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ABSTRACT

In spite of vigorousesearch efforts to date the induction of bone formation by
macroporous coralerived constructs when implanted heterotopically iréloeus
abdominismuscle of the notiuman primate Chacma babdeapio ursinushas not yet

been resolved and needs to bsigned More importantly, the apparent redundancy of
molecular signals singly initiating the induction of bone formation in primate species and
the heterotopic induction of endochondral bone formation by the mammalian recombinant
human transforming growtiactor i bs (rhTGFb3) isoform have not yet been assigned and
need to be mechanistically resolved. Using tetus abdominimuscle ofPapio ursinus

the study sought to molecularly determine how edealved macroporous constructs and
doses of the hTGB; isoform initiate the induction of bone formatidro elucidate the

function ofosteoclastogenesis and<aiomimetic coralderived 7%

hydroxyapatite/calcium carbonate (7% HA/CC) devices were supplemented either with
240 €©€g zol edr onatsd emicd ppbsa s pbh nrda tneg, aaant aaggoni
calcium channel blocker verapamil hydrochloride. Additionally but in separate coral
derived bioreadcdiamrdd,orl 2182 5¢ g gr MIN®Fggi n wer e .
guestion of how TG#b; induces bone forntimn. All devices were then subsequently
implanted within heterotopic sites of thectus abdominisnuscle of 8Papio ursinusand

left in vivofor 15, 60 and 90 days. Harvested specimens were subjected to
histomorphometrical and quantitative reverse trapgan polymerase chain reaction
(QRT-PCR) analysisCollagen Type I\éxpression supported by extensive vascularisation
was detected and observed respectively in all implants after 15nddys. Importantly

the zoledronate treated specimens possessayedl tissue patterning and morphogenesis,




an observation not as pronounced as with@verapamil hydrochloride treated specimens.
However, both treatment modalities showed a lack or minimal bone formation. The gene
expression experiments reveatbdtNogginwas elevated wheredsne morphogenetic
protein2 (BMP-2) was greatly downregulated in the verapamil or zoledronate treated
devices, indicating that bone formation by macroporous-cianaved devices is through

the BMRpathway. Therefore Ghrelease may be the driving force behind the bone

induction mechanism by both regulating stem cell differentiation and the [gRvay.

In 7% HA/CC constructs preloaded with 125ug hNoggin there was downregulation of
BMP-2 and lack ofTGFbs activity. Minimal bone formation characterised tidéoggin
treated bioreactor. The hT&R/hNoggin treated devices exhibitB#1P-2 upregulation on
day 90 and significartioggindownregulation on day 60 and 90. Downregulation of
Noggincorresponded to limited bone fornwtiat the periphery of the device at daylf0.
the TGFbsloaded 7% HA/CC constructs there was significant downregulati8hiet 2
expression on day 1followed by upregulation on day 60 and 8MP-2 upregulation
was accompanied by the concomitant uptation ofRUNX2 andOsteocalcinalong with
prominent induction of bor®rmation These results unequivocally show that inrbetus
abdominismuscle ofPapio ursinusTGFbsinduces bone formation byipregulating BMP
expressiorvia Noggintranscriptiontogether with controlling the differentiation of a

progenitor stem cell niche to enhance osteoblastic cell differentiation and proliferation.
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PREFACE

The biological activities of the soluble molecular signals of the transforming growth-factor
b (®GF supergene family are inexornl®M.y | ink:
The connubiunof a soluble and an insoluble signal is epitomized by thegicdl

evidence that when implanted in heterotopic extraskeletal sites of animal rsiodéls
theylack the capacity of initiating the induction ofr@formation (Sampath and Reddi
1981). The soluble signal needs to be reconstituted or recombined wigohrble signal

or substratum to trigger the ripglige cascade of bone formatidmy induction (Sampath

and Reddil981;, Sampath and Reddb83). Thus the greatest challenges of bone tissue
engineering have been, on the one hand, to understand howatoipicgt surface
modificationsof the insoluble signals or substratget into motion the molecular and

cellular cascade leading to tissue induction and morphogeness 42010 Chouet al.

1995; Curraret al.2006 Vlacic-Zischkeet al.2011; Gittenset al.2011;, Wilkinson et al.

2011 McNamareet al,; 2011, Ripamontiet al.2012), and on the other hand define the
initiating soluble signals thatartbone formation (Ripamonét al. 1997; Ripamontet

al.2004; Ripamontet al2008; Ripamonti an&oden 2010).

The insights of Urist (1965), Reddi and Huggins (1972), SangrattRedd{1981;
Sampathand Reddil983), Woznet al.(1988), Celestet al (1990),0zkaynaket al.

(1990) permitted the isolation, characterisation and molecular cloningesitaely new

family of protein initiators collectively called bone morphogenetic/osteogenic proteins
(BMPs/OPs)members ofthe TGB s u p e r g @Moaeyét al.dd88 Ripamontiet

al. 2004 Ripamonti 2006)BMPs/OPs when implanted in heterotopic extraskeletal sites of

animal models including nehuman primates induce the formation of new bone (Reddi
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1994 Reddi200Q Ripamonti 2004Ripamonti2006).The substantial induction of bone
formation in preclinical animal studies prematurely convinced basic scierarstsskeletal
reconstruabneersthatanapplication of asingle dosef a recombinant huam bone
morphogenetic proteiwould induce tissue morphogenesisa clinicalenvironment
(Friedlaendeet al 2001; Govendeet al.2002). However, this theoretical potential has so
far not been successfully translated to clinical context. Clinicas tofatraniofacial
orthopaedic applications such as mandibular reconstruction have indicated that supra
physiological doses of a single recombinant human BMPs/OPs (hBMPs/OPs) are needed
to often induce clinically unacceptable induction of bone, whichfalil short of
autogenous bone grafts (Ripamaettal. 2006 Ripamontietal. 2007 Ripamonti 2009
Garrisonet al. 2007 Mussancet al 2007). Because of the often substandard regeneration
of osseous defects in humans implanted with hBMPs/OPs, this tiesifinally asks the
prevocativeguestion: are the BMPs/OPs the only initiators of the induction of bone

formation?

Implantation of coratlerived calcium carbonateased macroporous constructs alone or
combined with recombinant human T®E(rhTGFbg) induces bone formation in
heterotopic intramuscular sites of the Aarman primatéapio ursinugPapio ursinu¥
(Ripamonti199Q Ripamonti 1991Ripamontiet al. 2008; Ripamontet al 2012). Taken
in context of howgene expression, the algorithm formuba &ll biological life (Mendel
1886), affects and directs cellular form and functtbe, presenthesissoughtto define
some of he mechanisms by which comérivedmacroporougonstructs and hTGB;

induce bone formation in heterotopic sitesapio ursinus
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CHAPTERL: Introduction with Literature Review

1. Introduction

A greatunsolvedchallenge irregenerativenedicineand tissue engineering to restore
craniofacial anédppendicudr bony defectdrought about by genetic mutations,

pathobgies or trauma (Ripamordt al 1997) Substantiatesearch has been committed
towards understaling what it is that confers to the skelettsremarlable repair potential
which as been observethce Hippocratic timefuoted by Reddi 1994; Reddi 2000).

What are the molecular and cellular signals that are set into motion to induce the cascade
of bone differentiation? This Introduction with associated Literature Review provides an
overview of the signals and mechanisms that initiate and maintain the fascinating scenario

o fBorfe formation by autoinductian ( U r i; Reddi dn® Huggin$972).

1.10steogenesis

Osteogenesis ihe process by which new bone is formed. There arevays by which
bone is formedTheaggregation andonversion of mesenchymeglisinto oseoblasts
laying down newly formed bone is definediasamenbraneous ossificatios{lbert
2000).The craniofacial bones are formed by intramembraneous ossifidatidochondral
ossification is the procesghereby the appendicular skeleton is formed and it uegothe
formation of acartilageanlage that forms the cellular strut fosealar invasion,
chondrolysis, bone marrow formation and osteoblditccell differentiation with

synthesis of bone matr{Gilbert 2000).
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1 Intramembraneous ossification

Neural crestlerived mesenchymaelts proliferate and form dense condensatmins
aggregated mesenchymal célBlbert 2000) where new bone is to be fornteer by
differentating osteoblastsWhilst a constituent of these condensed cells are utilised for
capillary formation, the greatenajority transform into osteoblasts, the precursor cells

required for the successful deposition of new bone mdtx ().

The osteoblasts secrete a collageoteoglycan matrix (osteoid) that has a high binding
affinity for calcium salts (Gilbert 2@). When calcium salts associate with the osteoid it
becomesnineralizd. The osteoblasts then are separated from the regomefalization
by a layer obsteoid matrixi.e. newly deposited as yet to be mineralized bone matrix
(Gilbert2000).0Osteoblats are then lateentrapped within theewly formed and

mineralizedmatrix as osteocytes.

Osteoid Calcified Bone cell
Osteoblasts matrix bone (osteocyte)

Figure 1. Diagram of
intramembraneous ossification.
Mesenchymal cells condense and
transform into osteoblasts, which
~ deposit osteoid. Osteoid matrix
L becomes calcified seilting in bone.
(Adapted from Gilbert 2000)

Loose mesenchyme Blood vessel  Osteoblasts
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1 Endochondral ossification

Endochondral ossificatiois characterised by a cartilage anlage that previlke strut for
tissue induction, angiogenesis and vasculaasion followed by chondrolysis and

osteoblastic cell differentiation (Hortdr®9Q Gilbert2000).

Meserchymal celldifferentiae into cartilage cells, i.ehondrdlass which express
cartilage associated genes (Csenpsl. 1995 Sosicet al. 1997).Later chondroblasts
condensénto compact nodules and complete their triamsiinto chondrocytes (Gilbert
2000). As chondrocytes differentiate they undergo mitosis rapidly. The third stage of
endochondral bone formation is characterised by rapidly proliferating chondrocytes that
assemble themselves ircartilage anlage of a model whdrenewill form. Once properly
arranged within this prstructure bone model, chondrocytes enter a quiepbase.
Chondrocytes increase in size and volume effectively begphyper chondrocytes
(Gilbert2000).Hyperthrophic chondrocytes deposite furtbartilaginous matrixotably

with abundanftibronectin andype X collagerand additionally secreamall menbrane
bound vesicles into the extracellular matrix. These vesicles contain enzyms=t ihsd
motion the mineralizatioprocesswithin the cartilaginous matrix (Wet al. 1997).The
induction of bone formation is brought about by angiogenesis andlaasotasion of he
cartilage.Vascular invasion is followed bgpoptosiof the hyperthrophic chondrocytes or
chondrolysis, that is the lysis of newly formed mineralized cartilage later to become the
newly formed marrow spaces sourronded by newly fornoee (Hatoriet al. 1995;
Rajpurokitet al. 1999) Cells surrounding the dying hypertrophic chondrocytes

differentiate into osteoblasts and form new bone on the degrading cartilaginous
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matrix (Bruder and Cdpn 1989 Hatoriet al. 1995).

These two processes of osteogenesis occur primarily during embrgsgertain

vertebrates (Gilbe2000). However bone formation is not a singular event as over the
course of a vertebr at e éfameld byfreerptiontandne i1 s cons
remodéling (Reddi 1994; Reddi 1997; Gilb&2000). These events have been shown to be

crucial for maintaining the bones structural integrity, as well as repairing tleesbonld it

be damaged (Reddi 1997; Gilb2a00).

1.2 Bore remodelling

The remodelling of bone, as reported by Eriksen (1986), is a continuous process which
occurs during specific stages oefal life and continues once the skeleton has fully formed
in vertebrates. The bone remddw® cycle is categoriselly a series o€rticial and step by
stepmolecular and cellular events (Erikse®86G Parfitt 1994. During remodellingtwo

cell lineagesre critical- the mesenchymal osteoblastic and the hematopoietic osteoclastic
lineages (Raisz1999). Rsorption and famation exist within a balanced hons¢atic
equilibrium (Frost 1990 Old boneis continuously replaced by newly formed bonéhas
bone adapts to meahical loads and strains (Frd€890).Several studies have indicated
that bone remodelling is controlléy several molecular, ionic and cellular mechanisms
ultimatly controlling bone resorption coupled with bone depos{iinyceet al.2012

Boyle et al.2003 Caudarellaet al.2011; Hwang and Putney 20MHadjidakis and

Androulakis 2006).
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Osteoclasts and osteoblasts are known to cooperate closely with each other in the

remodéling process in what is called a basic multicellular unit (BMU) (Hadjidakis and
Androulakis2006). The BMUs are organized differentiyoughout cortical and trabecular

bone the latter housing the bone marrddithin the cortical bone the BMU has been

shown to cut, at an estimated rate oE2h per day, a cyl indri cal c
2000e m i n | enigdDdhmainnd W isdherineralizeddorte i(Petryl, 1996).

It has thus been suggested that during 24 hours, ~10 osteoclasts excavate a circular tunnel

in the donmant loading direction (Petrgi996), which is filled in with new bonga

several tbusands of osteoblasts (Ptrti994). Thus per annum about526 of cortical

bone is being remodelled in this way. In contrast to this, trabecular bone is more actively
remodelled than cortical bone. Trabecular bone surface to volume ratio has been shown to

be much greer (Hadjidaks and Androulaki2006). Time loop experimentation indicated

that osteoclasts move across the trabecular bone surface at speeds ofaupto 2ber day ,
excavating trenches at an approximate depttbof® m ( Hadj i dak 206)and An
allowing bone reraddling to occur efficiently and effectively within a relative small

amount of time.

The remodBing cycle Fig. 2) has been shown to consist of three consecutive phases:
resorptionyeversal and formation (Gilbe200Q Parfitt 1994;Hadjidaks and Andoulakis
2006). The induction of bone formation relies on these three phadesinitiated and
though several molecular signals have been linked to the remodelling tigigtstill
unclear which are the speciiggnalsand/or signal thanitiate the remodelling cycle. The
presendoctoral thesisttempted to studin vivothe control of the remodelling cycle by

inhibiting osteoclastic activity, essential for bone formation to occur.
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The first stag®f theremoddling cycle or quiescent phase is morphologically
characterized by trabeculae of bone lined by flattened mesenchymal cells not as yet
activated but rather in a quieststate (Parfitt 1994). Whonuclear pr@steoclasts migrat

to the surfacef the boneasdirected there either by calcium ion releaBeyceet al.2012;
Boyle et al.2003 Caudarellaet al.2011 Hwang and Putney 201d) soluble signals
secretedy eitherosteocytesosteoblasts and/or endothelial cells (Hadjidakis and
Androulakis2006)or possibly even by jusheactivated quiescent lining cellBre
osteoclasts undergo their transition into multinucleated giant cellatewh to the
mineralized bone surface. Testing of pH revealed that an acidic pH is created in the zone o
resorption created by osteoclasts (Vaanate. 2000). Osteoclasts secrete hydrogen ions
together with lysosomal enzymes, primafgthepsin Kand eventuallglissolve the
mineralizedcomponent of the bone matrix (Vaanameml. 2000). The resorptroprocess

by osteoclasts produces irregular scallopatcavities of various dimensions , radii and/or
curvatureson the bone surface, which are referred to as Howship lacunae, or cylindrical
Haversian canals in the cortical bone (Gilbert 2@¢8djidakisand Androulakis 2006).

After the completion of osteoclastic resorption, the reversal phase is efirarétd, 1994)

Mononuclear cells appear on the bone surfBeefitt 1994. These cells prime the surface
by promoting further degradation of thenecollagerous matrix, depositingroteoglycans

to form a secalled cement line and release specific growth factors, which then initiate the
formation/deposition phase of new bone at the site of the osteoclastic cut concavities

(Parfitt 1994.

In the finalformation phasethe differentiatedsteoblasts, which have differentiated from

1C
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mesenchymal precursors, then deposit new bone matrix until the resorbed area within the
bone is completely replaced by newemsienic materiglParfitt 1994; Gilber200Q

Hadjidakis and Adroulakis2006) Once this stage has been completed the surface of the
site of new bone within prexisting bone is covereahce again bflattened lining cells

and a prolongeduiescent phadaegins until the remodleng cycle is reinitiated Parfitt

1994, Gilbert 2000).

