF-R1 at 59°C, 60°C and 61°C annealing
temperatures, lanes: 19-21 SMAD-3 at 59°C, 60°C and 61°C annealing temperatures.
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Figure 6 shows the amplification products with primers for SMAD-4, CD-10, FGF-2, TGF-f3,
SMAD-5, RPL13a, FGF-R1, WNT3a, Noggin, SMAD-1, SOX-2 and BMP-7/0OP-1. PCR
products of the expected length were amplified and the optimal annealing temperature for

downstream qPCR analysis was determined to be 60°C.

TGF-43 RPL13a Noggin SOX-2

SMAD-4 CD-10

500bp
400bp

300bp
200bp

100bp

0 1 2 3 45 6 7 8 9 10 11 12 13 14 15 16 1718 19 20 21 22 23 24 25 26 27 28

Figure 6: 1% Agarose gel of optimized gRT-PCR primer amplicons

1% agarose gel of qRT-PCR primer products SMAD-4, CD-10, FGF-2, TGF-$;, SMAD-5, RPL13a, FGF-
R1,WNT3a, Noggin, SMAD-1, SOX-2, BMP-7/OP-1were run using a gradient of 2 different annealing temperature
namely 59°C and 60°C. Lanes 0 and 18: 100 bp molecular weight marker, lanes 1-2: SMAD-4 at 59°C and 60°C
annealing temperatures, lanes 3-4: CD-10 at 59°C and 60°C annealing temperatures, lanes 5-6: FGF-2 at 59°C
and 60°C annealing temperatures, lanes7-9: TGF-g; at 59°C, 60°C and 61°C annealing temperatures, lanes :10-
11 SMAD-5 at 59°C and 60°C annealing temperatures, lanes: 12-13 RPL13a at 59°C and 60°C annealing
temperatures, lanes: 14-15 FGF-R1 at 59°C and 60°C annealing temperatures, lanes: 16-17 WNT3a at 59°C and
60°C annealing temperatures, lanes: 19-21 Noggin at 59°C, 60°C and 61°C annealing temperatures, lanes: 22-
24 SMAD-1 at 59°C, 60°C and 61°C annealing temperatures, lanes: 25-26 SOX-2 at 59°C and 60°C annealing
temperatures, lanes:27-28 BMP-7/OP-1 at 59°C and 60°C annealing temperatures.
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In figure 7, BMP-6, TGF-$1, BMP-2, BMP-4, SMAD-2, BMP-9, CRYaB, FGF-1, SDHA, Coll,
CD-92 amplified with products of the expected length and gradient temperature analysis

determined optimal annealing temperatures for these primer pairs to be 60°C.

BMP-6 BMP-2 SMAD- CRYaB || FGF-1 Coll

MWM TGF-B:1 BMP-4 BMP-9 SDHA CD-92

5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

Figure 7: 1% Aqgarose gel of optimized gRT-PCR primer amplicons

1% agarose gel of qRT-PCR primer products BMP-6, TGF-£1, BMP-2, SMAD-2, BMP-9, CRYaB , FGF-1, SDHA,
Col1, CD-92 were run using a gradient of 2 different annealing temperature namely 59°C and 60°C. Lanes 1: 100
bp molecular weight marker, lanes 2-3: BMP-6 at 59°C and 60°C annealing temperatures, lanes 4-5: TGF-f; at
59°C and 60°C annealing temperatures, lanes 6-7: BMP-2 at 59°C and 60°C annealing temperatures, lanes 8-9:
BMP-4 at 59°C and 60°C annealing temperatures, lanes :10-11 SMAD-2 at 59°C and 60°C annealing temperatures,
lanes: 12-13 BMP-9 at 59°C and 60°C annealing temperatures, lanes: 14-15 FGF-R1 at 59°C and 60°C annealing
temperatures, lanes: 14-15 CRYaB at 59°C and 60°C annealing temperatures, lanes: 16-17 FGF-1 at 59°C and
60°C annealing temperatures, lanes: 18-19 SDHA-1 at 59°C and 60°C annealing temperatures, lanes: 20-21 Coll
at 59°C and 60°C annealing temperatures, lanes:22-23 CD-92 at 59°C and 60°C annealing temperatures.

4.2 qRT-PCR
Gene expression analysis by gRT-PCR was performed to monitor the relative changes in the

expression of the TGF isoforms, BMP isoforms, FGFs and their receptors, SMADs and stem
cell markers. The results portrayed represent a snapshot of the changes in gene expression
levels on days 17, 19, 23, 25, 27 and 30 after the implantation of the hTGF-f3 treated
bioreactors in vivo. Analyses were performed on both the devices themselves and on the
surrounding muscle tissue. Results are expressed relative to the distant muscle control and

normalised to three reference genes namely, RPLPO, SDHA and ACTB.
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4.2.1 p-Catenin

Seventeen days after implantation with the treated 7% HA/CC constructs, S-catenin expression

was found to be down-regulated in the device relative to the control muscle tissue (Fig. 8). At
19, 23 and 27 days fS-catenin expression the device was up-regulated. However, a reduction in
gene expression was seen at 25 days. f-catenin expression in the device returned to levels
similar to the muscle control at day 30. The decrease in S-catenin expression levels in the
device was significant between days 23 and 25 (p=0.035). In the surrounding muscle, S-catenin
expression was down-regulated at 17, 25 and 27 days and was up-regulated relative to the
distant muscle control at days 19, 23 and 30. Significant increases in gene expression were
present between 19 days and 30 days (p=0.032) and 27 days and 30 days (p=0.029).

[S-catenin
1,5

Time Points m Device m Muscle

Figure 8: Relative changes in the expression of g-catenin at 17, 19, 23, 25, 27 and 30 days after implantation of
the 125 pg hTGF-Bs preloaded coral-derived constructs into the rectus abdominis muscle of four adult Papio
ursinus, Chacma baboons. Gene expression is reported relative to the control muscle tissue harvested away from
the site of implantation and was normalised to 3 reference genes. Student T-test was used to determine significance

(green, yellow and red lines represent: p<0,07; *p<0.05 and **p<0.01 respectively).
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4.2.2 Bone morphogenic protein-2, -3, -4, -6 & -7

At day 17 BMP-2 expression in the device was found to be down-regulated relative to the
control muscle tissue (Fig. 9A). From days 19 to 30, BMP-2 expression in the device samples
was up-regulated. A significant increase in BMP-2 expression was present between days 17
and 30 (p=0.042). Muscle samples at 17 days were found to be up-regulated but expression
was down-regulated at days 19 and 23. BMP-2 expression in the adjacent muscle was up-
regulated at days 25, 27 and 30. Significant increases in BMP-2 expression in muscle samples
was found to be present between 19 and 30 days (p=0.01), 23 and 25 days (p=0.005), 23 and
27 days (p=0.029) and 23 and 30 days (p=1.5 x10°). A significant decrease in expression was
present between 25 and 30 days (p=0.045).

Atdays 17, 19 and 30 BMP-4 expression in the device samples was found to be down-regulated
relative to the control muscle tissue (Fig. 9B). At days 23 and 27, BMP-4 expression in the
device samples was up-regulated. At day 25 BMP-4 expression in the device samples did not
differ from the control muscle levels. A significant increase in BMP-4 expression was present
between days 25 and 27 (p=0.047). In the adjacent muscle samples, BMP-4 expression was
found to be down-regulated at day 19. BMP-4 expression in the muscle samples did not differ
from control muscle levels at days 17, 23, 25 and 30. A significant increase in BMP-4

expression in muscle samples was found to be present between 19 and 30 days (p=0.014).

In the device samples, BMP-6 expression was down-regulated relative to the control muscle
tissue at days 17, 19, 23, 25, 27 and 30 (Fig. 9C). Significant decreases in BMP-6 expression
in the device samples was found between days 19 and 23 (p=0.032) and between days 19 and
25 (p=0.044). In the adjacent muscle samples, BMP-6 expression was down-regulated relative
to the control muscle tissue at days 17, 19, 23, 25, 27 and 30 (Fig. 9C). Significant differences
in BMP-6 expression in muscle samples was found between days 23 and 25 (p=0.049), days
25 and 30 (p=0.047) and days 23 and 30 (p=7.05x10").

In the device samples, BMP-7/OP-1 expression at days 17 and 25 were found to be down-
regulated, but at day 17 was not significant. At days 19 and 23 BMP-7/OP-1 expression in the
device samples were found to be up-regulated. Up-regulation at day 19 was found not to be
statistically significant. BMP-7/OP-1 expression was up-regulated at day 27 and 30 in device
samples, but this was not statistically significant. (Fig. 9D). Within the muscle samples BMP-

7/0OP-1 expression remained at the levels of the distant muscle control at days 17, 25 and 30.
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Down-regulation of BMP-7/OP-1 in the muscle samples was found at days 19, 23 and 27 (Fig.
9D).

