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Summary

Bone Tissue Engineering (BTE) emerged from the need to fitedredtives for the autolo-
gous bone graft, that despite many drawbacks is still thmghoice to heal bone defects
(Chapter 1). Due to its multidisciplinary nature, BTE brédgsubjects such as cell biology
and materials sciences. This challenge requests strongnoaiation between scientists
from all fields to ensure safe, efficacious and efficient thieafor patients. The work de-
scribed in this thesis tackles the interaction betweers egltl materials in BTE strategies, or
more specifically, how particular physico-chemical prdigsrof biomaterials influence the
osteogenic differentiation of cella vitro and bone formatiom vivo. A general discussion
and main conclusions are provided in Chapter 7.

Chapters 2, 3, 4 and 5 deal with a common subject: osteoiintuzt calcium phosphate
(CaP) ceramics. A literature review (Chapter 2) provides@egal background on the topic,
listing CaP ceramics tested, animal models used and disgudge most recent advances
in the field. Although CaP ceramics with osteoinductive pt& hold promise as bone
graft substitutes, the biological mechanism that lead®teliormation is not understood but
possibly related to specific physico-chemical properties.

The release of calcium (€4) from CaP ceramics into the body fluids is supposed to be
part of the osteoinductive mechanism triggered by theseniaig. This hypothesis was tested
with two in vitro models that explored the effect of €ain osteogenic differentiation of hu-
man bone marrow derived mesenchymal stromal cells (MSG@sChlapter 3, MSCs were
cultured on tissue culture polystyrene with differenf€aoncentrations ([Ca]). MSCs
cultured with the highest [Gd] revealed highest expression of osteogenic markers such as
osteopontin, osteocalcin, bone sialoprotein and bone noggnetic protein 2. In Chapter 4,
MSCs cultured in two different CaP ceramics exhibited higheression of those markers
in the ceramic of highest solubility (in a saline physioljisolution),3-tricalcium phos-
phate (TCP), compared with the ceramic of lowest solubilijgdroxyapatite (HA), possibly
correlating the extent of 4 release from the ceramics with the extent of MSCs osteogenic
differentiation.

Chapter 5 revealed a mouse model suitable for the study efhastctive CaP ceramias
vivo. After a screen of mice from 11 different inbred mouse staimbjected to subcutaneous
implantation of TCP, FVB arose has the most responsive msinaim to the osteoinductive
potential of TCP. This result not only shows the influenceerfetic factors on osteoinductive
potential of these ceramics, but it also opens the door &garch possibilities not consid-
ered before, since until now large animals, such as goatss a@od baboons, were preferred
models. Chapter 6 revealed a polylactic acid (PLA)-gaspéaseated surface that favoured
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osteogenic differentiation of MC3T3-E1 cells that couldchpotential for the development
of novel generation of bone graft substitutes. PLA diskgesttbd to different gas plasma
treatments were altered in terms of their surface chemmaposition, wettability and to-
pography. Biological performance of the resulting disks wmed accordingly. Interestingly
the surface that favoured osteogenic differentiation ofaWI8-E1 cells induced the poorest
cellular adhesion and lower cell numbers throughout theidal period.



Samenvattig

Bot Tissue Engineering (BTE) is voortgekomen uit de betgefh alternatieven te vinden
voor autologe bot transplantatie, hetgeen nog altijd deabeéling van eerste keus is om
botdefecten te overbruggen ondanks de vele nadelen dimégegepaard gaan (Hoofdstuk
1). Door de multidisciplinaire aard van BTE wordt een bruglggen tussen onderwerpen
als celbiologie en materiaalkunde. Deze uitdaging vergtdgacommunicatie tussen weten-
schappers van alle vakgebieden om zodoende veilige, ieffeatn efficiénte behandelingen
voor patiénten te bewerkstelligen. Het werk dat in dit psokfift wordt beschreven, gaat
over de interactie tussen cellen en materialen in BTE-dgrgdaom meer specifiek te zijn,
hoe bepaalde fysiek-chemische eigenschappen van bidabatetdle osteogene differentiatie
van cellenn vitro en botvormingn vivobeinvioeden. Een algehele discussie en voornaamste
conclusies staan in Hoofdstuk 7.

Hoofdstukken 2,3,4 en 5 hebben een gemeenschappelijkwearer osteoinductie van
calciumfosfaat (CaP) keramieken. Een review (Hoofdstukigjit achtergrondinformatie
over dit onderwerp, een opsomming van CaP keramieken déstgein, dierenstudies die
gebruikt zijn en een discussie van recente ontwikkelingredit vakgebied. Hoewel CaP
keramieken veelbelovend zijn als vervanging voor autolmgé&ansplantaten, is het biologis-
che mechanisme dat leidt tot botvorming nog onduidelijk neeft mogelijk te maken met
de specifieke fysiek-chemische eigenschappen. Het vrigkovan calcium (C&) uit CaP
keramieken in lichaamsvloeistoffen is waarschijnlijk esmderdeel van het osteoinductieve
mechanisme waartoe deze materialen aanzetten. Deze bgpathmet twe@ vitro mod-
ellen getest die het effect van €aop de osteogene differentiatie van humane mesenchymale
stamcellen (MSCs) uit beenmerg onderzochten. In hoofddtnkrden MSCs gekweekt op
celkweek polystyreen met verschillende’Caoncentraties ([Ca]). MSCs die gekweekt
werden met de hoogste [€4 toonden de hoogste expressie van osteogene markers zoals
osteopontin, osteocalcine, bone sialoprotein en bone moggmetic protein 2. In hoofdstuk
4 toonden MSCs die gekweekt waren op twee verschillendacalkeramieken de grootste
expressie van deze markers bij het keramiek met de groqgtttstzaarheid (in een fysiolo-
gische zoutoplossing), tricalcium fosfaat (TCP) vergeteknet het keramiek met de laagste
oplosbaarheid, hydroxyapatiet (HA), mogelijk is er eerrelatie tussen de mate van&a
die vrijkomt van de keramieken en de mate van de osteogefeedatifiatie van de MSCs.

In hoofdstuk 5 wordt een muismodel beschreven dat geschini de osteoinductiviteit
van CaP keramiekem vivo te onderzoeken. Na een screen van 11 verschillende inteelt
muizenlijnen, waarbij TCP subcutaan geimplanteerd wasnkae FVB muis als beste re-
sponder lijn naar voren om het osteoinductieve potentieMa@R aan te tonen. Dit toont
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niet alleen de invioed van genetische factoren op de osteoiieve potentie van TCP, maar
opent ook de deur naar nieuwe onderzoeksmogelijkhedeatdiedr kort niet voor mogelijk
werden gehouden, want grote diermodellen met geiten, e ®davianen waren tot nu toe
de standaard.

Hoofdstuk 6 onthult een polymelkzuur (PLA) opperviak datéedeld is met gasplasma,
hetgeen gunstig is voor de osteogene differentiatie van \8cBL1 cellen waardoor dit de
potentie heeft als nieuwe generatie van bottransplantaabugers. PLA schijven die aan
verschillende gasplasma behandelingen waren blootdestaten verschillend in chemische
samenstelling, bevochtbaarheid en topografie. De biatbgiprestatie van de schijven werd
overeenkomstig afgesteld. Interessant om te vermeldeatifi@t opperviak dat de beste
osteogene differentiatie gaf van MC3T3-E1 cellen, de sktethechting van cellen en het
laagste aantal cellen gaf gedurende de kweekperiode.



Sumario

A Engenharia de Tecidos do Osso (ETO) surge da necessida&thedetrar alternativas a ac-
tual terapéutica do enxerto 6sseo autdlogo, que apesatakeds suas desvantagens, continua
a ser a principal escolha para a reconstrucéo de defeiteeSapitulo 1). Devido a sua
natureza multidisciplinar, a ETO estabelece a ponte edniavdisciplinas, nomeadamente a
Biologia Celular e a Engenharia de Materiais. Este desafisereuma forte comunicacao en-
tre cientistas das varias areas para assegurar que as e@@Esiticas propostas sao seguras,
eficazes e eficientes para o doente.

Esta tese aborda a interaccao entre células de origenslanimiznana e os materiais
utilizados em estratégias de ETO, mais especificamentep cmterminadas propriedades
fisico-quimicas dos biomateriais podem influenciar a diferacéo osteogénica das células
in vitro e a formacao de ossovivo. O trabalho experimental é descrito nos capitulos 3,4,5e
6 e a discussdo geral e as principais conclusdes sao apsenb Capitulo 7. Os Capitulos
2, 3, 4 e 5 tratam de um tépico comum: a capacidade osteoinadet ceramicos de fosfatos
de calcio (CaF). No Capitulo 2, sumarizam-se conteldosritapi@s para compreensao dos
capitulos subsequentes através de uma revisao literarggdo Aqui listam-se os principais
materiais ceramicos testados, os modelos animais utiizadliscutem-se 0s mais recentes
desenvolvimentos cientificos na area.

Apesar de os ceramicos de CaF serem promissores subdtitueoserto 6sseo autélogo,
0 mecanismo bioldgico que leva a formacao de 0sso ainda héorfppreendido, mas estara
possivelmente relacionado com a sua natureza e organigsigéitural, ou noutras palavras,
com as suas propriedades fisico-quimicas. A libertacacligoqCa") dos ceramicos de
CaF nos fluidos corporais foi proposto por outros autoreaoma parte importante na ac-
tivacdo dos mecanismos de osteoinduccédo. Esta hipotesstaila em dois modelosvitro
que exploraram os efeitos de ana diferenciacéo osteogénica de células humanas mesen-
guimais derivadas da medula 6ssea (MMOs). No Capitulo 3,M®&iforam cultivadas em
frascos de poliestireno, em meio de cultura contendo difeseconcentracdes dea As
MMOs cultivadas com a concentracdo deCanais alta revelaram expressdo mais elevada
de genes tipicos da diferenciagéo osteogénica, tais caempusitina, osteocalcina, sialopro-
teina 6ssea e proteina morfogenética 6ssea 2 (BMP-2). NiuGag, as MMOs cultivadas
em diferentes ceramicos de CaF exibiram uma expressao feaisla daqueles genes no
ceramico de maior solubilidade (em solucao fisioldgicagfdtm tricalcico (FTC), compara-
tivamente com os resultados da expresséo no cerdmico de stdubilidade, hidroxiapatite
(HA), possivelmente correlacionando a extenséo da libgotade C&™ dos ceramicos com a
extensdo da diferenciacéo osteogénica das MMOs.

Xi



Xii

No Capitulo 5 identificou-se um modelo de murganho adequadsstudoin vivo dos
ceradmicos de CaF osteoinductivos, depois de terem sidaltestatinhos de 11 estirpis
bredsujeitas aimplantacdo subcutédnea do FTC, tendo surgid®aBMo a mais permissiva
ao potencial osteoinductivo do FTC. Este resultado mostriafluéncia dos factores genéti-
cos no potencial osteoinductivo destes ceramicos e alargotencial de investigacdo, uma
vez que até agora, grandes animais como cabras, cdes edsabram tidos como modelos
preferencialmente utilizados.

No Capitulo 6 estuda-se a superficie de poli (acido lac{lebp\) tratada com gas plasma
gue favoreceu a diferenciacéo de células pré-osteotdasd€3T3-E1, indicando o seu po-
tencial para o desenvolvimento de uma nova geracao detstibstilo enxerto 6sseo. Discos
de PLA foram tratados com gés plasma e consequentementesapmréicie foi alterada em
termos de composigdo quimica, a&ngulo de contacto e topag@fdesempenho bioldgico
dos discos foi alterado de acordo com essas modificacdafic®erse também que a super-
ficie que favoreceu a diferenciacao osteogénica das e&WEBT3-E1 foi também aquela
gue induziu a adeséo celular mais fraca e a menor prolifereglé@lar durante o periodo de
cultura.
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Chapter 1

Introduction

Bone composition and structure

Bone is a type of connective tissue that supports our bodyraaddition, protects vital or-
gans. It consists of minerals (60%), organic componen)3hd we ter (10%) [1]. Due to
this high mineral content, mainly calcium and phosphafdaigs an important role in calcium
homeostasis [2, 3]. Structure wise, most bones are compdsedexternal layer of compact
bone surrounding the inner trabecular bone. Compact bodense and less metabolically
active than the spongy trabecular bone [4]. Bone marrowlesamong the trabeculae, where
haematopoiesis takes place (blood cells and plateletsiptiod) [5]. Firstly, when bone is
deposited, it constitutes an unorganized form of bone, Beccavoven bone. It appears early
in the fetus and after fracture healing and is later sulistitby lamellar bone, an organized
form of bone with aligned collagen fibers deposited in cotiesheets (osteon) [6]. Bone
remodelling comprises of bone resorption and depositioreaf bone, the orchestrated work
of osteoclasts and osteoblasts cells respectively [7]edbdasts deposit the organic matrix
of the bone that later will be calcified to originate the madgrhase (ossification). They
border areas where new bone is being formed. When enteriestiag state they are called
flat-bone lining cells. When incorporated in the matrixytheside in lacunae and are called
osteocytes. Osteoclasts are responsible for removingdhe mineral phase and to break
down the organic components. Osteoclast activity can bgered by osteoblast secretion of
specific molecules such as NF-kB-ligand (RANK-L) and ostetggerin (OPG).

Bone formation

To arrive at the level of structural and functional comptgxiescribed above, two routes ex-
ist: intramembranous and endochondral bone formatiorL@&)g bones of the skeleton form

via the latter route, in which mesenchymal cells differatgiinto chondrocytes in an avas-
cular environment, producing a cartilage matrix. Beforsifasation, chondrocytes become
hypertrophic and secrete collagen type X instead of Il [9]e Tartilaginous template is then
invaded by blood vessels, bringing along osteoprogenétls,cconcomitant with chondro-

cyte death. Ossification takes place except in the growtteqldocated in the centre and
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2 CHAPTER 1. INTRODUCTION

extremities of the bone that will remain throughout the f#8tyears of life to enlarge the
bones [2, 10]. The flat bones of the skull, by contrast, do motvgongitudinally. Here,
intramembranous bone formation takes place during whickemehymal cells aggregate and
form condensates of loose mesenchymal tissue, prefigunmgkeletal elements. Within
these aggregates, cells differentiate into osteoblastmaksociated with adequate vascula-
ture, directly initiating ossification. During fracturedlang, both mechanisms can take place
to repair the bone [11]. When a fracture is stable and witthanged anatomy (e.g. a crack),
intramembranous repair will occur. Otherwise, a cartileggeplate will initially stabilize the
fracture and later be replaced by bone.

Transcriptional regulation of osteogenesis

The main events of transcriptional regulation of osteogenwill be discussed here and are
summarized in figure 1. In both endochondral bone formatimhiatramembranous ossifici-
ation, osteoblasts differentiate from mesenchymal pmeosr{8]. Several molecules coordi-
nate the differentiation process of which, undoubtedlyedainding factor alpha 1cpfa-1),
also known as runt-related transcription factoiRi§x-2), is considered the master regula-
tor [12]. Cbfa-1/Runx-2 expression is the earliest and mnspstific marker of osteogenesis
[13]. Mice lacking this transcription factor develop a skeh that is made of cartilage, as
osteoblastic differentiation never occurs, and lack astests as well [14, 15].

Mesenchymal s Osteochondro __5 Osteoblast —> Mature —> Bone Formation

Bone Sialoprotein
ALP -..... Mineralizes

cell I Progenitor T Osteoblast T
m—| - Collagen | ECM
= Osteopontin A
e — < Osteocalcin .

Figure 1. Schematic representation of the mesenchymal cell diffextion process leading to bone
formation. Molecules in white boxes regulate at the trapsional level and those in black boxes at
the posttranscriptional level. Lines with arrows indicatgivation whereas lines with bars indicate
inhibition. For details see text. Adapted from KarsentyndnRev. Genomics Hum. Genet.; 2008.

Several transcription factors have been suggested to atteap of Runx-2, such as
Twist-1, that has been shown to delay osteogenesis viaiiithmiof Runx-2 [16]. Another
inhibitor of Runx-2 is the homeobox protein encodedHnxa-2gene. Hoxa-2 deficient mice
display ectopic bone formation associated with Runx-2 esgion in the second branchial
arches [17]. By contrast, mice lacking the muscle segmemtdutox gene 2Msx-2) ex-
press less Runx-2 and osteocalcin (OC) and display deéeossification of the skull and
bones that form via endochondral ossification [18]. Also emigcking signal transducer
and activator of transcription Sat-1) develop high bone mass. It has been suggested that



Stat-1 function is to inhibit Runx-2 translocation into thecleus [19]. A similar function
has been proposed for schnurriShf-3), a zinc finger adapter protein, whose deletion in
mice leads to an increase in bone matrix deposition [ZD§terix is another transcription
factor essential for osteoblast differentiation but bedto act downstream of Runx-2. To-
gether with nuclear factor of activated T cellsNfét-1), osterix can activate transcription
of osteoblast specifial (1) collagen [21]. In osterix-deficient mice, only bonesrfeed via
intramembranous ossification lack a mineralized matrixn&onformed via the endochon-
dral route show some mineralization degree although itméses calcified cartilage [22].
Activating transcription factor 4XTF4) is required for efficient import of amino acids into
osteoblasts in order to have proper synthesis of collagee hf23]. Furthermore, it can
also activate transcription of OC [24]. ATF4 deficient miavé a delayed skeletal develop-
ment and low-bone mass phenotype caused by decreased boatidm [25]. Finally, ATF4
also regulates osteoclast differentiation and hence besw@ption through its expression in
osteoblasts [26]. The activity of ATF4 is regulated by p3fosomal S6 protein kinase 2
(RSK2) [25]. RSK2 deficient mice also show decreased bone masgdwiimpaired bone
formation and reduced collagen type | synthe€isllagen type | expression is therefore a
phenotypical characteristic of mature osteoblasts. Gelaype | accounts for 90% of the
extracellular matrix (ECM) and has a structural as well ashmeical role in the bone [27].
Patients suffering from mutations affecting the structrabundance of collagen type |, as
in the case of Osteogenesis Imperfecta, suffer from boneratalities ranging from bone
fragility to high bone mineralization [28-31]. Besideslaglen type |, mature osteoblasts are
characterized by the ability to synthesize membrane assatbone-kidney-liver alkaline
phosphataseALP). Although not bone tissue specific, this enzyme is beli¢odz involved

in ECM mineralization through cleavage of pyrophosphag B8] and is already expressed
in pre-osteoblasts, prior to the mineralization proced$.[Bmong the non-collagenous pro-
teins secreted by mature osteoblasts, the most specific@€,ialso known as bone Gla
protein. This protein is undectatable in preosteoblasisiatected only in mature osteoblasts
[34]. Together with Runx-2, they constitute the most specifarkers for osteogenesis [35].
OC is in fact an inhibitor of bone formation. Mice lacking O8osved higher bone mass
without impaired bone resorption [36]. Osteopont®P) and bone sialoproteirBSP) are
two other non-collagenous components of the ECM that shaane structural features. The
first accounts for 15% of all non-collagenous proteins intbiee [27]. After fracture healing,
OP is upregulated in osteoblasts and mice lacking this praieesented a delay in several
bone fracture healing stages [37]. BSP is almost exclusipdduced by skeletal related
cells, including osteoblasts, osteocytes and hypertoogiiondrocytes. It plays an important
role as nucleator of mineralization [38] and increasesaidtest differentiation [39].

G-Protein Coupled Receptor signaling

G-Protein Coupled Receptors (GPCRs) mediate cellularoress to extracellular signals,
including hormones, neurotransmitters and local medsatdrhere are about 500 GPCRs
in humans, making them promising drug targets [40]. An eXangpparathyroid hormone
(PTH) ligand that targets PTH receptor 1 (PTHR1) [41] andfiscéive in the treatment
of osteoporosis [42]. All GPCRs have a similar structure)sisting of a single polypep-
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tide chain that threads back and forth across the lipid bil@gven times. Ligand binding
alters the receptor conformation which activates trim&idP-binding protein (G protein).
G proteins are composed of three subunits: 8 andy. Upon ligand binding, the GDP
bound to thex subunitis replaced by GTP inducing conformational chamyése G protein
that leads to interaction with the intracellular targethjah are either enzymes or ion chan-
nels in the plasma membrane. Inactivation of theubunit reverses the GPCR activity [43,
44]. This can be controlled by regulator of G-protein sigmp(RGS) protein that acts as a
a-subunit-specific GTPase-activating protein, shuttinfgtlod initial response to the ligand
[45-47]. GPCRs can be coupled to different types of G prateibepending on the type
of G protein, different downstream signaling events wiltoc In the case of inhibitory G
proteins (Gi), ligand binding will lead to inhibition of adglyl cyclase. On the other hand,
if the G protein is a stimulatory G protein (Gs), activationaglenylyl cyclase will lead to
conversion of cyclic adenosine monophosphate (CAMP) frdemasine triphosphate (ATP).
Accumulation of cAMP in the cytoplasma will activate pratdiinase A (PKA) to release
its catalytic subunits. A-kinase anchoring proteins (AKABInd both to regulatory subunits
and to a component of the cytoskeleton or membrane of an ellgdn allocate the enzyme
to a particular subcellular compartment [48]. PKA can einténe nucleus and phosphorylate
a gene regulatory protein called cAMP response element {GREing (CREB) protein that
binds to a short DNA sequence known as CRE. In the past we hglukghted the influence
of cCAMP/PKA pathways in osteogenic differentiation in eitand bone formation in vivo
[49-51].

GPCR activated signaling pathways

signal molecule signal molecule

GPCR \ activated adenylyl cyclase GPCR \ activated activated PKC
Extracellular Space phospholipase C Extracellular Space
_——% ,
CAMP ¢— ATP Cytosol

...accumulation Cytosol \
0o, l
? activated PKA inositol 1,4,5-trisphosphate (IP3)

® e
%,
A Caz+

IP3 gater |

Ca2+-release channe| '

Figure 2: Schematic depiction of GPCR activated signaling pathwiisen a signal molecule binds to
a GPCR, it alters the receptor conformation which in turivatés G proteins. This leads to activation
of downstream signaling events, such as PKA (left diagramPKC (right diagram) pathways. For
details, see text.

CREB—» pCREB
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1
1
1
‘ geneirgnscription
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GPCRs can also stimulate the plasma-membrane-bound pilgsse CB (PLC ),
mainly via Gq proteins, which in turn leads to release of'Com the endoplasmic reticu-



lum, through inositol 1,4,5-trisphosphate (IP3)-gated'Qalease channels. €aconcentra-
tion increases in the cytosol and together with diacylglgtand phosphatidylserine activate
PKC [52]. PKA and PKC signaling pathways are schematic&presented in figure 2.

Bone graft substitutes

Nowadays there are 893.0° people older than 60 years. By the end of this decade that num-
ber will raise to 2.4 10° [53] because fortunately we have a platelet of cares thatigretd
have before that allows us to live longer. But growing olderams a weaker body, prone to
tissue and organ failure, and the increase in the amountdop@bple will be concomitant
with the increase in the number of associated joint disardejuries and treatments needed.

Figure 3: Bone resorption after tooth extraction. A) Notice the oraibone (*) level. B) Two years
after tooth extraction, bone has been resorbed and thenatilgivel lowered down. Courtesy of Mr.
Tiago Cruz de Sousa Braga.

When the bone’s own repair mechanisms fail, e.g. in nonfufiactures after tumour re-
moval or when maxillary augmentation is needed after tedtlaetion (figure 3), for instance,
bone grafts are the preferable treatment [54-56]. Thisiespghe use of bone collected from
other anatomical locations in the patient (if autologobghtthe one to be repaired, usually
the iliac crest, and placing it to fill the void space. Howeihkis procedure implies an ad-
ditional surgery to the patient, with associated tissuelmdity, pain. Additionally only a
limited amount of tissue can be harvested. Although effeand efficient, it has drawbacks
and alongside an ageing population, alternatives are lyap&gkded. As a consequence, the
market for bone graft substitutes (BGS) has largely expdndeosting research along. It
has been estimated to be $1.9 billion in 2010 and is forecasach $3.3 billion in 2017
(http://mvww.globaldata.com/reportstore). BGS can belsgtic materials and among those,
ceramic- and polymer- based will be briefly described hel@ SBan also be synthetic ma-
terials combined with biological substances or formuladian between, such as the case of
demineralized bone matrix (DBM) [57-59]. DBM has a biolagiorigin (bone derived from
cadavers or animals) but is further processed to providewdgalized matrix without losing
key biological components thought to render it osteoingta¢60-62]. Furthermore, BGS are
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usually defined in terms of the@rsteoconductivityosteoinductivityandosteogenicitywhich
are characteristics that autologous bone grafts posse3qp3

e osteoconductivityis the property that allows migration of potentially osteoig cells
to the site of future matrix formation at the site of orthatimplantation;

e osteoinductivity refers to the ability to trigger osteogenesis (bone foramgti

e osteogenicityis the presence of bone forming cells (applicable in the o&sell-based
therapies, which will be discussed later).

Ceramic-based BGS can be made from calcium phosphate (EaP)ticalcium phos-
phate (TCP), hydroxyapatite (HA), biphasic calcium phaph calcium sulphate or glass
[54]. Most CaP ceramics are osteoconductive and some aveoateoinductive [67]. It
is suggested but not fully understood that the physico-étedmproperties of such materi-
als are at the origin of their ability to induce bone format{68-70]. Chemical composi-
tion, macro-architecture and surface micro- and nana:tira are among those properties.
These can be tailored during chemical synthesis and manuifag. Hence, different formu-
lations will influence the bone grafting potential of suchtengls. Although osteoinductive
CaP ceramics are promising BGS, the exact mechanism visghvdsteoinductive materi-
als trigger bone formation is unknown. Chapter 2 reviewsmsitely the latest develop-
ments in this research field. Polymers are attractive opt&mnBGS due to their mechanical
properties. Commercial BGS are either based on resorbaljegiers, such as polylactic
acid (PLA) and polyglycolic acid (PGA), or on polymethyl retylate (PMMA). However,
due to their poor osteointegration and lack of osteoinglagiroperties, products based on
these polymers are often combined with CaP derivatives deroto overcome those hur-
dles. Examples are OsteoSB4(Tissue Regeneration Therapeutics Inc. Toronto, Canada),
which consists of PLGA (PLA/PGA) coated with a CaP layer [@hH Cortos5¥ (Stryker
Corporation, Kalamazoo, Michigan, U.S.), consisting ity of bis-GMA (2,2-bis[4-(2-
hydroxymethacryloxypropyl) phenyl]propane) and glassgegc particles, mainly used for
spine surgery [72].

Cell-Based therapies in Bone Tissue Engineering

Other alternatives to the autologous bone grafts are esid therapies. In this approach,
stem cells are used as bone forming units and/or signalihighes that transmit molecular
instructions among them or to the patient’s tissue surrgsd Stem cells are, per defini-
tion, cells with capacity of self-renewal and ability tofdifentiate into multiple lineages of
adult tissues, making them an attractive choice for difieotinical applications. In general,
cell-based therapies comprise of harvesting stem celia thee patient, in vitro processing
and implantation of the resulting product back into theggati During in vitro processing,
cells are expanded, exposed to signaling molecules aneidesl onto carrier materials (e.g.
ceramic or polymeric scaffolds) [73, 74]. Multiple formtitans of cells, signaling molecules
and scaffold materials have been tested, owing to the nsdiflinary aspect of the tissue
engineering field, which gathers knowledge from severalgms such as biology, chemistry,
medicine and engineering [75]. HEAL&® Bone Graft Replacement (Depuy Orthopeadics



Inc, Warsaw, Indiana, U.S.) is an example of a bone tissumeagng product, composed of
cross-linked type | bovine collagen fibers coated with hygtepatite and intended to be used
in combination with bone marrow aspirates.

Bone marrow derived cells have been widely used as a sourogesénchymal stem
cells (MSCs) for tissue engineering applications. Tradilly bone marrow aspirates are
placed in tissue culture plastics and the fraction of MSQsesponds to that of adherent
cells [76]. These cells are also referred to as bone marroweatkstromal cells and are
able to differentiate into osteogenic, chondrogenic, aggmic and myogenic lineages [77],
but in contrast to what the terstem cellssuggests, MSCs undergo replicative senescence,
which can have implications at the therapeutical level &3, Induction into the osteogenic
lineage, as well as into any other lineage, can be achievedgh specific culture medium
formulations. Soluble factors such as dexamethasone, ¢cAblie morphogenetic proteins
(BMPs), C&" and vitamin D3 can differentiate MSCs into osteoblasts §@085].



8 CHAPTER 1. INTRODUCTION

Outline of this thesis

The aim of this thesis is to relate specific physico-chempcaperties of materials to the
biological responses they elicit in vitro andin vivo models, particularly regarding the os-
teogenic differentiation of stem cells and bone formation.

Chapter 2gives a comprehensive overview of osteoinductive CaP desanit debates
guestions such as the significance of currently usedtro andin vivo models to the study
of these ceramics as well as the physico-chemical progddentified in literature as key
elements necessary to trigger bone formation. One of sugepties is the chemical compo-
sition of these materials, of which €ahas been postulated to play a determinant role in the
biological response of the host.

Chapter 3demonstrates that MSCs exhibit an osteoblastic phenotieawxposed to a
high extracellular C& concentration. The cellular response to such environnsestiarac-
terized regarding morphological features, proliferagon gene expression. Finally a signal-
ing pathway is proposed to explain how&driggers BMP-2 expression.

Chapter 4demonstrates that BMP-2 expression in MSCs is also indut¢eshwells are
cultured in3-TCP compared to HA. MSCs attachment and differentiatiecampared be-
tween these two ceramics, which are distinct in their chahgomposition, microstructural
properties and bone inductive capagityivo.

B-TCP also induces bone formation in a mouse model, whichvisaled inChapter 5 It
further explores the physiological response of mice tced#fit CaP ceramics and the role of
blood vessel formation.

Chapter 6presents the use of PLA treated with gas plasma to guide gesténdiffer-
entiation of osteoprogenitor cells in vitro. Resulting PEArfaces exhibit differences at the
topographical, chemical and wettability levels. Proteid aell adhesion are tuned as well as
osteogenic differentiation.

Chapter 7is where the general discussion and main conclusions otlibiss are pre-
sented.
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Chapter 2

Osteoinductive biomaterials: current
knowledge of properties, experimental
models and biological mechanisms

Ana M. C. Barradas, Huipin Yuan, Clemens A. van Blitterswiflamela Habibovic

Abstract

In the past thirty years, a number of biomaterials has shbembility to induce bone forma-
tion when implanted at heterotopic sites, an ability knowmsteoinduction. Such biomate-
rials - osteoinductive biomaterials - hold great poterfbathe development of new therapies
in bone regeneration. Although a variety of well charactetiosteoinductive biomaterials
have so far been reported in the literature, scientisidatk fundamental understanding of
the biological mechanism underlying the phenomenon by tiiey induce bone formation.
This is further complicated by the observations that lamygmal models are required for
research, since limited, if any, bone induction by biomateiis observed in smaller animals,
including particularly rodents. Besides interspeciegatam, variations among individuals of
the same species have been observed. Furthermore, comgifiénent studies and drawing
general conclusions is challenging, as these usuallyrdiffé only in the physico-chemical
and structural properties of the biomaterials, but alssimal model, implantation site and
duration of the study. Despite these limitations, the kmealgke of material properties rele-
vant for osteoinduction to occur has tremendously inciet@se¢he past decades. Here we
review the properties of osteoinductive biomaterials hi@ light of the model and the con-
ditions under which they were tested. Furthermore, we givinaight into the biological
processes governing osteoinduction by biomaterials andiew on the future perspectives
in this research field.
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Definitions and historical background

One of the first definitions of osteoinduction, as proposedrligdenstein was “the induc-
tion of undifferentiated inducible osteoprogenitor celat are not yet committed to the
osteogenic lineage to form osteoprogenitor cells” [1]. haligh the phenomenon of bone
formation upon implantation of various tissues heteratally was described as early as in
the beginning of the 20th century [2-6], Urist’ seminal digery that acellular, devitalized,
decalcified bone matrix induced bone formation in musclemofise, rat, guinea pig and
rabbit [7], and subsequent identification of Bone MorphadierProteins (BMPs) as sole in-
ducers of heterotopic bone formation [8, 9], set a landnatkis field of research. Based on
his studies, Urist defined the process of bone formation bgiaduction, or osteoinduction
as “the mechanism of cellular differentiation towards bohene tissue due to the physico-
chemical effect or contact with another tissue” [8]. Moreamtly, in a definition proposed by
Wilson-Hench, osteoinduction was described as the prdestich osteogenesis is induced
[10]. It is now generally accepted that a conclusive evi@efioc osteoinduction can only be
given by heterotopic implantation, i.e. implantation ie tissues or organs where bone does
not naturally grow.