The remodelling cycle of the osteonic cortical bone with the three continuous phases of
resorption, reversal and formation may possibly relate to the often extraordinary repa
capacity of the bone matrix and of the skeleton in several animal models including
humans. This remarkable potential to heal without scahasgfascinated scientists for
centuries and has led the development @ continuous effort to mechanistigall
understand the capacity of bone repair and the induction of bone formaiinwould

become kndoenei nadsu ctthieo ni p et al A967 Yristet@.1968Ur i st

11
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1. Quiescence

Lining cells

5. Quiescence

. MNew Bone

Osteoid

4. Formation

Pre-osteoclasts

¥ Osteohlasis
-.:-“ﬂ'w ol WL O 'l'":-.:- ‘-_/

2. Resorpition

Osteoclasis

Figure 2. The bone remodeling cycleFlattened mesenchymal cells line the surface of the bo
(1). Preosteoclasts migrate to the surface of the bone and differentiate into osteoclasts that
an area of bone, producing concavities (2). Monocytes then prime the surface of the newly
concavities (3), which permits mesenchymal derived osteoblasts to deposit new osteoid witl
cut area, which is then converted to new boneA4)rolonged quiescence phase is then
entered (5) before the next remodeling cycle be@spted fromParfitt 1994).

1.3Bone: formation by autoinductioni a basic historical perspective

The history of regenerative medicine and bone tissue engineering has been shaped from the

pioneering scientific work of several scientists across the world, which firstly developed

and laterset the basic principles of bone tissue engineering.

Senn (1889) was one of the first pioneers to investigate bone regeneration by implanting

decalcified bone segments in skull defects of canines. Perceptively, Senn (1889) after

having observed that tltkecalcified bone matrix was incorporated by a mass of embryonic

12
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tissue, stated that this was a necessary condition required for the proper formation of new
bone at the site of the implantation (Senn 188Bg doncept that postnatal bone formation
after implantation of devitated bone matrices develops by recapitulating embryonic

developmental processes was possibly first alluded to by Senn (1889).

Important contributions where brought about by Trueta (1@6®), through in depth
morphological analyses, established that angiogenesis is a prerequisite for osteogenesis.
However, the pioneering work of Levander (1938) provided important discoveries as well
as terminology from which the bone induction principlewd further develop. Levander
(1938) used the terfint i 5 B d 8 cupan onplantation of bone matrices. Levander
(1938) showed that bone formation could be
sites when implanting ethanttbated partially extded bone matrices. Levander (1938)
suggested thdteterotopic intramuular formation of bonevasi nd uc same by i
substance extracted by alcohol from the skeletal tissue, a subktanog the power to
activate the norspecific mesenchymal tissue i@ formaion of bone tissue, either

directly orvia the embryonic prertal stage of boneyiz. cartilaged ( L e ¥19%81 d e r
Levander and Willesiedt1946. Levander (Levander938 Levander and Willestaedt

1946) thusadditionallyidentifiedthat the indutton of bone formatiomn postnatal life i

repeatof embryonic development.

Later Lacroix (1945) would aptly name tlwgpothetical substance or substances as
iost e o ¢ was however thtundamentavork of Urist (1965)who established,
from the previously published experimental works of Senn, Levander and Lacrosg the

c a | bomalinddction principle (Ufist et al. 1967 Urist etal.1968 Reddi 2000;

13
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Ripamonti 200% Marshall Urist routinelyestablished the use of demineralized bone
matricesto induce the differentiation of bone (Urist 1965). The constant reproducible
induction of bone formatiohy demineralized bone matricessulted in his classic Science

p aper Bone:foimatwn by aoinductioro (Urist, 1965).Importantly however the

classic papers of Uri st (Uusnloeb;Urstetialbl®eid e 1 nduct

Urist et al. 1968 were also the result of previous published experiments in particular by
Senn (1889) and Levand@938), the former implanting demineralized bone matrix

blocks, the latter speculating on the induction phenomena brought about by some

Aunknown subst anc e oforwevidwtsee Ripambngt all?00§.& mat r i X

further seminal contributiowas teintroduction of the morphogenetic concept of a

hypothetical bone morphogenetic protein complex that ingtheinductionof bone

mor phogenesis within the bone matrix. Uri st

in a variety of animal modelséfuding humans but particularly in the selection of the term
Abone morphogeneti c pr odvebeen the corhersiofertthea n d
emergence of all the studies on fib@ne induction principle ( l@tral. 1967 Urist et

al.1968 Reddi2000; Ripamontetal. 2006;Ripamonti2006.

Seminal work on theiochemical and morphological cascades of bone differentiation by
inductionfollowed shortly(Reddi and Huggins 1972; Reddi 1984)h partial purification
(Sampath and Reddi 1983ampathand ReddiLl983 to apparent homogeneity of the still
Afel usi veo mor gSampatetraelod? tuyténatalt 18689;Ripamontet al

1992.

Previous studies have shown that osteogenesis can be induggtiby of the renal

14
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arterieg(Sacerdotti and Frattin 19par surgicaly laceratngthe urinary bladdewall

(Huggins 131; Friedenstein 1968). Friedenstein (1968) asked how the induction
Astimuluso is transf erumand otfier natriceidiueingt r ansi t i
deminealizedbone matricegp the surrounding responding celsiedensteinmplied that
theremust be the presencéafis o liurbduect or , 06 a signal that we
indudion of bone formation (Frieden#tel962). This query would become the foundation

that would shape and | ater define the fAbone
activityo of tr an s gehtingutoepitheliomand bdne (rseview nc | u d i

Ripamontiet al 2006).

As perUrist hypothesis (Urist and Strates 1971), a bone morphogenetic protein complex

within demineralized bone and dentine matrices would provide reproducible evidence of

bone formation by induction upon implantation in heterotopic sites. The identification of

this elusive bone morphogenetic protein complex was problematic however, since the
extracel |l ul aexissmaatsolidsiatéo { Readwé @A 997), with tt
morphogenetic proteins tightly bound to the inorganic and organic components ohée b

matrix (Sampath and Reddi 1984).

Sampath and Reddi (1984)y p a she bothe nfiatrix in the solid state ( Re d d i 1997)
successfullydissociatively extracting the bone matrix using chaotropic agents such as
guanidinum and/or urea hydrochloride. Thesulted in the preparation of an insoluble

i nactive coll agenous residue and solubl e si
proteins (Sampath and Reddi 1981; Sampath and Reddi 1983). Separately neither of the

two phases, i.e. the extracted solubilipeateins nor the insoluble collagenous bone

1t
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matrix (ICBM), induced bone formation when implanted subcutaneously in rodents
(Sampath and Reddi 1981). The osteogenic activity of the intact demineralizeahdtoixe
disappeared when it was separated by chaotropic extraction (Sampath and Reddi 1981).
Only when the two components separated by chaotropic extraction, i.e. the molecular
signals in a soluble state were recombined or reconstituted with the insaduialecs the

ICBM was the inductive potential restored (Sampath and Reddi 1981). The discovery that
bone matrix could be dissociatively extracted yielding soluble morphogenetic signals that
when reconstituted with the inactive residue restored the osieagivity of the intact
demineralized bone matrix, showed that the extracellular matrix of bone is a reservoir for
soluble morphogenetic signals that initiate the cascade of bone forrtiotuction
(Sampath and ReddP81 Sampath and ReddP83 Ripamonti and Reddi995 Reddi,

2000).

Additionally, the chaotropic dissociative extraction providdsioassay by which proteins
could be identified and classifigal vivofor its osteoinductive potentigsampath and
Reddi 1983 Bone formatioris only induced when a soluble signakesombined with an
insolublesignal or substratum implanted in heterotopic extraskeletalisitégo (Sampath

and Reddi 1981Sampath and ReddP83 Reddi 2000).

The operational reconstitution of a soluble morphogeseaiital with an insoluble signal

or substratum is now known as ffine tissue engineering paradigm ( Sampat h and
Reddi 19811983; Khouriet al. 1991 Ripamonti and Reddi 1995; Redzhi00. Of note

however homologous xenogeneic proteins recombined vatiprent allogeneic insoluble

collagenous matrigould also induce bone formatig@ampath an&eddi1983

1€
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Ripamonti and Reddi 1995But notvice versaThisimplied that bone inductiveignals
sharemportant homologiesicross mammaliaspecies whereas the insoluble collagen
bone matrix retains the antigenic loactossspecies (Sampath and Reddi 198Bamonti

and Reddi 1995).

After the realization that the hypothised morphogenetic protesns tighly bound to the
bone matrix and could be dissocoraty extractedrom bone matriSampath and Reddi
1981 Sampath and Reddi1l983he soluble signals were eventually identified, purified
andisolatedyielding an entirely neiamily of protein initiatos collectively calledthe

bone morphogenetic/osteogenic proteins (BMPs/QRahget al 1988; Woznet al
1988) BMPs/OPs were determined to belong to the transfa growth factotb ( DG F
supergene family (Woznest al. 1988 Ozkaynaket al. 1990 Reddi 200QRipamontiet al.
2004 Ripamonti2006. The molecular cloning of the now available recombinant human
BMPs/OPs has resulted in extensive tesitingtro and in vivoincludingpre-clinical
experimentation in nehuman primates (Ripamoret al 200% Ripamonti 2006). This has
culminated in the use of recombinant humarXOROR1) and hBMP2 in clinical context
(Reddi200Q Ripamontiet al 200Q Ripamontiet al. 2001;Ripamontiet al 2007;

Friedlaendeet al.2001; Govendeet al 2002; Ripamonti2006 Ripamonti2010)

1.4 Induction of bone formation by coralderived macroporous biomimetic matrices
The understanding of t Boee:fdrrmaton byraatdinductigh p h e non

(Urist 1965; Reddi and Huggiri®72) has been vital for the construction of the biological
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algorithms in inductive tissue engineering. To successfully induce tissue formation a
sduble recombinant molecular signal must be combined with an insoluble substratum,
which then activates the morphog#a and tissue inductive processes (Reddi 1994;
Ripamontiet al.2004; Ripamonti 2006; Ripamoret al.2006; Reddi 2000; Ripamonti
20043. Additional requirements to obtain successful morphogenesis, as established by
Reddi (2000), were the extracellular matrix, responding stem cells and inductive soluble
signals. The extracellular matrix is the maervironment, and can be functionally
duplicated by the suprmolecular assembly of new biomimetic matriceeddi 2000;
Ripamontiet al.2007a; Ripamonti 2008 In order to induce the morphogenesis of
specialsed organs and tissues, without the need to rely on a multitude of highly diverse
proteomic regulatorsNature has come up with sing®olution. By adjustinghe protein
structure through minor variations in the amuagid structurewithin highly conserved
carboxyterminal regions, a single protein family can perform multiphetions. The
transforming growth facteb ( HGF super gene familfy is a cl a

pleotropic activiy (Ripamonti 2006; Ripamonét al.2006; Ripamontet al. 2007a).

The theoryfor thebest possible induction of bone formation relies on the joint action of a
complementary substratutmgether with aolubleosteogenienolecular signal is of

pivotal importance fothe development diiture therapeutistrategiegRipamonti and

Reddi 1995Ripamonti and Duneas 199ipamonti and Duneas 1998eddi 2000.

Indeed, biomimetic matrices thiatitate or replicatebiological structures in mammals
havebeen shown to initiate the induction of bone formation even in the absence of

exogenously applies BMPs/OPs (Ripamonti 1990; Ripamonti 2009).
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Repliation of the remodelling process and subsequent bone formation can be achieved by
biomimetic matrices which are constructed watftlical concavitiesg.g.biphasic or

hi ghly cryst al Hricaicem phygsghate, asytteppadsdsd thee /ggbmetric
configurationthat set into motion the induction lbbne formatior{Ripamontiet al 2007a;
Ripamontiet al 2008; Ripamontet al 2009; Ripamonti 2004a; Ripamonti 2009).
Research ifPapio ursinushas shown that the biomimetism of extracellular matrigaig

the function of the designed molecular biomimetic matriBg&ggmontiet al. 2007;
Ripamontiet al 2009; Ripamonti 2004; Ripamonti 2009). The geomélueprint of the
biomaterial influences the inductive potential of the molecular osteogenicsstgnaitiate
the induction of bone formation (Ripamonti 200@he language of shape is the language
of geometry, and the language of geometry is a sequence of repetitive concavities cut
within biomimetic matrices that biomimetize the remodeling cyastebnic bone in

primate® ( Ri pamonti 2004; Ripamonti 2009)

A very interestspantgneoulscundeoatctieonsaowbehbofie for
utilizing a variety ofporous biomimetic matrices (Ripamonti 2004; Ripamonti 2006:

Habibovicet al.2006. Sele et al. (1960) was the first to repast the induction of bone,

cartilage and hematopoietic tissue formatimnodents Later Winter and Simpson (1996)
showedthat porous pohhydroxethytmethacrylate implanted within heterotopic sites of

Large White gs could also induce bone formation. However it would be the systematic

studies of Ripamonti (199®Ripamonti1991, Ripamontiet al1993; Ripamontet al. 1996;

Ripamontiet al 2009 that showed that calcium phosphate based bioreactors, implanted
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within the heterotopic sites of the nbnman primaté&apio ursinusould spontaneously
and reproduciblynducenewbone formationThe morphogenesis of bone following
heterotopic implantation of cordlerived maasporous constructs has been instrumental
for the development of highly sintered crystalline hydroxyapatite with a series-of self
inducing repetitive concavities (Ripamoatial 1999), culminating in the construction of
Gmarbbiphasic/ tricalcium phospate macroporous constructs inducing significant
amount of bone formation in both heterotopic and orthotopic siteamb ursinus

(Ripamontiet al 2008).

Coralderived macroporous constructs have yielded important informatidhe induction

of boneformation and on the induction of theteogenic phenotype when implanted
heterotopically in theectus abdominisnuscle ofthe norhuman primatéapio ursinus
(Ripamonti1990; Ripamontl991 Ripamontiet al. 1993; Ripamonti 1996: Ripamonti

2009; Ripamon et al 2009. Time studiesn vivo have siggested thanyoblastic and/or
pericytic stem cells attach to the surface of the macroporous construct, differentiating and
proliferating into osteoblastilike cells (Ripamontet al. 1993; Ripamontetal. 2009).
Morphological analyses have shownantinuous stream of stem cells migngtfrom the
vascular compartment towards the osteoblastic compartmenteattadhe implanted

substratum (Ripamondgt al. 1993.

Immunohistochemical staining of the implasht®acroporous constructs have further
shown the presence of alkalipposphatase and laminin expressithin the invading
capillaries that sprout within the macroporous spaces (Ripaetaatil993. Collagenous

condensations that form within the maasogus spaces and undergoing mineralization
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together, with the differentiation of osteobladti@ cells and deposition of osteoid matrix
have also been observed (Ripamentl. 1993. The differentiatiorof mesenchymal
collagenous condensations at thierface of thénydroxyapatite has beenggested to be a
prominent differentiating event predating the induction of bone formation within-coral
derived macropmus constructs (Ripamonti 1990; Ripamdr@b1, Ripamonti 2009

Ripamontiet al. 1993.

Since then, corallerived macroporous constructs, highly sintered crystalline
hydroxyapatites and biphasic hydroxgap i -trical¢idm phosphate have been shown to
fispontaneoustyinduce bone formatiowhen implanted in theectus abdominisnuscleof
Papio ursinusand without anyxogenos applications obsteogenienolecular signis
(Ripamonti 1990; Ripamonti 199Ripamontiet al. 1993;Ripamontiet al 1999;
Ripamontiet al2001;Ripamontiet al2004;Ripamontiet al2011;van Eeden and
Ripamonti 1994Ripamonti 1996Ripamonti2000;Ripamonti2004a;Ripamonti2006;

Ripamonti2009;Magan and Ripamonti 199Ripamontiand Roden 2010).

To summarise, thiasicprinciple of bone formatiorby induction is to combine an

insoluble substrata with a soluble osteogematecularsignalthat through their union

form a support that resendsithe original shape and functiasf in vivo bone(Sampath

and Reddi 1981; Khouat al. 1991; Reddi 1994; Reddi 2000; Ripamaaital. 1993;

Ripamonti 2006). However, the above paradigm has since then been modified in which it
is proposed that the initiation of bone formation within heterotexiaskeletal sites can

be induced by biometic biomaterial matriegghout the exogenously applied soluble

osteogeniaenolecularsignal (Ripamonti 2004; Ripamor006).
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Hence, how then do corderived catium phosphatéased macroporous constructs
initiate the induction of bone formation? This was the first important question the present

doctoralstudy sought to answer.