Up-regulation of BMP-9 expression in the device samples was found at 17, 19, 23, and 25 days.
BMP-9 expression in the device was found to be up-regulated, but not statistically significant
at days 27 and 30. Significant decreases in BMP-9 expression in the device was found between
days 19 and 25 (p=0.033) and a decreasing trend between days 23 and 25 (p=0.059) (Fig. 9E).
In the muscle samples BMP-9 expression was up-regulated at days 17, 23 and 25. Down-
regulation of BMP-9 in the muscle sample was found at days 19, 27 and 30. significant
decreases in BMP-9 expression in the muscle samples were found between days 17 and 19
(p=0.0001), days 17 and 27 (p=0.009), days 17 and 30 (p=0.0006), days 23 and 30 (p=0.004),
days 25 and 27 (p=0.016) and days 25 and 30 (p=0.006). Significant increases in BMP-9
expression in muscle samples were found between days 19 and 23 (p=0.04) and days 19 and
25 (p=0.008) (Fig. 9E).
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Figure 9: Relative changes in the expression of BMP-2 (A), BMP-4 (B), BMP-6 (C), BMP-7 (D) and BMP-9 (E) at 17, 19, 23, 25, 27 and 30 days after implantation of the 125
Mg hTGF-Bs preloaded coral-derived constructs into the rectus abdominis muscle of four adult Papio ursinus, Chacma baboons. Gene expression is reported relative to the
control muscle tissue harvested away from the site of implantation and was normalised to 3 reference genes. Student T-test was used to determine significance (green, yellow
and red lines represent: p<0,07; *p<0.05 and **p<0.01 respectively).
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4.2.3 CD-10
In the device samples CD-10 expression was down-regulated at days 17, 19, 23, 25, 27 and 30
relative to the expression observed in normal control muscle tissue (Fig. 10). Significant
decreases in CD-10 expression were found in the device samples between days 17 and 25 (p=
0.014), days 19 and 25 (p=0.027) and days 23 and 25 (p=0.04). Similarly, in muscle samples
at days 17, 19, 23, 25, 27 and 30, CD-10 expression was down-regulated in muscle samples
(Fig. 10). Down-regulation of CD-10 at day 17 was found to be non-statistically significant in

muscle samples.
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Figure 10: Relative changes in the expression of CD-10 at 17, 19, 23, 25, 27 and 30 days after implantation of the
125 pg hTGF-B3 preloaded coral-derived constructs into the rectus abdominis muscle of four adult Papio ursinus,
Chacma baboons. Gene expression is reported relative to the control muscle tissue harvested away from the site
of implantation and was normalised to 3 reference genes. Student T-test was used to determine significance (green,

yellow and red lines represent: p<0,07; *p<0.05 and **p<0.01 respectively).
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4.2.4 CD-92

At day seventeen and day 30 after implantation of treated 7% HA/CC constructs, CD-92
expression was found to be down-regulated in the device samples. CD-92 expression at days
19, 23, 25 and 27 were at levels similar to that seen in the control muscle tissue (Fig. 11). In
muscle samples CD-92 expression was similar to control muscle tissue expression levels at day
17. Muscle samples were down-regulated at days 19, 23, 27 and 30. However, CD-92
expression in muscle samples was up-regulated at day 25. A significant increase in expression
in muscle samples was found between days 17 and 25 (p=0.002), with an increasing expression
trend between days 23 and 25. Significant decreases in expression were found between days
25 and 27 (p=0.02) and days 25 and 30 (p=0.018) (Fig. 11).
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Figure 11: Relative changes in the expression of CD-92 at 17, 19, 23, 25, 27 and 30 days after implantation of the
125 pg hTGF-Bs preloaded coral-derived constructs into the rectus abdominis muscle of four adult Papio ursinus,
Chacma baboons. Gene expression is reported relative to the control muscle tissue harvested away from the site
of implantation and was normalised to 3 reference genes. Student T-test was used to determine significance (green,

yellow and red lines represent: p<0,07; *p<0.05 and **p<0.01 respectively).
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4.2.5 Collagen type |
Collagen type | expression in device samples was up-regulated at days 17, 19, 23, 25, 27 and
30. Significant increases in Coll expression in the devices was found between days 17 and 19
(p=0.008), days 17 and 23 (p=0.003), days 19 and 23 (p=0.019) and days 17 and 25 (p=0.043)

(Fig. 12). A significant decrease in gene expression was found in device samples between days

23 and 25 (p=0.018) (Fig. 12). In muscle samples Coll expression was up-regulated at days 17,
19, 23, 25, 27 and 30 (Fig. 12).
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Figure 12: Relative changes in the expression of Collagen type 1 at 17, 19, 23, 25, 27 and 30 days after implantation
of the 125 ug hTGF-ps preloaded coral-derived constructs into the rectus abdominis muscle of four adult Papio
ursinus, Chacma baboons. Gene expression is reported relative to the control muscle tissue harvested away from
the site of implantation and was normalised to 3 reference genes. Student T-test was used to determine significance
(green, yellow and red lines represent: p<0,07; *p<0.05 and **p<0.01 respectively).
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4.2.6 CRYaB-14
CRYaB-14 expression was down-regulated in the device samples on days 17, 19, 23, 25, 27

and 30 after implantation of the treated 7% HA/CC constructs (Fig. 13). Down-regulation of
CRYaB-14 at day 19 was found to be non-statistically significant in device samples. In muscle
samples CRYaB-14 expression was found to be down-regulated at days 17, 23, 25 and 30.
CRYaB-14 expression was at levels similar to the control muscle tissue at day 19 and 27 in
muscle samples. An increasing trend in CRYaB-14 expression was present between days 23

and 30 within muscle samples (Fig. 13).
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Figure 13: Relative changes in the expression of CRYaB-14 at 17, 19, 23, 25, 27 and 30 days after implantation
of the 125 pg hTGF-fBs preloaded coral-derived constructs into the rectus abdominis muscle of four adult Papio
ursinus, Chacma baboons. Gene expression is reported relative to the control muscle tissue harvested away from
the site of implantation and was normalised to 3 reference genes. Student T-test was used to determine significance

(green, yellow and red lines represent: p<0,07; *p<0.05 and **p<0.01 respectively).
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4.2.7 Fibroblast growth factors
At days 17, 19, 25, 27 and 30 after implantation with the treated 7% HA/CC constructs, FGF-

1 expression was down-regulated in the device samples relative to the control muscle tissue.

Fibroblast Growth Factor-1 was at levels similar to the control muscle tissue at day 23.
Significant decreases in FGF-1 expression were found between days 23 and 25 (p=0.008), and
days 23 and 30 (p=0.035) (Fig. 14A). In the adjacent muscle samples, FGF-1 expression was
found to be down-regulated at days 17, 19, 23, 25, 27 and 30 (Fig. 14A).

At days 17, 19, 23, 27 and 30 after implantation with the treated 7% HA/CC constructs, FGF-
2 expression was found to be down-regulated in the device samples relative to the control
muscle tissue (Fig. 14B). At day 25, FGF-2 expression in the device samples was found to be
at levels similar to the control muscle tissue. Significant differences were found between days
17 and 23 (p=0.027) and days 17 and 27 (p=0.035) in the device samples. In muscle samples
FGF-2 expression was found to be down-regulated at days 17, 19, 23, 25, 27 and 30 (Fig. 14B).

FGF-R1 expression was found to be down-regulated at day 17 in the device samples. At days
19 and 27, FGF-R1 expression in device samples was up-regulated. FGF-R1 expression
remained at levels similar to that of the control at days 23, 25 and 30 (Fig. 14C). In muscle
samples, FGF-R1 expression levels were similar to the control levels at days 17, 25 and 30. At
days 19, 23 and 27, FGF-R1 expression was found to be down-regulated. Significant increases
in FGF-R1 expression was found between days 19 and 30 (p=0.045) in the adjacent muscle
samples (Fig. 14C).

FGF-R2 expression in the device samples was found to be down-regulated at days 19 and 23.
FGF-R2 expression was non-significantly downregulated on days 17, 27 and 30 in device
samples relative to control muscle tissue expression levels (Fig. 14D). In muscle samples FGF-
R2 expression was down-regulated at days 17, 19, 23, 25 and 30. Muscle sample expression
was similar to control muscle tissue levels at day 27. Significant differences in FGF-R2
expression was found between day 19 and 30 (p=0.048) in the adjacent muscle samples (Fig.
14D).
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Figure 14: Relative changes in the expression of FGF-1 (A), FGF-2 (B), FGF-R1 (C), FGF-R2 (D) at 17, 19, 23, 25, 27 and 30 days after implantation of the 125 pug hTGF-fs

preloaded coral-derived constructs into the rectus abdominis muscle of four adult Papio ursinus, Chacma baboons. Gene expression is reported relative to the control muscle

tissue harvested away from the site of implantation and was normalised to 3 reference genes. Student T-test was used to determine significance (green, yellow and red lines

represent: p<0,07; *p<0.05 and **p<0.01 respectively).
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4.2.8 Noggin
Noggin expression in the device samples was found to be down-regulated at days 17, 19, 23,

25, 27 and 30 although the downregulation was not significant at day 23. A significant decrease
in Noggin expression was found between days 25 and 27 (p=0.018) in the device samples (Fig.
15). In the muscle samples, Noggin expression was down-regulated at days 19, 23, 27 and 30.
Significant decreases in Noggin expression were found between days 17 and 19 (p=0.04), days
17 and 27 (p=0.0008), days 17 and 30 (p=0.04), days 25 and 27 (p=0.0006) and days 25 and
30 (p=0.024). In muscle samples Noggin expression was found to be up-regulated at days 17
and 25. Significant increases in Noggin expression were found between days 19 and 25
(p=0.025), days 19 and 27 (p=0.014) and days 19 and 30 (p=0.0003) (Fig. 15).
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Figure 15: Relative changes in the expression of Noggin at 17, 19, 23, 25, 27 and 30 days after implantation of
the 125 pg hTGF-Bs preloaded coral-derived constructs into the rectus abdominis muscle of four adult Papio
ursinus, Chacma baboons. Gene expression is reported relative to the control muscle tissue harvested away from
the site of implantation and was normalised to 3 reference genes. Student T-test was used to determine significance