Heterotopic bone induction as induced by DemineralizedeBblatrix (DBM) and BMPs
has been well described by Urist and others. When BMPs, tbadi® insoluble collagenous
bone matrix, or DBM are implanted heterotopically in rodgra cascade of events is initi-
ated: the chemotaxis of undifferentiated mesenchymas ¢ellowed by cell proliferation;
differentiation into chondroblasts and chondrocytedpfeéd by the formation of cartilagi-
nous extracellular matrix containing type Il collagen amdtpoglycans; chondrocytes matu-
ration, hypertrophy, and cartilage calcification; bloodseds and osteoprogenitor infiltration,
removal of cartilage and osteoid apposition and bone mptaguction; bone marrow forma-
tion and bone remodeling [11]. Although it is generally thhuthat heterotopic induction of
bone formation by BMPs is indeed endochondral, [11], therestbeen reports on intramem-
branous, i.e. direct bone formation without cartilage rimtediate, at heterotopic sites. For
example, fibrous collagen membrane [12], hydroxyapatie) (#3] and biomimetic calcium
phosphate coatings [14] in combination with BMP inducedéfarmation directly, without
apparent cartilage intermediate. In contrast, BMP on fisglass membrane and insoluble
bone matrix showed that heterotopic bone was formed foligwhe process of endochondral
ossification [12, 13]. Differences in the pathway by whichehnetopic bone is induced by
BMPs may be associated with differences in vascularizatiod hence oxygen supply as
well as with mechanical properties (e.g. micromotion) &f tiarrier [13].

At the time of Urist's discovery of BMPs as osteoinducivetéas, the phenomenon of os-
teoinduction triggered by a completely synthetic biomateby no means resembling the
composition of implants used in Urist's studies, was algooreed. In 1960, Selye and
coworkers implanted Pyr@ glass tubes, with a diameter of 30 mm and a length of 20
mm, the so-called tissue diaphragms, subcutaneouslysn lfastological analysis of tissue
formed inside the diaphragms 60 days following implantatievealed presence of bone,
cartilage and hemopoietic tissue [15]. In 1968, Winter aimi@Son described subcutaneous
bone formation upon implantation of poly-hydroxyethylimstrylate (poly-HEMA) in pigs
[16]. The authors observed that the implanted sponge haiiedlprior to bone formation.
Calcification of the sponge was also observed after subeatanimplantation in rats [17].
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The observed phenomenon of bone induction by the polymgoicge could not be explained
by the Urist's theory, as the sponge neither contained nmiymed BMPs. Interestingly, in
earlier reports it was observed that bone was induced bytendnd arteries only if they
were first calcifiedn vivo, as reviewed by de Groot [18]. Although the exact underlyihg-
nomenon was not known, these observations suggested tbifitation, and hence calcium
phosphates might play an important role in the process ebasduction.

In the past decade, a large number of publications illustrasteoinduction by diverse cal-
cium phosphate biomaterials in the form of sintered cerafli®-26], cements [27-29], coat-
ings [30, 31], as well as coral-derived ceramics [20, 25338R-in various animal models.
Also composites consisting of a polymer and HA have showretaltde to induce bone for-
mation heterotopically [36, 37]. Besides calcium phoseltantaining biomaterials, osteoin-
duction was also observed in alumina ceramic [38], titanj8f) 40] and a porous bioglass
[41].

Until now the exact mechanism of osteoinduction by bioniakers stillincompletely under-
stood. Itis furthermore questionable whether the mechaif osteoinduction by BMPs and
osteoinduction by inorganic biomaterials are related dmsa, to which extent. The apparent
differences between osteoinduction by BMPs and biomdsesi@ thatl) bone induced by
biomaterials is always intramembranous [25, 42] while BM&dced bone is mostly formed
via the endochondral pathway [1D) in small animals like rodents bone is very rarely in-
duced by synthetic biomaterials [19, 43-46], but easily byH3 [47-49],3) bone induction
by biomaterials in large animals is rather slow, requiringeks to months [27, 35, 39, 50,
51], whereas osteoinduction by BMP-2 and BMP-7 takes placeagy as 2-3 weeks upon
heterotopic implantation in rodents [14, 52, 53] and 4) whibne is usually observed inside
pores or other “protective” areas of a material [51, 54-B6e formation by BMPs is reg-
ularly seen on the periphery of the carrier and even in thetssiie distant from the carrier
surface [14, 57].

The osteoinductive capacity was one of the main reason&f@ldpment of clinical therapies
based on BMPs, and both BMP-2 and BMP-7 are currently sutdlgsssed in a number of
applications [58, 59]. Itis therefore not surprising thimrbaterials with intrinsic osteoinduc-
tivity possess a great potential as alternatives to biokdgipproaches to bone regeneration
[60].

As earlier mentioned, it is well established that, to be @ered osteoinductive, a material
should induce bone formation heterotopically, so that dermmne origin is solely attributed
to its osteoinductive properties rather than to the ostedactive ones (the latter comprises
the migration of potentially osteogenic cells to the sitdéutfire matrix formation at the site
of (orthotopic) implantation [61]. Studies within the fiedgtnerally describe the chemical
and physical properties of osteoinductive materials, dsasethe animal model chosen for
experimentation. Analysis is usually based on qualitaive quantitative assessment of bone
formation induced by different materials and/or at diffégréme points by which critical
properties of the setup can be indentified and results exgdaiSome of the publications also
discuss possible biological mechanisms behind the findmgshe driver for bone formation
has not been conclusively proven yet.

In the first part of this review, we will discuss the status sfeminduction by (mostly syn-
thetic) biomaterials, by denoting those that have beertiiilshas osteoinductive with special
emphasis on calcium phosphate based ones, as these areghexteasively investigated.
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We will discuss the properties of the materials, which anepur view, essential for os-
teoinduction to occur. The experimental conditions in Wahicaterials were tested and their
implications for the outcome as well as the availabilityirof/itro models to predict osteoin-
ductivity will also be elaborated on. Finally, we will focos the existing theories regarding
the mechanism of osteoinduction by biomaterials and peowigt view on the topic.

Osteoinductive biomaterials

As can be seen in figure 1, which is a schematic representattitne biomaterials that have
so far been shown osteoinductive, all material types, pehgmmetals and both synthetic
ceramics and ceramics of natural origin, theoreticallyspss the osteoinductive potential.
Glass cylinders [15] and poly-HEMA [16] were the first syrtthenaterials associated with
heterotopic bone formation and so far, poly-HEMA remairesahly osteoinductive polymer.
Composites, consisting of polylactide and HA particlesehbewever recently shown to be
osteoinductive too [36, 37]. In the family of metals, porditenium (Ti) has shown osteoin-
ductivity, alone [39, 40], coated with a thin layer of caltigphosphate [31] or in a construct
with a calcium phosphate ceramic [62].

In contrast to the limited number of reports on osteoinduchy polymers and metals, ce-
ramics, particularly calcium phosphate based ones, hawersbsteoinductive potential in
a variety of studies: HA [20, 22, 24-26, 33, 34, 63, 68}iricalcium phosphate-TCP)
[65, 66], biphasic calcium phosphate (BCP), that designtie mixture of HA and TCP [27,
45], dicalcium phosphate anhydrous (DCPA), dicalcium phase dihydrate (DCPD) [28],
carbonated apatite [54], calcium pyrophosphates (CPR)d2Band HA/calcium carbonate
(CC) mixtures [32, 35]. A case of osteoinductive glass cérdras also been reported [41].
A thorough analysis of the materials described so far agetactive (Table 1), could in the-
ory provide answers about properties relevant to ostecimmu And yet, we are still unable
to describe how exactly an osteoinductive material shoeldiésigned and produced. The
main reason is that the properties of the end material greafpend on the processing pa-
rameters, which often differ among research groups. Fanele two porous HA ceramics,
prepared by two different groups, may be equal with regarchmical composition (both
can be phase-pure), but completely different in their mparosity, grain size and surface
roughness, and hence differ in their osteoinductive p@kmthis phenomenon is not unique
to osteoinductivity. The capacity to repair bone defects differ greatly among materials
from the same family, and surgeons can now choose from 18rdiff calcium phosphate
based ceramics/cements in the Netherlands alone for afiphis in trauma- and orthopaedic
surgery [68]. Both the starting materials and processingrpaters affect properties of the
end product, and hence its bioactivity, i.e. the phenomdnowhich a biomaterial elic-
its or modulates biological activity [69]. However, detailf the processing parameters are
often missing in publications on osteoinductive materifusthermore, the level to which
material properties can be controlled using classical oustlof preparation, remains limited.
Therefore, in an attempt to draw conclusions on the proggewtihich render a material os-
teoinductive, one is dependent on the description of pbysiemical properties of the end
product. Furthermore, a comparison should always be mdifghirof the experimental sce-
nario in which osteoinductive potential is investigatethic which will be discussed in the
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next section of this review. Table 1 therefore containsrimfation about the material proper-
ties which so far have been suggested to play a role in osteciion: chemical composition,
overall geometry of the implant and porosity. Microstruetisurface properties, including
grain size, microporosity, surface roughness and speciffacse area have been suggested
as critical factors in osteoinduction [22, 51, 60, 64], hearethese properties have not been
described for majority of the materials in Table 1, which wthey were excluded. We will,
however, in detail discuss the importance of microstradtsurface properties based on the
existing literature.

Polymers (poly-HEMA)

Metals (ri)
Osteoinductive
Biomaterials 7| Composites (HA/poly(D,L-lactide))

Natural (HA;HA/CC (Derived from coral exoskeleton))

Ceramics Non-sintered calcium phosphates (TCP; DCPD; DCPA: HA; BCP; OCP)

Synthetic Sintered calcium phosphates (PP; HA; BCP; TCP; HA)
Others (Al,O;; Bioglass®; Pyrex®)

Figure 1: Schematic diagram presenting materials that have beenlis$as osteoinductive, divided
according to material family, origin and physico-chemiaatl structural properties. Poly-HEMA: poly-
hydroxyethylmethacrylate; Ti: titanium; PP: pyrophosigh&lA: hydroxyapatite; CC: calcium carbon-
ate; BCP: biphasic calcium phosphate; TCP: tricalcium phate; DCPD: dicalcium phosphate dihy-
drate; DCPA: dicalcium phosphate anhydrous; CA: carbahapatite; OCP: octacalcium phosphate.

Influence of chemical composition

As already mentioned, the majority of materials so far dbscras osteoinductive contain
calcium phosphate. Some of the materials that do not cootaium phosphate, such as
titanium, have been shown to calcify when exposed to siradlbbdy fluid [39, 40], and are
therefore expected to undergo a similar calcificatiomivo. Indeed, in the only publication
on osteoinductive polymer, calcification of poly-HEM&vivo was observed before hetero-
topic bone formation occurred [17]. These data suggesptiesence of a calcium phosphate
source is a prerequisites for heterotopic bone formati@ttwr. This observation is not sur-
prising as bioactivity in terms of osteoconduction in amotbpic environment, has long been
recognized for calcium phosphate materials. The libenatioC&+, PQy3~, HPQ,?~ from
the material into the surrounding may increase the locatgturation of the biologic fluid
causing precipitation of carbonated apatite that incafesr calcium-, phosphate- and other
ions (Mg?t, Nat, CO3%7), as well as proteins, and other organic compounds [51, TI9§.
dissolution part of the process is missing in the materf@sinitially do not contain calcium
phosphate; however, their physico-chemical propertiesach that they provide nucleation
sites for the deposition of a biological apatite layer, eimihg organics. It is plausible that
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similar events occur heterotopically, facilitating borppasition, but whether precipitation /
dissolution-reprecipitation events are also responéilmduction of osteogenic differentia-
tion remains to be elucidated. Related to the expected mflief calcium phosphates, time
vivo degradation behaviour of different osteoinductive cecaméquires further discussion.
As can be extracted from Table 1, the largest number of sfutks been performed with
implants consisting of HA,(- or 3-) TCP, and the mixtures of the two, BCP. In addition, in
a few studies, osteoinduction was also shown to occur in DCRFPD- cements, carbonated
apatite (CA) ceramics and OCP coatings, as well as in sonc&ucalpyrophosphates. It is
well known that dissolution properties of calcium phosglare phase-dependent [71], and
in some studies, a direct comparison was made between itaplith varying chemical com-
position. For example, in one of our studies, we comparegén®rmance of an HA and a
BCP ceramic, produced at equal conditions, in order to kéegr onaterial properties similar
(figure 2 A and B). These were implanted intramuscularly iatg@and after 6 weeks, bone
incidence was higher in the BCP ceramic containing the molugbte TCP, than in the HA
ceramic, and so was the amount of bone induced (figure 2 D af&llE)In two other stud-
ies, higher osteoinductive potential was also observethfoceramic containing resorbable
B-TCP as compared to pure HA [46, 72]. However, in the study bsalkhina and colleagues
in rabbits, an increase in the amount of TCP had a negatieetefin osteoinduction [73].
These data show that the calcium phosphate phase, and tiogadss degradation behaviour
cannot be appointed as determinant for osteoinductiondarpwithout taking into account
other material properties. Indeed, as already mentiomedptaterials that initially do not
contain calcium phosphate, but possess the ability tofgailcivitro andin vivo, are also
able to induce heterotopic bone formation, though to a tesgent and after a longer period
of time than calcium phosphate-containing materials. Basethe current knowledge, it is
suggested that an increaseénrvivo degradation of calcium phosphate materials in general is
beneficial for osteoinduction, however, a relatively stadhirface is required for the onset of
bone formation to take place. In other words, a compromitehe reached between the level
of dissolution/reprecipitation events occuring on theeriat surface and the rate of material
disintegration due tn vivo degradation [73, 74]. Apart from physico-chemical dissolu/
biological apatite precipitation processes, effect ofoslastic resorption of biomaterials and
therewith accompanied release of calcium ions has alsoqagrested important in the pro-
cess of heterotopic bone formation by biomaterials [35].at\iill needs to be determined
is whether the free calcium, phosphate, or both ions in thiaity of material surface or the
newly formed biological apatite layer on the surface ardtigger of the osteogenic differen-
tiation of the undifferentiated cells, or simply the tentplavhere the onset of bone formation
can occur, after the osteogenic differentiation has beggered by different means.

Influence of macrostructural properties

Apart from the chemical composition of the material, thergetry and macrostructural prop-
erties have been shown to play an important role. In the chsgaorostructure, the most
striking example is the importance of porosity. Bone forigrahas never been observed on
a dense sintered ceramic, that does not degiradé/o, whereas a ceramic with the same
chemical composition, but containing pores, induced bomaéation [19, 22]. Generally, the
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Figure 2: The effect of chemical composition and microstructure d€ican phosphate ceramics on
bone formation. Microstructure of BCP1150 (A), HA1150 (BidaHA1250 (C) is shown by Scanning
Electron Microscopy images (scale bar gh). After six weeks of intramuscular implantation in goats,
both BCP1150 and HA1150 containing similar microstructuedifferent chemical composition, in-
duced bone (D and E). However, the incidence in BCP was higti&® versus 5/10) and so was the
amount of bone induced. In contrast, no bone was observeAi25D (F), with fewer micropores and
larger grains than the other two ceramics, but with chentioedposition identical to that of HA1150.
Light microscopy images of stained non-decalcified sest{gnale bar = 10Qrm). White arrows point
towards bone. C: ceramic; FT: fibrous tissue.

importance of pores inside bone graft substitutes is reladethe invasion of the material
by blood vessels, that bring along nutrients and oxygerasusg therefore the metabolism
of cells inside the scaffold [75]. In the case of osteointhecinaterials, blood vessels can
have the added function of bringing along cells with capeataitdifferentiate into osteoblasts,
which will be discussed in more detail in the section on pt&mechanisms behind os-
teoinduction. Jansen and coworkers suggested that thespar®f the calcium phosphate
cement cylinders in their study might have been too smaéir@ye 15Q:m) when compared
to other studies, which could explain why bone formation wasobserved after 90 or 180
days of implantation under the skin of goats. They also ofeskthat implant integrity was
lost 3 months after implantation and hypothesized thatdbilepsing of the porous structure
might have prevented nutrients supply and decreased tllata@esadsorption areas for pro-
tein attachment and cellular adhesion and differentigif@j. In the study by Fujibayashi
and colleagues, titanium blocks with predefined porousctire were able to induce bone
formation in dogs, in contrast to titanium fibre meshes,aeftreated in the same way [39].
The importance of a sustainable macrostructure was alsoirpd by Gosain and cowork-
ers, who did find bone formation after implantation of a aateiphosphate cement paste, but
also observed that the rate of material replacement by thlyriermed bone increased when
macropores were introduced into cement-paste forms of fA&dyeasing the ratio TCP/HA.
They also concluded that in HA ceramic, with predefined maerous structure, more het-
erotopic bone formation was formed than in HA cements, whicthe time of implantation
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did not contain pores [27]. In one of our studies, it was obsethat disintegration of porous
macrostructure of the ceramic, due to mechanical fractuexented bone formation to occur
[74]. In the osteoinductive materials described so far,edfmmmation was always observed
in the pores, and never on the implant periphery or distamhfthe implant, as is often the
case with osteoinduction by BMPs [14, 60], again emphagitire importance of porous
structure. Besides the presence of pores with suitablerdiines, geometry of the implant
has been shown important in osteoinduction. In a study byamRgnti and coworkers, HA
ceramic rods and discs containing concavities (figure 3Aying in height and diameter
size, were implanted in the muscle of baboons. The authasreed that bone formation
always started in the concave and never on the convex splige (3B), suggesting that
some geometries could be more optimal than others in coratgrg BMP and stimulating
angiogenesis, as this may be a prerequisite for osteogdb&si77]. We also observed that
after implanting bulk cement of DCPA, containing channéigufe 3C), bone was mainly
formed in the interior of the peripheral channels, closehirtopenings, after remaining
for twelve weeks in the muscle of goats (figure 3D) [28]. Le &iannen and colleagues
observed heterotopic bone formation between microporauscfes of a BCP ceramic im-
planted intramuscularly in sheep [56], which reinforcesittea that “protective” areas, such
as pores, concavities or channels, are beneficial for baneation. In order to develop an
osteoinductive material, we are of opinion that one oughutetp attention to two aspects of
macrostructural properties: (1) macrostructure shouldumh that there is sufficient supply
of nutrients, oxygen and infiltration of cells and tissuej &2), presence of “protective areas”
in the form of pores, channels, concavities, or spaces lgetivelividual particles, in which
processes leading to heterotopic bone formation can ocitiomt being disturbed by high
body fluid refreshments or mechanical forces due to implantement.

Influence of surface structure

In addition to chemical composition and macrostructurapgirties, material surface proper-
ties at micro- and nanoscale have been shown of great inmparfar osteoinductive poten-
tial. Unfortunately, detailed surface characterizatibthe materials so far tested for osteoin-
duction is sparse. Nevertheless, in a few of our studiesiblean demonstrated that ceramics
with different microstructural properties have differpetformances when implanted hetero-
topically. By changing the temperature at which a ceramgiritered, we were able to vary
the grain size and the microporosity of the ceramic, whilegieg the chemical composition
and the macrostructure constant. We have shown that a decieaintering temperature
leads to an increase in the number of micropores (definedraes poth a diameter smaller
than 10um) [51, 60, 64]. This change in surface properties has beanrsto have a positive
effect on osteoinductive potential of the ceramic. Figush@ws examples of microstructure
of the two HA ceramics sintered at 11%Dand 1250C respectively (figure 2B and C) and
their behavior heterotopically (figure 2E and F). The nundfenicropores together with the
grain size, will be reflected in the total surface area. Byamgihg the surface area, disso-
lution/reprecipitation events occurring on the ceramidae as well as mineral deposition
from the body fluids are expected to be more pronounced, whimp be beneficial for os-
teoinduction to occur. Fellah and colleagues also compegeaimic implants that differed
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Figure 3: Heterotopic bone formation is influenced by the geometryhefimplant. HA implants
(=20 mm, height=4 mm), containing concavities (J=1¢00, depth=80Qum) (A) were implanted
intramuscularly in the baboon. Bone formation was obseafégl 90 days only in the concave sur-
faces of the implant (B). DCPA cement implants (24810 mn?) containing channels (@=2.5 mm,
depth=8 mm), open on one and closed on the opposite side ahgiiant (C) were implanted intra-
muscularly in the goat and after 12 weeks bone formationmedwnly inside the channels, close to
the channel opening (D). Black and white arrows point towdoone in B and D respectively. A and B
adapted from [55] and [125] respectively. Scale bar =1 mm.

in surface microstructure. By sintering BCP at three défertemperatures, materials with
the same chemical composition but different microporoaitg specific surface area were
obtained and implanted both heterotopically, in paragpmescle, and orthotopically, inside
polytetrafluoroethylene (PTFE) cylinders in a criticatesi femoral defect in goats, to prevent
osteoconduction. Autologous bone chips served as coonle formation was not observed
heterotopically, whereas orthotopically, an increaseitroporosity and specific surface area
was shown beneficial for the amount of bone formed. Whereatenwvo bone formation
was formed in cylinders containing bone chips, ceramicgjqudarly the ones sintered at
lower temperatures, showed substantial amount of boneafism[78]. Although implanta-
tion in femoral epiphysis, even inside a polymeric cylindarot a heterotopic site, this paper
does show the effect of surface properties on the formatfarew bone. In the study by
Fujibayashi and coworkers, it has been shown that porcarsidin was only able to induce
bone formation heteretopically following a chemical andrthal surface treatment. This
treatment, by which the microstructure of the metal was gbdnprovided the material with
the ability to calcifyin vitro, and plausibly alsin vivo, which was, according to the authors,
the driving force behind osteoinduction [39]. In additianthe ability to deposit a biolog-
ical apatite layer on the surface, either through localdig®on/reprecipitation mechanism,
or from body fluids, adsorption or coprecipitation of thegtio factors (e.g. BMPSs) into
the newly formed biological apatite layer from the body fluate also expected to increase
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with an increase of the specific surface area, which may bebtiee intermediate steps in
the initiation of osteogenic differentiation and depasitof de novo bone. Indeed, calcium
phosphates, such as HA are well known for their affinity tadbiarious proteins upon expo-
sure to than vivo environment[79, 80], including BMPs [81-83] and an inceeafspecific
surface area may be required to accumulate sufficient anafB#MPs for osteoinduction
to be triggered. Apart from this indirect effect of micrasgtture on the specific surface area
and the related ability to bind proteins or deposit a biatagimineral layer, the size and the
shape of grains could also exert a direct effect on cellduaebin osteoinduction. It has been
shown that nanosized surface features can act as a diresicphirigger on Mesenchymal
Stromal Cells (MSCs) osteogenic differentiation, withadtlitional osteogenic supplements
[84].

Models to study osteoinduction

In vivo models

Here, we will concentrate on the factors not directly reddtematerials properties, but known
to be of influence when studying osteoinduction: animal mhaohglantation site, procedure
and study duration. In a number of studies depicted in Tapledults on bone formation
were shown to be animal model dependent. Yang and coworkstexdt the performance of
sintered BCP ceramics in five different animal models atroétpic locations, in a single
study. Until day 120, in rats, rabbits and goats, only dermedis connective tissue encap-
sulating the ceramics and loose connective tissue insiel@atines were observed, without
signs of bone formation. However, in dogs and pigs, bone &ion was found in implants
retrieved as early as 45 days after implantation. Exterameunts of bone were found at
day 120 mainly in the pores of the materials implanted in pdg§. This study showed that
larger animals yielded more bone than smaller ones, withian of the goat where no bone
formation was observed. Also the only osteoinductive p@ympoly-HEMA, was shown to
induce bone formation in pigs [16], but not in rats, whereyardicification of the materials
occurred, without bone formation [17]. The difference bextw larger and smaller animals is
also seen when evaluating the type of animal models usedfiorpethe studies on osteoin-
ductive materials. Throughout Table 1, the number of phblisstudies concerning small
animals is minimal, and the majority involves large onese irftidence of animal models in
the experimentation on calcium phosphate ceramics idriflted in figure 4. Based on the
literature search, there is one single study involving nfiwer with rabbits and five with rats,
whereas most studies were performed in goats (12) and d@ysAInumber of studies has
also been performed in non-human primates (9). This sagaritrasts the studies to test
the osteoinductive potential of BMPs or osteogenic potnfitissue engineered constructs,
which are mainly performed in mice, rats and rabbits. Figuseiggests that the incidence
of heterotopic bone formation induced by calcium phosphatamics is higher in large an-
imals as compared to small ones, although we do not know hawy ifusnpublished) studies
were actually performed in small animals. Overall intecsge variation is characterized by
the difference in bone induction between small and largmals. But among large animals
differences are also present; for instance, studies imglgogs were in general more suc-
cessful than those performed in goats. In table I, the numberaterials marked with a “+”
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in the “Bone” column is higher in studies in dogs as comparih those in goats. Although
being a rough comparison, as no other factors regarding #terial or animal model were
considered, this suggests that a material tested in a dolgidasr chances of inducing bone
formation than in a goat. This was evident in the study in Wwhite same material was tested
under the same conditions in both animal models [45]. Trgingxplain these interspecies
variations would be at best speculative as long as the exadhiamism behind osteoinduction
by biomaterials is incompletely understood, but (pathgjitiogical and genetic differences
are expected to play a role.

Apart from the animal model itself, other factors could iefige a material’'s ability to induce
bone formation heterotopically, which is why ideally, theiraals should be of the same
strain, age, sex and body weight. For example, in a study bysi@aand colleagues, the
authors implanted pieces of bone matrix gelatin intramlastuin mice from 8 different
inbred strains. After four weeks, bone formation was obsgmenly in six out of the eight
strains. Within mice from each strain, the number of indints where bone formation was
observed varied and the average amount of bone was alscedifi@5], showing that, even
among mice of inbred strain, phenotypical differences aoh shat results are not only strain
but also individual dependent. In the case of larger aningasetic variability will be even
higher, as these are always outbred. The effect of age ohineahwas apparent in the two
studies by Winter and Simpson in pigs, that showed that bietpic bone formation by a
polymeric sponge was only induced in the younger pig [16].

Whereas mice, rats, rabbits and sometimes minipigs can tagneld with similar or identi-
cal genetic makeups, larger animals, such as dogs, shegpatwiare relatively heteroge-
neous with respect to strain, age and body weight [86]. Iregnwhen choosing an animal
model to study osteoinduction, similar considerationsmaagle as for other orthopaedic ap-
plications: ethics, availability, housing requiremeriase of handling, cost, susceptibility to
disease and available background data of the animal [86]si@ering the described animal
model dependence, large animals are usually chosen fasisg®steoinductive potential of
biomaterials. Availability is the next important factortdemining the choice of the animal
model. In the Netherlands, for example, sheep, dogs and goatused in orthopaedic re-
search, but goats are most widely available. In the majofitytudies from our group, we
have used young adult Dutch milk goats (age of about 2 yeait) the average weight of
65+10 kg. Although such a group of animals is genetically hejenmus, we attempted to
limit the effect of age, sex and weight, by performing thédwatup experiments with ani-
mals of similar characteristics. Based on papers by otkemilar considerations were made
in other studies on osteoinductive biomaterials. Despigeféct that we attempted to keep
as many parameters of the animal model constant as podaitgle variations in the amount
and timing of bone induction was observed in different indlsals [74], similar to studies
in which biological material was tested [85]. It should bentigned that variations among
individuals of the same species are not necessarily a weakwfea study, but potentially
tools that will be of help when trying to understand the med$rm behind osteoinduction.
We therefore think that in publications on osteoinductiaenials, more attention should be
paid to the differences observed; for example, instead ofiging the mean and standard
deviation values for the amount of bone formed, one showld pfovide information about
data distribution, outliers, etc.

Another issue that is possibly related to the size of animmsdsl to study osteoinduction, is the
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size of the implant that can be insterted into an animal. Wdamted materials with different
dimensions (26.55 mm® versus @6.510 mn?) in paraspinal muscles of goats. Similar
quality of bone was observed in both types, however bonedtiom had higher incidence
in the larger implants (9/10) as compared to the smaller ¢rd®). Bone formation also
started earlier in larger implants [74]. It is obvious thed)ely based on this single study,
no conclusions can be drawn, however, implant size shoutdkss into consideration when
discussing animal model dependent differences in osteotivé potential of biomaterials.
Several authors have also investigated the osteoindurdivacity of a material, depending
on the implantation site and duration of implantation. Raoati and colleagues observed
no bone formation in coral-derived ceramics that were aliytor fully converted into HA
after 60 and 90 days of intramuscular implantation in Papsinus, whereas after 365 days,
all ceramics showed heterotopic bone formation [34]. Yand eoworkers observed bone
formation as early as on day 45 after implantation of BCPnggrs in intramuscular pockets
of both dogs and pigs, whereas subcutaneously, bone faimats only observed 60 days
after implantation. An increase in implantation time intbanhimal models was also shown
to result in an increased amount of bone [45]. In one of ouliely no bone was found after
four months of subcutaneous implantation of a BCP ceramgoats, whereas intramuscu-
larly, bone was induced in seven out of ten implants in theesanimals [74]. These studies
suggest that at intramuscular locations, bone formaticomeamore frequently, or at least at a
higher rate. The results from Gosain and co-workers carttiase findings. They showed no
significant differences in the amount of bone formation ipliamts of HA and BCP between
the subcutaneous and intramuscular location in sheep, &ftear-implantation [27]. The
difference in survival time between the studies should hawbe taken into consideration. It
is possible that, at the time of explantation, bone formé&@imuscularly had already reached
the remodeling phase, whereas subcutaneously, bone aiwehgsf which was initiated later
than intramuscularly, was still in the early formation phaRelated to the implantation site,
the level of injury during implantation is a parameter witloemous implications for tha
vivoresponse to the implanted material. It is the injury and eqaent perturbation of home-
ostatic mechanisms that leads to the cellular cascades whdvbealing. Blood-material
interactions, provisional matrix formation, acute inflaatian, chronic inflammation, gran-
ulation tissue formation, foreign body reaction and deprient of fibrous capsule are the
host reactions following injury due to implantation of a el [87]. In the majority of
studies reviewed here, implantation was performed in pamasmuscles, away from bone,
where similar host reactions are expected. Although Zaffaed that skeletal muscle is not a
proper site to study osteoinduction by materials [88], galmgreement is that both subcutis
and muscle are sites heterotopic to bone formation, andetsuitable to test osteoinductiv-
ity of growth factors and materials. In our studies, afteemipg the skin, blunt dissections
were made to create intramuscular pockets after sepastiie facisions, into which materi-
als were placed separately and secured with non-resorbatulees. Sufficient distance was
kept between individual pockets, to avoid that individuaplants could affect eachotherOs
behaviour. Pre- and post operative treatment of the aniwadsperformed according to the
procedures used for orthotopic implantations.

A note should also be made on the topic of sample analysiswiig anin vivo study. In
the majority of studies discussed so far, histologicalnétg of tissue on two-dimensional
sections is performed, often followed by quantificationdzhen image analysis. These are
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established methods to visualize the character of tissueei on cellular and matrix level.
The fact that the sections are two-dimensional is a disadganespecially when quantifica-
tion is involved, where one can only analyze areas rathe@ribaimes. In addition, depend-
ing on the position at which a section is made, one can pgssilds important information.
Le Nihouannen and colleagues used X-ray micro-computedgoaphy (1CT) to quantify
the volume of both ceramic material and mineralized bongtjrdjuishing them based on
the gray levels [89]. Although insufficient resolution améécurate phase identification are
known as important limitations of theCT technique when studying bone formation in (ce-
ramic) implants, recent studies with high resolutjio®T have demonstrated potential of this
technique in the field of bone regeneration [90-92].

A thorough histological analysis, that is more extensivantithe analysis of quality and
guantity of newly formed bone, can also add to the understgraf mechanism of osteoin-
duction. Presence of inflammatory signs, such as monoayieso- and multi- nucleated-
macrophages, lymphocytes or fibrous tissue could indi¢aad how the immune system
contributes to the mechanism of bone formation by biomaleriFor example, Fellah and
colleagues extensively characterized the type of whitks gebsent in histological sections
of BCP microparticles of varying sizes explanted from rasuoie. They identified and quan-
tified the presence of macrophages, Giant cells and lympgbs@nd observed that these
amounts varied according to the implanted particle sizé, j@dicating that macrostructural
properties might trigger immune responses accordingiyil&ily, analysis of spatial distri-
bution and quantification of blood vessels inside an imptantd provide answers regarding
importance of oxygen and nutrient supply as well as cells@asd with neovascularization
in osteoinduction.

Based on the published work and our experience, we sugges$athe animals, such as goats,
sheep, dogs or baboons should be used for intramusculaantapion to study material-
induced bone formation. Attention should be paid that thmugrof animals used is con-
trolled for sex, age, weight, and where possible strain, andsidering large differences
between individual animals, paired implantations showgbrformed (comparisons of dif-
ferent materials within each animal of the group). Surgmalcedure should be such that
minimal damage is caused to the tissue, and the animalscshecgive the pre- and post-
operative treatment according to standard proceduresrfoopaedic research. With large
animals as animal model, one should be aware that esseiatiafjizal research tools, such
as antibodies, are far less available than for smaller avigish is one of the delaying factors
in the biological comprehension of the mechanism. Theegfmiore attention should be paid
to methods of histological characterization and quantificeof the tissues formed in and
around the implanted material.