1.5 Bone formationby TGFb s uperfamily members

The incisive work of Woznegt al (1988) finally permitted the molecular cloning of

several BMPs/OPs, which were found to be members of thebTGls uper gene f ami |
Proteins were firstly isolated after increasingly chromatographic purification methods

(Urist et al. 1984; Sampathkt al. 1987;Luytenet al. 1989; Wangget al. 1988; Ripamontet

al. 1992). Amino acid sequence motifs of batches of purified proteins were then used for
molecular cloning of an entirely new family of proteins initiators, collectively called the
BMPs/OPs (Woznegt al 1988; Celestet al. 1990;0zkaynaket al. 1990; Hammondst

al. 1991; Sampatht al 1992). We havsince therearned that BMPs/OPs are a family of

highly conserved secreted pleitropic proteins that intiate cartilage and bone forimation

vivo (Wosneyet al. 1988; Sampath et al. 1992; Reddi 200; Ripamonti 2006; Ripamionti

al. 2004).

BMPs/OPs have also been shown to be involved in pattern formation during embryonic
organogenesis (Reddi 2005). A remarkable characteristic of BMPs/OPs gene products is
tha when implanted heterotopically extraskeletally in animal models they irttunevo

endochondral bone formation (Reddi 2000; Ripameinal. 2004; Ripamonti 2006).
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1 The BMPYOPsand their signal transducton pathway

Development, mbryogenesis, pattern formatiandorganeand skeletogenesis require the
action of BMPs (Allistoret al 2008) BMP signallingis regulatedvia their localised
expression, the action of specific antagonists and a series ofveeyad positive feedback
loops (Allistonet al.2008) Fig. 3). During skeletal developmeBMPs-2 - 7 have an
overlapping pattern of expression to ensure development occurs in an ordered manner
(Sollowayet al.1998).Whilst BMP receptors type Il and tggd alpha (BMPRII and
BMPRIA), like most members ofthe T&F- f ami | vy, are ubiquitousl
(Kawabateet al. 1995), BMPR type | beta (BMPRIB), as shown by Ishigbal (1995),
theyareprincipally transcribed only within developing bone and cayélaOnly when

bone, inadultlife, is damaged are all BMP receptors expressed (Oeistli 1998), as

they facilitate the activation of the bone regeneration c§tlibsequently, further research
studies by Rickaret al.(1998), Mundyet al.(1999) and Rwadiet al.(2003) have shown
that additional proteins, specifically statins, estrogen and winglpesMMTYV integration

site family member 3A (Wnt3a), are also capable of activating the BMPs.

The activities of the BMPs are highly regulated by a sarfeantagonists and agonists.
Chordin, Follistatin, Gremlin, Noggin and Sclerostin are specific antagonists known to
inhibit the BMP pathway activation and thus bone formation (Alligtioal 2008).
Research studies have revealed BMPs are also capauvating the expression dfeir
inhibitorsincluding Noggin and the intracellular BMP pathway inhibitory Smad family
members 6 and 7 (Smad6 and Sma#i).8) (Gazerroet al.1998; Takaset al. 1998;

Ishiskaiet al. 1999; Pereir&t al.2000; van Beaojienet al.2005).Additionally, members
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of the entire BMP signalling pathway, including their initiators and antagonist are
subjected to further regulation by a series of positive and negative feedbakrgign

loops that interact with other signalling pathways (Allistbal 2008).

BMP signalling commences when a BMP ligand binds first to either the BMPR1A or
BMPRIB, after which it forms a receptor complex with BMPRII, i.e. BMPRIA/B +

BMPRII (Berket d. 1997; Hayashet al. 1997; Imamuraet al. 1997; Yoshidaet al.2000;
Sowaet al.2004). This active complex then activates the Smad transcription receptor
complex to regulate nuclear transcription factor activity (Berél. 1997; Hayashet al.
1997;Imamuraet al. 1997; Nakacet al. 1997; Yoshidaet al.2000; Sowaet al.2004). It is

this spatial and temporal regulation of the various components of the BMP pathway that
ensure proper skeleend organogenesis during embryo development as well as the

maintenance of bone later in postnatal life (Allisteinal. 2008).

Stormet al. (1994) revealed th&rowth differentiation factorGDF)-5, -6 and-7, also
referred to as cartilaggerived morphogenetic proteins (CDMP-2, and-3) (Changet al.
1994 Stom et al.1994) are involved in bone formation and developnrertvo (Mikic et

al. 2002). GDF5 to-7 have been foundja gene knocked studies, to control the length of
long bone formation in limbs and regulate patiteg of segments in the digits,
chondogenesis and longitudinal bone growth (Statmal. 1994; Storm and Kingsley
1996;Storm and Kingsley}999). GDFs have also been shown to induce osteogenic
differentiation withinin vitro stem cell differentiation studies (Erlactedral. 1998 Yeh et

al. 2005).

24



Chapter 1: Introduction with Literature Review

STA[IMY]

-4

S~

fespyed
9sEULY VA

Tempasenu]

remrae Xy

ITadINd

HGS049[ag

up.royy
urESop]

H¥TAdINA

wontqoyur T

woneAnIE

‘gaTad

SOLTEA 55 UIATET)}
PR STATITAL A7)

0} SAjRIETUL [T
“oang worpdussmy
© oju1 Fumnoy e
FHEULS il

weqdur o © sutiog
W] Qror THRWS
papeptoydsoy g
‘payepiaoydsoyd

8TR GRS 10 (ERWIS
T RS )T LA
Aoy peug

anpy amga wodn
‘oyclaaat T A 9}
{d) saprdaondsoyd
1oqcdasal [TJINT S
worEnLaag xapduics
smy} 0 Janba sone
(1[4 P
T4 stoidasar
I 11 addy pue
JEETAR I EE (i ar
STAWOLE}E B MU0
sJ1 Semped
(g urapoxd
agauaopdou
auog N[J ‘g 3]

25



Chapter 1: Introduction with Literature Review

T TheTGF-b i sof orms and signal transduction pa

The threemammalianTGFb i s o f 0-byT&FK-b, andGTsFbs have been shown to

signal through receptor complexes ofthe H6Ft ype 11 receptor ( TCRI
(Alliston et al.2008) Fig. 4). In vitro research has shown that all three of T6GF i s o f or ms
function similarly at the cellular level (Allistoet al.2008) but differently throughout

embryonic osteogenesis (Allisten al. 2008). In knockout studies during murine

development each correspondingggroduced unique phenotypic deviations, which

reflect their different spatitemporal distributions and roles. Kneokt studies of TG,

resulted in abnormal bone quality (Shetilal. 1992 Kulkami et al. 1993), whereas

deletions of TGFb, or TGFRbs impaired epitheliamesenchymal transdifferentiatioryto-

proliferation and palate formation of the skull (Kaartietml. 1995 Proetzekt al. 1995

Sanfordet al. 1997).

During bone formation in skeletogenesis the expression patterns of the va@iBis T

isoforms are further modulated by a series of positive and negative feedback loops

(Alliston et al 2008).However, there are apparent differences between the mRNA and

protein expression patternghich regulate TGFH | sof or m st orkmmee i n ca
(Alliston and Derynck 2000). Peltaet al.(1991) found that extracellular matrix proteins

from bone interact with certainof T&~ i sof or ms , -fm,doralow foruHermar |y TC
to be stored within bone. In the mesenchyaleTGFb i s o f o pressed andueng e X
condensation of themesenchyratheir expression increases (Allistehal 2008).

Experimental research has revealed that-bgis expressed at high levels during the early

development of cartilage formation, whereas Tazland TGFb, expressions very low
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(Peltonet al.199Q Pelton1991).As bone development progresses, Hafievels
diminish and TGHFb;, and TGFb; levels increase (Peltat al. 1990). Primarily it seems
that TGFbs levds are highest in tissues associated with skeletogenesis and bone
formation, whereas TGB; is highlytranscribedn areas of new bone mineralization

(Alliston et al.2008).

In previous research studies of mouse cartilage,-b§3#xpression is higher tham

relation to the other TGB i s o f o r ana.1900FPeliori1@0h). Subsequently other
research studies on the mouse growth plate have thamdhilst TGFb; is transcribed
throughout altheregions of the developing platehereasT GFb; and TGFb; are

restricted to onlyhe hypertrophic and proliferatiarea (Sandberget al. 1988 Mill ianet

al. 1997, Thorpet al.1992 Horneret al. 1998). Theperiosteums of endochondral and
intramembraneous bones show high levels of expressioGBi; andTGFb,

respectively, whilst osteoclasts and osteoblast show varied expression patternsbin TGF

isoforms Peltonet al(1991).

I n devel oping bones the TbRI demetbpinpbRI | ar e
embryonic skeleton (Hornet al. 1998), buin hypertrophic chondrocytes and mineralized
osteophytdissue their expression is reduced and lost, respectively (Hetra€rl 998).

The Smads, known regulators of the FTGF p a t dmevaksoysubject to regulation in

skeletal tissu¢Sakouet al. 1999).In vitro cell culture experiments have shothat

Smad2 Smad3andSmad4including the inhibitory Smads, Smad6 and 7 are all

differentially expressed withiproliferatingchondrocytes and bone ce{Sakouet al.

1999 Alliston et al 2009.
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Inactivation and storage of T& i sof or ms has been shown to
TGFb-binding proteins (LTBPs) (Shiplest al.2000). Amonghefour isoforms of

LTBPs(1-4), all but LTBR2 harebeen shown to bindtothe T&F i sof or mts ( Shi p
al. 2000). Although all four LTBPs are broadly expressed and regulated,-BPBT

expressioras shown by Shiplegt al.(2000) is the highest in bornéth LTBP-2 primarily

expressed in chondrogenic condensations (Shailel. 2000). Although other studies

haveshown that there are ways in which the formation and storage ocbTGEE o mp | e x e s
can be regulated (Kwaodt al.2005 Oreffo et al. 1989 Oursler 1994Dallaset al.2002),

LTBPs are considered the primary mallging skeletabone formation.

The importane of BMPsand TGl i sof or m i nvol vement i n embt
has been shown by various studies. However how BMPs anebT&F oper at e dur i n
induction of bone formation is raisirsgvarenessspecially with regards to which of these

two pathwaysnitiate and/omodulatethe formation oboneby induction
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CHAPTER 1: Introduction and Literature Review

1.6 Molecular redundancy of the initiation of bone formation by induction

We define the induction of bone formation asdle@&ovoinduction of endochondral bone
when putative osteogenic proteins and/or biomimetic matrices are implanted
heterotopically in different animal models. Recombinant iORduces bone
differentiation n the norhuman primate mod&apio ursinugRipamontiet al. 2000a
Ripamonti 2005). Befor&993, the heterotopic bone formatioould only be induced by
BMP/OPs morphogen®Reddi 2000; Ripamongt al.2004; Ripamonti 2006
Homologues of the BMPs/OPsrges where subsequently identified and isolated from
Drosophila melanogaster.e decapentaplegi(Dpp) and60Agenes (Sampattt al. 1993,
Reddi 2000; Ripamonti 2006) revealing that BMPs/@RSan ancient gene group that
was important for the evolution afl vertebrate life (Ripamonti 2006). Indeed a research
study conducted by Sampahal (1993) showed just how conserved these two
gene/protein families were, whée successfully induced the formation of bone within
heterotopic extraskeletal sitesroflentsupon implantation of recombinaBipp and60A.
This proved that embryonic patterniagherin the fruit fly or vertebrates was linked,
helping explain many aspeatembryonic development includifgpminid evolution

(Ripamonti 2009).

Some genedat are upregulated upon implantation of BMPs/OPs within heterotopic sites
areOP-1, BMR3, TGFby, andType IV collagepwhich asRipamonti (2005postulated
are expressed during different developmental stages for different time intervals thus

helping gude the formation of new borfermationby induction.
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Thoughthe induction oboneformationwas previously only allocated to the BMPs/OPs,
this categorizatiorhas since then become redundant since the thaeemalianTGFb
isoforms, i.e. TGH; TGRb, and TGFbs, were shown tsomehowinducenew bone
formation within heterotopic extraskeletal sites (Ripamehél 1997; Ripamontet al
2000; Ripamontet al 2008; Ripamontet al. 2009 Ripamonti and Roden 2019)hilst

this function has still beerestrictedonly to Papioursinus, as previous experiments in the
rodent and lagomorph models have failedeémonstrate the induction of bone formation
by the three mammalian T&- i s o(Robertsatsal. 1986; Saadeht d. 1999; Sampath
et al.1987; Hammondst al.1991; Shinozaket al. 1997; Shalet al. 1995; Ripamontet

al. 2004), an important question has since been ralsedddoTGFb i sof or ms

bone formatiofl

Though there arsuggestionshatthe TGFb  iosns rhay inducéeterotopidoone
differentiation by modulatigthe BMPs/OPs through their antagonist Noggin (Ripamonti
and Roden 2010jhisdoctoral researckought to furthedefing more clearlythe bone
inductive potential of TGFbs molecularly,so & to helppioneer the way for future

therapeutical clinical applications.
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CHAPTER 2

RESEARCH AIMS AND OBJECTIVES
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2.1 Significance of Research

This researckought taclarify whichmolecular signalscellular mechanismand/or genes
initiate andregulatethe bone induction cascallg coratderived calcium carbonate/
hydroxyapatitebased macroporous construttisexpand the current pargdi of bone

formation byautanductionin the primatePapio ursinus

2.2 Aim and Objectives

The aim of tis study was to determine how coeddrived macroporous biomimetic
matrices and hTGB; induce bone formation when implanted in heterotopic intramaiscu
sitesof the norshuman primatéapio ursinusand was addressed by the following two

objectives.

Study Objective 1:

To determine the role afsteoclastogenesis and calciumsionthe induction of bone

formation bycoratderivedmacroporous constrigt

Study Objective2

To determine how mammalian recombinah@G#b; induces bone formatiowhen
combired to coralderived macroporousonstrucs implanted within intramuscular

sites ofPapio ursinus
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Thirty coral-derived calcium carbonate-based macroporous constructs with limited hydrothermal
conversion to hydmegrapatite (7% HAMCC) were implanted in the recrus abdominis of three adult non-
human primate Papio wrsinws to investigate the intrinsic induction of bone formation. Macropomus
constructs with 125 pg human recombinant csteogenic protein-1(h0P-1) or 125 pg human recom binant
transforming growth factor-fiz (RTGF-fz) were also implanted. The potential synergistic interaction
between maorphogens was tested by implanting binary applications of hOP-1 and RTGF-Fz 5:1 by weight,
respectively. To evaluate the role of osteaclastic activity on the implanted macroporous surfaces, coral-
derived constructs weme pre-loaded with 024 mg of hisphosphonate zoledmnate (Zometa®). To correlate
the morpholegy of tissue induction with osteogenic gene expression and activation, harvested specimens
on day 90 were analyzed for changes in OP-1 and TGF-§; mRMA synthesis by quantitative real-time
polymerase chain reaction (gRT-PCR). The induction of bone formation in 7% HAJCC solo correlated with
OP-1 expression. Massive bone induction formed by binary applications of the rcombinant morphogens.
Single applications of ROP-1 and hTGF-fi; also esulted in substantial bone formation, not comparable
however to synergistic hinary applications. Zoledronate-treated macropom us constructs showed limited
bone formation and in bwo specimens bone formation was altogether abszent; gRT-PCR showed
a prominent reduction of OP-1 gene expression whilst TGF-§; expression was far greater than OP-1. The
lack of bone formation by zoledmnate-treated specimens indicates that osteoclastic activity on the
implanted coral-derived constructs is critical for the spontaneous induction of bone formation. Indirectly,
zoledronate-treated samples showing lack of OP-Tgene expression and absent or wery limited bone
formaton by induction confirm that the spontaneous induction of bone formation by corl-derived
MACTOpo Mmus constructs is initiated by secreted BMPs/0Ps, in context the OP-1 isoform.

@ 3010 Elsevier Lrd. All rights reserved.