(green, yellow and red lines represent: p<0,07; *p<0.05 and **p<0.01 respectively).
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4.2.9 POUSF1
POUSF1 expression in device samples was found to be at control expression levels on days
17,19 and 30. POUS5F1 expression was found to be down-regulated at day 23 and up-regulated
at days 25 and 27 in the device samples (Fig. 16). In muscle samples POU5F1 expression was
found to be down-regulated at days 17, 23 and 30 and was at the level of the control muscle at
days 19, 25 and 27. Trends of increasing POUS5F1 expression were found in muscle samples
between days 23 and 25 and days 23 and 27 (Fig. 16).
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Figure 16: Relative changes in the expression of POU5F1 at 17, 19, 23, 25, 27 and 30 days after implantation of
the 125 pg hTGF-Bs preloaded coral-derived constructs into the rectus abdominis muscle of four adult Papio
ursinus, Chacma baboons. Gene expression is reported relative to the control muscle tissue harvested away from
the site of implantation and was normalised to 3 reference genes. Student T-test was used to determine significance

(green, yellow and red lines represent: p<0,07; *p<0.05 and **p<0.01 respectively).
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4.2.10 SMADs

Atdays 17, 23 and 27 SMAD-1 expression were found to be up-regulated in the device samples
and it was found to be down-regulated at day 19. At days 25 and 30 SMAD-1 expression were
found to be similar to control muscle tissue expression levels in the device samples. Significant
increases in gene expression were found between days 19 and 23 (p=0.04) and days 19 and 27
(p=0.006) in device (Fig. 17A). In muscle samples SMAD-1 expression was found to be down-
regulated at 17, 19, 23 and 25 days. Expression of SMAD-1 in the adjacent muscle was at levels
similar to the control muscle tissue at days 27 and 30 (Fig. 17A).

Seventeen days after implantation with the treated 7% HA/CC constructs, SMAD-2 was found
to be down-regulated in device samples relative to the control muscle tissue (Fig. 17B). At days
19, 23, 25 and 27 SMAD-2 expression were up-regulated in the device samples. At day 30
SMAD-2 expression in the device samples was at levels similar to that of the control muscle
tissue. Significant differences in SMAD-2 expression in the device samples were found between
days 17 and 19 (p=0.012), days 17 and 23 (p=0.005), days 17 and 25 (p=0.003), days 17 and
27 (p=0.007) and days 23 and 27 (p=0.029). In muscle samples SMAD-2 expression up-
regulated but not statistically significant relative to control muscle tissue at days 17. At days
23, 25, 27 and 30 SMAD-2 expression were up-regulated. Down-regulation at day 19 of SMAD-
2 was found not to be statistically significant. Significant increases in SMAD-2 expression in
muscle samples was present between days 19 to 23 (p=0.024), 19 to 25 (p=0.027) and 19 to 30
(p=0.0003).

At 17, 19, 23 and 30 days SMAD-3 expression in the device samples was at expression levels
similar to the control muscle tissue. At 25 and 27 days, SMAD-3 expression was found to be
up-regulated in device samples (Fig. 17C). In muscle samples SMAD-3 expression was found
to be down-regulated at 17, 19, 23 and 25 days. At days 27 and 30 SMAD-3 expression was
found to be up-regulated. Significant increases in SMAD-3 expression in the adjacent muscle
tissue was found between days 17 and 25 (p=0.048), days 17 and 30 (p=0.0005), days 19 and
25 (p=0.036), days 19 and 30 (p=0.0001), days 23 and 25 (p=0.007), days 23 and 27 (p=0.022)
and days 23 and 30 (p=1.07 x10 ) (Fig. 17C).

Atdays 17, 19, 23, 25 27 and 30 SMAD-4 expression was found to be up-regulated in the device
samples relative to control muscle tissue. A trend towards a significant difference between days

17 and 30 was found in device samples (Fig. 17D). In adjacent muscle samples SMAD-4
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expression at days 17, 25, 27 and 30 was up-regulated. SMAD-4 expression levels were at the
levels of the control tissue at days 19 and 23. A trend towards differences in expression levels

was found between days 25 and 27 in the muscle samples (Fig. 17D).

At days 17, 25 and 30 SMAD-5 expression were down-regulated in device samples. At days 19
SMAD-5 expression in the device samples was similar to control muscle expression levels.
SMAD-5 expression was up-regulated in the device samples at day 27. A significant increase
in SMAD-5 expression was found between days 25 and 27 (p=0.03) and a trend towards a
significant decrease in expression between days 23 and 25 (Fig. 17E). In muscle samples
SMAD-5 expression was down-regulated at days 17, 19, 25, 27 and 30. At day 23 SMAD-5

expression was similar to control muscle expression levels (Fig. 17D).
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Figure 17: Relative changes in the expression of SMAD-1 (A), SMAD-2 (B), SMAD-3 (C), SMAD-4 (D) and SMAD-5 (E) at 17, 19, 23, 25, 27 and 30 days after implantation

of the 125 ug hTGF-B3 preloaded coral-derived constructs into the rectus abdominis muscle of four adult Papio ursinus, Chacma baboons. Gene expression is reported relative

to the control muscle tissue harvested away from the site of implantation and was normalised to 3 reference genes. Student T-test was used to determine significance (green,

yellow and red lines represent: p<0,07; *p<0.05 and **p<0.01 respectively).
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4.2.11 TGF-p
At days 17, 19, 23, 25, 27 and 30 TGF- 1 expression in the device samples was up-regulated.

Significant increases in TGF- Sy expression device samples were found between days 17 and
23 (p=0.029) and days 17 and 27 (p=0.038) with a trend towards a difference in gene expression
present between days 23 to 25 and days 25 to 27 (Fig. 18A). In muscle samples TGF- f1
expression was up-regulated at days 17, 23, 25, 27 and 30. TGF- f1 expression was down-
regulated at day 19. Significant increases in TGF- S1 expression in muscle samples was found
between days 17 and 27 (p=0.038) days 17 and 30 (p=0.041), days 19 and 23 (p=0.042), days
19 and 25 (p=0.026), days 19 and 30 (p=8.84x 107), days 23 and 25 (p=0.035) and days 23
and 30 (p=0.004). Significant decreases in TGF- f1 expression was found in muscle samples
between days 17 and 19 (p=0.031) (Fig. 18A)

At days 17, 19, 23, 25, 27 and 30 TGF- £ expression was down-regulated relative to control
muscle tissue expression levels (Fig. 18B). In muscle samples TGF- S expression also was
downregulated at days 17, 19, 23, 25, 27 and 30. A significant decrease in TGF- > expression
was found between days 17 and 23 (p=0.025) and significant increases in TGF- 2 expression
found between days 17 and 25 (p=0.035), days 19 and 25 (p=0.018) and days 23 and 25
(p=0.03) in muscle samples (Fig. 18B)

Seventeen days after implantation with the treated 7% HA/CC constructs, TGF-£3 expression
was found to be down-regulated in the device samples relative to the control muscle tissue (Fig.
18C). At days 19, 23, 25 and 27 TGF-f3 expression was found to be up-regulated in the device
samples. At day 30 TGF-f; expression was found to be at levels similar to the control tissue.
In the muscle samples TGF-f3 expression at 17, 23, 25, 27 and 30 days was found to be up-
regulated. At days 23 and 27 the up-regulation was found to be non-statistically significant. At
day 19 TGF-f5 expression was found to be down-regulated relative to the muscle control tissue.
Significant increases in TGF-f3 expression was found in muscle samples between days 17 and
25 (p=0.016) and days 19 and 30 (p=0.029) (Fig. 18C).
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Figure 18: Relative changes in the expression of TGF-$1 (A), TGF-4. (B) and TGF-45 (C) at 17, 19, 23, 25, 27 and 30 days after implantation of the 125 pg hTGF-B3 preloaded
coral-derived constructs into the rectus abdominis muscle of four adult Papio ursinus, Chacma baboons. Gene expression is reported relative to the control muscle tissue
harvested away from the site of implantation and was normalised to 3 reference genes. Student T-test was used to determine significance (green, yellow and red lines represent:

p<0,07; *p<0.05 and **p<0.01 respectively).
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4.2.12 SOX-2

Seventeen, twenty-seven and thirty days post implantation with the treated 7% HA/CC
constructs, SOX-2 expression was found to be up-regulated in device samples relative to the
control muscle tissue. At days 19, 23 and 25 SOX-2 expression was found to non-significantly
up-regulated relative to control muscle tissue (Fig. 19). In muscle samples, SOX-2 expression
was found to be up-regulated at days 17, 19, 25 and day 30. SOX-2 expression was at levels
similar to the control muscle tissue at day 23. At day 27 SOX-2 expression was found to be
down-regulated in the muscle samples. Significant decreases in SOX-2 expression were found
between days 19 and 27 (p=0.036) and days 25 and 27 (p=0.005).
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Figure 19: Relative changes in the expression of SOX-2 at 17, 19, 23, 25, 27 and 30 days after implantation of the
125 pg hTGF-B3 preloaded coral-derived constructs into the rectus abdominis muscle of four adult Papio ursinus,
Chacma baboons. Gene expression is reported relative to the control muscle tissue harvested away from the site
of implantation and was normalised to 3 reference genes. Student T-test was used to determine significance (green,

yellow and red lines represent: p<0,07; *p<0.05 and **p<0.01 respectively).
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5. Discussion

To comprehend the changes in patterns of gene expression during regenerative processes, it is
imperative to understand the underlying molecular mechanisms that control and induce the
regenerative potential of morphogenetic matrices. This study was focused on understanding
the complexities involved in gene expression events that occur during the induction of bone
formation during a defined period of time when macroporous bioreactors treated with hTGF-
Bz are implanted in heterotopic intramuscular sites in Papio ursinus. Treated bioreactors were
harvested 17, 19, 23, 25, 27 and 30 days post implantation and RNA extracted from both the
implanted device and surrounding adjacent muscle tissue. Relative quantitative real-time PCR
analysis was used to analyse gene expression changes at the various time points in members of
the TGF-4, BMP, FGFs, SMAD families as well as Coll, POU5F1 and SOX-2.