In vitro modelsand choice of cell type

In the previous section, we have described the complexitgséarch involving large ani-
mals to study osteoinductive biomaterials. Ideally, a $&v@nd reliably predictivén vitro
assays should be available to screen the osteoinductiperi®s of biomaterials, and at the
same time, accelerate the comprehension of the mechantgndibis phenomenon. Unfor-
tunately, development of such an assay is far from trivial.idaportant question that needs
to be answered is which parameters of the compiexivo environment are relevant to be
translated into a simplifieth vitro system to make it predictive, including cell source and
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Mouse, 1
Baboon, 8 Rat, 5
Monkey, 1 Rabbit, 4
Ple 1&
Sheep, 3/&
Goat, E Dog, 17

Figure 4: Number of studies performed per animal model to test cal@hosphate materials for their
osteoinductive potential. Data derived from the studiesented in table 1. The highest number of
studies involvedlog [19, 20, 22, 29, 32, 45, 46, 64-67, 72, 101, 102, 113, 126, &8dpoat[28, 30,
31, 42, 45, 50, 51, 54, 74, 76, 128, 129]; the number of pubtisstudies involvindaboon[20, 25,
33-35, 55, 130, 131kheep[27, 56, 60],rabbit [20, 45, 46, 73], rat [15, 19, 45, 46, 132house[46],
monkey [26], andpig [45] was lower.

type, culturing conditions and output parameters. The dexity of this question is also ev-
ident from the fact that, despite the established clinisal of DBM for decades, assays that
are able to reliably predict osteoinductive capacity of DBMivo are still largely missing.
Adkisson et.al. developed a “rapid quantitative bioassasteoinduction” by using SaOS-2
osteosarcoma cells and studied cell proliferation ratdguimfluence of DBM. However, cor-
relation between cell proliferation and osteoinductiorswat strong [94]. Zhang et.al. and
Wolfinbarger and Zhang used human periosteal cells and hderamal fibroblasts to relate
cellular ALP activity to DBM osteoinductivity [95, 96]. Irhese studies, the authors failed
to show a clear correlation betwegrnvitro assays anah vivo bone formation. Carnes et.al.
used an immature osteoprogenitor cell line, 2T9 to invastighe effect of DBM on the cell
differentiation [97]. They failed to show any effect on @iféntiation and concluded that there
are no soluble factors being released from DBM into the cealimedium. Han et.al. assessed
the ALP activity of the C2C12 cells in a culture in presenc®&M, and found a correla-
tion with heterotopic bone formation [98]. However, when rgpeated a similar study with
osteoinductive ceramics, tle vitro ALP expression of C2C12 cells could not be correlated
to the heterotopic bone formation induced by the cerami@p [@hen studying material-cell
interactions and comparing different materialitro, the material-medium interactions add
an additional variable to the equation. In the case of calghosphate containing materials,
for example, ion exchange between the material and the mmedtiay significantly modify
the composition of the latter, and hence the environmentédtis to grow and differentiate.
Furthermore, changes that take place in the medium will dapending on the properties
of the material, resulting in a study where same cells areid in different environments
[99], making a comparison difficult and little reliable. T™eén vitro interactions can be very
different from thein vivo material-body fluid interactions, where there is a contirsice-
freshment of body fluids around the implant. Although the fhat the situation of a ceramic
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implanted in, for example, a goat muscle cannot be mimickea ¢ulture dish, investing
into development of simplified predictive systems is neags#o aid the understanding of
the mechanism and accelerate the improvement of the existaterials for bone regener-
ation. In our recent work, we have describedimuvitro model with human bone marrow
stromal cells (hBMSCs) and four different types of calciuhogphate ceramics: HA, BCP
sintered at 1150 (BCP 1150) and at 130G (BCP 1300) and TCP. We showed that after
seven days in culture on the different ceramics in osteagdifferentiation medium, genes
encoding for proteins characteristic of an osteogeniclerofiere differentially expressed by
hBMSCs. A trend was observed in the degree of differentiatigth cells on TCP exhibiting
higher expression of most genes, followed by those on BCB,1B6P 1300 and HA. This
trend correlated with the amount of bone obtained when theniass were implanted without
cells, intramuscularly in sheep [60]. Itis to be furtherastigated whether this system is only
valid for the group of ceramics tested in our study, or it iplagable to other osteoinductive
materials as well.

Otherin vitro models have given insights into the possible role of inflatamacells on
bone formation. Fellah and coworkers investigated theesgion of TNFe and IL-6 by a
mouse macrophage cell line when cultured on BCP patrticlgsdifferent size ranges. They
observed that expression of these cytokines was highest wizerophages were cultured
on microparticles smaller than 20m, as compared to 40-8§0dm and 80-20Qum particles.
Next they cultured pre-osteoblast mouse cells in presehtle® and TNF-o and demon-
strated that the expression of some osteogenic markersiglasrtwhen cells were cultured
in presence of IL-6 than when cultured in osteogenic medilBased on these data, the
authors attempted to correlate microstructural propedfea ceramic directly with inflam-
matory response and indirectly, with osteogenic respondgehance osteoinduction [100].
Studies in which macrophages and pre-osteoblasts arelitmezlion ceramics with differ-
ent osteoinductive potential would provide a direct insiigito the role of inflammation in
osteoinductiorin vitro.

The ability to induce bone formation: where does it originae from?

We have mentioned before that the mechanism behind ostadiod by biomaterials is not
completely understood yet. Nevertheless, a number of Ingsess have been proposed by
different researchers. On the basis of current knowledgeadérial properties so far shown
to be relevant for osteoinduction to occur, and biologigakgsses occurring around and in
the material upon implantation in, e.g. a muscle, we wilcdss different hypotheses and
give our view on the phenomenon.

Host response to a biocompatible material implanted inwasized tissues such as mus-
cle is associated with the events of injury formation, falal by inflammatory cell infiltra-
tion, acute and chronic inflammation, granulation tissuefttion and foreign body reaction.
In general, the polymorphonuclear leukocytes predomiimdl@mmatory response and the
leukocytes/ monocytes predominant chronic inflammatospoese resolve quickly, within
2 weeks. The process of granulation tissue formation, clenized by the action of mono-
cytes and macrophages, and the subsequent foreign bodiprneaonsisting either of fibrous
capsule formation or macrophage and foreign body giantamtibn is highly dependent on
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the chemistry and topographical surface properties ofrttpanted material [87]. In a num-
ber of studies, response to heterotopically implantedoastieictive materials was followed
in time based on histology. Yang and coworkers studied tts¢ tesponse to a porous BCP
ceramic in muscle of dogs 7-45 days post implantation. On7dalyey observed blood clot
and some fibrous tissue inside the pores of the ceramic. Od%layranulation tissue, with
fibroblasts, macrophages and some newly formed blood wssas observed. At 30 days,
denser fibrous tissue, parallel to the pore walls was obdewith polymorphic cell aggre-
gates in association with capillaries and small venuldservicinity of ceramic surface, some
of which were positive for the ALP staining. Finally, on day,4resence of similar cell ag-
gregates was obvious, some multinucleated giant cells fearel and osteoblasts aligned the
newly formed bone, that was in close contact with the ceramitace [101]. Yuan and col-
leagues identified similar processes leading to bone féomas Yang and colleagues upon
intramuscular implantation in dogs of an HA and a BCP cerdmitveen 7 and 360 days
of implantation. They observed aggregates of large cubo&lks on the material surface in
close association with capillaries, before osteoblastewbserved, that deposited osteoid,
leading to bone apposition, remodeling and bone marrow dtion. The sequence of pro-
cesses observed were similar for the two ceramics, howeegiatl occurred at an earlier time
point in the BCP than in the HA ceramic, and the amount of boneéd in HA was lower
than in BCP at the last time point [72]. Kondo and colleagies\&d similar processes upon
implantation of3-TCP in dog dorsal muscles: red blood cells, fibroblast4igimdle-shaped
cells, few multinucleated cells and some blood vessels atal4, loose connective tissue
consisting of sparsely distributed reticular collageniffoon day 28 and a larger number of
TRAP and Cathepsin-K positive multinucleated cells, andipéormed bone on the ceramic
surface after 56 days that continued growing until the lastysis point at 168 days [102].
Following intramuscular implantation of HA in baboons fgr@and 9 months, Ripamonti
first observed fibrous connective tissue with pronouncedleeland vascular components,
then the collagen fibers condensation in fibrous connedtisad at the interface of the HA,
and finally morphogenesis of bone, with subsequent remagldibrmation of lamellar bone
and differentiation of bone marrow [25]. In all these stigli@ natural host response to the
material implanted in soft tissue was observed, howeverpimrast to many others, these
materials eventually led to heterotopic bone formation.

The main questions that remain to be answeredBrehat is the identity of the cells which
are triggered to differentiate into the osteogenic lineaige(2) what triggers their accumu-
lation on the material surface and subsequent osteogédfecatitiation.

Considering the first question, Ripamonti and coworkers) imfplanted HA heterotopically
in baboons, observed that before and during bone formdtaminin staining (for vascular
endothelial cells) was localized around capillaries irselproximity to the ceramic, as well
as around individual cells that seemed to migrate out of #mcwar compartment [103].
Yang and colleagues further commented that in dogs, polyhiorcells that appeared first
close to capillaries and microvessels were likely to be atigg towards the ceramic and that
osteoblast differentiation was occurring directly withiire cell clusters which aggregated at
the interface with the ceramics, especially where cajawere in close proximity to the
material [45]. They hypothesized that cells appearingetoshe vasculature, those aggregat-
ing and those differentiating could be interrelated andatbave origin in the proliferation,
differentiation or migration of pericytes or endothelialls.
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In the formation of the skeleton, mesenchymal cells agdesgad form condensates of loose
mesenchymal tissue, prefiguring the skeletal elementshifihese aggregates, cells may
differentiate into osteoblasts, when in association witbcuate vascularization, thereby di-
rectly initiating ossification, which eventually results éither compact or cancellous bone
(intramembranous bone formation). Alternatively, corsigas of mesenchymal cells can
differentiate into chondrocytes in an avascular envirommnproducing cartilage which is
eventually replaced by bone (endochondral bone formafid)]. Heterotopic bone forma-
tion induced by biomaterials always occurs via the intratmemous pathway, indeed sug-
gesting the importance of the newly formed blood vesseld,the associated cells, such as
endothelial cells and pericytes, in the vicinity of the eri@ as observed in the chronological
studies into the process of osteoinduction.

Pericytes derive from multiple cell types and are capablaagfuiring various phenotypes
[105]. They are mural cells that lie on the abluminal side kool vessels, immediately
opposed to endothelial cells. They have been reported ableapf synthesizing ALP, osteo-
calcin and formation of colonies that mineralizedvitro [106]. Furthermore they deposit a
matrix that resembles the one found in calcified blood ved4€l5]. Using an experimental
model of wound repair in the skull, Sato and Urist demonsttdéihat BMP induced the os-
teogenic differentiation of pericytes resulting in therf@tion of chondroid and woven bone
[107]. in vivostudies in rats showed that a vascular staining, incorpdiatthe walls of ves-
sels of the microcirculation that initially stained endelthl cells and pericytes, was found
in some of the osteoblasts during bone tissue developmientagmall periosteum strip was
raised from the femur, suggesting that pericytes are a suppitary source of osteoblasts
in periosteal osteogenesis [108]. More recently, it hasitsmgested that an ancestor of
the MSC is natively associated with the blood vessel wall, miore precisely, belongs to a
subset of perivascular cells, although some MSCs may atgim other cell subsets [109,
110]. Furthermore the authors suggested that pericytese@sed upon vessel damage or
inflammation, to provide activated MSCs that will in turmstilate tissue-intrinsic progeni-
tors to regenerate the damaged area among other functibiesn Vivo data demonstrating
close association of heterotopic bone onset on the ceramfiace with capillaries and mi-
crovessels, together with oirr vitro andin vivo data showing osteogenic response of bone
marrow derived MSCs on osteoinductive ceramics [60] haateceour working hypothesis
that pericytes contribute to the process of bone formatidheasurface of an osteoinductive
material, either by undergoing the osteogenic differgiotieor by providing activated MSCs
as osteoprogenitors. Recently, Ripamonti and coworkestufaied that myoendothelial cells
in skeletal muscle may be the cells that differentiate irgteablasts when in contact with
osteoinductive biomaterials [35]. Indeed, clonally dedvmyoendothelial cells have been
shown to differentiate into myogenic, osteogenic and chogehic lineage in cell culture
[111]. Early work by Urist and colleagues on osteoinductigrDBM and identification of
BMPs, as well as their demonstration of BMP-induced ostemg#ifferentiation of pericytes,
logically poses endogenous BMPs as a possible trigger efrmhiction by biomaterials. By
detecting BMP-3 and BMP-7 on the interface of tissue-HA sualbs, where bone was ob-
served after implantation in the muscle of primates, Ripatireind coworkers hypothesized
that the intrinsic osteoinductivity of these materialsngrately related to BMPs [55]. The
authors proposed that these smart materials act as solglratzbfor the adsorption, stor-
age and controlled release of BMPs, for which probably a entration threshold has to be
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reached in order to induce bone formation. These ideas aregby de Groot, who proposed
the rational design and development of BMP concentratais #fter implantation in the pa-
tient, are capable of concentrating and immobilizing ershamys BMP complex [112]. Nasu
and coworkers further showed that injections of an EP4 afananimals that received TCP
intramuscularly accelerated bone formation, as compardidet control group that received
the biomaterial alone, highlighting the role of these nmiatsras BMP concentrators. EP4 is
a prostaglandin E2 (PGE2) receptor which has been provenhanee the effect of rhBMP
in a spinal fusion rabbit model, reducing to half the reqdiid®@se of rhBMP alone [113].
Ripamonti and coworkers recently argued the hypothestatlagerials may concentrate en-
dogenous BMPs, resulting in turn in heterotopic bone folomabecause circulating BMPs
are bound to protein carriers which inhibits or reduces steagenic activity of BMPs [34].
Instead, the authors suggested that first, osteoclasticptéen of the osteoinductive sub-
strate occurs, accompanied with release of calcium ioas,ithturn stimulate angiogenesis
and osteogenic differentiation of stem cells. Upon ostaamdifferentiation, stem cells are
then suggested to express and secrete BMPs, which are anated into the biomaterial sur-
face to eventually induce heterotopic bone formation [24fhough it certainly is plausible
that endogenous BMPs (either circulating or locally praziiby the differentiating cells)
are accumulated on the surface of osteoinductive bionaddeit is difficult to explain why
not all materials, or at least all calcium phosphate ceramidth their high affinity to bind
BMPs [114-116] are osteoinductive. In other words, if BMPs mvolved in osteoinduc-
tion by biomaterials, their role is, in our opinion, depenten, or at least related to other
processes occurring upon implantation of a material, ssdh@ deposition of a biological
apatite layer. The ability of a material to form a biologiephtite layer on its surface, either
through dissolution/reprecipitation or through nucleafirom biological fluids, is namely the
only property that is characteristic of all materials sodhown osteoinductive. Deposition
of the biological apatite layer is accompanied by the caipitation of organic factors such
as osteogenic proteins, which may trigger the osteogefiereitiation of the relevant cells;
however, if the deposition of the biological apatite doesauzur, osteoinduction will not oc-
cur either, despite the possible adsorption of osteogenteins on the material surface. This
is possibly related to the amount of proteins that needs sxbemulated in order for osteoin-
duction to take place. Other theories concentrate on a rakgexbility to trigger secretion of
factors leading to bone formation, rather than to theirigtlib accumulate them on the sur-
face. Endothelial cells are known to express cytokines sscBMP-2, BMP-4 and BMP-7
[105], and the expression of BMP-2 and BMP-7 has been showa toarkedly upregulated
in response to inflammatory stresses [117, 118]. This spanffammatory response of tis-
sues to the osteoinductive ceramics has been proposed lgreseaarchers as the factors that
renders a material osteoinductive. Le Nihouannen and dawsyfor example, elaborated
that the induction of bone formation by microporous ceramias intimately related with the
inflammatory response. They hypothesized that particledlsnthan 5 tm are released from
the ceramics and provoke an inflammatory reaction, with egusnt release of cytokines
that promote the differentiation of circulating stem célito osteoblasts [89]. Micrometer
sized particles can also be released from other mateikdsyletals and polymers, as is often
seen in cases of periprosthetic osteolysis, which couldnekthe theory to these classes of
materials as well. However not only particles released ftbenimplants can influence the
activity of macrophages but also the surface topograpbghiness. De Bruijn and colleagues
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suggested the effect of prostaglandin E2 (PGEZ2) in ostewciiwh [119]. PGE2 is a factor
that is produced by macrophages around biomaterials dinflagnmation phase, in partic-
ular on micro-rough surfaces [120, 121]. In the study by deijBret.al. is was shown that
macrophages produced higher quantities of PGE2 in resgoma&ro-rough surfaced HA,
unique for osteoinductive materials, as compared to celtsieed on smooth HA surfaces.
Furthermore, PGE2 was shown to be chemotactic for hMSCgestiulate their osteogenic
differentiation [119]. Based on these findings, the autpoogposed that processes leading to
heterotopic bone formation start with injury due to impkidn, followed by inflammation
and invasion of the material by macrophages, that, whemibstactive stimulates produc-
tion of inflammatory cytokines, including PGE2, which infiutauses chemotaxis of MSCs,
their osteogenic differentiation and eventually bone fation [119]. The role of the immune
system is also frequently debated in pathologies thatwasbontaneous calcification and/or
heterotopic ossification. For example, in a study by Kan ailagues, it was shown that,
when macrophages were depleted in an established mousé fooBérodysplasia Ossif-
icans Progressiva, Nse-BMP4 mice, the onset of heterotigsification upon tissue injury
was delayed and the number of mice that developed ossificdéoreased. When the Nse-
BMP4 mice were lacking mature B and T lymphocytes, the onfkeéterotopic ossification
occurred without delays, but the spreading and overall arnoiiossification were smaller
than in mice with B and T lymphocytes, suggesting that the@adaimmune system plays a
role in spreading of heterotopic ossification. The authooppsed that the macrophage re-
sponses to tissue injury stimulate local inducible / pragercells to differentiate into bone,
through accumulation of osteogenic factors including BNIEX]. Furthermore, there is an
extensive list of signaling pathways involved in bone metsim that were also described
in association with arteries- and/or plague calcificatsuch as extracellular matrix proteins
(osteopontin, osteonectin, bone sialoprotein), sevekéiP8 RANK/RANKL, TNF-a and
HA. However, like for material-induced heterotopic bonenfiation, questions remain re-
garding the origin of cells that are involved in mechaniseeling to, for example, plaque
ossification: smooth muscle cells, pericytes and circudgpirogenitor cells are possible can-
didates for osteblasts precursors and monocytes/maayephar osteoclasts [123]. Although
inflammation may be relevant for the onset of heterotopicebimnmation by biomaterials,
one cannot neglect that the time point at which heterotopiwebformation occurs varies
among different materials and different animal models leetwa few weeks and a year (Ta-
ble 1), which is long after the initial inflammatory resportdethe tissue to the implanted
material, suggesting that other processes also deterimnmitiation of heterotopic bone
formation. Although no conclusive evidence exists for ahyhe hypotheses proposed so
far for osteoinduction by biomaterials, in the schematiEigure 5 we have summarized the
processes occurring during and possibly determining osdection by biomaterials.

Future perspectives

It is well accepted that certain materials used in bone rexggion are bioactive in terms of
osteoconductivity. However, the appreciation of the fhat some of these materials possess
intrinsic osteoinductivity by broad audience needs a pggraghift that can only be achieved
with complete comprehension of the mechanism behind thism@menon [124]. And al-
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Physico-chemical and Structural Properties
of Osteoinductive Biomaterials
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Figure 5: Schematic summarizing hypothesized mechanisms behiegdindtiction by biomaterials.
Physico-chemical and/or structural properties of osthaitive biomaterials may trigger the process of
heterotopic bone formation directly or indirectly. Micradanano structural properties can favor the
interaction with BMPs and other essential endogenous ipsothat in turn trigger stem cell differen-
tiation into osteoblasts and hence bone formation. Butserfopography and inorganic ion release
release (in the case of calcium phosphate based ceramighlso be a direct trigger of the process of
osteoblast formation and bone formation.

though the mechanism is still not fully understood, in trégiew we have shown that the
knowledge of material properties relevant for osteoinduchas tremendously increased in
the past decade, despite the limitations in available nsotetest osteoinductivity. More
importantly, some osteoinductive materials have showrlgagrformance to that of BMP-2
and autologous bone in a number of clinically relevant dapix in vivo models [60]. To
provide conclusive evidence that osteoinductive bionecan act as a valid alternative to
autologous bone and osteogenic growth factors, more stirdiehich a direct comparison
between bone grafts / various growth factors and bone grbfitutes should be performed.
Finally, it should be noted that all studies performed soafiin osteoinductive biomaterials
have been performed in preclinical animal models. Althotiggse models were chosen in
such a way that they resembled the clinical situation agblas possible, only clinical trials
will be able to provide the proof for the relevance of osteéoictivity in human patients. In
order to accept or reject the existing hypotheses regatbmgechanism of osteoinduction,
we are of opinion that the researchers should use the existiowledge of relevant material
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properties to design materials with closely controlledpamies, rather than to rely on the
processing parameters, which can only be controlled to ielirextent. By such a rational
design, one can vary a single parameter, while keeping ther®tonstant, in order to pin-
point which property or properties are essential for ostgoéction to occur. Furthermore,
we believe that investing in novel techniques to identifgibgical processes occurring upon
implantation of an osteoinductive materalvivo may be more efficient than the search for
predictivein vitro assays.
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Table 1:Overview of the publications referring to osteoinductivaterials, divided into material fam-
ilies (polymers, metals, ceramics and composites/hypads sub-categories in the case of ceramic
materials (natural and synthetic calcium phosphate cesaarid cements, calcium phosphate coatings,
other ceramics, containing glass (ceramic) and alumiranaie). In addition, information is provided
about animal model and implantation site, implantatioretiamd material physico-chemical character-
istics, such as chemical composition, form/shape, porBlsdense (D) or hollow (H) structure and
whether bone formation (B) was observed, according to thginad descriptions. IM: intramuscu-
lar implantation; SC: subcutaneous implantation; CaPRiwa pyrophosphate; HA: hydroxyapatite;
BCP: biphasic calcium phosphate; TCP: tricalcium phosghatiA/yTCP: x and y are the fraction
(in %) of HA and TCP phases respectively in BCP; CaP: calcitmwsphate; CC: calcium carbonate;
DCPD: dicalcium phosphate dihydrate; DCPA: dicalcium gihage anhydrous; PLA: polylactic acid;
PDLLAL poly(D,L) lactide; CA: carbonate apatite; OCP: atadcium phosphate; Ti: titanium; Ta: tan-
talum; I/11/...: each number represents a different mactuf@r or different origin of the powder; STx
(x=1,2,3,...): each value of x represents a different Sit¢sing temperature); CMT: cement (otherwise
it is a sintered ceramic); PH: pre-hardened; *: refers tcstinéace of the disc; COS: concavities on the
surface; O&CC: open and closed channels; +/-: whether aioertaterial induced/did not induce bone
formation in that particular study in at least one of the stigated time points (bone incidence among
individuals or bone amounts are not compared); NM: not noaeti in the original article; shape can
be a cylinder, disc, rod, block and cube, when implanted énféhm of solid pieces of material (in the
case of calcium phosphate ceramics).

i . i Materials
Authorship, Animal Implantation
L. . Chem Comp/ P/D

Publication Year model time (days) Form/Shape B

Commer name /H

CERAMICS
Calcium Phosphate Ceramics
Ripamonti, 1991 Baboon; IM 30/60/120 HA Cylinder P +
Monkey;
Vergervik, 1992 28/98 HA Block P +
SC; IM
D
Yamasaki and Sakai, 1992 Dog; SC 30/90/180 HA Granules

P +
60HA/40BTCP +
Toth et.al, 1993 Dog; SC 180 aCaPP Granules P +
pCaPP +

HA (1) D
30/90/ HA (D) *

Dog; IM

Klein et.al., 1994 150/210 HA (1) Cylinder +

p
HA/aTCP (1) +
HA/aTCP () +
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HA (1)
70HA/30BTCP (II)
Rat; SC 21/42/84 NM
30HA/70BTCP (1I)
BTCP (1D
Dog; HA
Pollick et.al., 1995b 120 Rod
IM, SC HA/CC
Magan and Ripamonti, 1996 | Baboon; IM 90 HA Disc
Dog,
Ripamonti et.al.,, 1996 Baboon, 90 HA Rod
Rabbit; IM
Rat, Rabbit, 15:/30:/45/
Goat; 60/90/120
Yang et.al, 1996 IM, SC <implanted only 63HA/37TCP Cylinder
Dog, Pig; in dogs and
M, SC rabbits
7/15/30/
Yang et.al, 1997 Dog; IM 65HA/35BTCP Cylinder
45/60/90/120
90/180 HA ()
Yuan etal., 1998 Dog; IM 30/45/60/ HAsr2 (1) Cylinder
90/180 HAst (I1)
30/45/90/150/ HA/TCP
180
30/45/60 oTCP
30/45/150 pTCP
37/60/180 PH CMT
oTCP/DCPD/HA
90/180 CMT paste
HAI
Yuan et.al., 1999 Dog; IM 90/180 Rod
HATI
HAIT
HATI
Ripamonti et.al.,, 1999 Baboon; IM 30/90 HAIII Rod
HA IV
HAV
90/180 HA/aTCP/DCPD CMT paste
Yuan et.al., 2000 Dog; IM
30/60/180 HA/oTCP/DCPD PH CMT paste
aoTCP
Yuan etal, 2001 Dog; IM 30/45/150 Disc
pTCP
HA
Yuan et.al., 2001 Dog; IM 913 Disc

63HA/37BTCP
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BTCP -
aTCP -

HA -
Eid etal, 2001 Rat; SC 7 BTCP Particles NM -
65HA/35BTCP -
70HA/30TCP +
Kurashina et.al., 2002 Rabbit; IM 120 20HA/80TCP Rod P -
TCP -
HA Cube P -
Yuan et.al., 2002 Goat; IM 84
80-90HA/20+£10BTCP Cube P +
Disc
CMT paste
60HA/40BTCP +
Disc
60HA/40BTCP +
Sheep; CMT paste P
Gosain et.al.,, 2002 365 20HA/80BTCP +
IM,SC Disc
HA . +
Disc
HA +
CMT paste
Disc
Kruyt et.al., 2004b Goat; IM 84 HA Granules P +
HAsm1 +
HAs2 -
Habibovic etal, 2005 Goat; IM 42/84 12HA/88BTCP s13 Cylinder P +
12HA/88BTCP st1 +
12HA/88BTCP sta +
Le Nihouannen et.al.,, 2005 Sheep; IM 180 60HA/40BTCP Granules P +
80HA/20BTCPst1 | +
60HA/40BTCPst2 | -
Habibovic etal., 2006a Goat; IM,SC 84 70HA/30BTCP II Cylinder P -
70HA/30BTCP II +
CA -
80HA/20BTCP st1 +
Habibovic et.al., 2006¢c Goat; IM 90 Disc P
80HA/20BTCPst2 +
14/28/42/56/
Kondo et.al., 2006 Dog; IM BTCP Block P +
112/168
HA -
Rat; IM
62HA/38BTCP -
Yuan et.al, 2006 Dog, 90 Cylinder P +
HA
Rabbit; IM only
62HA/38BTCP
Mouse; SC dog
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Ti6Al14V OCP-coated

7/14/21/30/45/ HA
Yuan etal., 2006a Dog; IM Cylinder P
60/90/180/360 62HA/38BTCP
Bodde et.al,, 2007 Goat; SC 90/180 CP (61% oTCP) CMT cylinder P
HA Disc
77HA/33BTCP P
Ripamonti etal, 2007 Baboon; IM 90/180 /33 Disc (coarse®) | (ng
HA
HA Disc (fine*)
DCPD Cube occ
Habibovic et.al, 2008 Goat; IM 84
DCPA Cube occ
80HA/20BTCP st1
80HA/20BTCPst2
70HA/30BTCP st3
Habibovic et.al,, 2008 Goat; IM 84 70HA/30BTCP s13 Cylinder P
+PLA
HA
CA
HA
Ripamonti et.al,, 2008 Baboon; IM 90/365 19HA/81BTCP Disc CoS
14HA/86BTCP
Nasu et.al., 2009 Dog; IM 21/42/84 BTCP Cylinder P
5HA/95CC
Ripamonti et.al., 2009 Baboon; IM 60/90/365 13HA/87CC Rod P
HA
Baboon;
Ripamonti et.al,, 2010 90 7HA/93CC Rod P
IM
Goat; CAl
Habibovic et.al., 2010 84 Disc P
IM CAIl
10HA/90BTCP st1
Sheep;
Yuan et. al., 2010 84 10HA/90BTCPst2 Particles P
IM
TCP
Calcium phosphate coatings
Ta
De Bruijn et.al,, 2000 Dog; IM 90 Cylinder P
Ta OCP-coated
Ti6Al14V OCP-coated
Ti6Al4V
Barrere etal., 2003 Goat; IM 84/168 Cylinder P
Ta OCP-coated
Ta
Ti6Al4V
Habibovic et.al.,, 2004 Goat; IM 42/84 Cylinder P




CHAPTER 2. OSTEOINDUCTIVE BIOMATERIALS: CURRENT KNOWLEDE& OF
36 PROPERTIES, EXPERIMENTAL MODELS AND BIOLOGICAL MECHANISIS

Other Ceramics

Seyle et. al.,, 1960 Rat; SC 60 Pyrex® Disc H +
Yuan et.al., 1998 Dog; IM 37/60/180 TiO2 Cylinder P
Yuan etal., 2001c Dog; IM 90 Al;03 Cylinder P +
Yuan et.al, 2001b Dog; IM 90 Bioglass® Cylinder P +
METALS
Ti
Block
Ti chemically treated +
Fujibayashi etal, 2004 Dog; IM 90/360 T P
i
Mesh Cylinder
Ti chemically treated
Alkali-heat treated Ti +
Water/Alkali-heat
Takemoto etal, 2006 Dog; IM 90/180/360 treated Ti Cylinder P +
Dilute HCL/ Alkali-
heat treated Ti +
HYBRIDS/COMPOSITES
BCP Cylinders
Ti6Al4V inside a
Li etal, 2007 Goat; IM 84 P
Ti6Al4V + BCP hybrid Ti6Al4V +
cylinder
30/45/60/90/1 PDLLA
Hasegawa et.al., 2007 Dog; IM Cylinder P
80/360 70HA/30PDLLA +
PDLLA
10HA/90PDLLA
Barbieri et.al,, 2010 Dog; IM 84 Block P
20HA/80PDLLA
40HA/60PDLLA +
POLYMERS
Winter and Simpson, 1969 ‘ Pig; IM ‘ 5/10/26/62 Poly-HEMA Disc ‘ P ‘ +
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Abstract

The response of osteoprogenitors to calciun?(Qas of primary interest for both normal
bone homeostasis and the clinical field of bone regenerafitie latter makes use of cal-
cium phosphate-based bone void fillers to heal bone deflistst is currently not known
how C&* released from these ceramic materials influences cellstinidere, we have cre-
ated an in vitro environment with high extracellular®Caoncentration and investigated the
response of human bone marrow derived mesenchymal stratsl(tMSCs) to it. C&"
enhanced proliferation and morphological changes in hM3@sreover, the expression of
osteogenic genes is highly increased. A 3-fold up-regqutatf BMP-2 is observed after only
6 hours and pharmaceutical interference with a number déjm®involved in C&" sensing
showed that not the calcium sensing receptor, but ratherltyybltage Gated Calcium Chan-
nels are involved in mediating the signaling pathway betwedracellular Ca&" and BMP-2
expression. MEK1/2 activity is essential for the effect efCand using microarray analysis,
we have identified c-fos as an earlyCaesponse gene. We have demonstrated that h(MSC
osteogenesis can be induced via extracellulgrCa simple and economic way of priming
hMSCs for bone tissue engineering applications.
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Introduction

Calcium phosphate (CaP) biomaterials are frequently usdmae graft substitutes, mostly
because their chemical composition resembles that of the buneral phase. For purely
synthetic bone graft substitutes a balance between diff@teysico-chemical properties that
maximizes the osteoconductive and osteoinductive behavithe host'’s tissue is desired
[1]. For instance, it is assumed that calcium ions¥XQaeleased from the materials plays
a role in their bioactive properties, but the molecular nagi$sm is currently unknown. In
bone tissue engineering, however, CaP biomaterials aleedms scaffolds for delivery of
mesenchymal stromal cells (MSCs) to the injury site to ®igiprmation of new bone [2].
Clinical trials have shown proof of principle for the comation of CaP ceramics and human
MSCs (hMSCs) in healing bone defects [3-5]. In order to agh#&esuccessful combination of
cells and materials, attention has been devoted to cedaffoid parameters, such as porosity
(micro and/or macro) [6-8], chemical composition or topagry [9, 10] of the scaffold.

Both in the case of bone graft substitutes and as scaffoldiire tissue engineering, dissolu-
tion of C&* and phosphate ions (B®) from the solid phase of CaP biomaterials into the
surrounding environment should be considered:'Qaarticipates in many cellular functions
but its role in those functions remains elusive. In bone’*Claas a structural role, since
osteoblasts deposit an extracellular matrix (ECM) thataiois nucleation sites for mineral
deposition. C&" and PQ3~ are constituents of that mineral phase, being constartiy-in
changed to the surrounding extracellular environmentess ifsns during bone remodeling.
This dynamic process is finely tuned by parathyroid hormdeH), which in turn is se-
creted in response to €aserum levels. PTH enhances osteoclast-mediated bongtiesor
resulting in a local increase in €aconcentration ([C&]) making it available for several
biological functions in the body. As a consequence, oststbland osteoprogenitors are
locally exposed to high [Ga] but how this affects their function is not yet understood.