1. Introduction

supergene family [7.8]). The morphogenesis of bone was first
reported using wral-derived hydroxyapatite/aldum carbonate

The fundamental tenet of the induction of bone formation is to
combine osteogenic soluble molecular signals with insoluble
signals or substrata that erect saffolds of blomimetic biomaterial
matrices mimicking the supramolecular assembly of the extracoel-
lular matrix of bone [1-7). Our laboratories have modified the
above paradigm by construding biomimetc biomaterial matrices
that per se initiate the ripple-like cascade of bone differentiation by
induction [7.8]. The induction of bone initiates even if the macro-
pomus constructs are implanted in heterotopic extraskeletal sites
and without the exogenous application of the osteogenic soluble
molecular signals of the transforming growth factor-f (TGE-B)

= Cormesponding authot Tel: 427 11717 2144; fax: 427 11 717 2300
E-rmeail address: ugoon pamontiwils_acza (U Ripamaontil

M42-96128 —see ront mater & 2000 Ekevier Lid. All rights reserved.
i 101 06 fj o ateeri als 20 1004037

macroporous mnstructs when implanted in the rectus abdominis
musde of the adult non-human primate Papio ursinus [9,10].
Using biphasic hydroxyapatite/f-tricaldum phosphate (HA[B-
TCP) biomimetic matrices, we have shown that micro- and macro-
topographical modifications in the form of resorption Bounae, pits
and concavities cut by osteoclasts are regulators of the spontaneous
induction of bone formation [11] Hetemtopic implantation in the
rectus abdominis muscle of adult Papio ursinus has also suggested that
myoblastic/myoendothelial andfor pericyticfendothelial stem cells
may respond to the topography of the surface micro- and maoo-
environments differentiating into osteoblastic cell lines expressing,
secreting and embedding osteogenic soluble molecular signas of the
TGE-B supergene family into the biomimetic matrices initiating the
induction of bone formation as a secondary response [811]
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The intrinsic and/or spontaneous induction of bone formation by
ral-derived hydroxyapatite constructs and by sintered highly
aystalline macroporous scaffolds [12,13] is profoundly enhanced by
recombining the calaum phosphate-based carriers with naturally-
derived or recombinant human bone morphogene tic/ osteogenic
proteins (BMPs/OPs) [7,14] Uniquely so far in the non-human
primate Papio ursinus, heterotopic implantation of the mammalan
TGE-fy, -fz and -Py combined with either allogeneic insoluble
llagenous or macroporous calcium phosphate matrices induce
endochondral bone formation [15-18] Importantly, the indudion
of bone can be significantly enhanced by the synergistic induction of
bone formation [ 15] inwhich relatively low doses of the mammalian
TGE-By isoform synergize with recombinant human osteogenic
protein-1 (hOP-1) to inidate the rapid induction of bone formation
in heterotopic rectus abdominis and orthotopic calvarial sites [15,19].

To further our knowledge on the synergistic induction of bone
formation, three adult non-human primates of the speaes Papio
ursinus were used to study the induction of bone by coral-derived
macroporous nstructs implanted heterotopically in the recus
abdominis muscle solo or recombined with doses of hOP-1 and
hTGF-fs. The synergistic interadion between morphogens was
extended to the hTGF-f isoform by implanting doses of both
recombinant proteins. To correlate the morphology of tissue
induction with osteogenic pene expression and activation, har-
vested generated tissues were analyzed for changes in OP-1 and
TCF-d: mRNA synthesis by quantitative real-time polymerase chain
reaction (qRT-PCR).

To evaluate the roleof osteoclastic activity on the implanted coral-
dertved macroporous constructs, the bisphosphonate zoledronate
(Zometa™) was loaded onto the macroporows surfaces to inhibit
osteoclastic activity after intramuscular implantation. Osteodasts
surfacing and modifying the macropomous surfaces of the implanted
Bomimetic constructs might be the criical step for the initiation of
bone formation by carving topographical modifications releasing
caleium ions (Ca* ). Ca™ ould initate the rpple-like cascade of
myoblastic/ myoendothelial andfor pericytic/endothelial stem cell
differentiation culminating in the induction of the osteoblastic
phenotype without the exogenous application of the osteogenic
soluble molecular signals of the TGE-B supergene family [8,1113]

The prominent induction of bone formation by the synergistic
hOP-1/hTGE-fiy binary applications and the inhibition of bone
formation by zoledronate-treated coral-derived macroporous
onstructs form the basis of this communication.

2 Materials amd metheds
21, Magoporous @ml-derived calcium arbonatefhyd rocpapatile @mtruck

Corali(clags: Antharoa) pred pitate calciumear bonatein the form ol aragonitean
aikeletal organic matrix templa e | 20f The precipi Lation pattem i highly contmlled
between colonies; the resulling exskeletal morphologial structures between
lonies, Le. fEnestrated partitions or scleroseplae, are highly repetitive geometries
wed a8 primary phenotypic markers of genera and spedes |20 Maoopomous
Tydryapatite replicas of the caldum arbonate exmke letal microstructune of the
mral genus Gonigpora were prepared by hydmothermal chemical exdunge with
phasphate [S10122122] Macroporous replicas were @nstructed to the promeal
specilications by Interpore International (Irvine CA USA) |21 ]; limited conversion 1o
Ty yapatite resulted incalciwm carbonate [ O] cons truct with 73 hyd rox yapatite
(HA) designated x5 74 hydroxyapatitejalcdum carbonate 7% HAJCC) andtruets
[1221) Implants for hetertopic implantation were mds 7 mm in diameter and
20 mmin length. The salid components of the Famewaork average 130 pm in diameter
and their interconnection 20 um; the jverage porosily i G0 um and their inter
amnections sverage 260 pm in diameter [3,10,12,2122] Macropamus HAJOC
anstruds are oplimal biomimetic substrata for cell attachment, proliferation and
differentiation, scling 8 non-immunogenic cammiers ke the biological activity of the
e Leng enic proteins of the TGF-f supergene Lamily [9.1012-14 | Macropoms 75 HAJ
C constructs were coaled with 125 pg hOP- 1, 125 pg hTGF-f, binary application of
bath recombinant mor phoge s and 0.24 mg bisphos phonate zoledronate Zometa® in
200l B ve hicle per macropaonus comsirucl

22 Reqombinant hOP-1, hTGF- § 5 and preparafion of the asleogenic devices

Recombinant human atsogenic protein-1 (hOP-1) wai fom Creative BioMal-
ecules Stryker Biotech (Hopkinton, MA, USA) |23] Mature recombinant human
transforming growth Gaor-fy (ATGF-f4) a ghoosylated 25-kDa homadimer with
a C-leminal domain of 112 amino scids [24-26) wa from Kovarts AG, Basel,
Switrerland |17 Stock salwtions of the recombinant morphogens vwene pre pared
with hOP-1 in 5 mM hydrochloric acid and hTGF-f3 in 200 ethanal 100 mM scetic
acid pH 55, Six T8 HANCC constructs were loaded with 125ug hOP-1, and six with
125 ug KTGF-fy in 200 u] liquid vehicle Six 75 HA O anstructs were loadad with
binary applications of 125 pg hWOP-1 and 25ug hTGF- g in the ratio of 5:1 by weight
al hOP-1 and hTGF-fa respectively, 1o evahute the synéergstic induwtion of bone
frmation a8 initiated by the a5 yet untested hTCF-fy salorm with recombinant
hOP-1. Pre-lasding of recombinant morphogens was done by pi petting the required
amount of liquid vehicle with 2 200 pl sterile tip over the central pant of the spec
imens vertically pesitioned ina laminar Now cabinet | 14).

23 Pre-oading with the bisphosphonate o ledranate Zomda™

Osteoclastic topagraphical alerations af the macroporous calcium carbonatef
alkium phasphate constructs have been suggested to be a critical event indliating
the spontanesus indudion of bone Brmation |11—13 | To test this hypothesis, an
additional § macroporous constructs were pre-loasded with 024mg of the e
dastic inhibior soledmonate before implantation in the rene abdoming muscle.

24 Primate model for Gsue indudion and manphe genesis

Three clinically healthy sdutChacmababoons Papio ursinus with 2 meanweight
al 186+2 3kg were selected from the primate colny of the University af the
‘Witwalersrand, Johannesburg Criteria for selection, housing conditions and diets
wene a8 desaribed |6—12] Popio ursinus species share similar bone physiology and
s teonic bone remodeling with man 27| Resaarch protomB were approved by the
Animal Ethies Seresning Gommittes and @nducted scconding 1 the Guidelines for
the care and use of Experimental Animals prepared by the University and in compli-
ande with the National Code for Animal Use in Research, Education and Disgnosis in
South Africa |28] The heteroopic redus abdominis model of tissee induction and
marphogenesis by oStesinductive biomimetic matrices and soluble ofteogenic
malecular signali has been described in detail |7-18) A wowal of 1073 HAJCC
specimens solo or pre-treated with soluble signals were implanted bilaterallyin 10
intramuscular pouches areated by sharp and blunt dissection in the redus abdarminis
muscle ofeach animal (Fig- 1) Implants in the powdhes lanked the linea alba of the
regtus abdamings are were aligned longitudinally (Fig. 1) approsimately 2 em apar.

25 Tizue harves) histalogy and hispmarphometry

Aler harvesting of heleropic liEsee br quantitative real-lime pal yme rase
chain readion (qRT-PCR), andedthetined andmals wene subjected tobi stéral camotid
perfimion with bufTersd saline and harvest of specimens with surrounding recis
ahdarminis muscle a8 deseribed [8—12] Harvested tissue wa further fied in phos-
phate bafTersd Bomalin for 48 by rinsed in tap water and stored in 708 ethanal
| 1012 | Fiedl 5 pecimeens e re: e ne ralized ina 5 akura TDE™ 30 decalcilying unit
(Sakura, Fintek, USA) and processed for paraflin wax embedding. Thiny sedions
were cul sequentially al 4 pm o obilain 2 full cross sedional area of eadh specimen.
The 151 and every 10th sectionwas stained witha maodified Col dne s trichrome and
] for his tomorn phome trical analyses Sedions wene examined with a Provis AXJ0
reseanch microscope (Olympes Optical Ca, |apan ) equipped with a calibrated Zeis
Integration Platte 1 (Oberkochem, Cermany) with 100 lattice points for determi-
nation by the point-counting technique | 29 of the fractional volume(in %) of exch of
the fallowing mor phological companents: newly Tormed bone, lbrovascular lissue
(including marrow) and the residual hydrosyapatite  sulstratum 312
Morphometry was performed in two dections per implanl on Iwo S0 per
section several pm apart analyzing 15.68 m per section for a total of 45024 mm
al 30 sedions in three animals.

Remaining lixed undecalcified tistue of the binary hOP-1/TGF-H; large regen-
erales was treated according o the methad of Donath and Brewner |30 with minor
miadifications. Brielly, the tigues were procesiad in ascending grades of ethanolin
an auomatic ligue processor (Tigue — Tek, VIR, Miles Inc, Elkhan, USAY under
pressure vacuum cydes. Samples were infiltr aed with sending oncentration of
Technovit 7200 VLC {Herse s Kulzer CmbH, Wehrheim, Germany) and embedded in
a resh solution of the same redin Undecalcilied sections were then ground and
polished to 10 pm and sained with 3 modified Gokdner's trichrome. All sample
preparation was performed using the EXAKT precision cutting and grinding system
(EXAKT Apparatebau, Nordested!, Hamburg, Germany) |30

26 Relative guantitative real-time pohamense chain madion (RT-PCR) analyses
Tortal REA was extracted from heterotopic S pecimens harvested on day 90 wing

a Total Qiagen RNA extraction kit (Qiagen, South Africa) Samples from only twao
animals were available for the gRT-PCR analysia RNA concentration and quality was
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125 ug hOP-1

7% HA-CC solo ||

125 g hOP-1
25 g hTGF-fy

125 g hTGF-is

? 2

Zometa ™
0.24 mg

urlg

Fig. 1. Heterobpic s abdaminis surgical model and implantation design in 3 adult
male haboons Papio ursina In éxch animal, ten cylinders ol coral-derved calcium
arbonate macropomus @minels with limitsd  hydrothermal  @mersion o
Tyl ren yarpatite (7% HA JOC) weere i mipl anted heterotopically in duplicate, five 73 HAOC
specimens an each side al the rechs abdaminis mugde. 7 HAJCC construds wene
implanted sk, pre-loaded with 125 pg recombinant human ofesgenic prokin-1
(HOP-1), binary applications of 125 pg hOP-1 and 25 pg recombinant human ran
Brming growith Bctar-fy (WTGF-fy ) ratia 5:1, 125 pg hTCF-f, and with 024 mg al the
bisphosphonate soled ronste Zometa®

determined spectrophotometrically a1 Az Axme Equivalent amounts ol BNA(1 pg)
were reverse ramcrbed wing a DONA synthesis kil (Applied Biosysiems, South
Alrica), for lirst strand NA synthesis wing random primers. PCR was performed
uging gene-specilic primers todete rmine aptimal cyeling anditions (Table 1) PCR
coupled with BLASTn (www_ pubmedoom) abo served 1o eliminate possible arti
baual amplification. Utilizing the Applied Biosystems Soltware 7500 v12.3 and
a PCR. maching from Applied Biosystems, Souh Africa, the relative quantity of the
genes wene determined through the use of the Gy (threshald cyde]l A quantilative
value betwesn the endogenous contral (muscle tisswe) and the treated samples was
the calaul ated using the G values.

27, Snaisriml analyses

The data were analyzed with an Analysis of Varance Procedure; pairwise
comparisons of mean valuess betwesn treatments were oblained by Bonferronds
st ple com parisan test aned ane presented in Table 2. The critical level of statistial
significance chosen was p-< 001

Table 1
Primer sexquendes and cycling conditions used for each gRT-PCR
Cene  Saquende (5'—37) Cyding conditions Amplicon
(bp)

TCF-fi, F. GGITITOOGCTTCAATGTCT 40 cpcles: 34-C304 58+C 119
R: CCTCCATCCTCTGCTCATTC 3008 72°C 453

OP-1 F: TGCAGOCAAAACCTACCA 40 cycles: 94 +C 1 min, 215
R: ACAGCAACTTOCCOGTCA  56°C2 min, T2 “C 3min

3. Results

21 Induction of bone formation by macroporows hydroxyapatice/
alcium carbonate constructs

At harvest, specimens were firmly attached to the ventral fascia
of the rectus abdominis musde and to the surround ing muscular
tissue without fibrous encapsulation. On day 90 the macroporous
spaces showed Abeovascular tssue invasion across the porous
spaces (Fig. 2A and B). Collagenic condensations as previously
described [91022] were differentiating within the macoporous
spaces attached to the inductive hydroxyapatite substratum
(Fig. 2A and C). Implantation of macroporous 7% HA/CC solo
resulted in the morphogenesis of bone (Fig 24 and B). The spon-
taneous induction of bone formation also showed bome marrow
development surrounded by the newly formed bone (Fig. 2).

32 Zoledronate pre-treated macroporous constructs

Zoledronate pre-treated macroporous  constructs  showed
fibrovascular invasion and mllagenous condensations across the
macroporous spaces tightly attached to te implanted substratum
(Fig. 3A and B). In two specimens, the spontaneous induction of
bone formation was altogether absent (Fig. 3A and B). Morpho-
logical analyses of the remaining specimens showed that minor
amounts of bone had formed by induction at the periphery of the
implanted pre-treated macroporous saaffolds. The induction of
bone, albeit limited at the periphery (Fig. 3C—F), may be the result
of incomplete diffusion of the aledronate throughout the entirety
of the macroporous spaces.

23 Induction of bone Jormation by macroporous constructs pre-
treated with 125 pg hOP-1 and 125 yg WTGF-32 applied smgly

hOP-1 -treated samples induced substantial osteogenests across
the macroporous spaces (Fig. 44 and B, Table 2). The induction of
bone formation surrounded newly formed hematopoietic bone
marrow (Fig. 4B). The newly formed bone had remodeled to thin
layers of newly induced bone attached to the macoporous
constructs (Fig. 4A).