In hTGF-B3 treated devices, S-catenin expression was up-regulated especially at early time
periods. Other studies have shown TGF-B induced up-regulation and subsequent activation of
[-catenin transcription leading to the activation of WNT/ B-catenin signalling (Wang et al.,
2014). Transforming growth factor-f and WNT interactions play a critical role controlling
multiple biological processes such as differentiation, the blockage of epithelial proliferation,
organogenesis and the specification of tissue in vertebrate embryos (Sato, 2006, Duan and
Bonewald, 2016). While evidence of crosstalk between the two pathways is present, the
underlying mechanisms and interactions between TGF-f§ and WNT are still largely unknown
(Sato, 2006). Studies have shown TGF-B and WNT relationships and interactions to have
multiple effects and the outcomes of these interactions are frequently context-specific (Duan
and Bonewald, 2016). The activation of WNT signals has been shown to be related to the
activation of the differentiation of osteoblasts (Duan and Bonewald, 2016). When examining
the cross-talk between TGF-f3 and WNT signalling, it has been demonstrated that TGF-1
stimulates myofibroblast differentiation by the activation of the WNT pathway and by the
down-regulation of PPAR, expression (Sato, 2006). The activation of the WNT pathway leads
to the increase of collagen deposition (Wang et al., 2014). Thus, the influence of TGF-B3 on
the activation of the WNT signalling pathway assists in the up-regulation of collagen

expression by up-regulation of B-catenin in Papio ursinus.

The lower levels of B-catenin within the muscle samples could possibly be explained by the
relationship of p-catenin to SMAD-3. Studies have demonstrated that the inhibition and or
down-regulation of SMAD-3 leads to a reduced expression of p-catenin (Guo et al., 2008).

This was found to be a result of the over-expression of ICAT and Axin which lead to the
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ubiquitination and degradation of SMAD-3 (Guo et al., 2008). In our study, a significant
decrease of SMAD-3 expression was seen within muscle samples which is in line with the above
studies. This demonstrates that a delayed activation of signalling is present in the adjacent
muscle and follows histological analysis of bone formation. This may highlight and provide
evidence of TGF- induction and activation of B-catenin, mediating the transcription of WNT
(Guo et al., 2008).

Previous studies using 7% HA/CC bioreactors treated with 125 ug hTGF-B3 and implanted in
Papio ursinus demonstrated a significant down-regulation of BMP-2 expression on day 15
followed by an up-regulation of BMP-2 on days 60 and 90 (Klar et al., 2014). Further analysis
reinforced this finding by the simultaneous down-regulation of Noggin, an antagonist of the
BMP pathway, expression in later periods days 60 and 90 of bone induction (Klar et al., 2014).
These data provided evidence that the induction of heterotopic bone formation is initiated and
regulated via the BMPs pathway and more specifically implicates the expression of BMP-2,
which can be regulated by Noggin expression in this process. From studies in Papio ursinus it
was noted acute BMP-2 expression is adequate for the commitment of MSC to undergo
osteogenesis and to irreversibly induce bone formation (Noel et al., 2004). This finding
corroborates not only the results observed in previous studies in the Chacma baboon but also
the results obtained in this study. Histological analysis of hTGF-Bs treated macroporous
bioreactors showed pronounced induction of bone, observed as early as 17 days post

implantation (Ripamonti et al.,2015) (Appendix 4).

Current results suggest a molecular switch in BMP-2 expression over a 4 day period; where
there is a down-regulation of BMP-2 expression at day 15 as found by Klar et al., (2014) and
at day 17 (shown in this study) within the microporous device samples mimicked within muscle
samples at 19 and 23 days) after which both device and muscle samples experience an up-
regulation of BMP-2 expression. This BMP-2 expression is in line with the induction of bone
formation observed histologically which demonstrated that bone formed tightly attached to the
substratum and expanded into the macroporous spaces together with prominent angiogenesis
and capillary sprouting at 19 days (Appendix 4 A and B). At 23 days, there was still induction
of bone formation taking place outside the implanted super-activated bioreactor (Appendix 4
C and D). Taken together, these gene expression and histological findings highlight a possible
temporal window of activation of gene expression for about four days in adult non-human
primates Papio ursinus that may initiate a series of signal pathways committing MSC to

osteogenesis and bone induction.
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A previous study in osteoblast cells has found that an initial increase in BMP -4 expression is
short-lived due to its short mRNA half-life and in response to increased signalling of BMP-2,
(Pereira et al., 2000). Bone morphogenic protein-2 expression has been found to lead to the
down-regulation of BMP -4, and BMP-6 and retains an autocrine regulation loop in osteoblasts
(Pereira et al., 2000). Within the present study, treatment of hTGF-f3 resulted in the return of
BMP-4 expression to levels similar to that of the control muscle tissue after an initial down-
regulation of expression at day 17 and 19 in the device and adjacent muscle respectively. The
down-regulation of BMP-4 in muscle samples occurring after the down-regulation in the device
within Papio ursinus supports the BMP-4 negative feedback loop described by Pereira et al.,

(2000) establishing a link in BMP-4 expression between the two microenvironments.

Studies on BMP-2/-6 and -9 have demonstrated that these three BMPs are key proteins
involved in the induction of bone formation and the differentiation of osteogenic stem cells
into osteoblasts. (Chen et al., 2010, Jain et al., 2013). In this study, after implantation of hTGF-
B3 treated macroporous bioreactors BMP-6 expression was down-regulated in device and
muscle samples at all time points a decrease in BMP-6 expression was found to link with
differentiation of chondrocytes (Kugimiya et al., 2005). In vivo experiments have demonstrated
that BMP-6 stimulates heterotopic bone formation due to its ability to significantly increase
and induce osteogenesis as well as the differentiation of chondroblasts (Jain et al., 2013,
Ebisawa et al., 1999). Bone morphogenic protein-6 can induce alkaline phosphatase (ALP) in
several osteoblastic cell line such as C2C12 cells and MC3T3 E cells (Ebisawa et al., 1999).
In addition the treatment of both cell lines with TGF-B3 was found to down-regulate BMP-6
and BMP-7 expression (Miyamoto et al., 2007). The use of TGF-f3 was found to enhance
differentiation of chondrocytes as the expression of cartilage oligomeric matrix genes and
bone proteoglycan genes were up-regulated (Miyamoto et al., 2007). Additionally, studies on
MSCs have found that BMP-6 is able to induce osteogenesis at a more effective rate than BMP-
2 (Ebisawa et al., 1999). This was further corroborated in mouse studies where, in the formation
of long bone, BMP-2 and -6 were the main BMPs expressed in hypertrophic chondrocytes and

in the induction of endochondral bone formation (Kugimiya et al., 2005).

Studies in primary human osteoblasts cultures treated with hTGF-B was able to completely
block BMP-2 and -7 signalling by the inhibition of either SMAD-1/-5 or -8 expression (Ehnert
et al., 2010, Ehnert et al., 2012). In this study, BMP-7 expression within muscle samples of

Papio ursinus showed a down-regulation from 17 to 30 days. This may demonstrate how the
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combination of the coral-derived constructs and the TGF- microenvironment assist in the

regulation and expression of BMP-7.

One essential signalling molecule in the induction of bone is expression of BMP-9, as BMP-9
plays a vital role in BMP/TGF-f transcription factor regulation and has been shown to have a
direct effect on vascular function, bone induction and formation (Li et al., 2015). TGF-$
contributes to BMP-9 up-regulation through the SMAD-JNK pathway (Li et al., 2015). Bone
morphogenic protein-9 induces MSC differentiation and osteogenesis through the signalling of
the Ras-Raf-MEK-ERK pathway (MAK/ERK) pathway and, BMP-9 has been shown to induce
calcification in vascular smooth muscle cells (VSMC) (Zhu et al., 2015). Furthermore, in vitro
studies have demonstrated that BMP-9 treatment leads to a significant increase in ALP activity,
VSMC calcium content and mMRNA expression of osteogenic markers (Chen et al., 2006, Zhu
et al., 2015). Signal transduction studies revealed that BMP-9 expression induced the
phosphorylation of SMAD-1/-2/-3/-5 and -8. This results in these SMAD proteins directly
binding to SMAD-4 leading to the activation of target genes (Zhu et al., 2015). This
demonstrates the ability of BMP-9 to induce osteogenic differentiation and calcification via
ALK1, SMAD and ALP dependent mechanisms (Zhu et al., 2015). In this study, BMP-9 was
up-regulated at days 17 to 25 in the device on similar days in muscle samples. This up-
regulation of BMP-9 may result in rapid osteoblast differentiation when hTGF-B3 treated
macroporous bioreactors are implanted heterotopically in Papio ursinus.