In vitro studies have shown that €apositively influences osteogenesis of different cell
types, such as pre-osteoblasts [11], osteoblasts [12yi&}rophages [13, 14] and human
periosteal derived stem cells (hPDCs) [16]. In additiomas been shown that &3 dose-
dependently, enhances proliferation of MC3T3 and hPDC} [Woreover, upon treatment
with C&?*, the morphology of hPDCs was altered from fibroblastic toatdal, a hallmark
of osteoblasts. Expression of osteopontin (OP) and osEnd®C) was enhanced [13],
as well as that of bone morphogenetic protein-2 (BMP-2) [i&, by C&*. BMP-2 is
essential to maintain bone homeostasis and has a promatein fracture healing [17]. Itis
also known to regulate transcription factors implicatedsteogenic differentiation such as
Runx-2 [18] and osterix [17, 19]. Unfortunately, BMP-2 réafion via extracellular C& is
poorly understood but, if elucidate, could unveil novehstgies for bone tissue engineering.
Understanding how hMSCs sense extracellul&rQ§Ca’t],) released by CaP biomaterials
and respond to it becomes fundamental to improve cell-bas=dpies for bone tissue en-
gineering. There are several mechanism by which cells §&¢],. For instance, Ca

is a ligand for several G-protein coupled receptors (GPCés) enter the cell via gap junc-
tion hemichannels [20] or activate the Notch signaling pathin the chick embryo during
left-right organ asymmetry acquisition [21]. Furthermadoa& channels such as voltage-gated
Ca* channels (VGCCs), acid sensing ion channels (ASIC) - ASIGIEC1b - and human
ether-a-go-go related gene (HERG) K+ channels open in nsspto variations in [C4]
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[22]. The best described GPCR involved in’Caensing is the Calcium Sensing receptor
(CaSR), first identified in parathyroid cells and involvedlie regulation of PTH secretion
[23]. This GPCR has been identified in both osteoblasts an8®#1[24, 25], although
its role is still unclear. Several other receptors beloggim the GPCR family are known
to respond to C& fluctuations, such as metabotropic glutamate receptorduR&} [26],
gamma-aminobutyric acid (GABA), GABAB and GPRCG6A [27] aheit activity has been
correlated to osteoblast function [28]. L-type VGCCs (L-©Gs) could be activated by
biphasic CaP crystals [29] in a mouse embryonic fibroblaliine and by hydroxyapatite
dissolved C&" in human embryonic palatal mesenchyme cells, leading toemease in OP,
Bone Sialoprotein (BSP) and Alkaline Phosphatase (ALP)asgion [30].

In osteoblasts, Ca treatment results in phosphorylation of extracellulansigregulated
kinases 1 and 2 (ERK1/2), which was significantly reducetiéngresence of a CaSR antag-
onist [30]. ERK1/2 phosphorylation also occurred when MG&HL cells were treated with
PO:3~ in the presence of &, but not in its absence [13]. In addition, biphasic CaP aigst
failed to induce expression of a characteristic set of gémesouse embryonic fibroblasts
when upstream activators of ERKs were blocked [29]. BesidesMAPK/ERK signaling
pathway, Protein Kinase A (PKA) signaling has been impéidah C&+ induced fibroblast
growth factor 2 (FGF-2) gene expression [14] in cementabladere we have investigated
how C&* regulates osteogenesis and proliferation of hMSCs andogeapa signaling cas-
cade via which BMP-2 expression is triggered.

Materials and Methods

Cell culture and proliferation

We previously characterized hMSCs as multipotent and tloeypdy with the standard sur-
face marker panel that defines hMSCs [31]. Briefly, cells wsotated from bone marrow
aspirates (5-20 ml) obtained from donors with written infied consent. Aspirates were re-
suspended using 20G needles, plated at a density d05cells/cnt and cultured in prolif-
eration medium (PM), consisting of basic medium (BM) corsinig a-MEM (Gibco), 10%
foetal bovine serum (Lonza), 2 mM L-glutamine (Gibco), 0.RMrascorbic acid (Sigma),
100 U/ml penicillin and 100 mg/ml streptomycin (Gibco)) slgmented with 1 ng/ml re-
combinant human basic fibroblast growth factor (AbD Senoté®d1SCs were expanded at
initial seeding density of 1000 cells/ém PM and medium was refreshed every 2 to 3 days.
Cells were harvested at approximately 80% confluency focsititre. All experiments were
performed in a 5% C®humid atmosphere at 3C.

Differentiation media

Osteogenic differentiation medium (OM) consisted of BM &@aming 10 nM dexamethasone
(Sigma). C&" medium (CaM) was prepared from BM by diluting in it 10@H Buffer So-
lution (pHBS) containing 600 mM CacCl (Sigma-Aldrich). pHEBS8nsisted of demineralized
water with 25 mM Hepes (Invitrogen) and 140 mM NacCl (Sigmah#dh) [16]. CaM final
[Ca?t] was 7.8 mM. BM containing 109 diluted pHBS was used as control medium (CM)
and its final [C&"] was 1.8 mM.
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Cell differentiation experiments

For differentiation experiments, passage two to three hMB€re seeded at 5000 cellskm
and allowed to adhere overnight in BM. The next day, mediurae gleanged to the experi-
mental culture conditions. Neomycin and cycloheximidg($a-Aldrich) were added to CM
or CaM at the desired concentrations. MgS®,0, SrCbh.6H,O, GdCk (Sigma-Aldrich)
were added to pHBS and the different culture media were peepay diluting those solu-
tions 100x in BM. Stock solutions of Spermine, NPS2390, Nifedipine 3487, H89 (Sigma
Aldrich) and U0126 (Promega) were dissolved following theenmfacturer’s instructions and
added to either BM, CM or CaM.

Cell proliferation assay

Total DNA was measured with the CyQuant Cell Proliferaticssay kit (Molecular Probes)
to assess cell proliferation. Briefly, culture medium wasirated, cells rinsed with PBS and
frozen at -80C. After thawing, 20ul/cm? of lysis buffer (prepared according to manufac-
turer’s instructions) were added to the samples at room ¢eatpre (RT) for 1 hour. After-
wards, cell lysate and CyQuant GR dyex(lwere mixed 1:1 in a 96-well microplate and in-
cubated for 5 minutes. Fluorescence was measured at aatéxtand emission wavelengths
of 480 and 520 nm, respectively, using a spectrophotomieegkin Elmer Corporation).

RNA Isolation, cDNA synthesis and Real Time quantitative PR

Total RNA was isolated using the NucleoS@rRNA Il isolation kit (Macherey-Nagel) in
accordance with the manufacturer’s protocol. RNA was ctdié in RNAse-free water and
the total quantity analyzed by spectrophotometry. Fingtret cDNA synthesis was made
from total RNA using iScript (Bio-Rad) according to the méamiurer’s protocol. Ongil of
undiluted cDNA was used for quantitative real time PCR penfed on a Light Cycler PCR
machine (Roche) using SYBR green | master mix (Invitrogebata was analysed using
Light Cycler software version 3.5.3, using the fit point ntettby setting the noise band to
the exponential phase of the reaction to exclude backgrfiuogescence. Expression of os-
teogenic marker genes was normalised to GAPDH levels addrdliction were calculated
using the comparativ&CT method. Primers sequences are shown in table 1.

cRNA synthesis and whole-genome microarray analysis

cRNA was synthesized from 500 ng RNA using the lllumina Tetep RNA amplification
Kit (Ambion/Life Technologies), according to the manufaetr’s protocol. Briefly, single
stranded cDNA was synthesized using a T7 oligo(dT) primiovieed by second strand syn-
thesis to obtain double stranded cDNA. Biotin-labeled cRM#s generated by in vitro tran-
scription using T7 RNA polymerase. RNA 6000 Nano assay wed tesassess both RNA and
cRNA integrity on a Bioanalyzer 2100 (Agilent Technologigdicroarrays were performed
using Illlumina HT-12 v4 expression Beadchips (llluminag)inaccording to the manufac-
turer’s instructions. Briefly, 750 ng of cRNA was hybridized each array overnight after
which the array was washed and blocked. Fluorescent sigmabeveloped by the addition
of streptavidin Cy-3 (GE healthcare). Each array was sadonean Illlumina iScan reader
and analyzed with GenomeStudio (lllumina, Inc). Backgubuoarrection of the raw inten-
sity values was performed in GenomeStudio and further dateegsing and statistical testing
were performed with R and Bioconductor statistical sofen@ttp://www.bioconductor.org/),
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Table 1: Primers sequences for human genes.

Name Primer sequence

5'-GACCCTTGACCCCCACAAT-3'
5'-GCTCGTACTGCATGTCCCCT-3'

ALP

BMP-2 Commercially bought (SA Biosciences)

BSP 5-TGCCTTGAGCCTGCTTCC-3’
5'-CAAAATTAAAGCAGTCTTCATTTTG-3’
5'-CGCTCTCTGCTCCTCCTGTT-3'

GAPDH
5'-CCATGGTGTCTGAGCGATGT-3'

D-1 5’-GCAAGACAGCGAGCGGTGCG-3’
5’-GGCGCTGATCTCGCCGTTGAG-3’

1GF-1 5’-CTTCAGTTCGTGTGTGGAGACAG-3’
5’-CGCCCTCCGACTGCTG-3’

oc 5’-GGCAGCGAGGTAGTGAAGAG-3’
5’-GATGTGGTCAGCCAACTCGT-3’

op 5'-CCAAGTAAGTCCAACGAAAG-3
5'-GGTGATGTCCTCGTCTGTA-3'
5'-GGAGTGGACGAGGCAAGAGTTT-3'

Runx-2
5'-AGCTTCTGTCTGTGCCTTCTGG- 3'

using the lumi-package [32]. Background subtracted iritgnalues were transformed us-
ing variance stabilization and quantile normalized. Thabps having an lllumina detection p
value <0.01 and detected in at least two samples were filtlarédonsidered for further anal-
ysis. A linear modeling approach with empirical Bayesiarthods, as implemented in the R
package “limma” [33], was applied for differential expriegsanalysis of the resulting probe-
level expression values. By uploading the lllumina ideatsfiand resultant log ratios onto the
Ingenuity IPA 9.0 software (Ingenuity Systems, Inc.), gésis were generated, containing
only those from molecules or relationships experimentaligerved in human cells.

Staining with fluorescent dyes and Cell Profiler analysis

hMSCs were washed with PBS, fixed with 10% formalin (Sigma)lfd minutes, permeabi-
lized with 0.1% Triton X-100 for 10 minutes and blocked usii§s v/v FBS. Subsequently,
165 nM of Alexa Fluor 594 (Invitrogen) was added to the cétisstain the cell cytoskeleton,
and incubated at 3T for 30 minutes upon which they were washed anggIml| of DAPI
(Sigma-Aldrich/Fluka) was added for 10 minutes, to staim ¢ell nucleus. After washing
with PBS, cells were imaged using fluorescence microscopy Pathway 435, BD Bio-
sciences). The analysis was performed in images acquioed five different areas of the
sample and at least 50 cells were used to measure morphallpgi@ameters using CellPro-
filer using built-in modules (MeasureObjectAreaShape).[34

Immunostaining

Medium was aspirated from cell culture samples, cells wexsh&d with PBS and fixed for
20 minutes with freshly prepared 4% v/v paraformaldehyde®$, at RT. After permeabi-



CHAPTER 3. A CALCIUM-INDUCED SIGNALING-CASCADELEADING TO
OSTEOGENIC DIFFERENTIATION OF HUMAN BONE MARROW-DERIVED
46 MESENCHYMAL STROMAL CELLS

lization with 0.25% v/v Triton-X in PBS for 10 minutes, cellgere incubated with 1% v/v
BSAin 0.1% PBS-Tween (PBST) for 30 minutes to block unspebifiding sites. The CaSR
and the phospho T888 CaSR (Abcam) antibodies were dilutéthin/v BSA in 0.1% PBST.
Polyclonal Rabbit IgG was added undiluted and all primanybaxlies were incubated for 1
hour at 37C. Afterwards, cells were incubated with Goat anti-Rabfp@ IAlexa 488 conju-
gated (Invitrogen) diluted in 1% v/v BSA in 0.1% PBST for 1 hau RT, in the dark. To
visualize the cell structure, cells were incubated for 1Butés in 1ug/ml Dapi (Sigma-
Aldrich/Fluka) and for 30 minutes with 165 nM Alexa 568-cogated phalloidin. Both dyes
were diluted in PBS.

Statistical analysis

All experiments were performed with triplicate biologicamples. Statistical analysis was
done using One-way Analysis of Variance (ANOVA) with Tukeyultiple comparison test
(p <0.05), unless otherwise indicated in the figure legemcbrtbars indicate standard devi-
ation. For all figures the following applies: * = p < 0.05; ** =0.01; *** = p < 0.001.

Results

To understand how [Cd], can influence hMSC behavior, we compared cell proliferation
morphology and osteogenic differentiation when cells wieeated with control medium
(CM), containing 1.8 mM, versus €a Medium (CaM), containing 7.8 mM. The latter con-
centration was chosen because it induced highest cell msmabd expression of osteogenic
markers in hPDCs [16].

Ca?t and proliferation of hMSCs

First, we assessed the effect of elevated?{§gaion hMSC proliferation. For this, cells were
seeded on tissue culture plastics and cultured in CM or Caivhfes were collected for
DNA quantification at 1, 3 and 7 days. At early time points, vigtribt observe differences
in cell numbers between treatments (figure 1). However, veesied higher cell numbers at
day 7 in samples treated with CaM compared to CM, suggesiatgtroliferation of hMSCs
is dependent on [CGd],.

Ca?t effect on cell morphology

Next, we investigated whether different &4, would affect cell shape, because in some
conditions, cell shape is directly linked to cell differition [35-38]. Therefore, differences
in morphological cellular parameters between cells tebatith CM or CaM could indicate
whether to expect differences at differentiation level.ugh1000 hMSCs were seeded per
cn? on glass slides and cultured for 6 and 12 hours in CM or CaMis@etre fixed and
stained with fluorescent dyes for the cell nucleus and adigrsi (blue and red respectively
in figure 2A). Samples were imaged with a fluorescent micrps@mnd at least 50 cells per
condition were investigated for 13 different standard peeters for both the nucleus and actin
fibers. The results shown in figure 2B refer only to parametenghich statistical significant
differences were observed for the nuclei, actin fibers o dm¢tween the two treatments.
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Figure 1: C&" induces cell proliferation. DNA concentration was quaatfafter 1, 3 and 7 days as an
indirect measure of cell numbers. At day 7, [DNA] is statiatly significantly higher in hMSCs treated
with CaM as compared to CM. Statistical analysis was doné Wito-Way Anova and Bonferroni
post-hoc tests.

After 6 hours, cells treated with CM had a higher nucleus arehhigher minor axis length
than cells treated with CaM. From 6 to 12 hours, cells fromhkotatments exhibited de-
creased nucleus perimeter and were rounder (form factaevabser to 1). After 6 hours,
there were no statistical significant differences betwéertieatments for any of the param-
eters concerning cell shape (actin fibers). However, afeendurs, cells treated with CaM
were more spread (higher area and larger perimeter) thitiested with CM. Cells treated
with CaM also showed a higher minor axis length. Howevelsdetated with CM exhib-
ited a rounder morphology (higher form factor value). Ewitle C&* induced changes in
cellular morphology.

Ca?" effect on gene expression

Differences in the nucleus and cytoskeletal conformatietmken cells treated with CM and
CaM could indicate differentiation. Therefore next we gaat the actual effects of [E8],

on hMSCs differentiation. For this, cells were treated v@ttd and CaM and also with BM
and OM as a positive osteogenic control. After 6 hours, 3, & B days, we collected
samples for RNA isolation and analyzed the expression afre¢bone related genes (figure
3).

hMSCs cultured in OM exhibited higher expression of Alkalilfhosphatase (ALP) at days
6 and 13 than cells cultured in BM [39] and expression of BMiRa2 lower in OM (figure 3
A), as observed earlier (unpublished data). Expression.éf &nd insulin like growth factor
1 (IGF-1) were lower in CaM at most timepoints. No effect wase@rved on the expression
of the transcription factor Runx-2 but in contrast, inceshexpression of all ECM proteins
(OP, BSP and OC) was observed (figure 3 B). Notably OP exmmesgas increased 2000
fold by CaM at day 13.

Furthermore, treatment with CaM increased BMP-2 expressiall time points (figure 4 A).
To confirm these data, additional experiments were perfdiméMSCs from three differ-
ent donors and we consistently observed an effect of CaM oRPEMene expression. For
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Figure 2: Ca" induces cell morphological changes. A. Staining of cellleus (blue; DAPI) and
actin skeleton (red; phaloidin) in cells treated with CM a@dM for 6 and 12 hours. Scale bar is
10 um. B. Analysis of morphological features of nuclei and adibers from dapi and phalloidin
stainings respectively in cells cultured in CM (white baaigp CaM (black bars) for 6 and 12 hours.
The following parameters were analyzed with the Measure@BjeaShape module of Cell Profiler: x
coordinate center; area; perimeter; form factor; minos éemgth.

instance, BMP-2 expression increased at least 3 fold onlgw<hafter initiating the treat-
ment (figure 4 B). Taken together, the observations of hig@hP-2 gene expression, ALP
and ECM bone proteins, shows that hMSCs will develop an b$stc phenotype due to
increased [C& ] in the culture medium.

Effect of GPCRs ligands on BMP-2 expression

After disclosing the effects of G& on the expression of bone related genes, we aimed at
understanding the signal transduction pathways assdaiatie this interaction. C& sensing
via the Calcium Sensing Receptor (CaSR) has been descrilvaai[40], as well as in vitro,

in some cell types [41, 42]. Since it is known that hMSCs pssslis receptor [25], we first
hypothesized that the CaSR could be involved in the obsegffedts of C&" on hMSCs
that led to BMP-2 gene expression. We selected severalkmelivn CaSR agonists [43],
exposed hMSCs to them at different concentrations in CM dtet & hours we analyzed
BMP-2 gene expression. Neither Kig G+, neomycin nor spermine was able to induce
BMP-2 expression (figure 5 A and B). In contrast, BMP-2 expi@swas induced 2 and 3
fold by both 2 and 10 mM $r, respectively which is similar to the effect of CaM. Because



49

Rurad Alkaline Phasphatase 1GF-1
Amaline Phosphatase *E
*kk Hokk - ek - 2
=16 F F *
F 82 EaR L
T ‘—\{ - Hokok ]
& 1.04
g 4 % T g 4
- \ 05
32 N S S L T : o Breea.
2 2 46 810121 o 0.04
e e eyl 0 2 4 6 8 10 12 14 2 4 6 8 10 12 14
e 24 ;.':"‘11" 121 tima (days) tima (days)
Bone Sialoproten Osteocalcin
amp.2 Osteopontin i ik
- LEL S o ~ 300 3 ) 3 ol ok ok
5 *kk 3 200 { - | ] 1
412 £ o0 ~l § n % 'g 12 ,.'é
o i PO RSP e B i B
3 LT X £ 4 o : Y 4
- 04 3 K 3 3 1 3 M .
2 ! - . — — -
00 2 4 6 8 101214 2 4 6 8 101214 2 4 6 B 1012 14
0 2 4 6 8 1012 14 time (days) time (days) time (doys)

time (days)

Figure 3: hMSCs osteogenic profile. A. hMSCs were treated with eithdr(Bquares) or OM (trian-
gles). Alkaline Phosphatase and BMP-2 gene expressionmeasured after 6 hours, 3, 6 and 13 days.
B. hMSCs were treated with CM (continuous line) or CaM (daslwe) for 6 hours, 3, 6 and 13 days.
CaM increased expression of all bone related extraceltokrix proteins (Osteocalcin, Osteopontin,
Bone Sialoprotein) for all late time points but did not haveedfect on Runx-2 and decreased expres-
sion of IGF-1 and Alkaline Phosphatase relatively to cdntnedium. Statistical Analysis was done
with Two-way Anova and Bonferroni post-hoc tests.
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Figure 4: CaM induces expression of BMP-2. hMSCs were treated with CNCaM. A. BMP-2
expression was analyzed at different time points (6 houyr8,aéhd 13 days) and was always higher for
cells treated with CaM (dashed line) compared to thoseddeaith CM (continuous line), although
differences were only statistically significant for 6 anddEy's of culture. Statistical analysis was done
with Two-way Anova and Bonferroni post-hoc tests. B. hMSg@sf three other donors also showed
higher expression of BMP-2 after 6 hours when cultured iptlesence of G as compared to control
conditions. Statistical analysis was done for the indigidibnors with a student’s t-test with Welch’s
correction.
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Sr’* was the only CaSR agonist able to induce BMP-2 expressiesgetdata suggests that
Céa’t-induced BMP-2 expression in hMSCs is not mediated via treRCa
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Figure 5: S”** induces BMP-2 gene expression. hMSCs were treated with Gi¥| & CM containing
different CaSR agonists at various concentrations. BMRg2ession was analyzed 6 hours later. A.
BMP-2 expression increased in the presence of 2 and 10 nf¥, 8ompared to cells in CM. Mg
and Gd* did not have an effect on BMP-2 expression. B. BMP-2 expoessias not regulated by
Spermine nor Neomycin at any of the tested concentrations.

To verify the expression and activity of the CaSR recept@unhMSCs we stained the CaSr
and its phosphorylated form respectively. The CaSR wasreédeat the cell surface (figure
6), showing that hMSCs express the receptor. The p-CaSRIs@sletected but there were
no apparent differences in the amount of p-CaSR between @MCaM. This suggested that
the receptor can be phosphorylated by both tested'l8an hMSCs at comparable levels,
further suggesting that the CaSR is not involved in medigMP-2 expression.

Isotype Secundary CaSR p-CaSR

Figure 6: Immunostaining of the Calcium Sensing Receptor (CaSR). @M&ere treated with CaM
for 6 hours and after that fixed and stained with dapi (blukallpidin (red) and antibodies against the
CaSR and the phosphorilated CaSR (p-CaSR) (green). CaSg@a8R images show only blue and
green channel and insight shows all channels. Controlietgnwith isotype or secundary antibodies
alone showed no specific signal. Scale bar ig/i@

Next we looked at metabotropic glutamate receptor type 11gRG), another subclass of
Ca* sensing GPCRs. We pre-treated hMSCs with an antagoniseah@®luR1, NPS2390
[42, 44], for 30 minutes at 1 or 1AM in CM, followed by 6 hours treatment with the
antagonist diluted in CaM (figure 7). BMP-2 expression wakaffected by the mGluR1
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antagonist after 6 hours, suggesting that this receptds@sret involved in mediating the
response of hMSCs to €a

BMP-2
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Figure 7: mGIuR1 antagonist does not regulate BMP-2 gene expres$iBtECs were treated with
either CM, CaM or CaM containing 1 or 10M of NPS2390, an antagonist of mGIuR1. Before in-
cubation of NPS2390 in CaM, cells were pre-treated with N§®62in BM for 30 minutes. BMP-2
expression was measured after 6 hours.

L-VGCCs and BMP-2 expression

Because we did not find evidence for a role of the CaSR and mGinR& " sensing in
hMSCs, we looked into the role of L-VGCCs, which upon eledd@a "], can transport
Cat across the cell membrane. To mimick L-VGCC activity, we atideompound, calcium
ionophore A23187, which facilitates the transportatio€ed™ via the channels, to both CM
and CaM at a final concentration of LM and cultured hMSCs for 6 hours. Interestingly, we
observed increased BMP-2 gene expression in the celletredth both media containing
the A23187 when compared to CaM and CM alone, by 1 and 2 foldesely (figure

8 A). The same experiment was repeated with hMSCs from 2 atheors (figure S1 A),
with a positive effect on BMP2 expression in one, but not im ¢ther donor. When hMSCs
were cultured in CaM containing/®M of Nifedipine, a L-VGCC blocker, BMP-2 expression
decreased compared to cells in CaM, although this was nititally significant (figure 8
B). Additional experiments with two other donors showed fieat of Nifedipine on BMP-2
expression (figure S1 B). Although experiments with A2318ggest an involvement of L-
VGCCs in mediating BMP-2-Ca driven expression, Nifedipine data does not fully support
it, and additional experiments would have to be performecktify the role of L-VGCCs in
C&t induced BMP2 expression.

MEK 1/2 and BMP-2 expression

Next, we investigated whether the PKA signaling pathwayld¢de mediating BMP-2 ex-
pression, because it is known that’Cas involved in PKA signaling in different cell types
[14] and we have previously shown that PKA activation is aiged with enhanced BMP2
expression [2]. Therefore, we treated hMSCs with CM and Galhe presence or absence
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Figure 8: BMP-2 gene expression. hMSCs were treated with either CNYJ Gaco-incubated with
CM or CaM containing A. Calcium lonophore A23187 or B. Nifeilie. Before co-incubation, cells
were pre-treated with either molecule in BM for 30 minutesn& expression was analyzed 6 hours
after of co-incubation.

of 1 uM H89, an inhibitor of PKA activity. After 6 hours, we obser/a statistically signifi-
cant decrease in BMP-2 expression in cells cultured in Cafi@rpresence of H89 compared
to cells cultured in CaM alone (figure 9 A). However this effe@s not confirmed in other
donors (figure S2 A). ERK1/2 is involved in gene expressiowuliated by calcium in other
cell types [11, 45]. To know whether ERK1/2 could be involvednediating C&" induced
BMP-2 gene expression, we cultured cells in CM and CaM alarie the presence of 5 or
20 uM of MEK1/2 inhibitor (U0126), a Map kinase kinase upstreaffE®RK1/2. After 6
hours, gene expression analysis showed that blocking MEKeSuIts in the abrogation of
BMP-2 expression (figure 9 B), showing that MEK1/2 is essgfitir C&+ mediated BMP-2
expression, which in this case was confirmed in multiple deffigure S2 B).
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Figure 9: MEK1/2 inhibitors regulate BMP-2 gene expression. hMSCsevteeated with either CM
or CaM, alone or containing PKA (H89) or Mek 1/2 inhibitorsefBre co-incubation, cells were pre-
treated with BM containing the respective molecule at thergiconcentrations for 30 minutes. BMP-2
gene expression was measured 6 hours after co-incubatidireAtment with CaM and PKA inhibitor
decreased BMP-2 gene expression, compared to CaM alonereBtnient with CaM and Mek1/2
inhibitor abrograted BMP-2 expression compared to CaMrneat, at both U0126 concentrations.
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Microarray analysis

To understand whether BMP-2 is a direct target gene &f Ggnaling, not requiring de novo
protein synthesis, we exposed hMSCs in CM and CaM to thelatims inhibitor cyclohex-
imide (Chx). After 6 hours, BMP-2 gene expression was induoethe control situation,
but cycloheximide blocked the &aeffect on BMP-2 expression (figure 10), indicating that
BMP-2 is not a direct target gene of €asignaling.
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Figure 10: BMP-2 gene expression depends on de novo protein produdtMB8Cs were treated with
either CM or CaM, alone (-Chx) or containing 1M of cycloheximide (+Chx). In the presence of
cycloheximide, BMP-2 expression was decreased 3 fold cosdpga CaM alone, after 6 hours.

To further investigate the molecular mechanisms uponrtreat with CaM, we performed
a microarray analysis. After one and 6 hours of exposure td 6aCM, samples were
collected for RNA isolation and as a control, BMP-2 expresdevels compared by gPCR.
After 1 hour, no difference in BMP-2 expression was obserbetveen cells treated with CM
or CaM (figure S3), indicating that the BMP-2 promoter wasvatéd between 1 and 6 hours.
Therefore, we performed whole genome gene expressionsasaly samples treated for 1
hour to analyze the events preceding BMP-2 promoter aidivaErom the gene expression
data, a list of the 38 genes with highest expression in ael&ed with CaM is shown in Table
2. Cells treated with CaM showed highest fold change ineréaHSPE1 (1.76). Expression
of many genes associated with DNA transcription was in@@as CaM condition, such as
BLZF1, CDK1, EGR1, Fos, HMGB2, KLF6, NFKB1A, NR4A2 and XRCC6

Discussion

Céa’t-induced osteogenesis and proliferation of several celkgyhas been previously de-
scribed but not for h(MSCs. Here we have shown that upon teatof hMSCs with elevated
[C&*]o, hMSCs exhibited increased proliferation (figure 1) andregpion of bone related
genes, such as OC, BSP and OP (figure 3 B). As early as 6 hoprgssion of BMP-2 is
3-fold induced in cells treated with €& (figure 4), which indicates that €ais a potential
osteoinductive trigger in hMSCs.

Interestingly to note are the differences observed betwieereffects of C&™ and dexam-
ethasone on hMSCs osteogenesis®'Gand dexamethasone seem to have antagonic effects,
at least regarding ALP and BMP-2 expressions. Whereas Okkdses BMP-2 expression,
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Table 2: Genes regulated in hMSCs by CaM after 1 h.

Symbol Entrez gene name Fold Change
HSPE1 heat shock 10kDa protein 1 (chaperonin 10) 1.75
EGR1 early growth response 1 1.58
RPLP1 ribosomal protein, large, P1 1.45
NR4A2 nuclear receptor subfamily 4, group A, member 2 1.41
STOM stomatin 1.34
CDK1 cyclin-dependent kinase 1 1.33
RPL22 ribosomal protein L22 1.33
LILRB1 leukocyte immunoglobulin-like receptor, subfamily B 1.32
(with TM and ITIM domains), member 1
ELOVLS ELOVL family member 5, elongation of long chain fatty 1.31
acids (FEN1/Elo2, SUR4/Elo3-like, yeast)
SDCBP syndecan binding protein (syntenin) 1.30
MPST mercaptopyruvate sulfurtransferase 1.30
CDC42 cell division cycle 42 (GTP binding protein, 25kDa) 1.30
ALDOA aldolase A, fructose-bisphosphate 1.29
MEST mesoderm specific transcript homolog (mouse) 1.28
budding uninhibited by benzimidazoles 3 homolog 1.27
BUB3
(yeast)
NUSAP1 nucleolar and spindle associated protein 1 1.27
ADD3 adducin 3 (gamma) 1.27
HMGB2 high-mobility group box 2 1.27
nuclear factor of kappa light polypeptide gene enhancer 1.27
NFKBIA . S
in B-cells inhibitor, alpha
KPNA2 karyopherin alpha 2 (RAG cohort 1, importin alpha 1) 1.27
MCL1 myeloid cell leukemia sequence 1 (BCL2-related) 1.26
BLZF1 basic leucine zipper nuclear factor 1 1.26
X-ray repair complementing defective repair in Chinese 1.26
XRCC6
hamster cells 6
KLF6 Kruppel-like factor 6 1.26
FOS FBJ murine osteosarcoma viral oncogene homolog 1.26
ARSA arylsulfatase A 1.26
FDPS farnesyl diphosphate synthase 1.25
PTP4A2 protein tyrosine phosphatase type IVA, member 2 1.25
AMY1A amylase, alpha 1A (salivary) 1.25
PRKAA1 protein kinase, AMP-activated, alpha 1 catalytic subunit 1.25
SMNDC1 survival motor neuron domain containing 1 1.24
ACTA2 actin, alpha 2, smooth muscle, aorta 1.24
SOCS5 suppressor of cytokine signaling 5 1.24
PPT1 palmitoyl-protein thioesterase 1 1.24
PTS 6-pyruvoyltetrahydropterin synthase 1.24
RPS28 ribosomal protein S28 1.24
HNRNPM  heterogeneous nuclear ribonucleoprotein M 1.24
KRIT1 KRIT1, ankyrin repeat containing 1.23
POSTN periostin, osteoblast specific factor 1.23
CASP6 caspase 6, apoptosis-related cysteine peptidase 1.23
VPS37A vacuolar protein sorting 37 homolog A (8. cerevisiae) 1.23
LRRFIP1 leucine rich repeat (in FLII) interacting protein 1 1.23
TSNAX translin-associated factor X 1.23
EIF1AX eukaryotic translation initiation factor 1A, X-linked 1.23
CRCP CGRP receptor component 1.22
FXR1 fragile X mental retardation, autosomal homolog 1 1.22
GOLPH3 golgi phosphoprotein 3 (coat-protein) 1.22

PRSS23 protease, serine, 23 1.22
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Cat enhances it from as early as 6 hours. On the other hand, ALdevxpression level is
increased by OM from day 3 on, in accordance with our data §8@]that of others [46], is
decreased by G4 from day 3 on. Evidence for the role of &ain hMSCs differentiation was
first given based on changes in cell morphology. The onse&df-@duced morphological
changes seems to happen first in the nucleus and later in tingkeyeton. We observed that
higher [C&"], renders the cells with smaller nuclei and enlarged cytesket (increased
area and perimeter). Others have shown that cell spreaalinogsf osteogenesis. hMSCs cul-
tured on larger islands of fibronectin committed to osteegenwhereas those cultured on
smaller islands committed to adipogenesis [35].