Substantial bone formation had formed incoral-derived 7% HA/
CCspecimens pre-treated with 125 pg hTGE-f5 (Fig. 4C—<F, Table 2);
the prominent induction of bone formation across the macroporous
spaces was coupled to the induction of hematopoietic bone mar row
supported by prominent angiogenesis and capillary sprouting
(Fig. 4D and F) Morphologically, remodeling of the newly formed
bone was different as compared to the hOP-1-treated specimens

Table 2

Volume fradion (X) of i5ue components in 73 HADC macroparous constructs salo
pre-lasded with bisphosphonate (Zomela®™), eiteagenic protein-1 (hOP-1], trans

lrming growth factor-fy (TGF-faL and binary applicatons of both recombinant
marphagend on the induction al bone for mation within the macroporus dpaces 50
days after implantation in the reche abdomins miscle

Traslment RBadqe (X FWA (X) Substratum (X
TEHANCC salo 47120 56.1+47 400 +5.6
034 mg Zometa®™ 28+36" 534+ 106 457 +102

125 pg hOP-1 196+ 52 41 8+57 386 +6.1

125 ug TGF-fy 149+47 426+16 426 +33

125 pg hOP-14 25 pg TGF 248577 38273 370 +88

Volume lraction compasitions were calculated using a Zeiss Integration Platte 11
with 100 lattice points superimposed over Iwo SOunces per (wo Sections per
implant Values (in ) are given o means itandand ermor of the mean. FYA:
Fibrovascular lissue

"o 001 v TH HAJCC salo; *p = 001 vs. 125pg hTGF-fa; and p < 0UH v 125 ug
hoP-1.
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Fig. 2. Spontancous’ induction of bone farm gion within the macroparous spaces of coral-derived 72 HA-QC constructs harvested from the rectus abdaminis musde 90 days after
heterotopic implantation. (A) Induction of bone (magenta arrows) with bone marrow within the macroparous speces (ilagenous condensations (blue arrow) form against the
wral-derived wmtnuct (RC) Induction of bane farmation (magenta arrows ) surrounding bane mar row within the macroporows spaces without the exogenous application of the
asteogenic soluble malecular signals of the tansforming growth facorr-f supergene family Decaldfied sections cut at 4um stained with Gokiners tridirome (A) original

magnification x21; (B) x27; (C) x75.

with solid blocks of newly induced bone within the macroporous
spaces (Fig. 4D and F). In two specimens, there was prominent
induction of bone formation mainly at the periphery with a central
area characterized by fibrovascular tissue invasion (not shown)

34. hTGF-82 and hOP-1 synergize to induce corticalized large
ossicles in the rectus abdomins muscle of Papio ursinus

Binary application of hOP-1 and hTGF-B; in the ratio of 5:1 by
weight induced substantial bone formation as evaluated at tissue
harvest and by radiographic (Fig. 5) and morphological analyses

(Fig. 6) Binary applications resulted in the generation of single
massive ossides (Fig. 5B-D) displacing both the dorsal and ventral
fasciae of the rectus abdoming muscle (Fig. 6A-D). Cut surfaces
showed mineralization of the external cortices and were macro-
scopically brownish-red in colour indicating hematopoietic bone
marrow with endosteal vascularization. Decalcified and unde-
alcified sections showed substantial induction of bone formation
not only acgoss the macroporous spaces of the implanted
substratum, but prominently exceeding the profile of the implanted
biomimetic matrices as evaluated by radiographic and morpho-
logical analyses (Figs. 5 and 6). Trabeculae of newly formed bone
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Fig 3. Tissue induction and marphogenesis by coral-derived 73 HA-CC pre-treated with 124 mg zoledronate 90 days after imp

ation in the rectus abd is muscles of adult

haboons Papio wsinus. (A) low pawer view showing fibrovascular tissue invasion within the magoporous spaces with the induction of coll agenous condensations at the interfaces
magnified in (B arrow). (B) Detail highlighted in (A) showing the milage nows condensations throughout the macroparous spaces but lak of bane diffe rentiation. (C.D) Limited
induction of bone formation in 2 zoledranate pre-trested spedmen (C) magnified in (D) indicated by magenta arrows. (E.F) High power views of another zaledranate pre-treated
specimen showing minar induction of bone formation (magents arrows L. The induction of bane (arrows) has formed at the periphery of the implanted coral-der ived comstruct anly.
Decalcified sections cut at 4 pm stained with Gokdner tridirome (A) ariginal magnification x3.7; (B) x27; (C) x17; (D.E) x47; (F) x125.

were vered by osteoid seams populated by contiguous osteo-
blasts surrounding newly formed hematopoietic bone marrow
facing both the rectus abdominis and the peritoneal fasda of the
recipient musde (Fig. 6B, D and 1)

3.5 Morphometric analyses: effect of macroporous constructs solo,
zoledronate-treated macroporous constructs, hOP-1 and hTGF-§,

applied singly or in binary application

Volume fractions of tissue components in coral-derived mac-
roporous constructs are presented in Table 2. Implantation of
macroporous constructs solo resulted in the induction of bone
differentiaion (Fig. 2, Table 2) Zoledronate-treated specimens
showed minimal bone differentiation by induction (p< (L.001 vs.
untreated 7% CC/HA construads, Table 2) with two specimens
showing complete lack of bone differentiation (Fig. 3A and B). 7%
CC/HA constructs pre-treated with 125 pg hOP-1, 125 pg hTGF-fiy
and binary applications of both recombinant morphogens induced
substantial bone differentiation within the macroporous spaces

with the indudtion of hematopoietic bone marrow (Figs. 4 and 6,
Table 2) Although higher, the amount of bone in 7% CC/HA pre-
loaded with 125pug hOP-1 did not differ significantly when
compared to 7% CC/HA pre-loaded with 125 pg hTGF-fis (Table 2);
binary appli@tion of both morphogens differ significantly when
compared to hOP-1 and hTGF-Bs—treated specimens when the
substantial newly formed bone that had formed outside the profile
of the implanted 7% CC/HA constructs (Fig. 6, Table 2 p < 0.01 vs. all
other treatments) was also included in the analysis.

36 Relative quantitative real-time polymerase chain reaction
(QRT-PCR) analyses

The ntensity of the expression of OP-1 and TGF-82 are presented
in Fig. 7. Harvested and homogenized specimens from the rectus
abdominis muscle of animal 1 and 2 showed a variable degree of
expression of OP-1 and TGF-3;. In general, TGF-3; expression was
far greater than the observed OP-1 expression (Fig. 7). Binary
applications of hOP-1/hTGF-fis resulted in OP-1 mRNA synthesis
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Fig. 4 Induction of bone formation by 7% HA-CC construats pre-Joaded with 125 pg human recombinant osteogenic protein-1 (hOP-1) (AB) and 125 ug human recombinant
transforming g rowth Dctor-fy (WTGFF-f; ) (CDEF) harvested 90 days after implantation in the rectus abdominis musde of adult baboons Papio ursinus. (A) Low power view ol the
inducton of bone formatian by hOP- 1 throughout the mxrop spaces. (B) Remodeled bane (magenta arrow) fcing hematopaietic bane marrow (CE) Low power views of 73
HA-CC constructs pre-loaded with 125 pg WTGFF-fy. Bone induction throughout the maxroporous spaces with thick trabeailse of newly formed bone (magenta arrows) (DF)
permeating the macro parosities and fadng newly formex hematopoietic bane marrow (blue arrow in F). Decalkified sedtions ait at 4 gm stained with Gakiner's trichrome (AC)

original magnification »5.7; (BD.F) x27, (E)x 7.

several fold lower than OP-1 expression in both 7% HA/CC
constructs solo or hTGF-B; pre-treated samples (Fig. 7). TGF-8; gene
expression did not vary between treatments save for macroporous
nstruct specimens pre-treated with 125 pg hOP-1 in which TGF-
G2 mRNA synthesis showed a 25% increase (Fig. 7). In animal 2
(Fig. 7B), OP-1 expression was minimal and TGF-33 expression was
significantly upregulated in specimens pre-treated with 125 pg
hOP- 1. 0P-1 gene expression was found to be red uced in specimens
pre-treated with hTGF-fiz or binary applications of hOP-1/TGF-fis. A
considerable reduction of OP-1 gene expression was found in
specimens pre-treated with 024 mg zoledronate; there was limited
OP-1 expression as compared to TGF-8; mRNA synthesis which
showed a 30-fold inarease vs. OP-1 expression (Fig. 7).

4 Discussion

We have shown that partially converted coral-derived
hydroxyapatite/clcium crbonate maaoporous constructs solo,
pre-treated with 125 pg hOP-1 or hTGF-fis induce the morpho-
genesis of bone when implanted in heterotopic rectus abdominis

sites of the non-human primate Papio ursinus. Binary applications
of the recombinant mor phogens showed that the third mammalian
hTGF-B isoform also synergizes with hOP-1 to induce large
heterotopic ossicles well beyond the profile of the implanted HA/CC
cnstructs. The synergistic induction was very dear even though
the ratio of hOP-1 to hTGF-B; was set at 5:1 as compared to
previous studies in which the tested and optimal ratio was set at
20:1 hOP-1 to hTGF-B,, respectively [15]. We hypothesized that the
ratio of 5:1 would rapidly induce large heterotopic ossicles due to
the most powerful osteogenic activity of the TGF-B3 protein [17].
Significantly, macoporous construds pre-treated with 024 mg
zoledonate showed very limited bone formation and two speci-
mens ladked the initiationof bonefor mation altogether. Osteoclastic
post-implantation modifications of the implanted macroporous
substrata are thus aitical for the induction of macro- and micro-
patterned topographies highly suitable for the differentiation of
residentstem cells into osteoblastic-like cells expressing the soluble
osteogenic molecular signals of the TGF-§ sugcrgene family.
Sustained release of calcium ions (Ca®") provided by the
implanted scaffold and the release of intracellular fluid with ca**
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Fig 5. Digital radiographic images of 72 HA-CC spedmens harvesied 90 days alter implantation in the redas abdaminis muscle of three adult baboons Papio ursinas. (A) 73
macropamis @it ok’ with no addition of eeogenic protein. (B.L D) Maopomous construct pre-loaded with binary applications af 125 pg hOP-1 and 23 gg WTGF-fy
shawing mastive induction of mineralized bone prominently away from the prafile of the mral-derived implanisd @mtnes (ARCD) original magnification 333

from cells during surgical implantation set into motion the mech-
anisms of host defence [31]. Extracellular Ca®* elicits a chemo-
kinetic response from monocytes/ macrophages [32]. Ca** also
influences the comersion of monocytes to mulinudeated macro-
phages starting osteodastogenesis [32-34]. Osteoclasts differenti-
ation is mediated by colomny stimulating factor, RANKL and NFATc]
[35] further releasing Ca®* within the migo- and macoporous
microenvironments, Ca® release also promotes  angiogenesis
[36~38] and cell differentiation [39-41] OF note, recent data have
indicated that osteodasts express and synthesize bone morpho-
genetic proteins [42,43); this suggests a possible path to anabolic
caldum phosphate remodeling [42.43). Secreted BMPs/OPs may
differentiate resident stem czlls into the osteoblastic phenotype.
The recruitment and differentation of mature functional osteo-
blasts amplified by elevated Ca** concentrations emphasizes the
balanced coupling of bone resorption to formation as initiated by
several molecular signals [41-45).

Ladk of resorption pits and lacunae cut by osteoclasts within the
implanted biomimetic constructs coupled with limited release of
Ca™ might have resulted in limited angiogenesis, cell differentia-
tion [36—41] and lack of bone formation. The above data indicate
that osteodastic activity on the macroporous implanted constructs
is pivotal for the subsequent differentiation of local stem cells into
osteoblastic-like cells. The observed changes in OP-1 gene expres-
sion in zoledronate-treated samples directly corelate with the
morphological analyses showing lack of bone differentiation.
Indirectly, zoledronate-treated samples showing ladk of OP-1 gene
expression and absent or limited bone formation by induction
confirm that the spontaneous induction of bone formation by coral-
derived macroporous constructs is initiated by secreted proteins of
the BMPs /OPs supergene Family, in context the OP-1 soform. The
lack of osteoclstic adivity negates nanoscale topographical
modifications [46] and resorptive surface patterning [11,13). In
previous experiments using  hydroxyapatite/ f-tricalcium  phos-
phate (HA/B-TCP) constructs implanted long term in Papio ursinus

[11,13], wie have shown that the insoluble signal or substratum
resorbs via downstream molecular and cellular cascades that sculpt
resorption pits amd lacunae in the geometric form of concavities
[11,13] The present experiments dearly confirm that topographical
modifications of the implanted HAJCC macoporous construds are
the biological contiuum for the induction of bone formation and
essential for the differentiation of the osteoblastic phenotype.
Zoledronates, used therapeutically to treat systemic bone loss
resulting from ageing or metastatic tumour activity [47], are readily
internalized by osteoclasts [48], and once within the azll, negate
osteoclastic activity by disruption of the cytoskeleton by inter fer-
ence with the formation of actin rings [48]. These are essential for
sealing the osteoclists to the bone/implant surface to initiate
resorption of the underlying matrix by acid hydrolysis [58].

In previous experiments, we have postulated [811-13] that
myoblastic/ myoendothelial [49] and/or pericytic/endothelial stem
cells [50-54] might differentiate into osteoblastic-like cells [51-54]
Differentiated osteoblasts then express, secrete and embed soluble
molecular signals into the biomimetic matrices [7,.8,11,13] inifating
bone formation as a secondary response. Classic studies have indi-
cated that perivascular pericytic cells are the responding differen-
tating cells initating the induction of bone formation upon
implantation of demineralized bome matrix and for partially purified
naturally-derived bone morphogenetic protein [55,.56). Native per-
icytes express several markers of mesenchymal stem cells rein-
forang the status of pericytes as ancestors to mesenchymal stem
cells [57). As reported by Chen et al. [54], current research has out-
lined strong similarities between vascular pericytes and mesen-
chymal stem cells, the latter in essence an ‘artifoctual cell' [54]
Though the question ‘are all the mesenchymal stem cells in descentof
pericytes? [ 54) has not been definitely answe red as yet, unpublished
data indicate the existence of an even more primitive and distinct
stem cell lineage than perivascular pericytes [54]

The level of tissue morphogenesis induced by OP- 1 and hTGE-fs
applied singly was rased several fold by the binary application of
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Fig. 6. Synergistic induction of bone farmation by binary application of 125 ug hOP-1 and 25 pg hTGF- fiy pre-Joaded onto the macroparows construets of aral-derived 72 HACC
spedmens harvested from the rectus abdaminis musde 90 days Ster heterotopic implantation. (AB,CD) Massive induction of bone formation well beyond the profile of the
implanied macroparows constructs (blue arrows ) extending through the reus abdaminis displacing both the muscle and the peritneal fascia. (EEG) Details of previous unde.
aldfied low power setions highlighting mineralized bone in hlue surfaced by ralforange asteok! seams invading the macoporous spaces of the caral-derived specimens. (H))
Details of decakified sections showing newly formed bane in light biue within the macroporous spaces (H) and away from the scalfold profile (1) within the rectus abdominis musde
with g ted foci of hematopaietic bane marrow (1) just above the peritaneal fascia (ARCD) Undecakified sections prepared by the EXAKT cutting — grinding system (37
ground and polished to 10 um stained with Goklner trichrome for undecakified micascopy. (AB,.CD) original magnification x2.7; (EFG) ariginal magnificaion x17 (E); x 21
(F); x75 (G) (H1) Dexalcified sections cut at 4 pm stained with Goldner’s trichrome. (H) ariginal magnification x77; (1) x27.
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Changes in OP-1 and TGF-P3 gene expression in
untreated and treated macroporous constucts
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Fig 7. (hanges in OP-1 and TCF 8, mRNA symthesis in magoporous construds
implanted Solo’, pre-loaded with 125 pg hOP-1, 125 pg hTCF-fy. binary applications af
125 pg hOP-125 pg hTGF-f, and 024 mg ol the bis phes phonate mled ronatei mpl anted
in the revmus ahdaminis musde of two Papio wrsinis and harvested on day 90,

OP-1 TGF-; /OP1 Zometa

comparatively low doses of the recombinant hTGE-fy isoform,
which by itself induces bone formation in the rectus abdoming at
doses of 5 pg per 100 mg of collagenous matrix as carrier [ 17]. Binary
applications of both recombinant morphogens in the ratio of 5:1
resulted in the induction of la rge corticalized ossicles as evaluated by
radiographic and morphological analyses. The induction of bone
formed well outside the profile of the implanted macoporous
constructs with the generation of large heterotopic ossicles dis-
placing the ventral and dorsal Basciae of the rectus abdominis musde,

We have shown that the mammalian TGF-f isoforms are
determinant of the induction of endochondral bone formation in
non-human primates Papio sp. [15-19]. Studies in rodents and
lagomorphs have confirmed that heterotopic implantation of the
three mammalian TGF-f isoforms results in the induction of
granulation tissue and of a fibrogenic response only, without
cartilage or bone formation [58-60]. The apparent redundancy of
molecular signals initiating the induction of bome formation
remains largely uncharacterized; also the exact mechanisms by
which TGF-B signaling results in the induction of endochondral
bome formation in the non-human primate Papio ursinus [ 15-19]. In
anumber of systematic studies in the differe nt microenvironments
of heterotopic intramuscular and orthotopic craniofacial sites
including the rectus abdominis muscle, the alvarium, the mandible
and mandibular perodontal furcation defects, respectively, we
have shown that primate tissues and microenvironments respond
remarkably differe ntly when compared to rodents, kgomorphs and
canime tissues at identical doses of the various osteogenic proteins
of the TGE-f superfamily [7,15-19,61-63]. Although structurally

similar, BMPs/OPs and TGF-f receptors bind in dramaticlly
different modes, mediating graded and switch-like assembly
mechanisms that may have co-evolved with brandh-specific groups
of cytoplasmic effectors [64]