Collagen type | expression within Papio ursinus was up-regulated at all timepoints post
implantation of hTGF-f3 treated constructs. Previous studies showed CollV expression to be
up-regulated in both untreated and treated hTGF-f3 treated 7% HA/CC constructs at all time
points examined viz. 15, 60 and 90 days after heterotopic implantation, in Papio ursinus (Klar
et al., 2014). This was suggested to be due to the macroporous coral-derived constructs per se
being intrinsically angiogenic (Klar et al., 2014). In vivo studies have further shown that the
treatment of TGF-f isoforms results in increased expression of various types of collagen: types
I, 111, 1V, and V (Creely et al., 1992). In cell culture experiments the expression of type I, 111
and V was found to be increased by eight, two and three fold respectively with CollV showing
only slight over-expression (Creely et al., 1992). Additionally, the total collagen production
was found to be increased fivefold (Creely et al., 1992). However, at high doses, TGF-f3 has
been found to suppress the expression of Coll via the CCAAT displacement protein (CUX-1)
(Fragiadaki et al., 2011). CUX-1 suppresses Coll by its ability to rapidly bind DNA and
transiently act as a repressor (Fragiadaki et al., 2011). The suppression of Coll has been found
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to be transient and cannot be permanently switched off as it is required during tissue
remodelling and normal development (Fragiadaki et al., 2011). Within normal collagen-
producing cells, TGF-p is able to activate collagen synthesis at high doses only in the absence
of CUX-1 (Fragiadaki et al., 2011). Moreover, Fragiadaki et al., (2011) performed further
experimentation on SMAD-3, due to its important role in inducing CUX-1 expression. It was
found that Coll expression levels increased, following down-regulation of CUX-1. These
observations corroborate the observed down-regulation of SMAD-3 in the current experimental
scenario, and link with the expression of Coll in Papio ursinus.

These studies demonstrate that the up-regulation of Coll expression is linked to TGF-f.
Transforming growth factor-p is a master regulator of collagen, Coll and IV seen to be up-
regulated within the early periods, 15 to 30 days, of bone induction. This could give insight
into previous experimentation that has highlighted a profound and rapid recruitment of stem
cells from 15 to 30 days to the site of bone induction. Rapid bone differentiation was seen by
Klar et al., (2014) between 15 and 30 days with increased invasion of vascular capillaries
sprouting within the construct and surrounding tissue with increased multicellular osteoblasts

by day 30, predated by up-regulation of CollV and Coll.

Previous techniques have used morphological assessment of alkaline phosphatase activity and
bone nodule formation to identify osteoblasts (Shipp et al., 1991). However, cluster of
differentiation (CD) expression patterns have also been utilised to identify osteoblasts
(Benayahu et al., 1994). Common acute lymphoblastic leukaemia antigen, also referred to as
CD-10, a glycoprotein, which plays an essential role as a neutral endopeptidase, is
predominantly expressed on the surface of various neoplastic and non-neoplastic cells (Shipp
et al., 1991). In our study, CD-10 expression in both the device and the adjacent muscle tissue
was down-regulated at all time points. The expression of CD-10 is used as an indicator of the
osteoblast phenotypes as CD-10 has been identified in adult bone marrow and within lymphoid
tissue, specifically germinal center B cells (Reyes-Botella et al., 1999). In vitro studies using
MBA-15.4, a proteogenic cell line, demonstrated reduction of CD-10 expression and activation
at early culture periods with expression returning to baseline levels with time (Benayahu et al.,
1994). In mature osteoblast cell line, MBA-15.6, the expression and activation of CD-10
significantly increased above baseline levels (Benayahu et al., 1994). Further studies
investigating the synergistic effect of BMP-2 and TGF-f as antagonists to CD-10. It found that
the expression of BMP-2 and TGF- either singularly or together inhibited CD-10 expression
(Benayahu et al., 1994).

48 |Page



These afore mentioned studies corroborate the findings of this study. Down-regulation of CD-
10 may indicate the induction of bone formation due to rapid recruitment of pre-osteoblasts at
the site of bone differentiation. It may indicate that hTGF-Bs treatment prolongs the up-
regulation of BMPs and concomitant down-regulation of CD-10 to allow for a continuous
induction of bone formation and recruitment of pre-osteoblasts to increasing the extent of bone

formation.

A study utilising human bone marrow stromal cells (hnBMSC) aimed to identify membrane
proteins during osteogenic differentiation in vitro (Graneli et al., 2014). The study
demonstrated that when undifferentiated and osteogenically differentiated cells where
compared in hBMSCs, 11 membrane proteins were differentially expressed (Graneli et al.,
2014). One membrane protein, CD-92, had the highest relative expression change between
undifferentiated and differentiated states (Graneli et al., 2014). Relative CD-92 expression was
increased in osteogenically differentiated BMSCs when compared to undifferentiated cells
(Graneli et al., 2014). The study demonstrated that the surface markers, CD10 and CD92,
displayed a significantly higher expression in both osteogenically and adipogenic differentiated
hBMSCs (Graneli et al., 2014).

Crystallin Alpha B (CRY-aB) also known as aB-crystallin, is a molecular chaperone able to
assist in signal transduction, stabilization of the cytoskeleton, unfolding of proteins and the
prevention of protein aggregation (Boelens, 2014). It has been noted to be highly expressed in
lens, heart and skeletal muscle tissues and has been shown to be highly expressed in the early
stages of chondrogenic differentiation (Chen et al., 2005). Although CRY-oB has been
identified in as a possible osteogenic marker very little is known about its role in osteogenic
differentiation (Foster et al., 2005, Boelens, 2014). In hBMSCs, an increase in CRY-aB
expression occurs during osteogenic differentiation while a reduction in expression was present
in dedifferentiating chondrocytes (Lambrecht et al., 2009). Lambrecht et al., (2009) also
showed that CRY-aB, in combination with CD-10 and CD-92, act as osteogenic markers within
specific cell lineages with CRY-aB not present during early chondrogenic or adipogenic
differentiation. Crystallin Alpha B has also been associated with bone metabolism during
differentiation of osteoblasts in hBMSCs (Kulterer et al., 2007). These studies demonstrate the
variable differences in the expression of CRY-aB in osteogenically differentiated hBMSCs and
undifferentiated hBMSCs. Boelens (2014) noted that CRY-aB can be used as an intracellular

marker of osteogenic differentiation (Boelens, 2014).
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Whilst the afore mentioned studies indicate that osteogenic differentiation is accompanied by
an increase in CRY-aB expression, results from this time study suggest that hTGF-f3 treatment
has resulted in the down-regulation of CRY-aB gene expression over the 30 day period.
Furthermore, histological analysis demonstrated rapid induction of bone formation with
recruitment of osteoblasts to the site of bone induction. This demonstrates possible adverse

expression effects of TGF-B3 on expression patterns of genes such as CRY-aB.

In this study in Papio ursinus, there was a constant down-regulation of FGF-1, FGF-2, FGF-
R1 and FGF-R2 at the sites of the implanted hTGF-B3 treated coral-derived constructs
compared to the control tissue. FGF-2 and its receptor FGF-R1, share a similar trend with
respect to their levels of temporal down-regulation. In both FGF-2 and FGF-R1, expression
was down-regulated on day 17 in the device and on day 19 in surrounding muscle. By day 23
however, FGF-2 expression in both the device and adjacent muscle had a returned to baseline
levels. This indicates a close link between FGF-2 and FGF-R1. FGF-1 and its receptor FGF-
R2 both showed a down-regulation in gene expression at all time points. This demonstrates a
molecular pathway of FGF regulation during the induction of bone formation orchestrated by
hTGF-3 preloaded onto macroporous bioreactors. The down-regulation of FGF expression by
hTGF-Bz is in line with the induction of bone differentiation seen histologically (Appendix 4).
Morphological analyses of hTGF-Bs treated coral-derived macroporous bioreactors showed
multicellular osteoblastic cell differentiation together with pronounced angiogenesis and

capillary sprouting from 17 to 19 days (Appendix 4).

Several studies have used rodent models to examine the role of FGFs and their receptors in
bone induction and regeneration (Jacob et al., 2006, Lu et al., 2009). A knockout of FGF-R1
in adult mice resulted in a significant increase in bone mass and was proposed to lead to
increased cellular proliferation and delayed differentiation of osteoblasts in osteochondro-
progenitor cells (Jacob et. al., 2006). It was thus proposed that the decreased expression of
FGF-R1 promotes the differentiation of mesenchymal progenitors into pre-osteoblasts (Jacob
et. al., 2006). The decrease in FGF-R1 was shown to inhibit the proliferation of mesenchymal
progenitor cells as well as the maturation and mineralization of osteoblasts (Jacob et. al., 2006).
In a mouse model with a targeted deletion of FGF-R1 in bone marrow monocytes and
osteoclasts, mice exhibited increased bone mass and impaired osteoclastic activity and
formation (Lu et. al., 2009). Low-doses of FGF-2 in the presence of BMP-2 markedly increased

angiogenesis and calcium deposition in a rat ectopic bone formation model compared to the
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addition of BMP-2 alone (Song et al., 2017). Notably, increasing the dose of FGF-2 resulted

in a decrease in bone formation (Song et. al., 2017).