We further investigated how hMSCs sense {0a that ultimately leads to increased ex-
pression of BMP-2. Experiments with GPCR agonists and amiats, targeting the CaSR
and mGIuR1 respectively, suggest that these receptorsaari@volved in BMP-2 expres-
sion. However $" did have an effect on BMP-2 expression.2Sis known to enhance
osteoblasts precursors differentiation [47] and expoessf BMP-2 in primary osteoblasts
[48]. Furthermore, a link between®rinduced CaSR activation and BMP-2 expression has
been proposed in MC3T3 cells [49]. Given our findings, we camxclude the possibility
that a GPCR similar to the CaSR might be activated and isdingd8MP-2 expression by at
least two types of cations: €aand SF*.

The hypothesis of an yet unknown calcium sensing mecharnisitasto the CaSR has been
proposed by others [14]. Kanaya et al. investigated thetsffef C&* in FGF-2 expression in
cementoblasts. Similarly to our findings, some CaSR agomsdticed expression of FGF-2,
but others didn’t. However, their data showed that the diggaathway upstream of FGF-
2 expression required cyclic adenosine monophosphate RYANKA activation, excluding
the CaSR involvement since cAMP levels are reduced upoweadicin of the CaSR [42, 50-
52]. In our case, the involvement of PKA signaling was sutggesn one case, as upon
addition of H89 to the culturing medium, BMP-2 expressiorsw&creased. This was not
confirmed in other donors and additional experiments havgetperformed to clarify the
role of cAMP/PKA. However, we have shown in the past that cAi@uces expression of
BMP-2 in hMSCs [2]. On the other hand, cAMP also induces ALRINSCs and here we
have shown that &4 decreases expression of ALP (figure 2B).

A23187, a molecule that facilitates €atransportation across L-VGCCs, increased expres-
sion of BMP-2, although not in all donors. On the other haritkdlpine, a L-VGCC blocker,
had only a small effect in one of the donors. The role of L-V&@Cmediating BMP-2 ex-
pression in hMSCs is unclear. However, it should be notitieat, there are four isoforms of
L-VGCCs known and affinity to the same blocker varies. Fotanse, Cavl1.3 and Cavl.4,
two isoforms of L-VGCCs, show lower affinity for DHP (1,4 dithsopyridine) blockers, such
as Nifedipine, than Cav1.2 [53]. We were unable to find literareporting the expression of
isoforms in hMSCs. Furthermore, others have shown that ®tbcks L-VGCCs in mono-
cytes [54]. In figure 5A we have shown that &ddid not induce BMP-2 expression, which,
in light of these findings, could be speculated interpretedcual inhibition of the expres-
sion due to L-VGCCs blockage. Our data clearly shows that KARnaling is essential
for BMP-2 expression, as a Mek1/2 inhibitor abrogated BMExpression in all donors.
Sr’* has been shown to promote osteogenic differentiation of @@a an ERK 1/2 and
p38 dependent mechanisms. It was also the only molecukdtéisat showed an effect on
BMP-2 expression (figure 5A). Therefore it seems that'Cand Sf induced osteogenic
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differentiation of h(MSCs share a common pathway.

Experiments with cyclohexemide, a protein translatioribitbr, indicated that BMP-2 ex-
pression depends on de novo protein synthesis upon treatmitenCaM, as its expression
was suppressed when cells were treated with that compouméurther understand which
molecules could be involved in the expression of BMP-2, wegomed a whole genome
microarray analysis on cells treated for 1 hour with or withelevated [C&"],. Genes reg-
ulated by CaM are shown in Table 2. Among these genes, weifiéedrdome that could be
involved in the signaling pathways related events actiVateC&*. Stomatin is presentin the
vesicles that are usually formed and released at the siteeofbrane lipid rafts upon eleva-
tion of cytosolic levels of C& [55]. Early growth Response 1 (EGR1) is a target of ERK1/2
[56]. Furthermore EGR1 has been related witf Cmternalization via VGCCs [57]. Jun is
a constituent of the activator protein 1 (AP-1) transcdptfactor dimer, of which the other
molecule is Fos, also seen in Table 2. The AP-1 dimer can imlidund to the AP-1 domain in
the promoter region of several genes, such as BMP-2 [58] &Rl [B9], which were shown
to be both upregulated by CaM. The transcription factor NR#As been shown to activate
OP [60] and OC [61] transcription, whose expression was meheced by CaM after 6 and
3 days respectively. Furthermore NR4A2 activity has beekelil to MAPK [62]. Taken
together these findings suggests a strong involvement of Ki#ignaling and C&" internal-
ization in mediating the effects of CaM in hMSCs. The datenfiband discussed above has
led us to a proposed mechanism that is summarized in figure 11.

The interaction between degradable ceramic prosthesisaffokls, and bone marrow cells,
if further understood, can lead to the improvement of regatihe therapies. Although CaP
ceramics have been the prime choice in bone tissue regemestaategies, due to their chem-
ical composition being so close to that of the natural bamey fire not the ideal solution for
load bearing applications. Hence, more applicable in tisésations would be the use of
polymers, which render the scaffold with mechanical propsithat can be tuned to match
that of the bone. One can envision the combination of polgraed hMSCs for bone tis-
sue engineering in different setudy:enhance osteogenic differentiation of h(MSCs in tissue
culture plastics with Ca& (cheaper than any known osteogenic compound) and afterra sho
period of time, seed these cells on polymeric scaffaiispat polymeric scaffolds with CaP
layers and then seed hMSCs with or without an in vitro cuftyinberiod prior to usage in
the patient;3) a more expensive and sophisticated approach would be topioide in the
scaffold known molecules that stimulate BMP-2 expresssoch as A23187.

Conclusions

We have shown how G4 influences the proliferation, morphology and osteogerfiexin-
tiation of hMSCs. Furthermore, we have discussed the rolBRERs, such as CaSR and
mGIuR1, in mediating the signaling pathway triggered byZQa that results in BMP-2
expression. Our data shows that neither receptor is likebetpart of such molecular mech-
anism, but we do not exclude the possibility of an unknown BRtdiating hMSCs BMP-2
expression in response to [€3,. We also suggest that L-VGCCs play a role in that path-
way, but not exclusively. Furthermore, MEK1/2 is esseritaBMP-2 expression, probably
via Fos expression and AP-1 formation that in turn binds &AR-1 binding domain of the
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Figure 11: Schematic depiction of the proposed signaling pathwaylireebin CZ+-mediated BMP-2
gene expression. €4 is internalized possibly via LVGCCs which in turn activafe®tein Kinase C.
PKC phosphorilates the CaSR at the Thr888 diminishing itsisieity to CZ*. At the same time, PKC
phosphorilates GDP that activates the GTPase Ras, actvie Ras-MAP-kinase signaling pathway.
After phosphorilation, ERK is translocated into the nuslemd activates transcription of c-Fos tran-
scription factor. C-Fos binds to c-Jun forming the AP-1 s@iptional activator. AP-1 translocates to
the nucleus and binds to the AP-1 binding site in the prometgion of the BMP-2 gene, activating its
transcription. A GPCR similar to the CaSR and sensitive th iz and S#+ might also be involved

in mediating BMP-2 expression.
BMP-2 promoter region. A better understanding of how hMS€&sse C&" could lead the

way in the development of new therapies, such as hMSCs gagntent with C&" prior to
cell seeding in scaffolds or incorporation of compoundéw@i?™ stimulatory functions that

lead to BMP-2 expression.
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Figure S1: BMP-2 gene expression in different hMSCs donors. hMSCs weeged with either CM,
CaM or co-incubated with CM or CaM containing A. lonophore3487 or B. Nifedipine. Before

co-incubation, cells were pre-treated with either molednlBM for 30 minutes. Gene expression was
analyzed 6 hours after of co-incubation.
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Figure S3: BMP-2 gene expression was not increased in cells treatéo@eM after 1 hour.
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Abstract

Calcium phosphate (CaP) based ceramics are used as barmupsditutes in the treatment of
bone defects. The physico-chemical properties of theserialt determine their bioactivity,
meaning that molecular and cellular responses in the bollipeviuned accordingly. In a pre-
vious study, we compared two porous CaP ceramics, hydratigagHA) andf-tricalcium
phosphate (TCP), which, among other properties, diffeh#&rtdegradation behavioum
vitro andin vivo. Additionally we demonstrated that the more degrad@IECP induced
more bone formation in an heterotopic model in sheep. Th®taied tan vitro data, where
human bone marrow derived mesenchymal stromal cells (Mbied higher expression
of osteogenic differentiation markers, such as osteopposteocalcin and bone sialoprotein,
when cultured in3-TCP than in HA. More recently, we also showed that this eféeuld

be mimickedin vitro by exposure of MSC to high concentrations of calcium ions?{G:a
To further correlate surface dynamics of HA g€l CP ceramics to the molecular response
of MSC, we followed C&" release and surface changes in time as well as cell attathmen
and osteogenic differentiation of MSC on these ceramicsthiwi24 hours, we observed
differences in cell morphology, with MSC cultured f2 TCP displaying more pronounced
attachment and spreading than cells cultured on HA. In theegame framef3-TCP induced
expression of G-protein coupled receptor (GPCR) 5 A andlagguof G-protein signaling

2, revealed by DNA microarray analysis. These genes, agsacwith the protein kinase A
and GPCR signaling pathways, may herald the earliest regpohMSC to bone-inducing
ceramics.
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Introduction

In the occurrence of a bone defect due to trauma or tumor tierebone void fillers are
needed to regain the bone’s original properties and funstioAutologous bone grafting
(autograft), in which healthy bone is collected and traastgd to the defect, is the most
frequently applied therapy in such situations. Two prdpsrthat determine the autograft
successful bone regeneration are osteoinduction (i.editdes commitment of undifferen-
tiated cells to become osteoblasts) and osteoconductempfiovides a framework for bone
ingrowth), . However, the amount of bone that can be colteigdimited, and furthermore,
the method may pose severe disadvantages, such as denpaisitand morbidity [1]. Due
to these limitations, and concomitant with an increasingldvpopulation, there is an urgent
demand for bone graft substitutes (BGS) (2).

Among BGS, synthetic calcium phosphate (CaP) ceramics atelyvused because their
chemical composition resembles that of bone mineral [3Edgsides, the majority of CaP
ceramics are osteoconductive, providing excellent ostegration between the host bone
and the implant. Ideally, CaP BGS should also possess sitrosteoinductivity, however
only a subclass of these materials has been shown to be ahtietive, as demonstrated by
de novo bone formation upon heterotopic implantation ingi@cal animal models , for
example in the muscle [6, 7].

In the past decades, several formulations of CaP ceramieslie®en developed that vary, in
terms of chemical composition, in crystallinity and macaad micro-scaled structural fea-
tures. In general, most formulations include macro-scateds, which are void spaces in the
structure that allow ingrowth of cells, blood vessels asdue. Furthermore some contain
micro-scaled pores as well (defined as having a diametedenthbn 10um). Chemical
composition of the material is often characterised by tHelwa to phosphate ratio (Ca/P).
In general, lower Ca/P ratios lead to a higher dissolutide. r&or instance, hydroxyapatite
(HA), with a Ca/P ratio of 1.67, dissolves slower than tréoain phosphate (TCP), whose
Ca/P ratio is 1.5 [8, 9]. However, all above mentioned prtpgrtogether with the mechani-
cal properties and the presence of cells, such as ostexjatastaffect CaP degradability.

So far, there is no clear link between the physico-chemicgperties of CaP BGS and their
bioactivity at the molecular level. Further impairing thisowledge is the fact that a stringent
comparison between different studies/labs cannot be daltkough a material might bear
the same name in different publications, usually followitsgchemical composition, other
properties can be different due to the protocols used f@raparation. Nonetheless, a fun-
damental understanding of the physico-chemical propediea particular set of materials
that drive specific molecular and cellular responses migptove the design of CaP bioma-
terials and perhaps unlock other clinical therapies foreb@generation, not considered so
far.

Within limits, in vitro models can help understanding how CaP ceramics regulategesiic
differentiation of cells. As such, CaP based materials &ed bioactivity in terms of os-
teogenic differentiationi vitro) and in some cases, correlation to bone-forming capacity
(in vivo), has been a subject of intensive research. For instanasubtdma and colleagues
[10] observed that bone marrow-derived mesenchymal stroatia (MSC) combined with
B-TCP formed more bone in a subcutaneausivo model in nude rats, than MSC grown
on HA. Although in both cases MSC were alkaline phosphatak®) positivein vitro prior
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to implantation, there was no quantitative analysis of Atérsng. Tan et. al. [11] also
observed that HA and biphasic calcium phosphate (BCP) idlexpression of osteogenic
markers in C2C12 cells but did not quantify the differencetsieen the two ceramics. SaOS-
2 cells showed higher levels of ALP activity when culturedHiaA (Osbon@) granules than
when cultured ir3-TCP (Cerasor@) but differences between the two ceramics in gene ex-
pression of typical osteogenic differentiation markeushsas osteopontin (OP), bone sialo-
protein (BSP) and osteonectin (ON), were not observed [S¥hilarly, HA also induced
higher levels of ALP gene expression in SaOS-2 cells than BCRCP did, but no statisti-
cally significant differences were detected regardingesgipn of OC, ON and collagen type

I (Col 1) [13]. In contrast, we showed that MSC cultured3AT CP did express more OP, OC,
Col I and BSP than in HA after 7 days. In addition we also shothati3-TCP, without cells,
induced 5 times more bone formation than HA when implanteédinuscularly in dogs [14],
further correlating thén vivo bone forming capacity and osteogenic differentiation ptiéé

in vitro.

SinceB-TCP and HA in our study showed differantvitro dissolution rates, we hypothesized
that dissolution of calcium ions dissolution &3 drives MSC osteogenic differentiatiam
vitro and bone formatioim vivo. More recently, it was demonstrated that MSC expressed
more OP, OC, BSP and in addition more BMP-2 in a high'Gzoncentration ([C& ]) milieu
than in a low one [15], in accordance with the osteogenic lgrofiMSC cultured in3-TCP
(higher solubility) and HA (lower solubility) (14).

In this study, we used MSC to investigate the biological na@i$m that leads to these distinct
osteoblastic phenotypes @TCP versus HA. At very early time points, MSC gene expres-
sion differences was analysed through DNA microarray aiglyAlso physico-chemical
properties of these ceramics associated with their disealprecipitation surface events
were investigated.

Materials and Methods

HA and B-TCP fabrication

HA ceramics were prepared from HA powder (Merck) using thalgihase mixing method
and sintered at 125Q for 8 hours, according to a previously described methofl [36TCP
ceramics were prepared from TCP powder (Plasma Biotal) imered at 1100C. Ceramic
particles were cleaned ultrasonically with acetone, 70b&mtl and demineralized water
and dried at 80C. Particles were sieved to obtain a 1-2 mm sized particlehh@nd were
autoclaved prior to use. For a detailed physico-chemicatatterization of these materials
the reader is referred to Yuan et. al. [14].

Inductively Coupled Plasma-Optical Emission Spectromety

In a previous study, we showed theCaelease profile from HA an@-TCP in SPS for
approximately 3 hours [14]. Here, we studied the releasélgsmf C&" and PQ3~, in a
time scale corresponding to cell culturing experimenty$ilaFifteen particles of either HA
or B-TCP were immersed in 10 ml of either simulated physioloigiatine (SPS; 0.8% NacCl,
50 mM Hepes, pH 7.3) or minimum essential medianfa-MEM, Gibco) for four hours,
then solutions were refreshed with 5000f respective liquid and after four hours, refreshed
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again, but this time, with 10 ml. All incubation steps wereriga out in a 5% CO2 humid
atmosphere at 3C, according to what is usually done in cell culture experiteeceramics
pre-wetting for 4 hours, followed by cell seeding in low vmia and then addition of cell
culture medium. For a schematic representation of proesdsge figure 1 A. At specific
time points, SPS and-MEM samples were collected for [€4] and [PQ3~] measurements
by Inductively Coupled Plasma-Optical Emission Spectrioyn@CP-OES, Varian 720 ES,
Evisa). Standard samples for &aand PQ3~ measurements were prepared by dissolving
CaCb.2H,0 and NaHPG;,.2H,0, respectively, in SPS solution with varying concentnagio
Individual samples were prepared for each time point cotlecto ensure that concentrations
would not be disturbed by incomplete liquid removal for gs&. Each data point represents
one measurement (n=1). Due to the technical difficultiee@ated with ICP-OES analysis,
we did not add FBS ta-MEM, which is usually present in a concentration of 10% hidsld

be noted that SPS does not contairf Car PO43, whereas-MEM contains 1.8 mM CaCl2
and 1.01 mM NaH2PO4.

Fourier Transformed Infrared Spectroscopy

Ceramic particles that remained in the tubes after remosatgtions for ICP-OES analy-
sis were transferred to new tubes and dried at room temperfiuanalysis with Fourier
transformed infrared spectroscopy (FTIR, Perkin-Elmexcdmum 1000).

Scanning Electron Microscopy

Samples for scanning electron microscopy (SEM) were fixetDi¥h formalin (Sigma), de-
hydrated in an ethanol gradient series and dried usingarifioint dryer equipment (CPD
030, BAL-TEC). The samples were then gold-sputtered and/@davith SEM in secondary
electron mode (XL30 ESEM-FEG, Philips). In the case of s@miplithout cells, only the
dehydration and subsequent steps were performed.

Cell culture and proliferation

MSC were previously characterized as multipotent and cgmiih the standard CD marker
panel that defines MSC [17]. MSC were isolated from bone maaspirates (5-20 ml)
obtained from donors with written informed consent. Astgisawere resuspended using 20
G needles, plated at a density ok 50° cells cnm2 and cultured in proliferation medium
(PM), consisting ofa-MEM (Gibco), 10% foetal bovine serum (Lonza), 2 mM L-glutam
(Gibco), 0.2 mM ascorbic acid (Sigma), 100 U/ml penicillinda100 mg/ml streptomycin
(Gibco) (Basic Medium, BM) supplemented with 1 ng/ml rhbF@BD Serotec). MSC were
expanded at an initial seeding density of 1000 cells£im PM and medium was refreshed
every 2 to 3 days. Cells were harvested at approximately 8¥fLeency for subculture. All
experiments were performed in a 5% CO2 humid atmosphere’&t 37

MSC culture on ceramic scaffolds

HA and3-TCP were incubated in BM for 4 hours prior to cell seedingdptimal infiltration

of medium into the ceramic pores and protein adsorptionécstirface. Three particles of
either HA or 3-TCP were placed in one corner in squared wells of polysg/gates. A
cell suspension of 1001 MSC in passage 2 or 3 in BM was pipetted on top of each particle
set. To ensure maximum cell adhesion to the ceramic surnidates were tilted to avoid cell
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dispersion throughout the well. Cells were allowed to &tthor 4 hours after which 2 ml
of osteogenic differentiation medium (OM; BM containing A0 dexamethasone (Sigma))
was slowly added to each sample. OM was refreshed every 2 M8G cultured in3-TCP
or HA are referred to as MSC-TCP and MSC-HA respectively.

RNA isolation and gene expression analysis using quantitae qPCR

Total RNA was isolated from biological triplicates of MSGEP or MSC-HA after 12 hours,
2, 3, 5 and 7 days of culturing using a combination of the TR{ltwitrogen) method with
the NucleoSpin RNA Il isolation kit (Macherey-Nagel). Sdagpwere rinsed in PBS and
1ml of TRIzol reagent was added. After 1 freeze/thaw cyclf) 2l chloroform was added
per sample followed by centrifugation to achieve phasersd¢ipa. The aqueous phase, con-
taining the RNA, was collected, mixed with an equal volum&s#6 ethanol and loaded onto
the RNA binding column of the NucleoSpin RNA Il isolation kibubsequent steps were in
accordance with the manufacturer’s protocol. RNA was ctdié in RNAse-free water. The
quality and quantity of total RNA was analysed by gel elggiraresis and spectrophotometry.
First strand cDNA was synthesized using iScript (Bio-Ramoading to the manufacturer’s
protocol. Oneul of undiluted cDNA was used for quantitative real time PCRfpened on

a Light Cycler PCR machine (Roche) using SYBR green | masbel(Imvitrogen). For 18S
amplification, cDNA was diluted 100. The PCR amplifications were run under the follow-
ing conditions: initial denaturation for 5 minutes at’@5 then cycled 45 times at 96 for
15 seconds, specific annealing temperature for 30 secodd&@ for 30 seconds, followed
by a melting curve. Primer sequences can be found in tabl€R. data was analysed using
Light Cycler software version 3.5.3, using the fit point nuattby setting the noise band to
the exponential phase of the reaction to exclude backgriuoescence. Expression of all
genes was normalised to 18S levels and fold inductions vedcelated using the comparative
ACT method.

Table 1: Primer sequences for human genes.

Name Primer sequences
5’-CGGCTACCACATCCAAGGAA-3’
188 5’-GCTGGAATTACCGCGGCT-3’
5’-GGCAGCGAGGTAGTGAAGAG-3’
oc 5’-GATGTGGTCAGCCAACTCGT-3’
5’-TGCCTTGAGCCTGCTTCC-3’
BsP 5’-CAAAATTAAAGCAGTCTTCATTTTG-3’
5'-CCAAGTAAGTCCAACGAAAG-3
or 5'-GGTGATGTCCTCGTCTGTA-3'
BMP-2
RGS2
) Commercially bought (SA Biosciences)

BHLHE40
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cRNA synthesis and whole genome microarray analysis

Total RNA was isolated as described before, from biologidalicates of MSC-TCP or
MSC-HA after 12 hours and 2 days of culturing. RNA concemratvas determined by
absorbence at 260 nm with the Nanodrop ND-1000 and qualityirsbegrity were verified
using the RNA 6000 Nano assay on the Agilent 2100 Bioanal&gilent Technologies).
Next, 100 ng of total RNA was used for transcriptional prafjliwith Affymetrix 30 IVT
microarray analysis (Affymetrix, Santa Clara, CA, USA)ngsithe Affymetrix 3’ IVT Ex-
press Kit (part nr. 901229) to generate Biotin-labeledsamse cRNA. cRNA quality was
assessed using the Agilent 2100 Bioanalyzer. The labeldthakas used for hybridization
to Affymetrix HT HG U133+ PM 16-Array Plate following the Affnetrix 3’ IVT Express
manual. After an automated process of washing and staininiipdo GeneTitan machine
(Affymetrix, Santa Clara, CA, USA) using the Affymetrix HWit for GeneTitan (part
nr. 901530), absolute values of expression were calcufated the scanned array using
the Affymetrix Command Console v3 software. Further analyss performed using the
RDN normalization toolbox (18). After normalization, gengere ranked based on their fold
change difference betwe@TCP and HA materials, for each separate time point. Usiag th
RankProduct test [19], a combined list was created with gémat showed consistent high
fold changes at both time points. The False Discovery RabR|Fwvas used to correct for
multiple testing.

Statistical Analysis
Statistical analysis is indicated in the respective figagehds. Error bars indicate standard
deviation. For all figures the following applies: * = p < 0.05=p < 0.01; *** = p < 0.001.

Results

Ca?t and PO,3~ release profile fromB-TCP and HA

Figure 1 B depicts the results obtained on{Caand PQ3~ concentration ([PG]) by
ICP-OES. Immersion oB-TCP in SPS resulted in a continuous increase of bot&{Cand
[PO437], to a level of 8 and 19 ppm respectively after 52 hours. NeitBa™ nor PQ3~
was detected in SPS after immersion of HA for the time poiessetd. Considering [Ca]
measured upon immersion of ceramicaMEM, initially, this was 31.6 and 33.6 ppm for
B-TCP and HA respectively. In botB-TCP and HA incubation solutions, the [&3 in-
creased to 32.5 to 34.1 ppm from 4 to 16 hours, respectivefter ghat [C&1] dropped to
approximately 28 ppm in both cases. Regarding®PQlissolution, all values were close to
20 ppm at 4 and 16 hours. However the [PQ decreased between 16 and 52 hours to ap-
proximately 17 ppm in both HA anf-TCP incubation solutions. Blank measurements-in
MEM showed a decrease in [R®] from 16 to 52 hours. Measurements in SPS demonstrate
the higher solubility of3-TCP versus HA. The decreasing values of{Caand [PQ3"] in
a-MEM in time possibly reflect supersaturation of<aand PQ?3~ in solution and conse-
guent precipitation on botB-TCP and HA.

FTIR spectra of HA and TCP
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Figure 1: C&+ and PQ3~ dissolution from HA ang3-TCP into SPS and-MEM. A. HA and 3-TCP
particles were incubated for 52 hours in SPS antMEM. At 4, 16 and 52 hours, SPS andMEM
were collected from the wells and B. &aand PQ3~ concentrations were measured by ICP-OES.

[Ca?t] and [PQ3~] measurements in SPS suggested a continuous dissolutiomspfit least
in the case of3-TCP, and measurementséanMEM suggested precipitation of CaP salts on
both ceramics. Therefore we hypothesized that the chewooaposition of the ceramics was
changing in time due to dissolution/precipitation everfisllowing a similar experimental
setup depicted in figure 1A, but collecting the ceramicseiadtof the incubation solutions
(figure S1A), FTIR analysis were performed on bulk ceramiusiersed for 52 hours in SPS
and a-MEM and in addition, on a sample immersed in BM. No obvioufedénces in the
FTIR spectra were observed between the conditions tested.

HA and B-TCP surface imaging

To assess whether signs of dissolution/precipitation tswaere visible on HA angB-TCP,
we imaged the surfaces before (blank) and after immersig®P®B,a-MEM or BM for 2 days
(figure 2). In the blank images, it can be appreciated thagthims of HA surfaces are larger
than those of8-TCP and that HA has fewer micropores, as was previously shibé]. After

2 days of incubation in SPS, no considerable changes inceunfrphology were observed
in either ceramic. However, after immersiondaMEM, surfaces of both HA an@-TCP
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were covered with crystals, that grew perpendicular to #r@amic surface (figure 2, high

magnification). Immersion in BM resulted in irregular prgitates of approximately 1 to 2

um in size, heterogeneously distributed through®CP surface, while no obvious surface
change was detected in BM-immersed HA. The surfac¢gg®€CP and HA exhibited a new

crystalline phase when immerseddaMEM, but not when immersed in SPS or BM for 2
days.

Figure 2: HA and3-TCP surfaces after immersion in different solutions. HAl AT CP surfaces were
imaged with SEM before and after incubation in S&?$/EM and BM for 2 days. A new crystalline
phase can be observed in HA g8l CP after immersion ir-MEM. BM and SPS did not significantly
affect HA andB-TCP surfaces. White and black scale bars represent 5 ama, 2espectively.

MSC attachment and spreading at early time points

Next, we investigated MSC adhesion to the ceramic partithespre-wette@@-TCP and HA
in BM for four hours and then seeded 600,000 MSC per 3 pasticieither HA or3-TCP.
After 4 hours, 2 ml of OM was added per sample. Four hours aralylaler, samples were
imaged with SEM (figure 3). After four hours, individual cetiould be distinguished on HA.
Their adhesion to the surface seemed to be less strong taboftMSC spread oif8-TCP
surface. After 1 day, similar images were obtained, showliiag MSC were well spread on
B-TCP (white arrow figure 3) whereas on HA patches of poorlyeadti MSC were seen.

MSC-TCP vs MSC-HA osteogenic profile

It was shown in previous work that MSC-TCP express highezleaf OP, OC and BSP than
MSC-HA after 7 days of culture [14]. Since our most recentkaorrelates C& to expres-
sion of the aforementioned genes and with that of BMP-2 [i&],analysed expression of
all four genes in MSC-TCP and MSC-HA, to investigate the elation of the expression of
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4 hours

Figure 3: MSC attached and spread betterTCP than on HA. MSC were seeded on HABTCP
and cultured for 4 hours and 1 day. Cells attached to the ¢ersumface were visualized with SEM.
In B-TCP, MSC seemed attached and spread on the ceramic wherdasthey loosely touched the
surface at both time points. Far left images showing detditae cells (c) attached and spread on the
ceramic surfaces (*) after 4 hours. White arrows point talsavSC spread of8-TCP surface and
insert image provides details of filopodia-like structuM/hite, grey and black scale bars represent
respectively 10, 20 and 1Q0m.

osteogenic markers betweBrTCP and high content €& medium, and HA and low content
Ca’* medium, respectively. Results from 2 donors show that essiwa of OC and OP was
significantly higher in MSC-TCP than in MSC-HA (figure 4). Atiugh differences between
MSC-TCP and MSC-HA were not statistically significant foyalonor in the case of BMP-2
or BSP, MSC-TCP exhibited a consistent higher expressi@MP-2 than MSC-HA. Next,
we analysed the expression of the same genes at 12 hour§ and,7 days to see whether
the gene expression differences between MSC-TCP and MSCddll be detected earlier
then day 7. As shown in figure 5, differential gene expresbismveen the two conditions
was only visible after day 5. At this time point, however, MFCP expressed 3 times more
BMP-2 than MSC-HA, in line what was seen before (figure 4). &y d, expression of OC,
OP and BSP was always higher in MSC-TCP. Most profound wasxpeession of OP, which
was 40 times higher in MSC-TCP than in MSC-HA. These expamisidemonstrate thf-
TCP promotes upregulation of OC, OP, BSP and BMP-2 expnessiMSC, compared to
HA. Before day 5, however, there was no statistical significiifferential gene expression
between MSC-TCP and MSC-HA for the markers analysed.
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Figure 4. Gene expression profile of MSC-TCP vs MSC-HA is consistenvragndifferent donors.
MSC from donor 1 (white bars) and donor 2 (black bars) wereuoedl on HA and3-TCP for 7 days

in OM. At that time point, expression of BMP-2, osteopontisteocalcin and bone sialoprotein was
analysed. MSC-TCP showed higher expression of those gebe#hi donors, except for BSP. Statistical
analysis was done using a student t-test with Welch'’s cbores for the individual donors (p<0.05 and
n=3).

MSC-TCP vs MSC-HA whole genome microarray

To further correlate extracellular signals provided by ¢eeamics to specific molecular and
cellular responses at early stages of culturing, we pedran whole genome microarray.
High fold changes in gene expression were investigated #t 1i» hours and 2 days, be-
tween MSC-TCP and MSC-HA, in order to find those genes thaewearly, strongly and
consistently affected bg-TCP over HA. In table 2, we report 70 genes that have a FDR of
<0.10 as determined by the RankProduct test, that show thedadifference in expression
between3-TCP and HA, at both timepoints. The genes here shown wilbber Idiscussed

in terms of relevant signaling pathways and biological fiors. Also to provide insight into
biological functions regulated b§-TCP, analysis with Gene Ontology enrichment was per-
formed, based on 145 probesets having a FDR <0.2. Enriclodabjiiial process terms were
clustered on functional similarity to enhance their intetpbility, using the method made
available by DADIV [20]. Three clusters from the top 15 aregented in table 3, whereas all
enriched clusters are shown as supplementary table 1 (§Xfjession of genes in the top 3
of table 2 (RGS2, GPCR5A and BHLH40) was further confirmed BZR analysis. RGS2
and GPCR5A were upregulated in MSC-TCP compared to MSC-Hyur@ 6) after 2 days,
but not after 12 hours. For BHLHE4O, results were consisiétiit the microarray, but not
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statistically significant.

BMP-2 Bone Sialoprotein

- 3
3 s
& 4 * c
s 2
3 E
% °
£ 1 £
5 z
& 012345678 € 0123456738
days days
3 Osteopontin - Osteocalcin
. =
s *kk S 4
c
c
2 E S 3
o ‘5
3 3 2
T 2 o °
£ : £ 1
s e TS M-
€ 0123456788 0123458678
days days
--------- MSC-TCP —— MSC-HA

Figure 5: MSC-TCP exhibit stronger osteogenic profile than MSC-HAimet MSC were cultured
on HA andfB-TCP for 12 hours, 2, 3, 5 and 7 days in OM. At each time poinpression of BMP-2,
osteopontin, osteocalcin and bone sialoprotein was aedlyStatistical significant differences were
observed on the late time points between MSC-TCP (dashel dnd MSC-HA (continuous line).
Statistical analysis was done with Two-Way Analysis of ®ade (ANOVA) and Bonferroni post-tests
(p< 0.05 and n=3).

Discussion

In this manuscript, we analysed the expression of osteogeaikers in MSC grown of3-
TCP and HA (figures 4 and 5) and using microarray analysis, iseodered novel genes
whose expression is strongly evoked ByTCP at early time points of culture (table 2 and
figure 6). Furthermore, we tried to correlate the solubdity3-TCP and HA (figures 1, 2 and
S1) with our biological findings, as based on our previouskwaie hypothesized that this
might be a key physico-chemical parameter in mediating tbadbivity of these ceramics.
We have shown in the past that MSC exhibit an osteogenic pineadn culture medium
containing high [C&"] (CaM). BMP-2 expression is induced within 6 hours after@sipg
MSC to CaM and at later time points, OC, OP and BSP are indusegedl [15]. Here,
analysis of osteogenic marker genes also revealed higpheession of OC, OP, and BSP in
MSC-TCP than in MSC-HA, consistent in all donors except f&MB Furthermore, BMP-
2 was also upregulated by MSC-TCP compared to MSC-HA (dayn8)earlier than the
other genes. Although with a different timing, this reseamigle in the osteogenic response
between MSC-TCP and MSC cultured in CaM further suggestshiezhigh solubility of3-
TCP provides an enriched €aenvironment to MSC, which could be an important driving
factor for the observed osteogenic differentiation.

This is also supported by an earlier reported effect cf'Gan osteogenic differentiation of
human periosteal derived stem cells (PD-MSC). PD-MSC cestin the presence of €j,
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Table2: Genes consistently upregulated ByTCP after 12 hours and 2 days.