Members of the TGE-f supergene family of proteins are conserved
in structure but diverse in recognition [65] The oystal structure of
BMP-7 in complex with the type 1l activin receptor s hows a different
receptor binding site on the ligand compared to that observed in the
TGE-f3 and receptor complex [65]. The limited number of serine
threonine kinase receptors and Smads may eluddate the vast pleio-
tropicactvity of the TGF-f superfamily of proteins [ 6,66]. BMPs/ OPs-
like molecules exist in the fuit fly Dosophila melanogaster as
Decapentaplegic (DPP) and 60A but there is ladk of bone differentia-
ton in invertebrates [66]. Recombinant human DPP and G0A induce
hetemtopic  endochondral bone formation in mammals [67).
Remarkably thus, a plylogenetcally ancient signaling carbosy-
terminal domain deployed for dorsal-ventral patterning in the fruit
fly D. melanogaster s also operational to engineer the induction of
bone formation and skeletogenests, unique traits of the vertebrate
mammals responsible for ambulation, body erection, freeing the
upper limbs generating the Homo clade [13]

Understanding the mechanism which bestows  significant
differences in biological activities of the mammalian TGE-f iso-
forms amongst different mammalian species will improve our
ability to predict interspecies variations with significant implica-
tons in clinical contexts. As Myazono ef al. have recently asked [66)
“what could be the mechanisms for such diverse biological activities
induced by the TGF-§ superfamily proteins? This vast pleiotropic
activity could be the mesult of the multiple interactions of the
phosphorylated Smad gene products with various proteins and
transcription facors [45,66] Actvity of Smad proteins is also
modified by signaling cross-talk with other signaling pathways
which may also lead to the establishment of diverse pleiotropic
responses [44,4564]

The bioactive biomimetic matrix may orchestrate guidance
information to responding stem cells instructing collective cell
migration within the mncavities of either myoblastic| myoendo-
thelial or pericyticfendothelial stem cells from the adjacent highly
vascular striated muscular tissue, The concavities per se [8,13] may
generate physical forces upon invading progenitor stem cells by the
wvocuum of the topographical structure setting into moton the
ripple-like cascade of migration, contact guidance and differentia-
ton [68,69]. Cell/matrix interactions during progenitor stem cells
migration perforce induce remodeling of the extracellular matrix
thereby sculpting local microenvironments [68]; mechanical forces
that originate during the orchestration of mesenchymal mllage-
nous ndensations with ontraction of resident mesenchymal
cells induce gradient of mechanical stresses; such forces de ployed
within the multicellular and vascularized collagenous condensa-
tons result in tissue patterning and morphogenesis with tissue
geometry and mechanical stress as inductive cues [6869] Gradi-
ents of mechanical stresses generated within multicellular agere-
gates invading and colonizing the carved topographies and
organized by the substratum concavities can act in a morphoge-
netic capacity [BB-70] to induce spatial patterning, cellular
proliferation and the induction of the osteoblastic phenotype.
Published medhanical models of tissue morphogenesis have pre-
dicted that the geometry of a multicellular structure defines
patterns of mechanical stresses [68,69] eventually conducive to
cellular differentiation and to the induction of bone formation.

Together with Ca®* release, anglogenesis [36-38] and cellular
differentiation [39-41], the establishment of a dynamic redprocal
communication between invading stem cells and the organized
collagenous condensations of the extracellular matrix may result in
tissue patterning and osteogenesis within  the macroporous
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@loum phosphate-based biomimetic matrices. The observed lack

of

bone differentiation by zoledronate-treated macroporous

mnstructs with minimal OP-1 expression perforce indicates that
the spontaneous and intrinsic osteoinductivity of coral-derived
macroporous constructs is certainly initiated via the OP-1/BMP-7
pathway in the non-human primate Papio ursinus,

5 Conclusions

This non-human primate study establishes that that micro- and
macro-topographical

modifications cut by osteoclasts  after

heterotopic implantation of macroporous coral-derived constructs
are regulators of the spontaneous induction of bone formation as
shown by the lack of bone differentiation in zokedron ate-tre ated

specimens; hTGF-fi; synergizes with hOP-1

o induce large

mineralized and corticalized ossides providing a realistic thera-
peutic strategy for human ostesinduction.
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Appendix

Figures with essential colour discrimination. Certain figures in

this article, particularly Figs 1-4 and 6.7 are difficult to interpret in
bladk and white. The full colour images @n be found in the online
version, at dod: 10,1016/ | biomaterials, 2010.04.037.
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Abstract

Corakderived calcium carbonate/hydroxyapatite macroporous constructs of the genus Goniopora with limited hydrothermal conversion to
hydroxyapatite (7% HA/CC) initiate the induction of bone formation. Which are the molecular signals that initiate pattern formation and the
induction of bone formation? To evaluate the role of released calcium ions and osteoclastogenesis, 7% HA/CC was pre-loaded with either
500 pg of the calcium channel blocker, verapamil hydrochloride, or 240 pg of the osteoclast inhibitor, biphosphonate zoledronate, and
implanted in the rectus abdominis muscle of six adult Chacma baboons Papio ursinus. Generated tissues on days 15, 60 and 90 were
analysed by histomorphometry and qRT-PCR. On day 15, up-regulation of fype IV collagen characterized all the implanted constructs cor-
relating with vascular invasion. Zoledronate-treated specimens showed an important delay in tissue patterning and morphogenesis with
limited bone formation. Osteoclastic inhibition yielded minimal, if any, bone formation by induction. 7% HA/CC pre-loaded with the Ca™*
channel blocker verapamil hydrochloride strongly inhibited the induction of bone formation. Down-regulation of bone morphogenetic pro-
tein-2 (BMP-2) together with up-regulation of Noggin genes correlated with limited bone formation in 7% HA/CC pre-loaded with either
verapamil or zoledronate, indicating that the induction of bone formation by corak-derived macroporous constructs is via the BMPs path-
way. The spontaneous induction of bone formation is initiated by a local peak of Ca'™ activating stem cell differentiation and the induction
of bone formation.

Keywords: calcium channel blockerverapamil hydrochloride = osteoclast inhibitor biphosphonate zoledronate
Ca"™ = functionalized nano-patterned topographies « gRT-PCR

Introduction

The future of the continuing evolution of biomaterials [1] is to
functionalize the implanted biomaterials surfaces by activating the
surface biology to directly induce specific molecular and tissue
biology phenomena initiating regenerative responses as inductive
biomaterials [2-12]. Self-inductive biomaterials per se, without the
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exogenous application of soluble molecular signals, trigger the rip-
ple-like cascade of pattern formation and tissue induction initiating
the generation of form and function, or morphogenesis [3, 5, 6,
10, 12-14].

The basic bone tissue engineering paradigm is tissue induction
and morphogenesis by combinatorial molecular protocols whereby
soluble molecular signals are re-combined with insoluble signals or
substrata acting as tridimensional constructs for the initiation of
de novo tissue induction and morphogenesis [15-21]. The paradigm
has been modified by the language of geometry [4-6, 12, 22]; a num-
ber of systematic studies in heterotopic sites of the Chacma baboon
Papio ursinus have shown that the driving force of the intrinsic osteo-
inductivity by bioactive biomaterial matrices is the shape and surface
characteristics of the implanted scaffold [4, 5]. The language of shape
is the language of geometry; the language of geometry is the

@ 2013 The Authors.
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language of a sequence of repetitive concavities that biomimetize the
remodelling cycle of the primate osteonic bone [5, 6, 22-24]. This
has resulted in a hydroxyapatite-coated titanium implant endowed
with the intrinsic capacity of inducing bone formation as a result of
functionalized tissue-inducing geometric bioreactors constructed
along the titanium surfaces [25].

The morphogenesis of bone by calcium phosphate-based
macroporous  bioceramics when implanted in heterotopic sites
was first reported when implanting coral-derived fully converted
hydroxyapatite constructs in the rectus abdominis muscle of
adult non-human primates P. ursinus [13, 14]. Systematic studies
in P. ursipus were then initiated to further understand the induc-
tion of bone formation by coral-derived macroporous constructs
harvested at different time periods [3, 26-29]. Because of the
availability of comprehensive acquired data al obtained in P
ursinus, further mechanistic studies were performed in the same
animal model.

Which are the molecular signals that set into motion cell differ-
entiation, pattern formation and the induction of bone formation by
coral-derived macroporous constructs? To mechanistically further
our knowledge on the spontaneous and intrinsic induction of bone
formation by coral-derived macroporous constructs, a series of
treated and untreated corakderived biomimetic matrices were
implanted in the rectus abdominis muscle of the Chacma baboon
P. ursinus. Generated tissues at different time-points were har-
vested and evaluated morphologically, histomorphometrically and
by gRT-PCR.

Osteoclastic-driven functionalized nano-patterned topographies
with calcium ions (Ca™) release re-programmed somatic stem cells
to initiate de novo bone formation. The induction of bone morphoge-
netic protein-2 (BMP-2) gene expression, the prominent expression
of type IV collagen pre-dating the induction of bone formation
together with down-regulation of BMP-2 and up-regulation of Noggin
with corresponding limited bone formation by treated macroporous
constructs with the Ca* channels blocker, verapamil hydrochloride
and the osteoclast inhibitor, biphosphonate zoledronate, form the
basis of this communication.

Materials and methods

Macroporous coral-derived calcium carbonate/
hydroxyapatite constructs

Macroporous replicas of coral-derived calcium carbonate exoskeletons
of the genus Gonipora were prepared by hydrothermal chemical
exchange with phosphate [14, 30]. Limited conversion to hyd roscyapatite
resulted in calcium carbonate constructs with 7% hydroxyapatite
defined as 7% HA/CC (Biomet, Interpore Cross, Irvine, CA, USA). 7%
HA/CC constructs were rods 8 mm in diameter and 20 mm in length
[29]. The =olid components of the hydroxyapatite/calcium carbonate
replica average 130 pm in diameter and their interconnections 220 pm;
the average porosity is 600 pm and their interconnections average
260 um in diameter [14, 30]

@ 2013 The Authors.

J. Cell. Mol. Med. Vol 17, No 11, 2013

Pre-loading of coral-derived constructs with the
calcium ion channel blocker, verapamil
hydrochloride and the osteoclast inhibitor,
biphosphonate zoledronate

Topographical osteoclastic modifications of the 7% HACC macropor-
ous surfaces have been sugoested to be a critical event inittiating the
spontaneous induction of bone formation [29]). Release of calcium
ions by osteoclasts during bone resorption regulates cellular differen-
tiation and induces angiogenesis [31-36]. Macroporous 7% HAGCC
constructs were loaded with either 240 pg of the biphosphonate
zoledronate (Zometa™, Novartis, Kempton Park, Johannesburg, South
Africa), an osteoclast inhibitor analogue, or 500 pg of verapamil hydro-
chloride (lsoptin®, Knoll Pharmaceutical, Port Elizabeth, South Africa),
an L-type voltage gated calcium channel blocker. Untreated 7% HACC
constructs were used as control. Under laminar flow, pre-loading of the
re-suspended inhibitors was by pipetting the required amount of liguid
vehicle onto both proximal and distal regions of the 7% HA/CC con-
structs to ensure an even distribution of the various added components
throughout the macroporous spaces.

Primate model for tissue induction and
maorphogenesis

Sk clinically healthy adult P wrsinus with a mean weight of 21.2
(41.48) kg were selected from the primate colony of the University of
the Witwatersrand, Johannesburg. Criteria for selection, houging condi-
tions and diets were as described [14]. Papio wrsinus species share
gimilar bone physiology and osteonic bore remodelling with humans
[37). Research protocols were approved by the Animal Ethics Screening
Committee of the University, and conducted according to the Guidelings
for the Care and Use of Experimental Animals prepared by the Univer-
gity and in compliance with the National Code for Animal Use in
Research, Education and Diagnosis in South Africa [38]. Premedication,
before induction of general anaesthesia, was by midazolam hydrochlo-
ride (Domicum™ 3 modka IM, Roche, [llovo, South Africa). Animals
were anaesthetized with ketamine hydrochlorde (515 mg'ko; Eutaph-
ent Kyron Laboratores, Johannesburg, South Africa) and general anaes-
thesia maintained by Isofor (1.5-2%: Safe Line Pharmaceutical,
Johannesburg, South Africa), after oro-tracheal intubation [28, 29]. A
total of nine 7% HA/CC untreated and treated macroporous constructs
were implanted bilaterally in intramuscular pouches surgically created
by sharp and blunt dissection within the reclus abdominis muscle of
each animal (Fig. 1), three on day 0, threg on day 30 and three on day
75. Implants were aligned longitudinally ~2 cm apart [28]. Post-opera-
tive pain and inflammation were controlled by buprenorphing hydrochlo-
ride (Temgesic 0.3 mokg IM), and carpofan (Rimadyl 3 mo/kg
subculis).

Tissue harvest, histology and histomorphometry

On day 90, animals were anaesthetized with an injection of ketamine
(5-15 mg/kg) and maintained under general anaesthesia with Isofor
(1.5-2%). Specimens were harvested together with muscle tissue (base-
ling control). Following harvest, animals were killed with an intravenous

1445
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7% HA/CC untreated control

7% HA/CC + 500 pg Verapamil

AT

7% HA/CC +240 g Zometa

day 0 day 30 day 75

Fig. 1 Heterotopic intramuscular recfus abdominis surgical model and
implantation design in six adult norn-human primates Chacma baboon
Papio ursinus. In each animal, a total of nine corakderived calcium car-
bonate macroporous constructs with limited hydrothe mal conversion to
hydroxyapatite (7% HA/CC) were implanted heterotopically in triplicate.
Three 7% HACC constructs representing one treatment modality each
were implanted at days 0, 30 and 75, thus providing tissue constructs
with invading differentiating tissues to be harvested at days 90, 60 and
15 after heterotopic implantation. Implants were aligned longitudinally
-8 and 2 cm apar.

overdose of sodium pentobarbitone (Anaket, Isando, South Africa). Har-
vested specimens provided regenerating tissues at 15, 60 and 90 days
after intramuscular implantation. A 4 mm fragment of each harmvested
7% HACC construct with imading differentiating tissues within the
macroporous spaces was cut with sterile blades, and flash frozen in
liguid Nitrogen. Remaining tissues were fixed in 10% phosphate buf-
fered formalin for 48 hrs, rinsed in tap water and stored in 70% etha-
nol [29, 30]. Specimens were demineralized in a Sakura TDE™ 30
decalcifying unit (Sakura, Fintek, Torance, CA, USA) and processed for
paraffin wax embedding. Thirty sections were cut sequentially at 4 pm
to obtain a full cross-sectional area of each specimen. The 1st and
every 10th section was stained with @ modified Goldners Trichrome
stain for histological and histomorphometric analyses [28, 249).

Images of the histological sections were captured and digitalized with
a Provie AXT0 research microscope (Olmpus Optical Co., Shinjuku,
Tokyo, Japan) attached to a video camera (Olympus). Histomorphomet-
ric analysis was then performed with the Stream Essentials software
v.1.6 (Olympus). The ratios of the total area of the devices and the area
of newly formed bone generated within the evaluated macroporous
spaces were established, and values were expressed, as a mean per-
centage of bone generated within the evaluated MAcroporous Spaces.
Results were analysed with a Student's Hest using STATISTICA version
10 (Statsoft Inc., Tulsa, OK, USA).