Fibroblast growth factor receptor-2 is expressed mainly in osteoprogenitor cells that
differentiate into osteoblasts (Su et. al., 2014). The activation of FGF-R2 was shown to
increase osteoblast apoptosis in murine and human osteoblasts (Lemonnier et al., 2001). In the
mouse model, FGF-1 was found to play a vital role in bone induction and the bone remodelling
cycle (Dunstan et al., 1999). When FGF-1 was injected locally into mice 4 times per day for 3
days, new bone formation continued for at least the next 18 days (Dunstan et. al., 1999).
Fibroblast growth factor-1 was found to enhance bone formation, consistent with a signalling

cascade in which initiation triggers mitogenesis in osteoblasts (Dunstan et. al., 1999).

Studies in murine chondrosarcoma cell lines found that by activating FGF signalling,
chondrocyte proliferation was inhibited via the phosphorylation of STAT-1 (Sahni et al., 1999,
Dailey et al., 2003). Additional studies in rodent chondrosarcoma chondrocytes treated with
FGF showed an inhibition of Indian hedgehog (IHH) and chondrocyte proliferation (Kim et
al., 2013). Fibroblast growth factor activated signalling pathways inhibited E2 Transcription
Factor which in turn repressed IHH expression (Kim et. al., 2013). Indian hedgehog is one of
the essential hedgehog signalling molecules, known to control and regulate bone replacement
and hypertrophy of chondrocytes (Kim et. al., 2013). It is also a known enhancer of the
proliferation and differentiation of mesenchymal cells where decreased IHH expression leads
to decreased RUNX-2 expression (Yoshida et al., 2004). An IHH conditional knock out mouse
model exhibited decreased RUNX-2 expression (Yoshida et. al., 2004). After exogenous
recombinant IHH protein treatments, increased RUNX-2 expression was observed, and it was
thus proposed that IHH regulates RUNX-2 which in turn regulates chondro-osteogenesis
(Yoshida et. al., 2004).

The results of the above studies support the current experiments whereby down-regulation of
FGFs and their receptors are in line with an increase in bone formation (Jacob et. al., 2006; Lu
et. al., 2009). hTGF-Bs treated bioreactors initiated the robust and rapid induction of bone
formation on days 19 and 23. Previous studies in Papio ursinus have shown over-expression
of OP-1, BMP-2, Osteocalcin and RUNX-2 (Klar et. al., 2014; Ripamonti et. al., 2015;
Ripamonti et. al., 2016a). Under normal physiological conditions, FGF inhibits IHH, reducing
the synthesis of RUNX-2 as well as bone induction. It suggests that hnTGF-f3 down-regulates

51|Page



FGF and its receptors resulting in an increase in IHH expression which regulates the master
gene RUNX-2 (Fig. 20). This would result in the rapid and substantial induction of bone by

hTGF-B3 combined with coral-derived macroporous bioreactors.

FGF SMAD

Physiological
Conditions

IHH = RUNX-2 =— Bone Induction

hTGF-3; mE ml 1

- L
— L | rGr SMAD-3

B)
Treatment

IHH - RUNX-2 Bone Induction

Figure 20: Overview of proposed heterotrophic transforming growth factor- p (hTGF- Bs) mechanism with
fibroblast growth factor (FGF) Indian hedgehog (IHH) and RUNX-2 pathways in bone induction. (A) Under
normal physiological conditions FGF inhibits IHH reducing the presence of RUNX-2 and bone induction. (B)
hTGF- B3 treatment inhibits FGF, to reducing FGF inhibition on IHH. Increased IHH promotes the increased
expression of RUNX-2, increased RUNX-2 leads to increased bone induction. Therefore, down-regulation of

FGF, increases IHH and RUNX-2 allowing for increased bone induction.

The current study also showed temporal expression of SMAD-1 to -5 in Papio ursinus after the
implantation of the 7% HA/CC bioreactors treated with hTGF-f3. Atdays 17, 23 and 27 SMAD-
1 expression were found to be up-regulated in the device samples and down-regulated at day
19. SMAD-1 expression at days 25 and 30 were found to be similar to control muscle tissue
expression levels in the device samples. SMAD-2 was found to be initially down-regulated in
device samples and up-regulated on from day 19 to 27. In device sample SMAD-3 expression

levels where similar to the control muscle tissue at 17, 19, 23 and 30 days. Up-regulation of
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SMAD-3 at days 25 and 27 in device samples. In muscle samples SMAD-3 expression was
found to be down-regulated at 17, 19, 23 and 25 days and up-regulated at days 27 and 30.
SMAD-4 expression was found to be up-regulated at all time points in the device and muscle
samples. SMAD-5 expression was down-regulated at days 17, 25 and 30 in device samples with

an up-regulation 27. SMAD-5 expression was down-regulated at all time points.

The current study showed temporal expression of SMAD-1 to -5 in Papio ursinus after
implantation of 7% HA/CC bioreactors treated with hTGF-B. Understanding the role of
SMADs and their interaction with BMP and TGF-f signalling during bone induction is still not
completely understood (Yu et al., 2002). However, some information on BMPs/ TGF-§3
signalling pathways, and their downstream signal transducers, SMADSs, has been obtained.
BMPs promote osteo-induction through mesenchymal cell proliferation and differentiation,
osteogenesis and chondrogenesis (Yu et al., 2002). TGF-B signalling promotes extracellular

matrix formation, cell migration, and angiogenesis (Yu et al., 2002).

SMADs regulate and transduce BMP and TGF-p signals. In this study using 3-month old
female CD-COB rats in which the right femur was fractured and the rats euthanised at days 3,
10, or 28 harvested specimens and underwent immunohistochemical analysis for protein
marker expression evaluation (Yu et al., 2002). By day 3, immunostaining of SMAD-1 to
SMAD-6 demonstrated elevated levels of all SMADs within the osteoprogenitor cells and
mesenchymal cells in the thickened periosteum and in bone marrow osteoblast-like cells and
mesenchymal cells near the fracture site when compared to the non-fracture controls (Yu et al.,
2002). However, by day 10 the pattern of expression altered; SMAD-1 and SMAD-5
demonstrated significantly decreased expression; SMAD-2 and SMAD-3 had slightly increased
expression, while SMAD-4 expression was reduced but remained high. By day 28 expression

levels of all SMADs had returned to levels of the non-fracture control (Yu et al., 2002).

In this study in Papio ursinus, similar trends in expression were seen. SMAD-1 expression was
initially elevated in device samples but returned to control levels by day 25. Expression of
SMAD-2 & -4 was generally remained elevated over the whole time period while SMAD-5
expression mainly down-regulated as in the mouse model by day 10.

Yu et al., (2002) demonstrated that BMP and SMAD expression levels were highest within the
first 2 weeks of fracture healing. Bone morphological protein-2 and BMP-7 expression levels
peaked at 3 days post fracture, as did SMAD-1 and SMAD-5 expression levels. Yu et. al., (2002)
additionally found that at day 3 BMP-4 was elevated fivefold together with TGF-f, and peaked
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at day 10. Both SMAD-2 and SMAD-3 showed a similar pattern of expression. Expression of
SMAD-4 peaked at 3 days and remained elevated at day 10. These results demonstrated that
SMAD-1, SMAD-4, and SMAD-5 may transduce signals of BMP-7 and BMP-2 while SMAD-
2, SMAD-3, and SMAD-4 transduce TGF-B1 signalling (Yu et al., 2002). Yu et. al., further
showed that SMAD-5 expression was down-regulated from 15 to 30 days and SMAD-2 and
SMAD-3 were down-regulated from 15 to 25 days. Thus, in mouse models, SMAD signalling
and expression occurs at earlier time points (from day 3) in the bone induction pathway. Thus,
there is a need to investigate expression levels of genes like SMADs involved in the bone
induction before 15 days in order to allow for a deeper understanding in the temporal

expression and signalling involved of baboon bone induction model.

Studies using transgenic knock out mice have been used to understand SMAD signalling. These
studies have demonstrated that SMAD-1 is a vital mediator in BMP’s osteogenic function.
Wang et. al., (2011) used Col2al-Cre, a chondrocyte-specific deletion transgenic mouse line
that expresses Cre recombinase under the control of the mouse collagen type Il gene (Col2al)
(Sakai et al., 2001), crossed with a SMAD-1 fx/fx mice to produce a chondrocyte-specific
SMAD-1 conditional knockout (cKO) mouse (Wang et al., 2011). Wang et. al., (2011)
demonstrated that in the SMAD-1 cKO mice BMP signalling was partially inhibited and
osteoblast proliferation and differentiation were impaired. Deletion of chondrocyte-specific
SMAD-1 additionally lead to delayed and impaired calvaria bone development and shortening
of the growth plate (Wang et. al., 2011). Wang et. al., (2011) concluded that both SMAD-1
and SMAD-5 function together to mediate the essential role BMPs play in endochondral bone

development.