Gene symbol Gene description Rrc1 Rrcz FDR
BHLHE40 basic helix-loop-helix family, member e40 1 24 0.0020
GPRC5A G protein-coupled receptor, family C, group 5, member A 5 14 0.0020
RGS2 regulator of G-protein signaling 2, 24kDa 36 2 0.0017
DDIT3 /// DNA-damage-inducible transcript 3 /// nuclear receptor subfamily 1, group 120 5 0.0178
NR1H3 H, member 3
HES1 hairy and enhancer of split 1, (Drosophila) 6 165 0.0280
GDF15 /// growth differentiation factor 15 /// similar to growth differentiation factor 2 534 0.0252
L0C100292463 15
SLC2A3 solute carrier family 2 (facilitated glucose transporter), member 3 137 9  0.0240
AMD1 adenosylmethionine decarboxylase 1 4 488  0.0371
CTGF connective tissue growth factor 3 719  0.0368
ADM adrenomedullin 22 99 0.0337
AREG amphiregulin 2365 1 0.0335
SLC16A6 solute carrier family 16, member 6 (monocarboxylic acid transporter 7) 77 32 0.0326
ITPR1 inositol 1,4,5-triphosphate receptor, type 1 371 11 0.0495
GADD45B growth arrest and DNA-damage-inducible, beta 32 136 0.0496
NEAT1 nuclear paraspeckle assembly transcript 1 (non-protein coding) 45 108  0.0517
RAB20 RAB20, member RAS oncogene family 19 273 0.0516
ERO1L ERO1-like (S. cerevisiae) 275 21 0.0546
HNRNPAB heterogeneous nuclear ribonucleoprotein A/B 7 830  0.0519
GADD45B growth arrest and DNA-damage-inducible, beta 50 122 0.0516
ATF3 activating transcription factor 3 246 26 0.0515
PPP1R3C protein phosphatase 1, regulatory (inhibitor) subunit 3C 41 158 0.0497
SIK1 salt-inducible kinase 1 14 464 0.0475
AMIGO2 adhesion molecule with Ig-like domain 2 8 878  0.0504
FAM98A family with sequence similarity 98, member A 16 476  0.0539
C100rf10 chromosome 10 open reading frame 10 1912 4 0.0520
C13orf33 chromosome 13 open reading frame 33 312 25 0.0513
CDCA2 cell division cycle associated 2 78 113 0.0566
PTGS2 prostaglandin-endoperoxide synthase 2 (prostaglandin G/H synthase and 191 49  0.0564
cyclooxygenase)
VEGFA vascular endothelial growth factor A 150 64  0.0562
KYNU kynureninase (L-kynurenine hydrolase) 60 162  0.0550
GPATCH4 G patch domain containing 4 27 376  0.0556
RYBP RING1 and YY1 binding protein 47 243 0.0608
VEGFA vascular endothelial growth factor A 126 92 0.0599
DUSP10 dual specificity phosphatase 10 142 83 0.0594
SLC2A14 /// solute carrier family 2 (facilitated glucose transporter), member 14 /// solute 2008 6  0.0591
SLC2A3 carrier family 2 (facilitated glucose transporter), member 3
GADD45B growth arrest and DNA-damage-inducible, beta 99 127 0.0598
NOP56 NOPS56 ribonucleoprotein homolog (yeast) 31 457  0.0667
IRS2 insulin receptor substrate 2 90 169 0.0701
UHRF1 ubiquitin-like with PHD and ring finger domains 1 55 314  0.0779
IER3 immediate early response 3 108 160  0.0760
PITPNC1 phosphatidylinositol transfer protein, cytoplasmic 1 80 218 0.0749
CXCR4 chemokine (C-X-C motif) receptor 4 1499 13 0.0824
RRAGD Ras-related GTP binding D 281 71  0.0810
C100rf10 chromosome 10 open reading frame 10 268 76  0.0810
RORA RAR-related orphan receptor A Gill 402 0.0800
UGP2 UDP-glucose pyrophosphorylase 2 318 67  0.0818
NEAT1 nuclear paraspeckle assembly transcript 1 (non-protein coding) 194 114  0.0837
CLEC2B C-type lectin domain family 2, member B 2885 8  0.0863
EGLN3 egl nine homolog 3 (C. elegans) 118 220  0.0939
TFRC transferrin receptor (p90, CD71) 12 2167 0.0924
SLC2A3 solute carrier family 2 (facilitated glucose transporter), member 3 219 119  0.0908
ABCE1 ATP-binding cassette, sub-family E (OABP), member 1 40 655 0.0897

RIPK4 receptor-interacting serine-threonine kinase 4 135 198  0.0900
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RORA RAR-related orphan receptor A 1578 17 0.0888
DSEL dermatan sulfate epimerase-like 20 1354  0.0881
NAP1L3 nucleosome assembly protein 1-like 3 76 372 0.0888
SLC26A2 solute carrier family 26 (sulfate transporter), member 2 15 2008  0.0932
ELL2 elongation factor, RNA polymerase II, 2 996 31 0.0934
IL8 interleukin 8 10313 3 0.0921
STC2 stanniocalcin 2 98 322 0.0927
L0C729222 /// similar to PTPRF interacting protein binding protein 1 /// PTPRF interacting 1026 33 0.0983
PPFIBP1 protein, binding protein 1 (liprin beta 1)

GPATCH4 G patch domain containing 4 46 738 0.0972
GALNTL2 UDP-N-acetyl-alpha-D-galactosamine:polypeptide N- 800 44 0.0997

acetylgalactosaminyltransferase-like 2

IGFBP1 insulin-like growth factor binding protein 1 186 190 0.0987
NOP16 NOP 16 nuclear protein homolog (yeast) 44 841 0.1011
AKAP12 A kinase (PRKA) anchor protein 12 58 650 0.1015
Rrc1/ Recz: position in the rank of genes according to fold change on day 1 (FC1) or day 2 (FC2) (the larger the fold change, the lower
in the rank)

FDR: false discovery rate

exhibited expression of BMP-2, OC, OP and BSP, in a dose dkpeérfashion [21, 22].
Furthermore, PD-MSC seeded onto Collagrfdfand implanted subcutaneously in nude mice
induced bone formation, whereas when Collagtafivas decalcified prior to cell seeding (i.e.
removal of C&" and PQ3"), bone formation was abrogated [23], suggesting the ratava
of the construct’s mineral composition.

The high solubility of 3-TCP was demonstrated in SPS (figure 1). dfMEM, however,
which in addition to bioinorganics contains amino acidssqf@ and [PQ "] decreased in
time (figure 1B), suggesting supersaturation of these iodspaecipitation both on HA and
B-TCP surfaces. This was further confirmed by SEM analysi®efsurface, where a new
crystalline phase was observed (figure 2). AlthoBghCP revealed the presence of irregular
precipitates when immersed in BM, possibly of NaCl, no ciifferences regarding a new
crystalline phase were visible between the two HA #:dCP (figure 2), perhaps due to
adsorption of serum proteins. These are known to affect tiggnal nucleation or crystal
growth rate observed in CaP ceramics without proteins [8}t, Rurthermore FTIR data did
not reveal any significant differences in the chemical cositjom of samples analysed at day
2, perhaps because surface changes were of too low magtotbdeletected in the midst of
the bulk.

Although we did not detect differences in the surface dyranof HA andB3-TCP when
immersed in BM (FTIR and SEM), microarray data analysisutito showed evidence of
ongoing inorganic cation homeostasis and in particulg"Gemeostasis upregulation by
B-TCP compared to HA (table 3), already 12 hours and 2 days@dteseeding. This could
indicate that [C&'] in the vicinity of B-TCP is sufficient to affect cellular behavior without
significantly altering the crystalline phase of the surfditpire 2) and that perhaps [€4 in-
creases in time, later inducing expression of OP, OC, BSHBafie-2 (days 5 and 7). In fact,
cluster 2 of the GO enrichment showed that ossification esietlevelopment and bone de-
velopment were upregulated functions in MSC-TCP compar@d$C-HA, suggesting that
the microarray data are in line with later PCR observationgsieogenic markers expression.
Thus, our biological data suggests that MSC-TCP experibigteer [C&] compared with
MSC-HA.

Regarding the top genes in table 2, it is interesting to nue&PCR5A and regulator of G-
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Table3: Selected enriched gene ontology clusters (following DAY2D]) from the top 15 displayed
in ST1, based on the set of consistently induced genes edfdnt3-TCP after 12 hours and 2 days
(FDR<0.2).

AC Biological process terms FDR
2 Enrichment Score: 2.27
G0:0001503~ossification 0.0394
G0:0060348~bone development 0.0485
G0:0001501~skeletal system development 0.1911
13  Enrichment Score: 1.27
G0:0001569~patterning of blood vessels 0.0742
G0:0048754~branching morphogenesis of a tube 0.1593
G0:0001763~morphogenesis of a branching structure  0.1857
G0:0035239~tube morphogenesis 0.1958
14 Enrichment Score: 1.25
G0:0055066~di-, tri-valent inorganic cation 0.1456
homeostasis
G0:0055080~cation homeostasis 0.2352
G0:0030005~cellular di-, tri-valent inorganic cation 0.2217
homeostasis
G0:0006874~cellular calcium ion homeostasis 0.2620
G0:0006873~cellular ion homeostasis 0.3333
G0:0055074~calcium ion homeostasis 0.2761
G0:0055082~cellular chemical homeostasis 0.3534
G0:0030003~cellular cation homeostasis 0.3257
G0:0006875~cellular metal ion homeostasis 0.3152
G0:0019725~cellular homeostasis 0.4416
G0:0055065~metal ion homeostasis 0.3604
G0:0050801~ion homeostasis 0.4697

AC: annotation cluster number

FDR: false discovery rate

N.B.: the multiple testing correction is too conservative, as it does not take into
account the similarity between many GO terms.

protein signaling (RGS2) are related with G-protein codpkxeptor (GPCR) signaling [26].
Expression of these genes was further confirmed by PCR, sigdahvat RGS2 and GPCR5A
were expressed respectively 10 and 100 times more in MSCthi@Pin MSC-HA at day 2.
At 12 hours differential expression was not confirmed by P@Rarticular, RGS2 has been
linked with osteogenic differentiation and osteoblaswlifaration [27-29] and its expres-
sion can be regulated by cAMP [30]. Expression of GPCR5A &t®wn as retinoic acid
inducible gene 1 (RAIG1), has been linked with differentiatand maintenance of home-
ostasis in epithelial cells and maturation of lung and kjddering embryonic development
[31]. Furthermore GPCR5A expression has been associataccamcer development [32].
Overexpression of this gene also led to a decrease in cAMihadation and Gg downreg-
ulation [33].

Genes coding for members of the Protein Kinase A (PKA) siggatascade, regulated by
CAMP cytosolic accumulation, which is downstream of GPGghaling, also appear in table
2. For instance, A kinase anchor protein 12 (AKAP12) bind®kA and drives its sub-
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Figure 6: Genes differentially regulated between MSC-TCP and MSCanalysed by PCR. DNA
microarray analysis showed that the top scored genes teduhg 3-TCP were RGS2, GPCR5A and
BHLHEA4O0 (table 2). Fold induction of RGS2, GPCR5A and BHLHE#easured by PCR shows that
after 12 hours (white bars) there were no statistically ifiigant differences between MSC-TCP and
MSC-HA, whereas after 2 days there are in the case of RGS2 ®@RBA. Statistical analysis was
performed with One-Way ANOVA and Tukey’s multiple comparispost-test (p< 0.05 and n=3).

units within the cell. Furthermore, both ATF3 and HES1 taipgion is regulated by cAMP
response element binding (CREB) [34, 35], supporting angtnapregulation of the PKA
signalling pathway by3-TCP compared to HA. In addition, SIK1 is a PKA target protein
(36) and GDF15, CTGF and amphiregulin expression are PK/An@gnt as well [37-39].
Future experiments will be aimed at looking in more detathat involvement of PKA sig-
naling in MSC-TCP induced gene expression and at identfyfire molecules responsible
for the induction. Furthermore other genes regulate@{lyCP have been previously linked
to osteogenesis, such as GDF15 [40] and BHLHEA40 [41, 42] atedestingly with angio-
genesis, VEGFA [43] and IL-8 [44], further suggesting tBaTCP might not only have a
pro-osteogenic effect but also a pro-angiogenic one. lthdkester 13 shows enrichment of
terms related with blood vessel formation.

Although we suggest that €a dissolution plays a role in osteogenesis of MSC cultured in
B-TCP, we do not exclude the effect of other physico-chenpeahmeters. We have also
shown that MSC attachment and spreading is different betw@eand3-TCP, as suggested
by SEM analysis, which was not further explored here. Differes in cell attachment could
be due to different microstructure or charge of these naltetiiat lead to differential protein
adsorption and consequent differential focal adhesioanakky.

Conclusions

We confirmed higher solubility g8-TCP in SPS when compared to HA, although a clear link
between C& dissolution fromB-TCP and osteogenesis of MSC could not be established.
However, microarray analysis detected upregulation éf Gemeostasis in MSC-TCP after
12 and 48 hours of culturing as compared to MSC-HA, and PCHysisashowed thaf3-

TCP significantly increased expression of genes in MSC tleatizaracteristic of high [Cd]
content medium, such as BMP-2, OP, OC and BSP. Furthermazeanray analysis showed
that GPCR signaling and PKA pathways are strongly upregdlay3-TCP over HA.
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Figure S1: Changes in chemical composition after immersion in SPSEM or BM are detected by
FTIR. Blank refers to ceramic particles before incubatidnHA and 3-TCP particles were incubated
for 52 hours in SPSa-MEM or BM. At 4 and 8 hours, solutions were refreshed. Aftérwours,
particles were collected for FTIR analysis. B. There werevident differences between the different

spectra.
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Table S1: Top 15 enriched gene ontology clusters (following DAVID [R®ased on the set of consis-
tently induced genes affected ByTCP after 12 hours and 2 days (FDR<0.2).

Biological process terms FDR
1 Enrichment Score: 2.68

G0:0040012~regulation of locomotion 0.0394

G0:0051270~regulation of cell motion 0.0394

G0:0030334~regulation of cell migration 0.0592
2 Enrichment Score: 2.27

G0:0001503~ossification 0.0394

G0:0060348~bone development 0.0485

G0:0001501~skeletal system development 0.1911
3 Enrichment Score: 2.09

G0:0019318~hexose metabolic process 0.0742

G0:0006006~glucose metabolic process 0.0742

G0:0005996~monosaccharide metabolic process 0.1163
4 Enrichment Score: 2.02

G0:0001837~epithelial to mesenchymal transition 0.0091

G0:0014031~mesenchymal cell development 0.0933

G0:0048762~mesenchymal cell differentiation 0.0933

G0:0060485~mesenchyme development 0.0962
5 Enrichment Score: 1.69

G0:0042981~regulation of apoptosis 0.1824

G0:0043067~regulation of programmed cell death 0.1911

G0:0010941~regulation of cell death 0.1911
6 Enrichment Score: 1.54

G0:0030324~lung development 0.1400

G0:0030323~respiratory tube development 0.1537

G0:0060541~respiratory system development 0.1637
7 Enrichment Score: 1.42

G0:0030968~endoplasmic reticulum unfolded protein response 0.0742

G0:0034620~cellular response to unfolded protein 0.0742

G0:0034976~response to endoplasmic reticulum stress 0.1593

G0:0006984~ER-nuclear signaling pathway 0.1637
8 Enrichment Score: 1.42

G0:0045892~negative regulation of transcription, DNA-dependent 0.2416

G0:0051253~negative regulation of RNA metabolic process 0.0983
G0:0016481~negative regulation of transcription 0.2416
G0:0010558~negative regulation of macromolecule biosynthetic 0.2937
process

G0:0031327~negative regulation of cellular biosynthetic process 0.3333
G0:0010629~negative regulation of gene expression 0.3604
G0:0009890~negative regulation of biosynthetic process 0.3699
G0:0045934~negative regulation of nucleobase, nucleoside, 0.3887
nucleotide and nucleic acid metabolic process

G0:0051172~negative regulation of nitrogen compound metabolic 0.4127
process

G0:0010605~negative regulation of macromolecule metabolic 0.4500

process
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10

11

12

13

14

15

Enrichment Score: 1.41

G0:0008643~carbohydrate transport

G0:0015758~glucose transport

G0:0008645~hexose transport
G0:0015749~monosaccharide transport

Enrichment Score: 1.37

G0:0048609~reproductive process in a multicellular organism
G0:0032504~multicellular organism reproduction
G0:0007276~gamete generation

Enrichment Score: 1.29

G0:0006351~transcription, DNA-dependent
G0:0006366~transcription from RNA polymerase Il promoter
G0:0032774~RNA biosynthetic process

Enrichment Score: 1.28

G0:0043255~regulation of carbohydrate biosynthetic process
G0:0010906~regulation of glucose metabolic process
G0:0010675~regulation of cellular carbohydrate metabolic process
G0:0006109~regulation of carbohydrate metabolic process
Enrichment Score: 1.27

G0:0001569~patterning of blood vessels
G0:0048754~branching morphogenesis of a tube
G0:0001763~morphogenesis of a branching structure
G0:0035239~tube morphogenesis

Enrichment Score: 1.25

G0:0055066~di-, tri-valent inorganic cation homeostasis
G0:0055080~cation homeostasis

G0:0030005~cellular di-, tri-valent inorganic cation homeostasis
G0:0006874~cellular calcium ion homeostasis
G0:0006873~cellular ion homeostasis

G0:0055074~calcium ion homeostasis

G0:0055082~cellular chemical homeostasis
G0:0030003~cellular cation homeostasis
G0:0006875~cellular metal ion homeostasis
G0:0019725~cellular homeostasis

G0:0055065~metal ion homeostasis

G0:0050801~ion homeostasis

Enrichment Score: 1.18

G0:0051674~localization of cell

G0:0048870~cell motility

G0:0016477~cell migration

0.1316
0.1267
0.1316
0.1385

0.1657
0.1657
0.3794

0.2716
0.2620
0.2761

0.0742
0.1637
0.1808
0.1857

0.0742
0.1593
0.1857
0.1958

0.1456
0.2352
0.2217
0.2620
0.3333
0.2761
0.3534
0.3257
0.3152
0.4416
0.3604
0.4697

0.2937
0.2937
0.4214

AC: annotation cluster number
FDR: false discovery rate

N.B.: the multiple testing correction is too conservative, as it does not take into account
the similarity between many GO terms.
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Abstract

The efficacy of calcium phosphate (CaP) ceramics in headirggelbone defects is, in general,
not as high as that of autologous bone grafting. Recentlyewerted that CaP ceramics with
osteoinductive properties were as efficient in healingiamildefect of a sheep as autologous
bone graft was, which makes this subclass of CaP ceramicwerfud alternative for bone
regeneration. Although osteoinduction by CaP ceramicsbieasn shown in several large
animal models it is sporadically reported in mice. Becatsddck of a robust mouse model
has delayed understanding of the mechanism, we screenedfrain 11 different inbred
mouse strains for their responsiveness to subcutaneouaritapon of osteoinductivg-
tricalcium phosphate3-TCP). In only two strains (FVB and 129S2) the ceramic indlice
bone formation, and in particularly, in FVB mice, bone wagrfd in all the tested mice. We
also demonstrated that other CaP ceramics induced bonatiormat the same magnitude
as that observed in other animal models. Furthermore, VEGRat significantly increase
B-TCP induced bone formation. The mouse model here descchedccelerate research
of osteoinductive mechanisms triggered by CaP ceramicpaiathtially the development of
therapies for bone regeneration.
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Introduction

Porous calcium phosphate ceramics are frequently usedhiogaedic surgery as graft ma-
terial to heal bone defects. Their chemical compositioninslar to the natural mineral of
the bone. In general, CaP-ceramics are considered osthactre, meaning that they are
able to facilitate bone infiltration from the bone surrourglthe defect. A subclass of CaP-
ceramics also has been recognized as being osteoinduttbje YVe define osteoinductivity
of a biomaterial by the potential of the material to induceddormation while implanted
in an animal at ectopic sites (e.g. subcutaneously or intsguarly). The specific biologi-
cal response triggered by osteoinductive materials tisattsein bone formation is, however,
poorly known. Nonetheless, their osteoinductive capdwty been often linked with specific
physico-chemical properties such as chemical composticaffold architecture and micro-
and nano- structure.

We recently reported that ceramics with different physsbemical properties induce bone
formation in dogs with different degrees of efficadg§:tricalcium phosphate-TCP) in-
duced more bone formation than hydroxyapatite (HA). In thee study, we also demon-
strated thapB-TCP grafting of an ilium defect in sheep is as effective a&srtiost frequently
used therapies for human patients: autologous bone gyaftid recombinant human BMP-2
(rhBMP-2). This finding strongly revealed the potential stepinductive ceramics to heal
bone defects in clinical scenarios, overcoming the disaidgges of donor tissue morbidity
and pain associated with autologous bone graft and isslegeddo cost and safety associ-
ated with the use of rhBMP-2 [6]. However, in order to bringgh materials to the clinic, full
understanding of the mechanism of action would help to ddtex their efficacy, efficiency
and safety.

The immune system has been associated with the physiolag&ponse leading to CaP-
ceramic induced bone formation. It is hypothesized, fotanse, that materials with dif-
ferent surface characteristics, e.g. surface roughnessavo-topography, will induce dif-
ferent responses in macrophages. For instance, prosthgle2 (PGE2) was secreted by
macrophages only when in contact with a micro rough- and hetnin contact with a smooth
surface. Furthermore, PGE2 enhanced chemotaxis and esiedatjfferentiation of human
bone barrow derived mesenchymal stromal cells [7]. In VR@E2 enhances bone formation
through the PGE receptor EP4 [8] and it can also induce dsigtdormation and bone re-
sorption [9]. Harada and colleagues [10] also showed thaingrall different CaP granules
tested, only HA dried at 12@ (HA110) induced expression of PGE2 by primary human
macrophages/monocytes cells, whereas HA sintered at 30200 C did not. The authors
from the study also noticed that although all granules wiendar in size, HA110 presented
a more irregular shape and sharper edges than the other @aleg [10]. Similar studies
have been conducted in vitro [11, 12] but the question of iaetnacrophages functionally
contribute to in vivo bone formation by osteoinductive Cédhtaterials is not yet answered.
Some authors have hypothesized though that the origin afghethat deposit de novo bone
is of vascular nature [13-15], based on the observationdblig of vascular origin appear
in the vicinity of the ceramic implant. Therefore the rolebbéod vessels in osteoinduction
could be more than the already essential transport of misrznd gases to the tissue in the
pores [16].

Although some progress has been made in the past 20 yeametthanism of action of os-
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teoinductive CaPs is not clear, partially due to limita@ssociated with the existent in vitro
and in vivo models. Pre-clinical models with large animalsch as sheep, dogs and goats
are more often used than small animal models, since ostectiod by CaP ceramics in mice
or rats is considered a sporadic event [17]. Neverthelesshast mouse model would be
preferred over large animal models, since these are momenek@ than smaller ones and
require experienced surgeons. Mouse models could als¢eaateeresearch due to easy ac-
cess to a wide variety of inbred strains, broader choice ofgtementary research tools, such
as available drugs for functional assays, and antibodiessfeue characterization. Further-
more, there are many genetic tools available for mouse r&seznabling gene identification
via quantitative trait locus (QTL) coupled with genetic eregring to manipulate the mouse
genome to prove causation of gene effects. Applicationedeéimethodologies in mice could
potentially lead to identification of genetic loci assoe@tvith bone formation never before
identified.

We previously obtained proof of principle that CaP-trigegtiosteoinduction is possible in
mice [18]. Bone formation was observed in Swiss white micplanted with biphasic cal-
cium phosphate (BCP). The amount of bone formed was limitétth, less than 1% of bone
area per scaffold area and was only observed in 3/16 aniestlsct. Moreover, Swiss white
is an outbred mouse strain, whereas inbred mice are prdfasrenentioned before. More
recently, Yang and colleagues [19] tested BCP ceramicsamthscle of the posterior legs
of inbred Balb/C mice and found bone in all explants. Althbbagpromising result, the dis-
tance between the leg muscle and native bone tissue in a risostsert and it can be argued
whether osteoconduction from bone tissue into the implkaytgal a role or not.

These findings suggest that the induction of bone formatiomice induced by a CaP ce-
ramic might be strain dependent. Indeed, Malusic and aglies [20] reported that ectopic
bone formation was dependent on genetic background, gthutheir case the implants
were pieces of bone matrix. As BMPs are thought to be resplenfir the osteoinductive
potential of demineralized bone matrix, this further sugigéhat in addition to differences in
osteoinduction by CaP in different strains there are alfferénces in BMP induction.

In the search for a suitable mouse model for the study of Cé#dimsluctive ceramics, we
investigated the response of 11 different mouse straingkiolganeous implantation of CaP
ceramics, based on the assumption that genetic backgroillndfluence the propensity of

the materials to induce bone tissue.

Materials and Methods

Materials fabrication and sterilization

HA ceramics were prepared from HA powder (Merck) using thalgahase mixing method
and sintered at 125Q for 8 h according to a previously described method [21]. BRERM-

ics were fabricated using the,B, method using in-house made calcium-deficient apatite
powder and sintered at 1180 (BCP1150) and 130C (BCP1300), respectively [22]. The
method used to synthesize the BCP ceramics was also usedefmrption of3-TCP (for
simplicity abbreviated to TCP). TCP ceramics were prepfed TCP powder (Plasma Bio-
tal) and sintered at 108Q. Ceramic blocks (#4x4 mm) were cut, cleaned ultrasonically
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with acetone, 70% ethanol and demineralized watern@}dried at 80C and autoclaved
for sterilization.

Growth factor incorporation into the ceramic blocks

Five ug of rh-BMP-2 dissolved in demineralized water (fB) (Shanghai Rebone Biomate-
rials Co. Ltd) were pipetted per block of TCP (refered to a®®BL TCPb was vacuum dried
in a sterile environment for two days. In the case of rhVEGWiffogen), 1.8:g was loaded
in 25 ul of dH,0 per block of TCP, just prior to implantation.

Ceramic implantation in mice

Ceramic blocks were implanted in 6 to 7 weeks old mice. Nantkpaoviders of mouse-
inbred strains, as well as the respective abbreviationd tlseughout this manuscript, are
given in table 1. Preoperative analgesia (Temgesic, Suipétiough BV) was injected sub-
cutaneously (s.c.) followed by general anesthesia comgisf a mix of 1-3% isoflurane
(IsoFlo, Abbott Lab.) in oxygen (Linde Gas). After shavig tback and disinfection of the
skin with ethanol, small incisions were created on the daiskes. Subcutaneous pockets
were opened in these incisions with blunt scissors. Cerdicks were inserted into the
pockets, which were then closed with sutures. Animals whogvad to recover from anes-
thesia before returning to the cages. Mice were killed withez CO, inhalation or cervical
dislocation. Skin was immediately opened to retrieve thraréc blocks (explants). All ani-
mal experiments were performed following approval of themdal Experiments Committee
Utrecht, The Netherlands.

Table 1: Mouse inbred strains and their respective providers.

Mice strain Abbreviations Provider
C3H/HeNHsd C3H
DBA/10laHsd DBA1
DBA/20laHsd DBA2 Harlan Laboratories,
CBA/CaOlaHsd CBA Inc.
BALB/cOlaHsd BALBc
C57BL/6]J0OlaHsd C57BL6
FVB/NCrl FVB
12982 /SvPasCrl 129S2 Charles River
SJL/JOrlCrl SJL Laboratories
CB17/Icr- International, Inc.
Prkdcscid /IcrCrl CB17
A/) A/ The Jackson Laboratory

Femora extraction and micro-CT scanning

Three C3H, CBA, FVB and 129S2 mice, aged between 6 to 7 weeks, selected for micro-

CT scanning. The right femur of each mouse was extracteahetkfrom skin and soft tissue
and fixed with 1.5% glutaraldehyde in 0.14 M cacodylate bufiél 7.3. Micro-CT scans

were acquired using the SkyScan 1076 scanner (Kontich,jiBe)gwith a 9 um-resolution
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protocol (60 kV energy, 17@A current, 1.0 mm Al filter). CT shadow projection images
were converted into a three dimensional (3D) reconstraoabibcross-sectional images in
bitmap files using volumetric reconstruction software N&tewersion 1.6 (SkyScan, Bel-
gium). With Dataviewer 1.4, a segment of the distal metapghfd0 mm) was selected as
region of interest. To distinguish calcified tissue from +oaticified tissue and noise, the re-
constructed grayscale images were segmented by an autbalgteithm using local thresh-
olds, resulting in a 3D dataset consisting of stacked bValtité cross-sections. Cortical and
trabecular bone were subsequently automatically seghtetieg in-house software. Tra-
becular architecture of the metaphysic was characterigetbtermining the trabecular bone
volume fraction (BV/TV), which is the ratio of trabecularf®volume over endocortical tis-
sue volume, connectivity density, structural model indeaecular thickness and trabecular
separation were also calculated.

Histochemical stainings

After fixation with 1.5% v/v glutaraldehyde in 0.14 M cacodid buffer, pH 7.3, explants
were dehydrated with several microwave runs a&t7for 1 hour. For each run, implants were
immersed in either 70% ethanol in g8, 80% ethanol in dbD, JFC (Milestone Medical
Technologies S.r.l.) or 100% ethanol in b1 (2 times). After dehydration, samples were
placed in glass jars, immersed in methyl methacrylate (MNb&)16 hours at 4C, and the
next day MMA was refreshed. After 2 days in a water bath &C3Bamples were removed
from the glass jars and sectioned. Tissue sections of appabdaly 10 to 15um thickness
were obtained with a Leica SP 1600 and stained with 1% metkyiéue (Sigma-Aldrich) in
0.1 M borax (pH 8.5) and 0.3% basic fuchsin solutions (Sigkidrich).

Bone quantification

Three nonconsecutive sections per sample per animal wgitallyi scanned and quantified
using Adobe Photoshop CS5 Extended (version 12.0.4, Adpste®s Inc.) as follows: bone
and scaffold areas were differentially pseudo-colored thedratio between pixels of each
color converted to percentage of bone area per scaffold(afgaA). Figure S1 summarizes
the number of implanted, explanted and analysed blocks.

Statistical Analysis

Statistical analysis performed for the individual expents is specified in the figure legend.
Error bars indicate standard deviation. For all figures thieWing applies: * = p < 0.05; **
=p<0.01; ** =p <0.001; ns = non significant.

Results

Bone induction by rhBMP-2 adsorbed onto TCP

To evaluate whether the mouse genetic background detesrfireefficacy of ectopic bone
formation, we implanted rhBMP-2 adsorbed onto TCP subadasly in 11 different inbred

mouse strains (table 1), since this cytokine has ectop&oowtiuctive ability in different ro-

dent models [23-27]. Prior to in vivo evaluation, howevkg &ctivity of rhBMP-2 adsorbed
onto TCP was tested with C2C12 cells in vitro. C2C12 cellskarewn to express alka-
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line phosphatase (ALP) in response to rhBMP-2 [28]. Theretells were cultured on TCP
or TCPb in BM for three days, after which ALP activity and cellmbers were measured.
In TCPb, C2C12 cells exhibited 18 times higher ALP activigr pell than when cultured in
TCP alone, confirming that rhBMP-2 was still active whileadi®d onto the porous ceramics
(figure S2). Next, TCPb was implanted subcutaneously in alige strains (table 1). Twelve
weeks after implantation, animals were sacrificed, samptgganted, slides were cut and
stained with basic fuchsin (mineralized tissue) and meithgylblue (counterstaining). TCPb
induced bone formation in every mouse of all strains. As aarden in figure 1, representa-
tive for all strains, typical morphology of mature lamelkeone was observed in contact with
the TCPb surface (for reference see figure S3). Mineralipaa Imatrix (stained pink) was
observed, embedding osteoblasts resting in lacunae (y$¢=). The pores of the ceramic
blocks were filled with bone marrow, characterized by thesenee of nucleated heamatopo-
etic cells and large amounts of mature adipocytes. Iniegdgt we observed differences in
the amount of bone among the different mouse strains (figy@afirming that bone induc-
tion by rhBMP-2 is dependent on genetic background. Bonesgaffold area ranged from
7+3.2% (FVB) to 27411% (C3H). Interestingly, strains with a close genetic lggiokind,
such as DBA1 and DBA2 exhibited a large statistically sigaifit difference (9 and 20%
respectively). This result shows that all tested mousénstigan form bone in subcutaneous
pockets and that furthermore, the efficacy of bone formatidnced by TCPb depends on
the genetic background.

Figure 1: Representative images of bone formation induced by TCPIndAB3 Bright pink mineralized

bone tissue (black arrows) was observed in contact with TCBligning the pores filled with bone
marrow (*). C) Osteocytes (white arrows) were present inrttieeralized bone matrix. D) Detail of
bone marrow (*) and osteoblasts (black arrows). Scale legmesent 1 mm (A), 20am (B) and 100

um (C and D).
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Figure 2: Bone formation induced by TCPb. TCP loaded with rhBMP-2 wgslanted subcutaneously
in mice from 11 different mouse strains. Twelve weeks latamples were explanted, bone tissue
quantified from tissue sections and presented as % bA/sA.(#¥8 showed the lowest average amount
of bone tissue whereas C3H the highest (27%). Statisticalysis was performed with One-Way
Analysis of Variance (ANOVA) and Tukey’s multiple companistest (p<0.05).