146

qRT-PCR

Under sterile conditions, redundant soft tissue was removed from het-
erotopic specimens, and the 4 mm fragments of each harvested speck
mens were then ground to powder in liquid Nitrogen with a mortar and
pestle. Total RNA was extracted from 30 mg of pulerzed specimen
with the Total RNA Mini Kit (Bio-Rad, Hercules, CA, USA). RNA concen-
tration was determined spectrophotometrically at Apgyos With @ Nano-
drop 2000 (Thermo Scientific, Waltham, MA, USA) and RNA quality was
assested with a PicoB000 RNA kit (Agilent Technologies, Santa Clara,
CA, USA) on a Bioanalzer 2100 (Agilent Technologies). RNA integrity
numbers were between 8.0 and 9.0, RNA was reverse transcribed with
the High Capacity cDNA Reverse Transcription kit (Applied Biosystems,
Foster Gity, CA, USA). qRT-PCR was performed, in duplicate with Eva-
Gresn Master Mix (Bio-Rad) on a CFX-06 thernocycler (Bio-Rad). Each
reaction contained 10 ng cONA; 1 EvaGreen Mix and 10 uM of each
primer (Table 1). Primers were designed with Gene fisher v. 2.0 (http:/
bibiserv. techfak.uni-bielefeld de/genefisher2). Thermocyeling parameters
included a denaturation step of 94°C for 2 min.; 40 cycles of 95°C for
10 sec., 60°C for 10 =ec. and 72°C for 30 sec.; and & final extension at
72°C for 5 min. Genes assayved included BMP-2 Type IV Collagen
and Noggin. Gene expression was nomnalized against four reference
genes: B-Actin; Succinate dehydrogenase complex subunit A (SOHA):
Ribosomal Protein L13A (RPL13a) and Ribosomal Profein Large PO
(RPLP(). Use of GeNorm (http://medgenugent be/-jvdesomp/genorm/)
established that these were the most appropriate internal reference
genes to use. Amplified PCR products underwent sequencing (Ingaba
Biotech, Pretoda, South Africa) to confirm that the correct sequence
had been amplified.

Gene expression from the harvested macroporous devices was nor-
malized to muscle tissue in each animal. Calibrated normalized relative
guantities (CNROs), which reflect the logqg™**®, were determined with
nBasze analysis software (hitp:www . biogazelle.com). A Student's fest
(STATISTICA version 10, Statsoft Inc.) was used to determine statistical
significance at p < 0.05.

Table 1 Primer sequence

Gene Primer Sequence (5'3')
BMP-2 F: AGTTGCGGCTGCTCAGCATGTT

R: ACATGTCTCTTGGAGACACCT
Collagen type IV F: GTTGGTCTACCGGGACTCAA

R: GTTCACCTCTGATCCCCTGA
Noggin F GAGGAAGTTACAGATGTGGCT

R: CACTCGGAAATGATGGGGTAC
SDHA (reference) F: TGGGAACAAGAGGGCATCTG

R: CCACCACTGCATCAAATTCATG
RPL13a (reference) F: CCTGGAGGAGAAGAGGAAAGAGA

R: TGAGGACCTCTGTGTATITGTCAA

F: CTCTTCCAGCCTTCCTTCCT
R: AGCACTGTGTTGGCGTACAG

f-actin {reference)

RPLPO (reference) F: AGCTGATCAAGACTGGAGACA

R: TCCAGGAAGCGAGAATGCAGAGTT

& 2013 The Authors.
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Fig. 2 Untreated control 7% HA/CC coral-derived macroporous constructs on days 15 and 60 after heterotopic intramuscular implantation. Macro-
porous self-inducing geometric cues of untreated coral-derived biomimetic constructs induce angiogenesis with capillary sprouting and invasion, cel-
lular trafficking, pattern formation and the morphogenesis of collagenous condensations attached to the macroporous surfaces facing a highly
vascular penetrating mesenchymal tissue (magenta arrows in A-C) as early as 15 days after intramuscular implantation. By day 60 (D-H), there are
further remodelling and tissue patteming with the induction of bone formation (dark blue arrows). Bone preferentially forms by induction within con-
cavities of the 7% HA/CC macroporous constructs (dark blue arrows in F, H, K and L). Newly formed bone by induction with embedded osteocytes
is tightly connected to the implanted biomatrix (I-L); the newly induced bone matrix is surfaced by plump contiguous secreting osteoblasts facing a
highly angiogenic mesenchymal supporting matrix (dark blue arrows in K and L). Note how capillary basement membranes touch osteoblastic cells
lining newly formed bone within concavities of the substratum (large amow in L). (Decalcified sections cut at 4 pm stained with Goldner’s tri-
chrome).

© 2013 The Authors. 1447
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A Relative Gene expression in untreated control macroporous devices in vive
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Resulis surrounding rectus abdominis muscle. On day 15, the mast periph-
eral macroporous spaces were invaded by a highly vascular connec-
. . L tive tissue matrix (Fg. 2A-C). Vascular invasion and capillary
Bone formation by autoinduction in 7% HA/CC sprouting was pronounced in all treatment modalities. Previous
untreated macroporous constructs expariments in the non-human primate P. ursinus have shown that

the specific geometry and surface characteristics of the coral-derived
Digital iconographic images of 7% HA/CC untreated control are pre-  substratum are conducive to rapid vessels ingrowths’ and capillary
sented in Figure 2, at 15 and 60 days, and Fgure 5, at 90 days. At sprouting within the early mesenchyme penetrating the macroporous
harvest, all implants were firmly attached to the ventral fascia and the  spaces [3].
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Angiogenesis correlated with fype IV collagen up-regulation irre-
spective of the treatment modalities (Fg. 3). 7% HACC untreated
controls showed pronounced capillary sprouting and vascular inva-
sien within the peripheral macroporous spaces (Fig. 2A-C). Morpho-
genesis and tissue patterning of collagenous condensations were well
advanced on day 15 (Fig. 2B and C) with remodelling and further
development on day 60 (Fig. 2D-F). Areas with prominent angiogene-
sis showed a pronounced capillary sprouting and invasion with hyper-
cellularity (Fig. 2B and C). Paravascular pericytic cells showed
enlarged hyper-chromatic nuclei with several cells migrating between
the vascular compartment and the paravascular extracellular matrix
(Fig. 2C).

On day 60, untreated macroporous constructs showed bone for-
mation by autoinduction throughout several macroporous spaces
(Fig. 2D-F) correlating with the morphometric analyses (Fig. 4). His-
tological analyses at high magnification showed that bone was tightly
opposed to the macroporous spaces surfaced by contiguous plumped
and secreting osteoblasts facing a highly vascularizzd matrix
(Fig. 2H-L). Of note, several areas of newly auto induced bone had
formed preferentially in concavities of the substratum (Fig. 2K and L)
following a repetitive sequence of events as highlighted by the ‘geo-
metric induction of bone formation’ [9, 10, 23]. Importantly, osteo-
blastic cells were directly opposed to the basement membranes of
the capilaries that had formed within the macroporous spaces as
shown in Figure 2L (light blue arrows).

By day 90, auto induced bone by untreated macroporous con-
structs increased significantly (Fig. 4), and remodelled in blocks of
osteonic lamellar bone throughout the macroporous spaces (Fig. 54
F) with osteocytes embedded within the newly formed matrix (Fig. 56

Percantace of bone formation within pre-treated coral-derhved devices
4.5

i 0L HAROT L ireslier] il
== T4 HAOC + B0 g Varapand

59| i PG+ 240 1 Fovetn

15 days

B0 days
Davs in vivo

90 days

Fig. 4 Morphometric analyses of induced bone by 7% HAGG untreated
control versus verapamil hydrochloride and zoledronate-treated speci-
mens. Note the pronounced and significant inhibitory effects on the
induction of bone formation by both verapamil hydrochiorde- and
zoledronate-treated specimens wversus untreated control on day 90
(=0 = 0.05). Zoledronate-treated specimens showed the least bone for-
mation by induction on day 90 also when compared with verapamil
hydrochloride-treated specimens (fp < 0.05).
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and H). Capillary sprouting was associated with osteoclastic activity
remodeliing the newly formed bone (Fig. 5H).

Biphosphonate zoledronate-treated macroporous
constructs

Digital iconographic images of 7% HA/CC biphosphonate zoledro-
nate-treated macroporous constructs are presented in Figure 6, at
15, 60 and 90 days. On day 15, the most peripheral macroporous
spaces were invaded by a rather loose and less organized fibro-vas-
cular tissue when compared with untreated control specimens
(Fig. 6A) without tissue patterning as in control specimens, which
already showed the morphogenesis of mesenchymal collagenous
condensations on day 15 (Fig. 2A-C). Collagenous fibres were as yet
to be patterned and assembled interacting with a poorly organized
fibrovascular tissue with capillary sprouting (Fig. 6B and C).

Collagenous condensations against the macroporous surfaces
were seen to be still organizing on day 60 facing a rather loose yet
vascular connective tissue matric (Fig. 60-F). In general, tissue
patterning and morphogenesis were greatly delayed when com-
pared with untreated control specimens. On day 90, collagenous
condensations were more organized, but not patterned as in 7%
HA-CC untreated control, still facing a rather loose connective tis-
sue matrix (Fig. 6J-M). On day 90 at the periphery of the speci-
mens, there was occasionally the induction of bone formation
(Fig. 6N and 0).

Calcium ion channel blocker verapamil pre-
treated macroporous constructs

Digital iconographic images of 7% HA/CC Ca** channel blocker verap-
amil pre-treated constructs are presented in Figure 7, at 15, 60 and
90 days. On day 15, there was fibrovascular tissue invasion within
the most peripheral macroporous spaces with morphogenesis of cel-
lular condensations along the macroporous surfaces of the implanted
7% HA/CC constructs (Fig. 7A-C). Vascular invasion and capillary
sprouting were well pronounced (Fig. 7B and C) correlating with the
up- regulation of the fvpe IV collagen gene (Fig. 3B).

On day 60, there were morphogenesis and remodelling of collage-
nous condensations against the macroporous spaces (Fig. 7D-F).
Minimal bone formation, when found, was only present at the very
periphery of the implanted matrix, bordering with the fibro-muscular
tissue surrounding the harvested specimens (Fig. 7E and G). Tissue
patterning and morphogenesis of mesenchymal collagenous conden-
sations were delayed when compared with untreated control. A thor-
ough morphological analysis of treated and untreated macroporous
samples indicated that the greater delays in tissue patterning and
morphogenesis of collagenous condensations were seen in macro-
porous constructs pre-treated with 240 pg of the biphosphonate
zoledronate (Fig. 6).

On day 90, the macroporous spaces of Ca™ channel blocker
verapamil pre-treated constructs were invaded by fibrovascular tissue
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Fig. 5 Untreated control 7% HA/CC macroporous constructs on day 90. ‘Spontaneous’ and ‘intrinsic’ bone differentiation and remodelling In
untreated control 7% HA/CC biomimetic constructs harvested on day 90 after intramuscular heterotopic implantation. (A-D) Low power views show-
ing tissue patteming, remodelling of collagenous condensations and bone formation by induction within selected macroporous spaces. (E and F)
High power views of previous sections (A and B) showing the induction of bone formation (dark blue arrows) supported by a pronounced vascular
invasion across the macroporous spaces. (G and H) There is prominent remodelling with osteoclastogenesis (magenta arrows) of the newly formed
corticalized lamellar bone (dark blue arrows). Note the intimacy of vascular invasion with newly differentiated large multinucleated osteoclastic cells
within the remodelled bone matrix (white arrows). Decalcified sections cut at 4 pm stained with Goldner's trichrome.

with scattered condensations throughout the implanted matrix qRT-PCR

(Fig. 7H and ). Tissue patterning and morphogenesis of collagenous

condensations were greatly delayed when compared with untreated  The intensity of the expression together with the relative changes in
control specimens (Figs 2 and 5). gene expression of BMP-2, type IV collagen, and Noggin are pre-
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sented in Figure 3. Type IV collagen was up-regulated on day 15
(p < 0.05) in all the homogenized treated and untreated constructs;
of interest, this up-regulation was independent of the treatment
modalities. Type IV collagen up-regulation was directly correlated
with the morphological pattern of vascular tissue invasion and capil-
lary sprouting within the macroporous spaces that characterizd mor-
phologically all treatment modalities when evaluated on day 15. Of
interest, fype IV collagen expression, although reduced, was also
present on day 90, correlating with the continuous induction of bone
formation sustained by capillary sprouting as seen morphologically
within the treated and untreated macroporous constructs (Fig. 3). Of
note, limited angiogenesis and capillary sprouting in biphosphonate
zoledronate-treated samples showed a significant reduction in type IV
collagen expression on day 60 (Fig. 3C). Bone morphogenetic pro-
tein-2 was up-regulated on day 90 in untreated control speci-
mens (Fig. 3A). Verapamil hydrochloride-treated samples showed
down-regulation of the BAMP-2 gene on day 15, with significant up-
regulation on day 90 (Fig. 3B). Noggin expression was significantly
up-regulated on day 15 in tissue specimens of both verapamil- and
zoledronate-treated samples (Fig. 38 and C). To the contrary,
untreated control specimens showed down-regulation of Noggin at al
time periods (Fig. 3A). Importantly, up-regulation of Noggin was
more pronounced in biphosphonate zoledronate-treated specimens
than in verapamil hydrechleride-treated constructs (Fig. 3C).

Discussion

The future of the continuing evelution of biomaterials [1] is to func-
tionalize the implanted biomaterials’ surfaces to evoke a pattern of
gene expression that invocates selected tissue biology and morpho-
logical cascades [3, 6, 10, 25]. Such novel biomaterials when inter-
acting with multipotent pleiotropic stem cells ‘niches’ induce specific
molecular and tissue biology phenomena initiating regenerative
responses as inductive biomaterials [2, 3, 6, 25]. Importantly, the
induction of tissue formation occurs without the exogencus applica-
tion of the soluble molecular signals of the transforming growth fac-
tor-p (TGF-B) supergene family [3-5).

The micro crystallinity of the implanted biomatrices, lacunag, pits
and concavities cut by osteoclastogenesis together with Ca™ release
are the driving morphogenetic and ionic cues that set into motion the
induction of bone formation [28, 29]. Responding stem cells' differ-
entiation and the induction of the osteogenic phenotype are controlled
by Ca"™ release within the protected microenvironment of the
secluded macroporous spaces after nano-topographical modifications
of the implanted macroporous surfaces primarily by osteoclastic cells
[39-42].

By harvesting samples at an earlier time period, 7. 15 days, the
present study has shown prominent vascular invasion and capillary
sprouting within the most peripheral macroporous spaces of all the
implanted macroporous constructs. This prominent and remarkable
angiogenesis is molecularly initiated by the up-regulation of fype IV
collagen in treated and untreated samples. Type IV collagen is essen-
tial for the morphogenesis of the basement membrane of the sprout-
ing and invading capillaries [17, 43].

@ 2013 The Authors.
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Previous results have shown that there is a temporally and spa-
tially related sequence of tissue alkaline phosphatase expression dur-
ing the developmental processes culminating in bone differentiation
[3]; of interest, the induction of bone differentiation has been also
related to the developmental sequence of the induction of collagenous
condensations, which pre-date the induction of bone formation [3,
13, 14] together with invading capillaries. These, interpreted as the
‘osteogenetic vessels of Trueta's definition [44], promote the cas-
cade of bone differentiation.

The present iconographic digital data show how the vascular bun-
dle supported by collagenic fibres enters and proceeds within the
macroporous spaces from the most peripheral areas of the implanted
construct. Classic studies have shown that the extracellular matrix
components of type [V collagen and laminin bind morphogenetic pro-
teins involved both in angiogenesis, i.e. basic fibroblast growth factor
[45, 46], TGF-j [47] and osteogenesis, Le. osteogenin and OP-1 [48,
49]. Bound angiogenic and bone morphogenetic proteins are then
presented locally in an immobilized form to responding stem cells
and osteoprogenitors-alike to initiate osteogenesis in angiogenesis
[43, 50].

The sprouting invading capillaries almost touch the calcium phos-
phate-based substratum as well as the osteoblasts, and release a
continuous flow of paravascular/pericytic stem cells from the vascular
compartment to the differentiating osteogenic compartment attached
to the coral-derived biomimetic matrix [3, 4, 43, 50]. Based on the
fundamental insights of Trueta [44), classic in witro experiments have
indicated that bone-forming cells are in contact with the basement
membrane of the invading capillaries playing a key role in formation
of a network of cytoplasmic processes resembling the osteocytes’
canalicular network [51]. Our morphological images show the exqui-
site relationship between osteoblastic cells polarized on the secreted
bone matrix with the invading sprouting capillary whose basement
membrane components touch the polarized osteoblastic cells.