BMP-2 knockout mice models demonstrate both cartilage and bone suffer from increased levels
of spontaneous fractures and impaired healing. This was found to be due to a reduction of
chondrogenic or osteogenic process and reduction in recruitment of cells to the site of injury
(Yu et al., 2002). Within the BMP-2 knock out mice model, SMAD-1 and SMAD-5 expression
patterns were found to be similar to those of BMP-7; whereas SMAD-2 and -3 expression
patterns are similar to those of TGF-$ (Yu et al., 2002, Song et al., 2009). This suggested that,
at least partially, BMP/TGF-f signalling in fracture healing is mediated by canonical SMAD
pathways (Yu et al., 2002, Song et al., 2009). However, even though SMADs mediate the
BMP/TGF-B signalling pathways, it is possible that SMAD proteins have multiple other

interactions with signalling molecules to promote chondrogenesis and osteogenesis.
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To understand TGF-B: to -Bs signalling it is essential to understand its functions and roles.
Transforming growth factor-f1 is a potent regulatory cytokines with various effects on stem
cells (Kasagi and Chen, 2013). Transforming growth factor-f1 maintains and induces various
immune tolerance mechanisms by the regulating lymphocyte differentiation, proliferation and
survival (Kasagi and Chen, 2013). Studies have demonstrated that TGF-B; interacts with
various hormones, such as parathyroid hormone (PTH), estrogen, vitamin D and gluco-
corticoids. Estrogen assists in the production of osteoblasts by the stimulation of TGF-fq,
further promoting osteoblast differentiation and proliferation (Kasagi and Chen, 2013).
Additionally, estrogen prevents bone loss by preventing the activation of osteoclast apoptosis
through a TGF- dependent mechanism (Hughes et al., 1996). This is due to estrogen receptor
a being a co-repressor for SMAD signal transduction, with SMAD-3 was identified as an
enhancer of estrogen receptor a. SMAD-3 mediates the transcriptional activity, and may
indicate that estrogen and TGF-B: are coordinated during the induction of bone formation
(Centrella et al., 1991).

Studies have demonstrated that gluco-corticoids promote osteoblasts apoptosis, but also inhibit
their differentiation and proliferation while promoting osteoclasts differentiation (Ash et al.,
1980). Gluco-corticoids have been found to up-regulate TGF-f1 expression in osteoblasts,
however, unlike estrogen, gluco-corticoids synergise with TGF-B1 to heighten osteoclast
formation by the stimulation of osteoclast progenitors cells to differentiate into osteoclasts
(Centrella et al., 1991).

Transforming growth factor-B:1 blocks apoptosis of osteoblasts, enhances osteoblast
proliferation and also recruits matrix-producing osteoblasts or osteoblastic precursors to the
site through chemotactic attraction (Lucas, 1989, Jilka et al., 1998, Kassem et al., 2000).
Transforming growth factor-B1 in the early stages of osteoblast differentiation enhance
extracellular bone matrix protein production (Alliston et al., 2001). However, TGF-$1 has also
been found to inhibit osteoblast mineralization and proliferation (Maeda et al., 2004). Studies
have shown that within murine, rat, and human osteoblasts there was decreased TGF-
receptor | and receptor Il expression during osteoblast differentiation, and possibly implying
that osteoblasts in the late phase of their differentiation are less sensitive to TGF-f1 (Centrella
etal., 1995). In contrast, regulation of late stages osteoblasts are positively regulated by BMPs
(Canalis et al., 2003). Therefore, the co-operation of TGF-B: with BMPs regulate the
differentiation of osteoblasts could explain the increased gene expression levels of TGF-4 and

BMP-2 seen in this baboon study and the high levels of bone formation in Papio ursinus.
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Transforming growth factor-p; activates SMAD-3 by allowing for the formation of SMAD-3-
RUNX-2 complex which suppresses the expression of RUNX-2 (Spinella-Jaegle et al., 2001).
Runt-related transcription factor 2 maintains a resting state of osteoblast by preventing the
differentiation of mature osteoblasts into osteocytes (Spinella-Jaegle et al., 2001). Therefore,
TGF-B1 the down-regulation of RUNX-2 in mature osteoblasts may promote osteocyte
development (Jilka et al., 1998, Komori, 2010) highlighting how TGF-B:1 finely tunes
osteoblast differentiation. In previous studies and in this study in Papio ursinus,

Human transforming growth factor-ps treated bioreactors increased the induction of bone
formation and was accompanied by a significant increases in BMP-7, BMP-2, Osteocalcin and
RUNX-2 expression as well as a decrease in FGF-1 and FGF-2 expression (Klar et al., 2014,
Ripamonti et al., 2015, Ripamonti et al., 2016b). Under normal physiological conditions FGF
inhibits IHH reducing the presence of RUNX-2, additionally the association of SMAD-3 with
TGF-B1 reduces RUNX-2 and thus bone induction (Fig. 20A). In this study, hTGF-Bs
downregulates FGF-1 and -2 and their receptors. Since FGF inhibits IHH it is proposed that
hTGF-f3 down regulates FGF; results in an increase IHH, and thus increasing the master gene
RUNX-2 (Fig. 20B). Increased expression of IHH and RUNX-2 results in the rapid and
substantial induction of bone formation. hTGF-Bz and also down-regulates SMAD-3 expression
in adjacent muscle tissue, possibly preventing the association of SMAD-RUNX-2, a negative
regulator of bone formation thus increasing RUNX-2 expression levels leading to rapid and

substantial bone induction.

This study showed a decrease in TGF- 2 expression levels in both device and adjacent muscle
tissue at all time points. Most mouse models studies involving the investigation of TGF-f2
knock-out demonstrate severe skeletal abnormalities in both endochondral and
intramembranous bone (Wu et al., 2016). Transforming growth factor-p, is known to be a vital
regulator of osteocyte differentiation and assist in the regulation of bone growth (Wu et al.,
2016). This has further been confirmed by knockout TGF-5> mice models that presented
generalized chondrodysplasia and the late onset of gestation stages in the development of
transgenic mice (Sanford et al., 1997). Furthermore, the loss of TGF-2 in mice prevented mice
from the ability of exogenous sonic hedgehog expression which inhibited hypertrophic
differentiation (Alvarez and Serra, 2004). However, in mice lacking TGF-f. expression,
growth plate reduction and chondrocytes production were recovered by the treatment with
TGF-Bs (Wu et al., 2016). Thus, in Papio ursinus the increased bone formation seen with the

presence of highly down-regulated TGF-B2 may be because of the treatment with hTGF- z.
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Ripamonti et al., (1991; 1992; 1993; 1996; 1997; 2000; 2004; 2006; 2009; 2010; 2012; 20164a;
2016b) have published numerous studies in Papio ursinus investigating the role of TGF-B3 in
bone induction. At 15, 60 and 90 days post implantation of 7% HA/CC treated bioreactors,
TGF-p3 expression did not appear to differ significantly between devices treated with hTGF-
B3 and untreated devices (Klar et al., 2014). Similar results were seen for adjacent muscle tissue
at 60 and 90 days (Ripamonti, 2015). In murine and avian osteoclast, Yang et al., (1996)
demonstrated that raloxifene, an estrogen agonist, activates the TGF-B3 promoter, leading to
significantly inhibited differentiation of osteoblasts and bone-resorptive activities osteoclasts

allowing for increased bone mass (Yang et al., 1996).

Two key factors essential in determining cellular pluripotency and cell fate are SOX-2 and
POUSF1 (Wang et. al., 2006, Hackett et. al., 2012). Sex Determining Region Y-Box 2 and
POUSF1 play an essential role in the maintenance and regulation of pluripotency, however no
factor on its own can regulate pluripotency (Wang et. al., 2006). Pluripotency is reliant on a
multitude of non-linear interactions, whereby a combination of signals are essential to exert
their effects (Zandstra et. al., 2000). Increased expression of SOX-2 and POU5F1 in
mesenchymal progenitor cells (MPCs), induced pluripotent stem (iPS) and embryonic stem
(ES) cells and were linked to increased levels of pluripotency (Hackett et. al., 2012). It was
noted that within iPS cells expression of SOX-2 and POUS5SF1 were significantly higher than in
MPCs (Hackett et. al., 2012).

Under normal physiological conditions, SOX-2 and POU5SF1 expression has been linked to
increased cellular pluripotency; treatment of bioreactors with hTFG-B3 in this study
demonstrated a significant increase in SOX-2 expression. This may be an indication of the
presence of a mechanism within Papio ursinus for the rapid induction of bone by up-regulating
SOX-2 allowing for an increased level of pluripotency in osteoblast progenitor cells over the
30 day period. Additionally, studies have demonstrated that a lack of or inhibition of POU5F1
expression leads to the up-regulation of FGF-8 (Belting et. al., 2011). Fibroblast growth factor-
8 expression is essential for the activation of BMP-2 within embryos and leads to the increase
of angiogenesis (Belting et. al., 2011). Multiple studies from our research group have reported
rapid capillary sprouting and angiogenesis in Papio ursinus after treatment with TGF-B3 (Klar
et. al., 2013, Klar et. al., 2014) (Appendix 4).

Sex Determining Region Y-Box 2 maintains the self-renewal and stemness of pluripotent cells

by transcriptional mechanisms and promotes gene expression changes for the self-renewal of
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osteoprogenitor cells (Seo et. al., 2011). It has also been linked to the regulation of osteoblast
lineage via additional mechanisms that impact WNT signalling. SOX2 regulates the
transcription of WNT pathway genes such as glycogen synthase kinase 3 beta (GSK3p) and
adenomatous polyposis coli (APC). Down-regulation of these genes leads to the inhibition of
WNT signalling (Seo et. al., 2011). The ability of SOX2 to disrupt WNT signalling has also
been attributed to the binding of the SOX2 C-terminal R1 domain to B-catenin directly (Seo et.
al., 2011). Significantly for this purposes of this research, the mechanism of SOX2 binding
sequences in GSK3 and APC genes are conserved across different species (Seo et. al., 2011).
In our study, an increase in S-catenin and SOX2 expression was seen within the implanted
device and adjacent muscle samples. This demonstrates that a within Papio ursinus the
upregulation of SOX2 and the concomitant up-regulation of S-catenin, are induced by TGF-
by targeting WNT pathway genes (Guo et. al., 2008).