Bone induction by TCP

In contrast with the results found for TCPb, but further coniing genetic background depen-
dence, bone formation induced by TCP occurred in only twoobdtl mouse strains: FVB
and 129S2. In both strains, bone tissue was mostly obsetihd periphery of the ceramic
block, and in contact with the scaffold (figure 3A). Similatb results obtained with TCPb,
mature lamellar bone had developed, with characteristieob$asts rimming the lamellar
bone (figure 3B) and osteocytes within the lamellar bone (E@D). In a few cases, cavities
filled with bone marrow were observed, in both mouse strdigare 3C). Furthermore, we
did not observe cartilage tissue in any of the explantedagest Although mature lamellar
bone tissue was found in both strains, the incidence wasrdiit. In FVB mice, TCP in-
duced bone in all mice (6/6) whereas in 129S2 the incidensdaveer: 4/5 (figure S1). TCP
explants from FVB also showed an average bA/sA higher thainah129S2: 2.84.6% and
0.2+0.26% respectively (figure 4). Thus, we successfully idieatitwo mouse strains, FVB
and 129S2, in which TCP induced bone formation subcutamg@lmwing that the genetic
background of individuals is a key element in the osteogesgponse to synthetic materials.

Bone architecture

In order to investigate whether TCPb or TCP bone inductipac#y in specific mouse strains
could be correlated with bone features inherent to eacinsfeamora from FVB (lowest in-
duction by TCPb and highest by TCP), 129S2 (lowest indudbipid CP), CBA and C3H
(highest induction by TCPb) were extracted and evaluatetlioyo-CT scanning. Based on
the distal metaphysis region from 3D reconstructed ima§#sedemora, several parameters
were evaluated: structural model index (prevalence of &éiqodar trabecular shape), tra-
becular separation, trabecular thickness, connectiétsiy (number of redundant connec-
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Figure 3: Representative images of bone formation induced by TCP i B 129S2. Mineralized
bone tissue (red) was observed mostly at the periphery afplant (A) and in contact with the scaffold
(1), aligned by osteoblasts (black arrows) (B). C) Detaitafity filled with bone marrow (*). D) Detail

of osteocytes (white arrows). Scale bars represenf4f@A), 200 um (B and C) and 10@im (D).
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Figure 4: Bone formation induced by TCP. TCP was implanted subcutasigdon mice from 11 dif-
ferent mouse strains. Twelve weeks later, samples werambqal, bone tissue quantified from tissue
sections and presented in the image as % relative to scaffeéd Bone formation was observed in FVB
(2.8+4.6%) and 129S2 (04£20.26%) mice. Statistical analysis was performed with Oregs\WWNOVA
and Tukey’s multiple comparison test (p<0.05).
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tions between trabecular structures per unit volume, wbéchbe associated with trabecular
strength [29]) and the percentage of bone in a defined voldnimavest (% of bone volume,
%BV), which can be seen as a true measurement of bone mireraitg (BMD). Statisti-
cally significant differences were not observed for any ef plarameters measured between
the mouse strains (figure 5). This suggests that the germadicramlecular mechanisms that
regulate bone induction by TCPb or TCP are not correlateld stiin specific differences in
bone parameters of 6 to 7 week old mice from these inbredhstrai
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Figure 5: Micro-CT scan femoral analysis. Femora of CBA, 129S2, C3#iviB/NCrl were scanned
with Micro-CT. After 3D digital reconstruction of the scathimages, a segment of the distal metaph-
ysis was selected and several parameters calculated. Wikegeno statistically significant differences
for any of the parameters shown between the mouse straiasisti8l analysis was performed with
One-Way ANOVA and Tukey’s multiple comparison test (p<0a0f n=3).

Ectopic bone formation in response to different ceramics

After identifying the more responsive genetic backgron@€P osteoinductivity, FVB, we
implanted different CaP ceramics in these mice to evaludtethver any block shaped CaP
ceramic would induce ectopic bone formation or whether thaponse was exclusive of a
particular setting of physico-chemical characteristitiserefore, this time, besides TCP, we
also implanted HA, different in terms of chemistry and matractural features, BCP1150
and BCP1300. The last two possess equal chemistry, thougti BED possesses more mi-
cropores and smaller grains than BCP1300. For a detailedctegization of these materials,
the reader is referred to Yuan et. al. [3]. After 12 weeks gflantation, BCP1300 and HA
did not induce bone formation in FVB mice. In contrast, BCBAand TCP induced bone
formation. There were no statistically significant diffieces in the amount of bone tissue
induced by TCP and BCP1150 (figure 6 B) though bone incidetefined as the ratio be-
tween the number of explants with bone (Nb) and the numbentaf éxplants (Nt) (Nb/Nt),
was different (3/4 and 5/5 for BCP1150 and TCP respectiiglyre 6A). Similarly to what
was previously described for TCP, bone was mainly foundeap#riphery of the implant but
was also seen in contact with the scaffold (figure 6 C). Ostiescand osteoblasts were also



CHAPTERS5. THE INFLUENCE OF GENETIC FACTORS ON THE OSTEOINRUIVE
94 POTENTIAL OF CALCIUM PHOSPHATE CERAMICS IN MICE

observed in BCP1150 explants but bone marrow cavities wattd=urthermore, although all
explants were perfused by blood vessels distributed throutthe implants, vascularization
seemed to be more pronounced in the case of TCP and BCP1itygi no quantitative
data is available to support these observations. Integggtiin the case of BCP1150, blood
vessels were often surrounded by adipocytes. In the por8CEf1300 and HA explants,
mainly fibrous tissue was observed (figure 7). TCP and BCPiridifced ectopic bone for-
mation in FVB mice whereas BCP1300 and HA did not. This suggist the biological
response that leads to bone formation in FVB mice is depdratethe materials’ specific
characteristics and not a random phenomenon of heterategification.

HA BCP1300 BCP1150 TCP
N/N,  0/6 0/4 3/4 5/5
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Figure 6: Analysis of TCP, BCP1150, BCP1300 and HA explants after st#neous implantation in
FVB mice for 12 weeks. A. Bone incidence in the different CaPamics shows that bone was only
found in BCP1150 and TCP. B. There were no statistical difiees regarding % bA/sA between TCP
and BCP1150, as calculated with One-Way ANOVA with Tukey'slfiple Comparison test (p<0.05).
C. Representative images of tissue sections from TCP andlLB&Pexplants. Top panel (scale bar
represents 50Qim): notice presence of blood vessels (squares). Bottom heffteralized bone tis-
sue (asterisks) with osteoblasts (black arrow) and ostesdgnlarged section);. Bottom right: blood
vessels surrounded by fat, characteristic of BCP1150dissations. C: ceramic block. Scale bars
represent 20@m (A and B) and 10Qum (C).

Role of vascularization in osteoinduction

Bone formation was observed in both TCP and BCP1150 explara#ly at the periphery
of the ceramic. Immediately after implantation, it is exjgecthat the tissue at the periphery
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Figure 7: Detailed images of BCP1300 and HA tissue explants 12 weégssafbcutaneous implanta-
tion in mice. Tissue locates preferentially in the centethefpores, loosely connected with the surface
of both ceramic types. C: ceramic block FT=fibrous tissual&bars represent 4Q0m (top row) and
200 um (bottom row).

of the implant will be more vascularized than the tissue adhantre, since blood vessels do
not immediately perfuse the whole implant. This led us todtiipsize that vascularization
might be crucial (either triggering or sustaining) the bgital mechanism that leads to os-
teoinduction by CaP ceramics in FVB mice. To address thiothgsis, we first investigated
blood vessel formation occurring in TCP and BCP1150. Sewgs dfter implantation, ma-
ture blood vessels were observed in explants of both cesaraiddenced by the presence
of erythrocytes in the lumen (figure 8). After confirming thascularization occurs rather
quickly in these ceramics, next we analysed whether enhgribis early vascularization
through addition of vascular endothelial growth factor () to TCP, would increase the
amount of bone formed. For this, all mice received one blddk@P (-VEGF) and one block
of TCP with adsorbed VEGF (+VEGF) and these were explantedideks later. Our re-
sults showed that all explants with VEGF induced bone foimnatshereas only 4/5 without
VEGF did (figure 8B). There were no statistically significaifferences in the amount of
bone formed between the two groups (figure 8C). Whereas T@Rrmts were well vascu-
larized after 7 days of implantation, addition of VEGF to T@Ror to implantation did not
increase amounts of bone formation as analysed 12 weeks late
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Figure 8: Analysis of blood vessel formation and enhancement of \agzation in bone formation.

A. Blood vessel formation in TCP and BCP1150 after 7 daysstameous implantation in FVB (white
arrows). Notice cell alignment with TCP (black arrow). Schhr represents 50m. Twelve weeks

after subcutaneous implantation in FVB, Nb/ Nt was highef@P (-VEGF) than in TCP with VEGF
(+VEGF) (B) and there were no differences in % bA/sA (C). Statal analysis was performed with
One-Way ANOVA and Tukey’s Multiple Comparison test (p<0.05

Discussion

In the search for a mouse model to study osteoinductive Ceddnies, we tested 6 to 7
weeks old mice from 11 different inbred mouse strains (tdblfor their responsiveness to
subcutaneous implantation of TCP, based on the hypothesisdtomaterial-induced bone
formation requires a particular genetic background.

Subcutaneous induction of bone formation by TCP was idedtifi two mouse strains: FVB
and 129S2 (figure 4). Particularly in FVB, bone incidence0®3 and amounts (2-3%) ob-
served were never reported before [18], suggesting thatbuse strain is promising for the
study of CaP osteoinductive ceramics. Furthermore, TCé#eldavith rhBMP-2 induced sub-
cutaneous bone formation in all mouse strains but with antsoearying among them (figure
2). Taken together these data demonstrate that the geaekgtound influences the response
to osteoinductive stimuli. Also considering that theseinbeed mice, which are or are not
susceptible to material-induced osteoinduction, poaéedi the identification of genetic loci
correlated with the mechanism. Interestingly, FVB was tloeige strain in which bone for-
mation induced by rhBMP-2 was lowest but when induced by T@Pest, suggesting that
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the physiological mechanism causing the strain to straiiamee is different between TCP
and rhBMP-2. Furthermore, although in both cases bonedtissatained osteocytes and os-
teoblasts (figures 1 and 3), bone with bone marrow was obsd@nwartually all pores of the
TCPb explants whereas it was only visible in some TCP porbighwis likely related to the
amount of bone tissue formed.

Bone fracture healing capacity was also correlated withsa@enetic background [30, 31].
Moreover, the bone regenerative capacity of differentédbmouse strains was strongly cor-
related with their BMD [31], although it was inversely cdaeted in another report [30].
Based on this, we analysed whether femoral BMD from differeause strains was corre-
lated to ectopic bone formation. However, femoral bone ma(figure 5) did not signifi-
cantly differ among the strains tested, which could be dubémnimals’ age. We analysed
femora from 1.5 months old mice and differences in BMD amoifiggreént inbred strains
have been reported at 2 months and thereafter [32].

Implantation of a series of CaP ceramics in FVB mice revetilatlin order to observe bone
formation after 12 weeks, a particular set of physico-cluahproperties is required. HA,
differing in terms of chemical composition and structuredjgerties from TCP [3], did not
induce bone formation. However, similar differences weveasved between CaP ceramics
with the same chemical composition but differing in termaya€ro structural properties:
whereas the more microporous BCP1150 induced bone forma&GP1300 did not and
moreover, the type of tissue found within the respectiveepavas very different (figures
6 and 7). These results suggest that microstructural ptiepedetermine attachment and
spreading of cells in the pores and onto the surface, whigihinie determinant to whether
bone will be deposited or not. Also, the osteoinductive ptiéérevealed by the different CaP
ceramics in FVB mice is similar to that seen in dogs, sheepgaads [2, 3] from previous
studies. Therefore we conclude that this mouse strain casée as a model to investigate
novel bone-inducing CaP ceramics.

Histological observations suggested that TCP and BCP11&@ wore vascularized than
BCP1300 and HA explants. Besides their demonstrated gemgenic effects, it could be
that TCP and BCP1150 also exert pro-angiogenic ones. Inifagas shown that TCP and
BCP induce higher vessel density than HA, up to 30 days aftesiganeous implantation in
rats [33]. Furthermore, the effect of €aon angiogenesis has been reported [34-37], which
could further indicate some relationship betweert'Cdissolution from the CaP ceramics
and blood vessel perfusion. Although this would not sustaedifferences observed be-
tween BCP1150 and BCP1300, which possess similar dissoltdtes [3], quantitative data
is needed in order to support these statements.

Angiogenesis is also crucial for the process of bone forongit88] and some authors have
suggested that the cells that are stimulated to deposit tissee in osteoinductive CaP ce-
ramics are pericytes [13-15]. Our results show that blosbeks perfused both TCP and
BCP1150 as early as 7 days, however enhancing angiogehesi®arly stage of implanta-
tion did not increase the abundance of bone tissue 12 wetkgfigure 8). As to the nature
of the cells contributing to bone formation, we observedscaligning with the material as
early as 7 days (figures 8 and S3), which may be the osteoptogeells, but whether these
are derived from the walls of neighbouring blood vesselsia¢e be investigated.

The effect of surface characteristics on the inflammatospoase by biomaterials has been
reported. More specifically, the behaviour of macrophageshe tuned according to size,
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roughness or chemical composition of the biomaterialsasetfFor instance, Fellah and col-
leagues [11] showed that macrophage derived secretiotesfeénkin 6 and tumour necrosis
factora was dependent on BCP microparticle diameter in which theyweltured and that
those cytokines could further induce osteogenic diffeagion of MC3T3-E1 cells, suggest-
ing a possible relation between inflammation and bone faomatMoreover, macrophages
are susceptible to express BMP-2 in response " ¢29], which could also be correlated
with the dissolution characteristics of these materiats #ieir bone forming capacity. Al-
though we did not address the functional role of macrophagdsis study, we observed
the presence of macrophages as early as 7 days in TCP (figuen83BCP1150. Some
macrophages were also found in the vicinity of TCP and BCBXlbfaces 12 weeks after
implantation but higher amounts of these cells includinghatous amounts of giant cells
were found in the vicinity of HA and BCP1300 at that point imé (figure S3), suggesting
that the innate inflammatory response towards HA and BCP380re pronounced than the
one towards TCP and BCP1150. Regarding the adaptive imnegpemnse, also lymphocytes
appearance on the surface of CaP implants has been linkedpécific physico-chemical
properties of materials [40]. However, in this study, CD&fkitive B-cells were only spo-
radically found in the pores of BCP1150 and TCP (figure S3)fodanately, due to cross
reaction with the murine tissue, CD3-positive cells coubtl lpe identified.

Besides having a promising role in the field of osteoindechiomaterials, the FVB model
could also boost research on the acquired form of hetertogsification (HO). HO is a
debilitating disorder, usually induced by trauma or suygehere pathological bone growth
occurs in e.g. muscle tissue, or close to joints, resultingdéformation and impediment
of normal movements [41-43]. Current drugs cannot effetfieliminate these excessive
bone masses and typically affect normal bone as well [44]cthéamore, current animal
models do not provide a basis for solid research. Since thledical mechanism leading to
HO is not fully understood, researchers do not know whickvaht parameters should be
included in an in vivo setup. Key physiological parametezidved to have a role in HO
development are the nervous and immune systems, bloddl€els, G levels in the tissue
and disequilibrium of hormone levels, such as parathyroiarfone or calcitonin [45]. TCP
implanted under the skin requires surgery and dissolvedfirt surrounding tissue, releasing
Cat ions, which are factors associated with HO onset. We thiakitie subcutaneous bone
induction by TCP in FVB may also serve as a model for the aeguinrm of HO and could
therefore be used to, for instance, investigate drugs toteoact ectopic bone formation.

Conclusions

In this study, we identified FVB as a mouse strain that is blétéor the investigation of os-
teoinductive CaP ceramics. Our experiments further detremeghat the capacity of CaP ce-
ramics to induce bone formation is dependent on the mousgtigdrackground, confirming
that genetic and molecular mechanisms are determinansfeoimduction to occur. Seem-
ingly, bone induction by rhBMP-2 loaded onto TCP yielded amis of bone formation de-
pendent on inbred strain. Amounts of bone formation obskirveoth cases did not correlate
with bone structural features, such as % of bone volume,fgio&the inbred strains tested.
Bone induction by CaP ceramics in FVB is dependent on a spefiof physico-chemical
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properties. Ceramics with the same chemical compositiodifferent microstructural prop-
erties yielded different results: BCP1150 induced bonm#dion whereas BCP1300 did not.
HA also did not induce bone formation. Furthermore, althoinyaded by blood vessels at
as early as day 7 after implantation, enhancing vascutaizavith VEGF did not increase
amounts of bone formation by TCP.
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Figure S1: Schematic summary of implanted/explanted TCP and TCPlaetgplper mouse strain.
Each TCPb or TCP was implanted in 6 to 7 weeks old males of edwbd mouse strain. During the
12 weeks period, one BALBc and two 129S2 mice died. Bone wasdan all TCPb whereas TCP
induced bone formation in only 2 mouse strains.
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Figure S2: C2C12 cells ALP activity. C2C12 cells were cultured in eith€P or TCPb for three days.
ALP activity and DNA concentration were measured. Data ésented as ALP activity corrected for
cell numbers. C2C12 cells cultured in TCPb exhibited higheP/DNA, confirming the activity of

adsorbed rhBMP-2,

Figure S3: Representative images of tissue explants after subcutariemlantation in FVB mice.
Notice (A) cell alignment with TCP surface (black arrows) (macrophages (inside squares) and
granulocytes (*) filling the pores of TCP, 7 days after impéion. Similar observations were done
in BCP1150 C. Giant cell degrading BCP1300 surface, 12 waftks implantation. D. CD3 positive
cells (B lymphocytes) were sporadically observed in theugsfilling BCP1150 and TCP, 7 days after
implantation. Scale bars representf@® (B and D) and 10um (A and C).
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Chapter 6

Surface modifications by gas plasma
control osteogenic differentiation of
MC3T3-E1 cells

Ana M.C. Barradas, Kristina Lachmann, Gregor Hlawacekh&lghe Frielink, Roman Truck-
enmiller, Otto C. Boerman, Raoul van Gastel, Henk Garrjtséiohael Thomas, Lorenzo
Moroni, Clemens van Blitterswijk, Jan de Boer

Abstract

Numerous studies have shown that physico-chemical piiepart biomaterials can control

cell activity. Cell adhesion, proliferation, differentian as well as tissue formation in vivo
can be tuned by properties such as porosity, surface miag-hanoscale topography and
chemical composition of biomaterials.This concept is \egpealing for tissue engineering
since instructive properties in bio-active materials camore economical and time efficient
than traditional strategies of cell pre-differentiationvitro prior to their implantation. The

biomaterial surface, which is easy to modify due to its asibdity, may provide the neces-

sary signals to elicit a certain cellular behavior.

Here, we used gas plasma technology at atmospheric préssnoglify the physico-chemical

properties of polylactic acid and analysed how this infleehpre-osteoblast proliferation
and differentiation. Tetramethylsilane and 3-aminopidpynethoxysilane with helium as a

carrier gas or a mixture of nitrogen and hydrogen were dig@thto polylactic acid discs

to create different surface chemical compositions, hyldodyicity and micro-scale topogra-
phies. Such modifications influenced protein adsorption @edosteoblast cell adhesion,
proliferation and osteogenic differentiation. Furthermpolylactic acid treated with tetram-
ethylsilane enhanced osteogenic differentiation congperéhe other surfaces. This promis-
ing surface madification could be further explored for ptisrdevelopment of bone grafts
substitutes.
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Introduction

Bone tissue engineering has emerged as a field providinhatiees to autologous bone
grafts, which are still considered as the gold standardrtreat to heal a bone defect [1-3].
Tissue engineering strategies focus on the developmertadfotds and/or on the combi-
nation of scaffolds with cells. Traditionally cells are piferentiated into the osteogenic
lineage through addition of growth factors or steroids hsas bone morphogenetic proteins
(BMPs) or dexamethasone [4-8]. Alternatively, cell diffatiation may be controlled by the
physico-chemical properties of the scaffold material [9-This represents a more economic
and expedite approach and has the additional advantageithagically relevant molecular
signals are still presented to the cells through cell-serfateractions after the graft has been
implanted. For example, induction of bone formation is kndw be influenced by the pore
size of biphasic calcium phosphate ceramic granules [b2]depth of surface concavities
in hydroxyapatite ceramic discs [13] and the chemical cositjpm of the ceramic materials
[14]. This demonstrates the relevance of material progeftr clinical application.

Besides changing the biomaterial’s bulk properties, omeatso change those of the surface,
such as topography or chemistry. For instance, it was ndtedNH, enriched surfaces
promoted osteogenesis of human bone marrow derived mggaathtromal cells (hMSCs)
whereas chondrogenesis was favored by COOH and OH groups${a&ever, Phillips et. al.
could not pertain the expression of chondrogenic markesaéspecific group [16]. Changes
in surface chemistry are accompanied by differences in mia&fgrotein interaction, which
may account for the observed cell behavior [17, 18]. Forinsg, adsorption of fibronectin
and vitronectin to polymeric scaffolds is affected by théypwer chemical composition [10,
19]. Moreover, fibronectin conformation attached to siioated substrates depended on the
size of silica sols used [20] and on the chemical groups ptegehe substrate surface [21].
Interestingly, when the central cell binding domain of fibeotin was blocked, the observed
effects by NH and OH coated surfaces on osteogenic differentiation of M8zB1 cells was
abrograted [22]. Furthermore, the authors of the study aestnated that mineralization could
be tailored by31 andB3 integrin activity, which links cell adhesion to chemistigpendent
effects.

Thus, we consider chemical modification of surfaces as areeffius strategy to control cell
behavior. An efficient method to chemically modify surfaéieshrough gas plasma treat-
ment. Gas plasma is a state of matter in which molecules of aggionized due to an elec-
tric discharge, increasing the probability of interactwith surrounding molecules. Charged
molecules as well as radicals are formed after applyinglaVidfage. These reactive species
interact with material surfaces and lead to the incorponatif functional groups. Depend-
ing on the process parameters used (pressure, gas mixdigiigpa of film-forming agent,
treatment time, applied power) different effects on thdaxg are observed. Gas plasma
treatments applied to polymeric biomaterials modify ndydheir surface chemical compo-
sition but also roughness and wettability, which, as exgaatan affect cell behavior as well
[23-30]. For instance, adhesion of human umbilical veinahdlial cells (hUVECS) onto
polylactic acid (PLA) improved upon plasma treatment wilygen, argon or nitrogen [31].
Proliferation of fibroblasts was enhanced by treating pihlgeetherketone (PEEK) with a
plasma mixture of ammonia and argon, compared to the natetiescaffold [27]. Similarly,
treating poly(ethylene glycol)-terephthalate-polyfbene terephthalate) (PEGT/PBT) block
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co-polymer with argon plasma, increased cell numbers ofdracytes [32]. Whereas adhe-
sion and proliferation are often markedly affected by plagmeatments, effects on cellular
differentiation have been reported less often. For ingt@axpression of alkaline phosphatase
(ALP) in osteoblast precursors cultured in PLA was not afidcompared to culturesin PLA
treated with gas plasma [27]. Similarly, expression of Al aollagen type | by fibroblasts
cultured on plasma treated PEEK did not change comparedltioresi on the non-treated
film. Conversely, plasma treatment enhanced collagen tygepression in chondrocytes to
levels similar to those observed in a pellet system [32] aildlyraffected expression of os-
teogenic markers in hMSCs [29], demonstrating the poteatithis technology to alter cell
fate.

Although most of these examples deal with gas plasma tredtatelow pressure, atmo-
spheric pressure is in general more advantageous since ih@o need for vacuum and
requires shorter processing times. In the past, we havetsghon a method of gas plasma
technology at atmospheric pressure used to incorporatdeaarid amine groups on poly-
mers that improved cell adherence [25, 26]. In this manpgasie applied this system in the
field of bone tissue engineering by modifying the physicerafcal properties of PLA. PLA
is a biodegradable material and one of the most tested furdigngineering applications,
including orthopedics [1, 16, 33-36]. We chose to use disaxder to eliminate cell seed-
ing and nutrition inhomogeneity, frequently associatetthwiree-dimensional (3D) scaffolds
and thus address the sole effect of surface modificationglular behavior. Besides, discs
could be easily obtained, disinfected and handled for cdfice. Plasma treatments resulted
in PLA surfaces with different chemical composition, rongks and hydrophobicity and ef-
fects on adhesion, proliferation and differentiation af fire-osteoblast cell line MC3T3-E1
were evaluated.

Materials and Methods

Gas plasma treatment of PLA samples

FDA approved poly (L,D-lactic acid) (PLA) transparent fadith a thickness of 15@m,
was a kind gift from Folienwerk Wolfen GmbH (PLA-type 2002M)isc-shaped samples of
approximately 10 crhwere punched out of the PLA foil (PLAd) and placed in a grouhde
substrate carrier facing the high voltage electrode (HViE) dielectric barrier discharge con-
figuration [37, 38]. In all cases, only one side of the PLAd waated. An electric discharge
was produced in the space between the HVE and the groundsttateb charging the at-
mospheric molecules present in that space (gas plasma)d Rlefe treated by adding the
monomers 3-aminopropyl-trimethoxysilane (AR, > 97%, Sigma-Aldrich) or tetramethyl-
silane (TMS, >99,9%, abcr GmbH)) to the gas phase (heliuthLlde) or treated with a
gas-mixtures of nitrogen and 3.4% hydrogen (N2/H2). An wiesv of the different treat-
ments is given in Table 1.

PLAd disinfection and sterilization

PLAd were disinfected in 70% v/v ethanol in demineralizedengdHO) for 15 minutes,
followed by 15 minutes in phosphate-buffered saline (PBBc@. This procedure was
performed twice. Ethanol solutions were filtered with a OL28 pore size filter to remove
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Table 1: Overview of PLAd gas plasma treatments at atmospheric press

Process gas® Film-forming agent Power [W]  Exposure time [s]® Samplec

He APTMSH 50 20 Paprms
He TMSe 50 40 Prms
N2 + 3.4 % H» n/af 150 36 P2z

aprocess gas can be the vapor phase of a monomer or a mixture of gases
bexposure time to the electric discharge

cresulting samples were named according to treatment received
d3-aminopropyl-trimethoxysilane

etetramethylsilane

fnon applicable

any particles in suspension that could adhere to the poigreerfaces. Gamma-irradiation
(GI) was performed at Membrana GmbH (D-42289 Wuppertalh\ait irradiation dose of
30.5 kGy.

Water Contact Angle

After removal of samples from the different solutions in alnthey were incubated, samples
were flushed in a stream of dry,NAfterwards, advancing contact angle measurements were
performed on an OCA 20 L system (Dataphysics Instrumentst§mlith double-distilled
water as test liquid and a dose rate of Ou16s~ 1. For each sample at least three drops were
measured and approximately 150 points (4 valué} were taken from each measurement.

Fourier Transform Infrared Spectroscopy-Attenuated Total Reflectance

Film composition was determined by Fourier Transform IrdthSpectroscopy-Attenuated
Total Reflectance (FTIR-ATR) Spectroscopy on a Nicolet 5SFUR spectrometer (Thermo
Scientific Inc.) equipped with a Mercury Cadmium Telluridetector and a DuraSamplIR
single-reflection 45diamond crystal. The spectra were taken with non-polarizgd at a
spectral resolution of 4 cnt and 64 scans were made. To identify characteristic absorp-
tion bands, spectra were achieved by subtracting the PLAdtspn from the spectrum of
Prms, PaptmsOr Pyz/n2. Coating thickness was roughly calculated based on the fATIR
spectra and refractive index of the foil and coating. Fos thie coating was deposited on a
polyethylene terephthalate foil (Mylar). The thicknesssvestimated by the attenuation of
the characteristic C=0 absorption band from the substrdttieh is reduced by the deposited
film. To estimate the film thickness the following formula wagsplied:

_ dp asup (0)
d=7n (asub(d))

where aSub(0) is the area of the absorption band at 1728 &imm an uncoated substrate,
aSub(d) the area of the absorption band at 1720'cafter film deposition and dp the pene-
tration depth of the evanescent wave, which depends on fteztige index. The following
assumptions were made: 1) the absorption is uniform on th@engubstrate and 2) the re-
fractive index of the film and the substrate are equal [39].
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Atomic Force Microscopy

The topology of the surface was analysed with Atomic Forcerticopy (AFM, DI3100,
Veeco Instruments Inc.) in tapping mode. Root mean squaregghness (Rq) was determined
on an area of 5 x pym2 in size, based on the following formula:

1 Yy
Rq= (;Z y?)
1

where n is the amount of points where sample height was measdryi the height measured
for each point.

Helium lon Microscope

Samples for Helium lon Microscopy (HIM) were fixed with 1.5%utgraldehyde in 0.14
M cacodylate buffer (pH=7.4) followed by dehydration in ahaol series (60, 70, 80, 90,
96 and 100% v/v in dpO) and critical point drying (CPD). Before inserting the sdes
in the CPD chamber, samples of approximately ¥ evere cut with a sterile blade. After
CPD, samples were gold sputtered and analyzed with HIM. Higlsta Hé beam with a
diameter of less than 0.5 nm to scan the surface [40, 41]. r8acy electrons generated
by the impinging Hé are emitted and collected with an Everhart-Thornley detedt the
primary beam energy of 30-31 kV this results in a lateral ltggm of 0.55 nm. The He+
dose used was 5x1012 chand 7x1013 cm? for the 50um and 5um field view images
respectively (Figure 3B).

Bovine Serum Albumin quantification

Bovine Serum Albumin (BSA) was radio-iodinated using théagen-method [42]. Briefly,
60 ug BSA (Sigma-Aldrich Co.) was incubated with 11 MBq 1-125 (KeEImer) in 100
ul of 50 mM phosphate buffer, pH 7.4 at room temperature (RTg inal coated with 100
ug iodogen. After 10 minutes the reaction was stopped by adtid® ul saturated tyrosine
solution. The reaction mixture was eluted on a PD-10 degpliblumn (Amersham Bio-
sciences) with PBS and the 125I-labeled BS&IBSA) containing fractions were pooled.
The radiochemical purity (RCP) as determined by instamt ldnjer chromatography (ITLC)
using 0.1 M citrate pH 6.0 as mobile phase, exceeded 99%. jéwifie activity of'2%-BSA
was 124 kBqgig. The!?®-BSA was diluted in PBS and 4 mL (6.5 kBq; 53 ng BSA) were
added to PLAd, Pys, PapTmsand Ri2/H2, respectively. After 3.5 hours incubation at'87
the supernatant was removed and the samples were rinsedtitties with PBS. Samples
were measured in a well-type gamma counter (Wizard 1480ladJahlong with a known
fraction of the total activity added. The disc-associatetividy was expressed as a fraction
of the added activity.

Cell culturing

MC3T3-E1 cells (subclone 14) were expanded in basic medi&) consisting ofa-MEM
(Life Technologies Corporation), 10% foetal bovine seri#B%, Lonza Group Ltd), 2 mM
L-glutamine (Life Technologies Corporation) and 100 U/rehiillin and 100 g/ml strep-
tomycin (Life Technologies Corporation). During expamsfghase, medium was refreshed
every two days and cells were trypsinised upon reaching 8@9fluency to subculture on
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PLA discs. Subsequently a cell suspension was prepareglsh BM and directly pipetted on
the PLA discs placed in wells of 6 well plates having the n@ated side facing the bottom
of the well. Cells were allowed to attach overnight (O/N) anddium was changed to ei-
ther BM or Osteogenic differentiation medium (OM), comprgsBM supplemented with 0.2
mM ascorbic acid (AA, Sigma-Aldrich Co., A8960) and 100 ngafirh-BMP2 (Hangzhou
Biodoor Biotechnology Co.). All cell culture experimentere performed at 3T in a 5%
CO, humid atmosphere.

Methylene blue staining

Cells were rinsed with PBS and then fixed in 10% formalin (Sigitdrich Co.) for 15
minutes. After rinsing two times with diD, 1% w/v methylene blue in 0.1 M borax (Sigma-
Aldrich Co.) was added drop by drop until the samples’ swafaas covered. Samples were
incubated for 1 minute in staining solution and afterwaidsad several times with di® un-

til all excess staining solution was removed. Samples weatyaed with a stereomicroscope
(Nikon SMZ-10A with Sony 3CCD camera).

Polymerase Chain Reaction

Samples were rinsed with PBS and transferred to new wellsaeflBplates. Total RNA was
isolated using the NucleoSr@u RNA Il isolation kit (Macherey-Nagel Gmbh & Co.) in ac-
cordance with the manufacturer’s protocol. RNA was codddh RNAse-free water and the
total quantity analyzed by spectrophotometry. cDNA wadtsgsized from 174 ng total RNA
using iScript (Bio-Rad Laboratories Inc.). Op¢ of undiluted cDNA was used for quanti-
tative Polymerase Chain Reaction (PCR) analysis, whichpea®rmed on a MylQ single
color real-time PCR detection system (BioRad). MylQ data amalyzed using iQtm5 opti-
cal system software (Bio-Rad Laboratories Inc.). Ct valuese normalized to the GAPDH
housekeeping gene and the comparafi@t method (Ct control - Ct sample) was used to
calculate fold inductions. Primer sequences are given lreT2.