Recent papers, expanding on /n wvo manufacturing of vascular-
ized autogenous skeletal replacement parts [21], investigated axial
vascularization to promote and enhance angiogenesis in osteocon-
ductive matrices [52-54]. A direct comparison with the reported vas-
cular invasion within the macroporous spaces of the intramuscularly
implanted coral-derived constructs is, however, difficult. Further stud-
ies in P. ursinus should be planned using coral-derived constructs
supported by the arteriovenous loop approach [52-54] to additionally
investigate the critical role of axial vascularization in the induction of
bone formation by coral-derived macroporous constructs.

On day 15, biphosphonate-treated specimens showed minimal, if
any, BMP-2 expression, but up-regulation of the Moggin gene. More
importantly, however, besides the limited bone formation as evaluated
histomorphometrically, mledronate-treated specimens showed a pro-
foundly delayed tissue patterning with poorly constructed collagenous
condensations, so critically important for the induction of bone forma-
tion [3, 13, 14]. Delayed tissue patterning and poorly constructed
mesenchymal tissue condensations, and later cell differentiation and
osteogenesis, are as a result of the lack of osteoclastic-driven nano-
patterned geometric configurations, which result in Ca™ release with
the expression of the osteogenic phenctype [7-11, 28, 55-57].
Importantly, lack of osteoclastic activity does result in limited, if any,
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Ca"™ release; a reduction in Ca™ release results in lack of angiogene-
sis and stem-cell differentiation [31-36, 58], thus effectively control-
ling ab initio the induction of bone formation.

The importance of tissue patterning and the induction of mesen-
chymal tissue condensations are critically shown by the lack of osteo-
clastic activity in zoledronate-treated specimens. In previous
experiments using coral-derived macroporous constructs, morpho-
logical and immunocytochemistry analyses have suggested the criti-
cal morphogenetic role of the morphogenesis of mesenchymal tissue
condensations against the implanted substratum, further indicating that
condensations pre-date the induction of bone formation [3, 13, 14].

Cellular and extracellular matrix condensations are pivotal in the
development of skeletal tissues [59]. Zoledronate-treated specimens
showed a profound delay in tissue patterning and morphogenesis,
molecularly, this tissue patterning disarray is pre-dated by Noggin
up-regulation together with minimal, if any, BMP-2 expression on day
15. The data indicate the critical role of BMPs in setting tissue pat-
terning and morphogenesis before the induction of bone formation.

Zoledronate-treated specimens showed Moggin up-regulation on
day 15 as compared with untreated control samples. Nogagin prevents
BMP binding to the BMP receptor [60] and as such inhibits bone for-
mation. The loss of osteoclast binding resulted in a temporary up-reg-
ulation of Moggin on day 15; this up-regulation generated minimal
bone formation by induction on days 60 and 90. Our results further
suggest that the biphosphonate zledronate’ effect is temporary, pos-
sibly degraded by days 60 and 90, with down-regulation of Noggin,
resulting in delayed and minimal bone induction yet again at the
periphery of the implanted macroporous constructs only.

When the L-type voltage-gated ion channel for Ca™* was blocked
by pre-loading the macroporous constructs with verapamil hydro-
chioride, morphological and histomarphometric analyses showed lim-
ited bone formation. Tissue patterning was not as disorganized and
delayed as in zoledronate-treated specimens. Verapamil-treated sam-
ples showed down-regulation of BMP-2 together with up-regulation
of Noggin on day 15, suggesting that Ca** regulates gene expression
[61] and thus controlling the induction of bone formation. Limited
induction of bone formation on days 60 and 90, although preferen-
tially at the periphery of the implanted macroporous constructs, may
indicate degradation of the implanted verapamil-hydrochloride. Lack
of active verapamil with delayed bone induction on day 90 is accom-
panied by recovery of BMP-2 expression and notably by Noggin
down-regulation on days 60 and 90.

The acidic microenvironment of the implanted intramuscular
pouch may also resu't in dissolution of hydroxy! apatite and carbonate
bound calcium resulting in higher extracellular calcium concentra-
tions within the protected macroporous spaces of the coral-derived
constructs. Of note, implanted macroporous calcium carbonate con-
structs were partially converted to 7% hydroxyapatite, which could
possibly release Ca* at minor intramuscular pH changes during heal-
ing [28-30]. The hiological effects of several ions have been well doc-
umented, including the induction of angiogenesis by triggering the
secretion of angiogenic morphogens [62]. Underlying cellular migra-
tion and differentiation are exceedingly complex intracellular events
focused on cytosolic flooding by calcium ions either from the ende-
plasmic reticulum or the extracellular domain via calcium channels in
the cell membrane [63].

The most likely triggering events for the spontaneous induction of
bone formation are, on the one hand, ionic with Ca** release in the
protected microenvironment of the macroporous spaces and, on the
other, cellular and morphological whereby osteoclastic-based nano-
patterned surface modifications with Ca"* release differentiate locally
responding stem cells into secreting osteoblasts. The coral-derived
macroporous constructs are thus richly vascularized because of the
calcium gradient; vascularization with capillary sprouting populate the
macroporous spaces with mesenchymal stem cells of vascular/para-
vascular derivation capable of responding both to the newly carved
functionalized nano-patterned topographies [7-12, 38-41, 52, 53,
64-67] and to the calcium ions concentration peak [32, 34-36].
In vitro, the proliferation of human vascular smooth muscle cells is
inhibited by the addition of the L-type voltage-gated calcium channel
blocker werapamil [42]). Verapamil blocks extracellular calcium
ingress to cytosol of several cells involved in the angiogenic response
and irreparably halts the nascent angiogenic phase [42].

The formation of bone by osteoblasts and its remedelling by oste-
oclasts are a closely integrated homeostatic system [68]. The bone
remodelling cycle is the cumulative result of the intimate and complex
interaction of the cellular compaonents of the basic multicellular unit
(BMU) [23, 24, 69]. Mineralized surfaces including hydroxyapatite
and tricalcium phosphate substrata recruit and induce ostecclast for-
mation [70, 71]. The mesenchymal cellular condensations cued by
the nanotopography of the implanted macroporous surfaces, together
with the C&" concentration peak facilitated by the protected microen-
vironment of the secluded macroporous spaces, will attract circulat-
ing osteoclast precursor cells (OCP) to populate the coral-derived

Fig. 6 Zoledronate-treated 7% HA/CC macroporous constructs on days 15, 60 and 90. Tissue patterning and morphogenesis of fibrovascular mesen-
chymal tissue penetrating the macroporous spaces of biphosphonate zoledronate-treated macroporous 7% HAJCC constructs. The angiogenic fibro-
hlastic front advances within the interconnected macroporous spaces invading the loose vascular matric suspended by the remaining fibrin/
fibronectin scaffold that has formed within the macroporous spaces (light blue arrow in A). Tissue patterning and morphogenesis of collagenous
condensations not yet tightly attached to the biomimetic matrix (light blue arrows in B and C). (D-F) Remodelling, tissue patterning and morpho-
genesis of collagenous condensations against the implanted biomatri on day 60 is still profoundly delayed when compared with tissue invasion
and morphogenesis as evaluated in untreated control specimens even when harvested on day 15 (Fig. 2A-C). (G-I) Low power views of tissue
incorporation and mesenchymal tissue invasion in zmledronate-treated macroporous 7% HACC constructs hanvested on day 90 showing delayed
mesenc iy mal tissue patterning facing a very loose fibrovascular tissue. (J-M) Delayed tissue patterning and morphogenesis of collagenous conden-
sations against the macroporous constructs (light blue arrows) with still prominent vascular invasion (magenta arrow). (N and 0) On day 90, and at
the perpherny of the macroporous constructs, possibly related to the lack of diffusion of the pipetted biphesphonate zoledronate, there is occasion-
ally the induction of bone formation (dark blue arrows). Decalcified sections cut at 6 pm stained with Goldner's trichrome.
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Fig. 7Ca** channel blocker verapamil hydrochloride-treated 7% HACC macroporous constructs on days 15, 60 and 90. Tissue induction, morpho-
genesis and tissue patterning of mesenchymal fibrovascular tissue invasion in 7% HAJ/CC macroporous spaces pre-loaded with the Ca*™ channel
blocker verapamil hydrochloride implanted in the rectus abdominis muscle of Papio wsinus and harvested on days 15 (A-C), 60 (D-G) and 90 (H
and 1). (A) Tissue patterning of fibrovascular tissue invasion on day 15 with fibrovascular bundles invading the loose fibrin-fibronectin vascular
matrix (magenta arrow) within the more internal macroporous spaces. (B and C) Early tissue morphogenesis of collagenous condensations (dark
blue arrows) supported by a rich vascular invasion (magenta arrows). (D and E) Low power views of a verapamil hydrochlorde-treated constructs
implanted in the recfus abdominis of P. ursinus and harvested on day 60. Morphogenesis and tissue patterning of collagenous condensations (dark
blug arrows) with the induction of an igland of bone at the very perphery of the implanted macroporous construct (light blue arrow in E). (F)
Remodelling of the fibrovascular tissue invasion and mesenchymal collagenous condensations (dark blue arrows) and (G) detail of newly formed
bone (light blue arrow) at the periphery of the implanted macroporous construct surrounded by the reclus abdominis fascia (magenta arow). (H
and 1) Delayed tissue patterning and collagenous condensations in Verapamil hydrochloride-treated specimens harvested on day 90. Limited organi-
zation and tissue patterning of collagenous condensations with, howewver, prominent vascularization across the macroporous spaces. Decalcified sec-

tions cut at 4 pm stained with Goldner's tichrome.

macroporous surfaces and initiate the osteogenic activity of the BMU
by setting the activation phase of resorption and by recruiting osteo-
blastic precursor cells. The nanotopographical geometric configura-
tions set by osteoclastogenesis together with Ca™ ions release
differentiate myoblastic/paravascular and/or pericytic stem cells into
osteoblastic cell lines.

The inductive surface microstructure of various hydroxyapatite-
based macroporous constructs is the common denominator of mate-
rials endowed with the striking prerogative of initiating de novo bone
formation by induction [72]. Surface microstructure resulting from
micre surface porosity may be drastically affected by sintering,
thereby affecting the induction of bone formation when implanted in
heterotopic sites [72].

Differentiated osteoblasts will express and secrete osteogenic
proteins of the TGF-p supergene family to be embedded into the
matrix initiating the induction of bone formation as a secondary
response. There are temporally and spatially related phenatypic tran-
sitions ultimately culminating in the differentiation of osteoblastic-like
cells and the induction of bone formation [3]). The angiogenic
response penetrating the macroporous spaces of the coral-derived
constructs is a prominent morphological feature. This was shown by
the pattern of alkaling phosphatase activity of the invading capillaries
[3] as well as by the expression of fype IV collagen on day 15 in the
present study. It is likely that the temporal induction of type IV colls-
gen and angiogenesis is initiated long before the inhibitory activities
of both the calcium ion blocker, verapamil hydrochloride and the
osteoclast inhibitor, biphosphonate zoledronate.,

Finally, the presented study is the only experiment in wivo correlat-
ing tissue morphology with the gene expression of the generated tis-
sues by macroporous constructs at different time-points and in a non-
human primate model [73]. The nascent tissue induction and tissue
patterning as seen morphologically have been studied by gRT-PCR;
because of the lack of in vivo studies, we still do not know the level
and the extent of tissue induction changes, which impact gene expres-
sion. The opposite is perhaps more true and important: we have not
grasped as yet the extent of gene expression changes necessary to set
into motion the quantity and quality of regenerated tissue morphology
particularly in primate species. The knowledge of this fine molecular/
morphalogical tuning would be exceedingly complicated to gather
from in vivo studies, particularly in primates, but may well be the next
boundary in regenerative medicine and tissue engineering.

@ 2013 The Authors.

Lastly, the harvested tissue for the molecular biology studies may
not fully represent or capture the quantity and quality of tissue mar-
phology changes that occur at the micrognvironment level, calling for
a more sophisticated approach in studying the events at the cell/
matrix interface.

In conclusion, this non-human primate study establishes the criti-
cal role of osteoclastogenesis to regulate the induction of bane for-
mation by coral-derived biomimetic matrices. It further shows the
regulatory role of Ca™ and L-type voltage-gated ion channels in con-
trolling the induction of bone formation. Osteoclastogenesis is
required to set nano-patterned geometric topographies, which,
together with Ca* release, induce angiogenesis and capillary sprout-
ing, cellular differentiation, osteablastic cell attachment and synthesis
to the implanted biomimetic matrix. Expression of BMPs is followed
by the embedding of the secreted gene products into the implanted
macroporous surfaces inducing bone formation as a secondary
response. The induction of BMPs, together with Noggin controlling
the extent of bone differentiation by induction, indicates that the
induction of bone formation by coral-derived biomimetic matrices is
initiated and maintained viathe BMPs pathway.

The induction of bone formation as initiated by macroporous
coral-derived constructs might require fewer amounts in hBMPs/
hOPs when applied in clinical contexts.
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Implantation of recombinant human transforming growth factor-fs (hTGF-Bs) with coral-derived cal-
dum carbonate-based macroporous bioreactors with limited conversion to hydroxyapatite (7% HA/CC) in
the rectus abdominis musce of the non-human primate Chacma baboon Papio ursinus induces endo-
chondral bone formation. The exact mechanisms by which hTGF-fis signalling induces bone in hetero-
topic sites of P ursinus are not known, Coral-derived 7% HAJCC bioreactors with and without 125 pg
HWTGF-f3 were implanted in triplicate in the rectus abdominis muscle of 6 adult baboons, 7% HA[CC
bioreactors either with or without hTGF-fi5 were loaded with 125 pg of recombinant human Noggin
(hNoggin), a bone morphogenetic proteins (BMPs) antagonist. Tissues on day 15, 60 and 90 were ana-
lysed by histomorphometry and quantitative reverse-transcriptase polymerase chain reaction (qRT-PCR).
Down-regulation of BMP-2 characterized 7% HA[CC constructs preloaded with 125 pg hNoggin with
Noggin down-regulated on day 60 and 90 together with lack of TGF-5; expression. Down-regulation of
BMP-2 correlated with minimal bone formation by induction. hTGF-f1/hNoggin pre-treated bioreactors
up-regulated BMP-2 but only on day 90 together with a significant down-regulation of Noggin on day 60
and 90, correlating with the induction of bone formation, albeit limited, on day 90 at the periphery of the
macroporous bioreactors only. hTGF-fi3 treated bioreactors significantly down-regulated BMP-2 on day
15 whilst up-regulating BMP-2 on day 60 and 90, together with down-regulation of Noggin on day 60and
90 correlating with the prominent induction of bone formation. hTGF-fs significantly up-regulated
RUNX-2 and Osteocalcin expression on day 15 controlling the differentiation of progenitor stem cells
into the osteoblastic lineage. The induction of bone as initiated by hTGF-f5 in the rectus abdominis musce
of P ursinus is via the BMPs pathway with hTGF-fi3 controlling the induction of bone formation by
regulating the expression of BMPs via Noggin expression. These results unequivocally demonstrate that
HTGF-f5 elicits bone induction by up-regulation of endogenous BMP-2 and is blocked by hNoggin.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

vast pleiotropic activity regulating embryonic development, tissue
patterning, postnatal tissue induction and morphogenesis,

The induction of bone formation during embryonic develop-
ment and postnatal tissue induction and morphogenesis is set by
complex seemingly redundant cascades of molecular and
morphogenetic events that sculpt the multicellular mineralized
and non-mineralized structures of bone that have ultimately
engineered the emergence of the skeleton and thus of the verte-
brates [1-3].

The transforming growth factor-f§ (TGF-f) supergene family
comprises several multifactorial gene products endowed with a

* Corresponding author.
E-mail addresses:  ugoripamonti@witsacza, ugoripamonti®gmail.com
(UL Ripamonti).

0142-9612/$ — see front matter © 2013 Elsevier Lid. All rights reserved.
hitp:/[dedolorg/10.1016/jbiomaterials 2013.12.062

immunoregulation and fibrosis, initiating the morphogenesis of
several tissues and organs including the skeleton and the bone
matrix [1,24-7]. In recent years, different studies have cast
additonal light on the specific role of the three mammalian
transforming growth factor-f (TGF-f) isoforms within the bone
matrix [8,9]. Balooch et al [8] identified TGF-J as the key regulator
of the mechanical properties and composition of the bone matrix,
additionally as the ulimate morphogen to maintain functional
parameters of bone quality, bone mass, elastic modulus and
hardness, mineral concentration and resistance to fracture, con-
trolling the structure and function of the skeleton [8]. Additionally,
mRNA  expression of TGF-fi gene products regulates joint
morphogenesis [9].
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