A further role for SOX2 in the bone induction paradigm has been its observed effects on FGFs.
FGFs play a critical role as antagonists of osteoblast differentiation and target the WNT pro-
differentiation programme. The two domains located closest to the 5’ end (R2-3) have been
shown to function in conjunction with Oct-3/4 to activate FGF-4 transcription (Ambrosetti et.
al., 2000; Dailey and Basilico, 2001). Findings by Seo et. al., (2011) show that the modulation
and extent of the activity was dependant on the synergistic action of SOX2 and Oct-3 on the
FGF-4 gene promoter. Furthermore, SOX2 induction by FGFs plays an essential a role due to
SOX2’s ability to bind B-catenin and inhibit WNT-induced transcription (Mansukhani et. al.,
2005; Ambrosetti et. al., 2008). Additionally, these studies show that the induction of WNT
target genes are inhibited by FGF. These studies also found that the down regulation of FGF
inhibited the WNT pathway due to multiple FGF mechanisms that were previously thought to
be unrelated to the inhibition WNT canonical signalling (Mansukhani et. al., 2005; Ambrosetti
et. al., 2008).
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6. Limitations and Future Work

One limitation of the current work is the availability and recruitment of Papio ursinus baboons
for the use in research. There are a limited number of Papio ursinus available and cleared for
research, which limits the number of samples and time points that are able to be investigated.
Thus, future work would require the use of additional baboons to allow for a more extensive
range of time points to be examined and greater statistical robustness. Furthermore, untreated
control constructs were left in vivo for 90 days, meaning that untreated control samples were
not available for comparison at each of the individual time points. Analysis of day 90 samples,

both treated and untreated, will form part of the subsequent larger study.

Future work will include investigation of the spatial expression of genes related to osteogenic
programming in Papio ursinus. This will allow us to understand how hTGF-Bs effects the
expression of key genes and the resulting alterations in signal transduction pathways.
Technigues would include: western blotting and in situ hybridisation on samples harvested at
17, 19, 23, 25, 27 and 30 days. This will allow for insight between the qRT-PCR gene
expression results presented in this study and the temporal and spatial expression of the genes

in their respective microenvironments.

To mechanistically understand the complex signalling networks initiated by hTGF-Bs will
require the analysis of essential pathways such as IHH during bone induction. Techniques such
as in situ hybridisation allow for the direct visualization of RNA targets in the context of the
tissue architecture and measures the RNA distribution within the tissues. This will allow further
fine mapping and elucidation of the molecular pathways that underlie the rapid induction of
bone in a heterotopic model and possibly identify proteins that could be targeted in a clinical

setting.

7. Conclusions
The study shows that implantation of 125ug hTGF-Bs preloaded coral-derived calcium
phosphate macroporous bioreactors induces bone formation in heterotopic sites of the rectus
abdominus muscle by day 19. The induction of bone formation rapidly colonises the
macroporous spaces of the implanted bioreactor. This rapid induction of bone formation is
sustained by a prominent capillary invasion that develops a tight relationship with the newly

formed bone.

Molecularly, the rapid induction of bone formation is sustained and highlighted by f-catenin

and collagen type | overexpression at days 19 and 23, with down-regulation of CD-10, CryaB,
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Noggin, POU5F1 and FGF-1, -2 and their receptors. The SMAD signalling cascade is
prominent with the up-regulation of SMAD-2 and -4 and the down-regulation of SMAD-5.
Stemness genes such as SOX-2, where over-expressed while CD-10 and CD-92 were down-
regulated. There is a fine tuning and modulation of BMP genes in Papio ursinus in particular
down-regulation of BMP-6 and up-regulation of BMP-2 and -9 as seen in summary table in

appendix 6
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9. Appendices
Appendix 1: Real-time PCR reaction volumes

Component Volume (uL)
Biorad Itag Mastermix 5
Forward Primer 0.3
Reverse Primer 0.3
cDNA 2.5
Nuclease free H20 1.9
Total volume 10

Appendix 2: Primer sequence of FGF-1, FGF-2, FGF-R1, FGF-R2, TGF-B1, TGF-B2, TGF-B3
and Reference genes

. Amplicon
Gene Gene Primer Sequence (5°-3")
length (bp)
_ F GGAAATCGTGCGTGACATCA
S-actin 63
R ATCTCCTGCTCGAAGTCCAG
) F GACTCGAGCTCAGAGGGTAC
[-catenin 110

R AACGCTGGACATTAGTGGGA

F: CAAGCCAAACACAAACAGC
BMP-2 103
R: AGCCACAATCCAGTCATTCC

F: GGGAGAAGCAGCCAAACT
BMP-4 105
R: CTTGAGGTAACGATCGGCTAAT

F: TGTTGGTCTGTAGCAAGC
BMP-6 110
R: TACTGAACCAGCTGATCC

F: TCCCTCTCCATTCCCTACAG
BMP-7/0OP-1 131
R: TCAACACACAACCCTCCTC

BMP-9 F: GCTGAGCTCCGACTCTATGT 182
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: CCGGACCTTCAAGAGCCTTA

R
F: ATGTGCCACTCTGACTGGAA
Collagen | 174
R: CTTGTCCTTGGGGTTCTTGC
F: GCTGCCTTCCCATGAATCTG
CD-10/MME 155
R: CAGTAACAGCAGCACAGACC
F: TCTATCGCCAGGCTACAGTG
CD-92/SLC 75
R: AGAATCGCTTGAACCTGGGA
F: CAGCTGGTTTGACACTGGAC
CRYaB 152
R: CCTGGCGCTCTTCATGTTTT
F: GAAGTCCATTCGGCTCACAC
FGF-1 159
R: AAGCAACCCCTACTCTGGAC
F: AGTCTTCGCCAGGTCATTGA
FGF-2 157
R: CCTGAGTATTCGGCAACAGC
F: GAGGACGCAGGGGAGTATAC
FGF-R1 155
R: AAGGCCCCTGTGCAATAGAT
F: TTCGGGGTGTTAATGTGGGA
FGF-R2 158
R: TGCCAACAGTCCCTCATCAT
_ F: GAGGAAGTTACAGATGTGGCT
Noggin 162
R: CACTCGGAAATGATGGGGTAC
F: CAGAAGGGCAAGCGATCAAG
POUSF1 120
R: GAAAGGGACCGAGGAGTAC
F: AGGCCAAGGGAAAGAAGGT
RPLPO 92
R: GGCCTTTTCTCAAACAGGGG
F: TGCGTCTGAAGCCTACAAGA
RPL13A 173
R: GTTCTTCTCGGCCTGTTTCC
F: ACATGGAGGAGGACAACTGG
SDHA 187
R: CCACCAAATGCACGCTGATA
F: AGGTTGGGAGGTGTTTGGAA
SMAD-1 151
R: GGAGACCCACAGAGAACACA
F: GCAGGAATTGAGCCACAGAG
SMAD-2 176
R: ACTGGCTGTAAGTCCAAGCT
SMAD-3 F: CTCCTGGCCCAGTCTGTTAA 154
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R: CATTCAGGTGCAGCTCGATC

F: CTGCTGCTGGAATTGGTGTT
SMAD-4 159
R: CTTCGTCTAGGAGCTGGAGG

F: AGGAACCTGAGCCACAATGA
SMAD-5 R: CTTGCTGGGGAGTTGGGATA 159
R: CGAGTTCTCTGCTTTCACCG

F: GAAGCTGGTGTAAGGCGATG
SOX-2 180
R: TTCCCTGAGCCTCTTGTCAG

F: AAGATGGAGAGAGGACTGC
TGF-p1 151
R: AGAGAGAGACAGAGATGGGG

F: TACCACCTTTCCGATTGCCC
TGF-4, 153
R: ACGGCACAGGGATTTCTTCT

F: GGTTTTCCGCTTCAATGTGT
TGF-Bs 155
R: GCTCGATCCTCTGCTCATTC

Appendix 3: Thermocycling parameters for Real-time PCR

Thermocycling ) )
Time (seconds) Temperature (°C) Cycling

parameters
Initial Denaturation 120 94 1
Denaturation 10 95 40
Annealing 10 60 40
Extension 30 72 40
Final extension 300 72 1
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Appendix 4: Tissue morphogenesis by 125 pug hTGF-B3 treated coral-derived macroporous

bioreactors

Appendix 4: Tissue morphogenesis by 125 pug hTGF-Bs treated coral-derived macroporous bioreactors. (A) A
low-power view on day 19 shows the induction of cellular transformation and osteogenesis (light yellow arrow)
at the periphery of the coral derived construct (black arrow). (B) A high-power image on day 19 highlighting the
induction of bone formation (light yellow arrow), tightly attached to the substratum but also expanding within the
macroporous spaces together with prominent angiogenesis and capillary sprouting. (C) Low-power view of day
23 showing the induction of bone formation outside the profile (light blue arrow) of the implanted super-activated
bioreactor (light yellow arrow). (D) High-power image at 23 days showing the induction of bone formation (light
yellow arrows) tightly attached to the substratum within macroporous spaces at the very periphery of the implanted
super-activated bioreactor. Scale bar for (A), (B), (C), and (D) are 670 um, 40 um, 110 um and 75 pm,
respectively.
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Appendix6: Gene expression summary of genes of interest at 17 to 30 days after implantation of the 125 pg hTGF-B3

Days

17

19

23
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Genes Device
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