Table 2: Primer sequences for mouse genes.

Name Primer sequence
5'-TGGCAAAGTGGAGATTGTTGCC-3'
5'-AAGATGGTGATGGGCTTCCCG-3'
5’-ACTCGAGCCAGGACTGCCGA-3’
5’-TCGAGAAAGCACAGGCCATTCCC-3’

Osteocalcin 5’- CAGACCTAGCAGACACCATGAGG-3’
5
5
5
5

GAPDH?

Bone Sialoprotein

- AGGTCAGAGAGACAGAGCGCA-3’

- ATGGCGTCCTCTCTGCTTG - 3

- TGAAAGGTCAGCGTATGGCTT - 3

- CCCTGCCCGTGGCCTTCAAG -3’
5'- AGGCATTTCGGAGCTCGGCG- 3'

Osterix

Runx-2

aGlyceraldehyde 3-phosphate dehydrogenase

Statistical analysis
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For each test, three replicates of each condition were usetdtatistical analysis performed
using SPSS Statistics 18.0, with One Way ANOVA and Tukey’dtidie Comparison test or
Student t-Test, in the case of Figure 5, between time poimtedch individual treatment. In
all cases the following applies for description of statiatisignificance: *=p < 0.05;*=p
<0.01;**=p<0.001.

Results

Gas plasma treatment changes the chemical composition of PLsurfaces

PLAd were treated with gas plasma at atmospheric presswéiglectric discharge barrier
configuration (Table 1). By addition of TMS or APTMS a thin tiog (50-150 nm) was
deposited on the surface. In contrast, when treating th@lesmvith No/Hz (Pnz/H2), only

the chemical composition of the original surface was modiéierd no coating was deposited.
However, to confirm that all treatments effectively chantfeddPLAd surface chemical com-
position, FTIR-ATR was performed (Figure 1). Surface madifion with Nb/H> led to incor-
poration of nitrogen-containing functional groups (e.gm@ary and secondary amino groups,
amides, imides), evidenced by the characteristic absorptind of the vibrational band N-H
at wavenumbers larger than 3000 chas well as the C-N deformation vibration at 1650
cm~L. Due to residual oxygen in the gas mixture hydroxyl groupsawetroduced on the
surface as well. Primary amino groups were also achievedryd@éposition of APTMS,

as shown in Figure 1 (Btm9. The film is characterized by a Si-O-Si network, as well as
Si-O-C-groups, which did not undergo a condensation read@bsorption band at 1100
cm1). Hydrogen bonds, characterized by the broad band at wavieexs larger than 3000
cm1, belong to Si-O-H and N-H vibrational band. Deposition of $Ned to a thin film
mainly consisting of Si-(Ch)x (x = 1, 2, 3). Characteristic absorption bands (2900-2800
cm1 C-H, 1290-1850 cm! Si-(CHs)x, Si-C) can be observed in the corresponding FTIR-
spectrum. The small absorption at 2100 émshows that also Si-H bonds are formed during
film deposition.

Altered biomaterial properties on the treated surfaces

Hydrophobicity was determined by measuring water contaglkes on both non-treated sam-
ples (PLAd) and samples immediately after gas plasma tegatmin addition, wettability
was assessed after the disinfection procedure (70% v/neithadH,O) and O/N incubation
in BM (Figure 2). R us was the most hydrophobic surface after treatment, havingtarw
contact angle of 119 followed by PLAd, Rprmsand Rz n2. Disinfection slightly affected
wettability of Prys but after incubation in BM the water contact angle value wpsra119.
After all steps, Pmswas the most hydrophobic surface. Disinfection slightlgréased wet-
tability of PLAd and RptMmsbut after incubation in BM there were no statistically sfgrant
differences between these two values: 82d 80 respectively. Rz 42's wettability was the
most affected by disinfection (from 48o 70°) but was not affected by incubation in BM.
After incubation in BM, R/ Was the most hydrophilic sample. In a clinical scenario,
ethanol will not be used as sterilization agent ptradiation will more likely be. Pysand
Paptms showed a slight increase in wettability aftefrradiation: in the case offys, the
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Figure 1: Gas plasma treatment at atmospheric pressure inducesediffss in surface chemical com-
position. A) Overview of all spectra obtained. Referencecsum (PLAd) was subtracted to those of
PN2/H2s PapTmsand Rrys Difference spectra are represented and characteristitiéunal groups in-
dicated by the respective vibrational bands: B) N2/H,25732; C) APTMS=B\ptms D) TMS=Prys.

water contact angle changed from 218 114 and in the case of prmsfrom 80 to 77°. A
slight increase in wettability was also observed for PLAte Tvater contact angle ofg/n2
increased aftey-irradiation from 48 to 55°. Based on AFM analysis, roughness was quan-
tified as Rg. Treatment with MH; increased Rq from 1.14 nm to 12.2 nm, whereagd
and Rprmshad lower Rq than that of PLAd (0.9 and 0.61 nm, whereas béfer&reatment

it was 1.14 nm, see Figure 3A). Next, we used HIM to evaluatiaea topology after incu-
bation with FBS, the protein source in cell culture. FiguBeshows that FBS roughens the
surface of PLAd, relative to unexposed PLAd. Among the défe samples, s exhibited

the roughest surface.

BSA adsorption

After 3.5 hours of incubation at 3T, exces$2%-BSA was washed off the surface by rinsing
the samples three times in PBS and the adhered protein wasifepch(Figure 4). Adhe-
sion of 1#3-BSA was highest on Rrms(67%) and lowest o 2 (21%). Adsorption to
PLAD and R yswas respectively 40 and 36% but the difference was not statlly signifi-
cant. Overall the results demonstrated that differentiatigin binding occurs through surface
treatment.

MC3T3-E1 adhesion and proliferation
We hypothesized that cellular behavior would be affectezbating to physico-chemical
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Figure 2: Hydrophobicity varies according to gas plasma treatmeont&t angle measurements were
performed on PLAd, R2/H2: Prms and Rprvsafter three steps: at reference (ref; after gas plasma
treatment), disinfection (70% EtOH) and O/N incubation ikl BBM O/N). Values are statistically
significantly different (p<0.001), except when indicatgons (not significant).
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Figure 3: AFM and HIM visualization depict differences in the surfaopography before and after
protein adsorption. A. Surface topography of PLA@{.ZRQ, Pruvs and Rptmswas analysed with
AFM immediately after treatment. Images illustrate suefaoughness for each treatment in a heat
map fashion, where lighter spots (yellow) represent higaature height than darker ones (brown).
Rq values are provided in section 3.2. Scale bar g2 B. PLAd surface after disinfection (-FBS)
and PLAd, Rptms PN2/H2 and Ry s surfaces after disinfection and incubation in FBS (+FBS)ewve
analyzed with HIM. White arrows point towards charactérisipological features found in PLAd and
Pnz/H2. Scale bar in top row is 12m and in bottom row is um.
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Figure 4: Adsorption of12%-BSA is tuned by surface properties23-BSA bound fraction (%) to
PLAd, Puz/H2: Prms and R\ptmsafter 4 hours incubation at 3C. Dashed line on top indicates total
protein initially added. Values at the bottom of each baresent percentage of bouféPl-BSA for
each sample.

properties of PLAd, R2/H2, Prus and Rprms To investigate this, we chose the pre-
osteoblast mouse cell line MC3T3-E1 as model cell becagsesihscriptional response to
osteogenic signals is well documented. PLAgwB Paptmsand Rizn2 were incubated

in BM overnight and the next day 50.0° MC3T3-E1 cells were seeded per sample and
cultured for 24 and 48 hours. At both time points we qualitti analyzed cell distribu-
tion on the surface by methylene blue staining. We choseg ¢iare points to describe the
early molecular response of the cells to the surfaces, réthe to describe the downstream
consequence on osteogenesis at a later time point. Afteo@hMC3T3-E1 cells were ho-
mogenously distributed onzy2 and Rprmsdiscs whereas on PLAd and fs they were
not (Figure 5A, top row). Characteristic of s was cell alignment in certain areas of the
surface. Cell numbers decreased after 48 hours in the cd&eyef which was suggested by
methylene blue staining and confirmed by DNA assay (Figure BBcontrast, cell density
seemed higher after 48 hours igd? ms consistent with DNA assay although in this case not
statistically significant. Cell numbers did not seem to lgmificantly affected in the case of
PLAd and R2/12 within the time frame studied.

Osteogenesis of MC3T3-EL1 cells

Two and four days after seeding MC3T3-E1 cells on PLA@/HZ, Prmsand Rprms gene
expression of Runx-2, Osterix, osteocalcin (OC) and boalesiotein (BSP) was analysed
by PCR. Overall, we observed that cells treated with OM eixdribhigher expression of
osteogenic markers than cells treated with BM, as expe€&igdie 6). For all tested genes,
cells cultured in BM on Rptums exhibited lower expression than cells cultured on control
samples (PLAd), but not when cultured in OM, suggestingithBMP-2 and AA can rescue

a possible negative effect o\Prmson osteogenesis of MC3T3-E1 cells. Cells cultured on
Pn2/H2 showed levels of expression for all genes at both time paietg similar to those

of cells cultured on PLAd. In the case offs, expression of Osterix and Runx-2 genes
was enhanced in OM when compared to the other treatmentsyoR. ddost notable were
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Figure 5: MC3T3-EL1 cellular distribution and proliferation. A. Resentative images (approximately
4x5 mm) of the cellular distribution pattern. MC3T3-E1 sellere stained with methylene blue after
24 and 48 hours of culturing on PLAd,NE/HZ, Prms and B\ptms Scale bar is 1 mm. B. DNA
quantification after 24 (white) and 48 (black) hours of celltaring on PLAd, Ri2/H2: Prms and
PapTms.

the levels of BSP and OC gene expression, for both BM and ONrdssion of BSP and
OC genes were increased approximately 10 times in BM and 8Mncompared to cells
cultured in PLAd in BM, on day 2. At day 4, differences in BSBession between BM and
OM were not visible but expression of OC, at this time poiraswt 00 fold higher in OM and
approximately 20 fold higher in BM relative to cells cultdriem PLAd in BM.

Discussion

Here we showed that gas plasma technology at atmosphessyseecould modify PLA to
successfully enhance osteogenic differentiation of fateablasts cells. PLA discs were
subjected to an electric discharge at atmospheric pressuree presence of He contain-
ing tetramethylsilane (Rus), 3-aminopropyl-trimethoxysilane fBrmg or N2/H2 (Ry2/h2)-
The surface of these samples was modified, as confirmed by-BTHR(Figure 1), accord-
ing to the treatment: inRys, methylene (-Ckt+) and methyl (-CH) groups were mainly
present; in Rz 42 amine groups (-NH- and -Ngj and on Rprus silanol groups (Si-OH-)
were detected, in addition to amine groups. Hydrophobititthe discs differed and could
be summarized from more hydrophobic to least agd> PLAd > Paptms > Pnz/n2, iM-
mediately after the treatment (Figure 2). Disinfectionhaéthanol altered hydrophobicity
to Prys> PLAd > Ruz2/H2> PapTms but the original order was recovered after incubation
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in BM (Figure 2). Although used here as the disinfection agethanol had an impact on
the surface properties and so did O/N incubation in BM, fidgslue to protein adsorption.
Hence it is important to realize that biomaterials’ projgsrtdlo not remain unaffected once
the treatment is finished. Instead subsequent steps cathale before cells come into con-
tact with the surface. In a clinical scenario, where moreljil-irradiation will be used as
sterilization agent instead of ethanol, the propertiebe$¢ discs could be altered differently
than what described so far. Therefore we also assessedilisttaehavior aftery-irradiation
and observed that-irradiation affected the wetting behavior in a similarHes to ethanol
by increasing wettability of prmsand PLAd and decreasing that qﬁﬁHz. However Rms
became slightly more hydrophilic witprirradiation whereas with ethanol it became more hy-
drophobic. Nevertheless s remained after both ethanol agdrradiation steps, the most
hydrophobic sample.

All treatments had an effect on surface roughness as mebisy®FM (Figure 3A). Results
showed the following trend from highest Rq to Iowesi;,z)?,?PLAd > Prms™ PapTms
This suggests that film deposition smoothens the surfacedrgs close to PLAd), whereas
treatment with N2/H2 not only changes chemical groups atstiréace but also roughens
it. However protein adsorption can again induce topogicgilihanges, just as it did with
wettability of some samples. For instance, although AFMwstthbthat Rprms and Brs
exhibited similar topographies after treatment, incudatn FBS changed this and Figure 3B
suggests thatRys exhibited a rougher surface.

In respect to cellular adhesion, after 24 hours, repretieatanages of cellular patterning
suggest that there were less MC3T3-E1 cells adhered onjig fhan onto the other treat-
ments. This treatment also had a negative effect on pratifer, as confirmed by DNA
guantification (Figure 5B). It was also observed that MCEH13eells were heterogeneously
distributed on Pys, forming characteristic cell lines (Figure 5A). Most likehis was not
due to mechanical injury of the surface as if that would bectimse, injuries in discs treated
differently would be expected as well. It might be that wiltistparticular treatment the
distribution of chemical groups leads to uneven proteirgutfon and consequently cell ad-
hesion. Nonetheless, Philips et. al. also showed that amhescells to -CH surfaces was
poor and could only be comparable to other surfaces wherdadth fibronectin [16]. In
addition, Curran et. al. showed that cells cultured on zGttfaces appeared in clusters and
not homogeneously spread on the surface, similar to whathsereed. By contrast, cells
cultured on -NH and -SH surfaces showed well spread morphology and by day& wel
distributed on the surface [43]. We also observed homogeneell distribution in surfaces
containing amine groups (B/n2 and Rprmg. Within the time points studied, none of the
surfaces seemed to have had a profound positive effect bproéiferation, although methy-
lene blue staining of cells cultured onfus suggested an increase from 24 hours to 48
hours. Although not statically significant, observatiorer@vconsistent with DNA quantifi-
cation (Figure 5B). A note should be made though that some @elild have detached during
washing steps, which was not evaluated, that could havelad tinderrepresentation of cell
amounts in figure 5.

Expression of osteogenic markers on MC3T3-E1 cells var@mbraing to the sample in
which they were cultured (Figure 6), implying that the sfiegjas plasma treatments changed
PLA key physico-chemical properties that play a role in déflerentiation. Overall, gene
expression in less pro-osteogenic surfaces seemed to éelépendent, since expression of
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most markers is increased by day 4 compared to day 2. Thusgesti differentiation could
be enhanced at later time points in the casepiigsfor instance. Such delay could prove
beneficial as than it would combine high cell numbers witleogenic differentiation in the
same sample.

The combination of Brrmsand BM had a negative effect on expression of all markers, res
cued by AA and rhBMP-2. Cells cultured on B2 exhibited similar levels of expression
for all genes and time points as that of cells cultured on PlsAidgesting that treatment with
N2/H2 did not change surface key parameters that might asgakll differentiation. Treat-
ment with TMS had a positive effect on osteogenesis of MCEIZells, since expression
of BSP and OC genes was induced in cells culturedgysRalready in BM. Although these
large fold inductions were not observed in the case of Oste1dl Runx-2, Pys slightly en-
hanced expression of these genes at day 2 in OM. It is alsestbeg to note that treatment
with TMS induced aggregation of cells on certain areas ofstiéace instead of an homo-
geneous distribution. A positive effect of cell aggregatim osteogenesis has been reported
previously in hMSCs [44, 45].

If looking only at the chemical groups characteristic ofsisurfaces (and ignoring other sur-
face characteristics), one could point out that sGdd -CH; groups had a positive effect on
osteogenesis of MC3T3-E1 cells. However, others have slioatrosteogenesis of MC3T3-
E1 cells was favored by -NHand -OH groups [22], consistent with the effects observed on
osteogenesis of hMSCs (also favored by -Njoups) [15, 16]. In our work, -Nkand -OH
were mainly found on R2/H2 (-NH>) and Rp1ms (-NH2) and these samples had a neutral
or even negative effect on osteogenesis of MC3T3-E1 calish Sontradictory results could
be explained by the fact that the substrates used by otliga,@ gold, were different than
ours, PLA. Furthermore, other chemical groups besidesitieated ones were deposited by
gas plasma, therefore a straightforward comparison isasstiple. Also Curran et al. showed
that introducing the same chemical group using differdansi introducing chemistries can
already lead to differences in the expression of some mawkighin the same cell type [46].
A clear link between physico-chemical properties of PLA iified surfaces and cellular re-
sponses of MC3T3-E1 cells could not be established. Howeghlular adhesion was favored
by surfaces with similar chemistry but different roughn@g > and Rprmg and further-
more, osteogenic differentiation was enhanced by whose roughness was comparable
to Paptms but not the chemistry. These results suggest that the chéedmposition of
the PLA surface is more important in determining cellulah@slon and osteogenic differ-
entiation of MC3T3-E1 cells than roughness. Interestintjlg relevance of chemistry over
roughness effects was also highlighted on attachmenifgnation and viability of hUVECs
when cultured on gas plasma treated PLA [31]. In Figure 4 we showed that amounts of
protein adsorption are dependent on the surface propeResdes the quantity, the quality
of adhered proteins might also change or even the domaimgeafame protein presented to
the cells might vary according to the surface charactesstThis is relevant in the case of
cell-adhesion proteins such as fibronectin, fibrinogemorctin, laminin and collagen [20,
21, 47, 48], which could have a determinant effect in regudatell adhesion, spreading and
consequently fate.

Future work will include the response analysis of more chiiy relevant cell types, such as
hMSCs, to these surfaces and in 3D scaffolds, since thertegditcan be easily applied to 3D
structures. The easiness of gas plasma treatment makeappaaling technique for quickly
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transforming biomaterials properties and the results shiosve make it a promising tool for
the development of an effective generation of bone grafstuites.

Conclusions

Gas plasma at atmospheric pressure was used to modify theicpbghemical properties
of PLA discs. Chemical composition, hydrophobicity/hypindicity and topography of the
surface changed according to treatment. MC3T3-E1 cell sidheand proliferation was
markedly influenced by the surface in which they were cutturéreatment with TMS re-
sulted in adhesion of few cells, aggregated heterogengtuslughout the surface and had
a negative effect on proliferation. By contrast, APTMS tneent allowed cells to spread
homogeneously throughout the surface and enhanced padiifie. Interestingly, TMS en-
hanced expression of OC and BSP genes whereas APTMS trddtatea negative effect on
cell differentiation. Cells cultured on PLA without any &tenent showed similar responses
in terms of differentiation as cells cultured on surfacesated with N2/H2. Modifications
in PLA by gas plasma treatment at atmospheric pressureilsotd to successfully guide
osteogenesis in vitro. These results provide a solid basfsrther investigate gas plasma
modified 3D scaffolds as potential bone graft substitutes.
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Chapter 7

General discussion and main conclusions

In the field of Bone Tissue Engineering, scientists searclafernatives to the current ther-
apies for healing bone fractures and defects [1-5]. Recenk whowed that biomaterials’
physico-chemical properties can regulate cell fate [6-i&hcdt would be ideal to orches-
trate bone defect healing through the biomaterials’ own sebf instructions captured
by the surrounding host Biomaterials of synthetic origin are therefore a subjdatais-
ing interest in the field, as they overcome the need of aduditisurgeries (as autologous
bone graft do), can be produced in large quantities (oveirgthe shortage of bone graft
availability) and overall lower the health care associatests. To govern cell fate through
biomaterials’physico-chemical properties, the underlinng interactions between the bio-
material and the cells that lead to a particular cellular phenotype must be understood
To do so, first of all one has to acknowledge the complexithefdystem and second, work
hard to break it into pieces.

In the work here described, the interaction between biomatgals and the biological
responses they elicit in cells or tissues was exploredh this chapter, it will be discussed
the results of this thesis relating the material specificsidorchemical properties and how
these influence the osteogenic response of the cells. Thisendiscussed on the basis of the
in vitro work developed irChapters 34 and6 andin vivowork reported incChapter 5

Surface properties

Pre-osteoblast cells (MC3T3-E1) were cultured on polytamtid (PLA) substrates modified
with different gas plasma treatmen@hapter §. MC3T3-E1 cells attachment was enhanced
on Paprmsand R k2, €xpressing alongside lower amounts of osteocalcin (OG)bame
sialoprotein (BSP), when compared to cultures {#u& In the first case, f/42's surface
was rougher than that of\Brmsbut the chemistry of these two surfaces was similar, diffgri
mainly at the 1000 cmt vibrational band, due to the Si network of the APTMS molectlrie
the case of Pysthe roughness was similar to that ofg? msbut the chemical composition
of the surface different. ;s contained methyl groups whereagriPmsnot. These results
suggest that the respective chemical compositiongfisand B ys dictated phenotypical
differences, regardless of the surface roughness. Herearld speculate that this occurs
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through differential protein adsorption onto the differenbstrates, which induces a particu-
lar cellular shape/conformation that leads to osteogsdffirdntiation. In that respect, it was
shown that Rprmsadsorbs double the amount of bovine serum albumin (BSA) evetpto
Prws indicating that proteins will bind differently in quantitand possibly quality, to the
different surfaces. Further work should identify the nataf these differentially adsorbed
proteins.

In Chapter 4 the interaction of bone marrow derived mesenchymal stroeiis (MSCs) with
different calcium phosphate (CaP) ceramics was studBzanning Electron Microscopy
analysis revealed close contact of MSCs tB-tricalcium phosphate (3-TCP), whereas
on hydroxyapatite (HA) they were loosely attached. This differential cellular adhesion
was further confirmed in a different cellular context. Twelveeks after subcutaneous im-
plantation of3-TCP and HA in FVB/NCrl mice Chapter § led to marked histological dif-
ferences in the ceramic pores. In HA, the tissue, mainly fibrevas poorly connected to
the surface leaving large empty areas between the tissubi@sdaffold surface. In contrast,
in B-TCP, the pores were filled with connective tissue and asrebdén vitro, cells were
aligning the ceramic surfac&urthermore, it was observed that cell alignment to3-TCP
occurs as early as 7 days upon subcutaneous implantation irMB/NCrl mice, remaining
throughout the implantation period. These cells might be osteoblast precursors that will
deposit bone ifB-TCP, but the origin and identity of these cells remainsietiand needs to
be verified.

HA and B-TCP differ in chemical composition and microstructuremedy grain size and,
consequently, roughness. In the past it was shown3HECP surface adsorbs fewer proteins
per nT 2 than HA [12]. Therefore, differences in MSCs attachmentspréading may again
be due to differential protein binding, which was not inigsted here. It was demonstrated
that expression of a panel of osteogenic-related genesiglasrtin 3-TCP than in HA, which
could also possibly be linked to differences in cell confation [10]. However, in contrast
with the PLA substrates discussed before, in the cagg-d€P vs HA, CaP ceramics are
soluble materials@hapter 4. Therefore the release of ions from these materials waly
role in cell behaviour.

Soluble Factors

In saline physiological solution (SPS), a solution thattagrs only NaCl and a pH adjusted
to that of human body fluids (pH=7.4p-TCP is a more soluble ceramic than HA, hence
releasing more Gd and PQ3~. It was demonstrated that when immersed HtVEM, Ca?*

and PQ3~ will precipitate on the surface of these ceramics, resylima new crystalline
phase deposited on their surface. When serum proteins widegldoa-MEM, we did not
detect differences between HA af3dTCP surfaces and their respective blanks after 2 days.
This suggests that serum proteins adsorbed on the surfigenioe nucleation and crystal
formation. Although C&t concentration ([C&]) and PQ3~ concentration ([PG#~]) were

not quantified in the medium bulk, it is possible that locatip the surface vicinity, these
concentrations are different f@-TCP and HA, due to their different dissolution rates. It
was shown that bone formation induced®y CP and biphasic calcium phosphate sintered
at 1150C (BCP1150) was observed in contact with the ceramic sum@ao®ing towards
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the pore but not on HAGhapter §. This suggests that a specific [C&] is required to
trigger osteogenesis and that is only found in the vicinity bthe CaP ceramic surface.
Furthermore, microarray analysis revealed {BatCP regulates inorganic cation homeosta-
sis and in particular G4 homeostasis in MSC<hapter 4. MSCs cultured in high [C4 ]
culture medium (CaM) expressed osteoblasts-specific geneb as OC, and furthermore,
osteopontin (OP), BSP and bone morphogenetic protein 2 @MP he same genes were
also highly expressed when MSCs where culture@3enCP vs HA Chapter 3. Notably
OP was upregulated 2000 fold by CaM and 40 fold@¥ CP, compared to control medium
(CM) and HA, respectively, suggesting a strong effect ot‘Can regulation of OP. As men-
tioned before 3-TCP induced expression of BMP-2 in MS@svitro more than HA, and
also induced bone formatidn vivo, whereas HA did not. BMP-2 is a growth factor that
can induce cartilage and bone formatiarvivo [13, 14]. Furthermore it is one of the first
growth factors to be induced following bone fracture [15flas indispensable for fracture
repair [16].1t is plausible to hypothesize that C&* dissolution from B-TCP is sufficient

to induce BMP-2 expression and secretion, thus leading to In@ formation in vivo.

The effect of C&" on osteogenic differentiation of several cell types is $pditable. It has
been demonstrated that €ainduces an osteogenic program in different cell types [Q]7-1
However, in the case of CaP ceramics?Cadissolution alone does not explain their bone
forming ability. BCP1150 and BCP sintered at 130(BCP1300), having similar solubility
in SPS [12], induced a completely different cellular bebavin vivo (Chapter §. Tissue
inside BCP1300 was loosely connected to the ceramic syrfacglarly to what was ob-
served in HA. In contrast, in BCP1150, cells were well cotteeédo the surface and the
tissue homogenously distributed in the pores. These diffes in cell attachment can again,
as discussed previously, be related to protein adsorpt®@P1150 adsorbs less proteins
than BCP1300 (per f) [12], demonstrating a differential binding in terms of gtity and
possibly quality.Therefore, the effects of C&* dissolution from CaP ceramics on osteo-
genesis might only be exerted when cells display a certain gformation/shape, which
can partially result from differential protein adsorption .

MSCs treated with CaM were more spread on tissue culturespobne than cells treated
with CM, 12 hours after treatmen€hapter 3. In this case, a soluble factor induced con-
formational changes when MSCs were cultured on the samédratéoSaken together the
data suggests that C&" might have an effect on specific cellular conformations butti

is also able to induce cell conformational changeddere possible differences in cell shape
were determinant for cell fate and soluble factors did nahgensate for it. However, in
Chapter 6 Paptms negatively regulated expression of osterix and runt rdlat@nscription
factor 2 (Runx-2) in MC3T3-E1 cells when compared to PLA& tlontrol sample, cultured
in the same culture medium. However, in contrast to BCP1I8DBCP1300, when the
culture medium was supplemented with ascorbic acid (AA)r@edmbinant human BMP-2
(rhBMP-2), there were no differences in the expression eé¢htwo genes between MC3T3-
E1 cultured on the two surfacem this case, soluble factors, AA and rhBMP-2, rescued
the effect exerted by the surface alone on osterix and Runx-@xpression. It would be
interesting to see, for instance, if MSCs cultured on HA irdiue supplemented with €&
would express OP, OC, BSP and/or BMP-2 at similar levels a€#/&iltured or3-TCP.
Surface properties and soluble factors can be contralledtro. However, the physiologi-
cal/systemic dimension is added onljiirvivo systems, where cell types and soluble factors
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can be experimentally controlled up to a certain and veritdichlevel.

In vivo understanding of cell-materials interactions

In Chapter 5 CaP ceramics with different physico-chemical propettgego different cellu-
lar outcomes subcutaneously in FVB/NCrl mice. The histmalgfeatures of the tissue ob-
served in BCP1150 and BCP1300 were similar but different thase in HA and BCP1300.
Tissue found inside HA and BCP1300 explants was mainly fibeotd poorly connected to
the ceramics surface. Blood vessels were observed but ierglethe vessels’ diameter in
these ceramics seemed smaller than those found in BCP11B68-acP. Also the overall
amount of blood vessels seemed higher in the case of BCPTIBH8-aCP, although these
parameters were not quantitatively evaluatedChapter 4 microarray analysis also revealed
positive regulation of the vascular endothelial growthidad (VEGFA) and interleukin-8
(1-8) genes, byB-TCP in MSCs, when compared to cultures in HA, two molecules t
can induce angiogenesis [20, 21]. Furthermore, clustdysisshowed enrichment of terms
related with blood vessel formation in MSCs cultured @#TCP when compared to HA.
However these differences were not confirmed by PCR. A pratssay (e.g. ELISA), could
further reveal whether these molecules were secreted orTingise results suggest a pro-
angiogenic effect exerted by3-TCP in BM-MSCs.

Analysis of 3-TCP and BCP1150 explants 7 days after implantation, shdhedhe inner
regions of both material types were already perfused witittional blood vessel€Chap-
ter 5). It would be interesting to know whether early blood vegeeination also occurs in
BCP1300 and HA, to further comment on the possible pro-ajagia effects of3-TCP and
BCP1150 when compared to the other ceramics tested. Ndessha line with these find-
ings, the number of blood vessels was higheB#iCP and BCP than in HA, 30 days after
subcutaneous implantation in rats [22]. Furthermore, Heanworkers [23] found that the
higher the HA content in a composite scaffold, the more asized it was eight weeks after
subcutaneous implantation in rats.

In both B-TCP and BCP1150, bone was found at the periphery of the implats. This
could indicate a potential positive role for nutrients axggen supply on bone formation,
where at least early after implantation, cells have mores&cThe effect of VEGF on bone
formation and repair is well established [24, 25] and itoiporation into CaP ceramics has
shown to be beneficial to bone formation [26]. However, addibf VEGF to3-TCP at the
time of implantation did not have any detectable conseqeena bone formation after 12
weeks. Another possible explanation for the fact that boag enly found at the periphery
of the explant could be related with the excessively high?{¢an the centre of the blocks
that made the environment non permissive for osteogerfierdiitiation. Proliferation and
osteogenic differentiation of osteoprogenitor cells &&1] dependent [18]. It could be that
in the case of mouse cells, [€4 at the periphery of the implant is optimal for osteogenesis
In the past, however, bone formation was induced by CaP d¢esamthe centre of these
materials and not at the periphery (using a different animadel though) [27, 28]. To further
understand this “inhomogeneous” osteoinductive effaciitbhout the material, it would be
interesting to use thia vitro model reported ilChapter 4to test whether cells at the periphery
of the scaffold express different levels of osteogenic reerkhan cells at the centre.
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Although bone tissue was found in both BCP1150 AABCP, the number g8-TCP explants
with bone was higher than that of BCP1150, but there was ttistital significant difference
in terms of bone amounts between the two ceramic types. Thktyof the bone found
in BCP1150 angB-TCP was similar, with osteocytes and bone lining cells olesdin both
cases.However bone marrow cavities were occasionally found if8B-TCP and never in
BCP1150, suggesting that bone if8-TCP was in a later developmental stage than the
one found in BCP1150.

Physiological responses to osteoinductive stimuli are getically determined (Chapter 5).
Eleven inbred mouse strains were tested for their respeness to CaP ceramics and rhBMP-
2 and only two were susceptible to develop bone formatiomded byB3-TCP. Although

all strains were prone to rhBMP-2 bone induction, amountbarfe formation also varied
among the strains. It would be interesting to investigatg wiich differences in genetic
background led to differences in bone formation. Through.@malysis [29], for instance,
genetic loci related with osteoinduction could be potdiytidentified [30]. That would help
to understand the chances of success BHNRCP among human patients to heal bone defects
or even develop therapies that specifically deliver or taaggene or a set of genes that have
a certain function for bone development and formation.

Osteoinduction by CaP: proposed mechanism

Chapters 2, 3, 4 and 5 are related with bioactivity of CaPro@rs Physico-chemical prop-

erties can dictate the lower or higher osteoinductive capa€ these materials. Based on
the findings of this thesis and on the hypothesis here gartratschematic mechanism for
osteoinduction by CaP ceramics is proposed in figure 1.
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Figure 1: Schematic representation of the hypothetical physicordte biological mechanism under-
lining a CaP ceramic (non)osteoinductivity. The surfacgspto-chemical properties, such as roughness
or hydrophobicity/hydrophilicity, account for a specifimpein adsorption (1.1 and 1.2). When cells in
the body of the host reach the material, they will align toghdace according to its properties, adopting
a specific cellular conformation (2.1 and 2.2). This cellwanformation will dictate whether the cell
is permissive (3.1) or not (3.2) to the pro-osteogenic amdamgiogenic effects of Ga and possibly
POs3~ released from the CaP during chemical or cellular degradatExpression of osteoinductive
growth factors (BMP-2) and components of the bone extraleglmatrix (OP, OC, BSP) together with
the effects of an enhanced vascularization will supporeldormation (4.1). A CaP that does not induce
a specific cellular conformation, even if it possesses alairdegree of solubility to a CaP that does,
will not support bone formation (BCP1150 vs BCP1300) (4@).the other hand, if both CaPs support
a specific cellular conformation but have different degiesolubility, bone formation will start earlier
in the more soluble cerami@¢(TCP vs BCP1150).
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