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2. LIST OF ABBREVIATIONS

ALT — alanine transaminase

ADM - acellular dermal matrix

AST — aspartate transaminase

bFGF — basic fibroblast growth factor

BHA - butylated hydroxyanisole

BID — twice a day

BMSC — bone marrow stem cells

BSA — bovine serum albumine

B-TCP — beta tricalcium phosphate

CAF — coronally advanced flap

CAL - clinical attachment level

CcAMP - cyclic adenosine monophosphate
CD-34 - human cluster of differentiation 34
CEJ - cementoenamel junction

c-KIT — cellular transmembrane receptor tyrosineake
CM - collagen matrix

CRC- complete root coverage

DMEM - Dulbecco's modified Eagle's medium
DMSO - dimethyl sulfoxide

DNA - deoxyribonucleic acid

DPSCs — dental pulp stem cells

EDTA — ethylenediaminetetraacetic acid
ELISA - enzyme-linked immuno sorbent assay
EMD — enamel matrix derivative

ETT — Egészségugyi Tudomanyos Tanacs
FACS - fluorescence activated cell sorting
FAM — carboxyfluorescein

FBS — fetal bovine serum

FMBS — full mouth bleeding score

FMPS — full mouth plague score
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FSH — folliculus stimulating hormone
GFAP - glial fibrillary acidic protein

GGT - gamma glutamil transferase

GR - gingival recession

GRD - gingival recession depth

GRW - gingival recession width

GT - gingival thickness

GTR — guided tissue regeneration

Hb1AC - glycated hemoglobin

HIV — human immunodeficiency virus

HRP - horseradish peroxidase

IBMX - 3-isobutyl-1-methylxanthine

IgG — immunoglobuline G

ITS - insulin-transferrin-sodium

KCI — calcium-chloride

KT — keratinised tissue

KTW — keratinised tissue width

MAGR — multiple adjacent gingival recessions
MCAF — modified coronally advanced flap
MCAT — modified coronally advance tunnel
MedDRA - medical dictionary of regulatory activiie
MEM — Eagle’s Minimum Essential Medium
MGB - tripeptide minor groove binder

MGJ — mucogingival junction

MRC — mean root coverage

MTT - microculture tetrazolium

NGF — neural growth factor

NSE — neurospecific enolase

NT-3 — neurotubulin 3

OFD — open flap debridement

PD — probing depth

PDLSCs — periodontal ligament stem cells
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PFA - paraformaldehyde

PKC — protein kinase C

PBS — phosphate buffered saline

PCR — polymerase chain reaction

RCT — randomised controlled trial

rhGDF — recombinant human growth and differentratector
rhPDGF — recombinant human platelet derived grdattor
RPLPO - large ribosomal protein

RNA — ribonucleic acid

RT — room temperature

SCTG subepithelial connective tissue graft

SD — standard deviation

S.E.M. — standard error of the mean

SOC - system of classes

STRO-1 - stromal cell surface marker-1

TID — three times a day

TMB — tetramethyl benzydine

TPA — tissue plasminogen activator

TUKEB - Tudomanyos Kutatésetikai Bizottsag

VAS - visual analogue scale

VIM — vimentin
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3. PREAMBLE

During my undergraduate academic years | had lestinated by the recent
progress of periodontal research on the field sgu regeneration. After graduation
receiving a residency status at the Departmeneénb&ontology my professional interest
turned to the biological background of tissue regation.

Having been accepted to the Dental Research Progedead by Professor Gabor
Varga of the Semmelweis University School of ClaliMedicine the initial objective of
my PhD research was to investigate the cellulansveontributing to periodontal tissue
regeneration. While preparing for the first in witstudies | got the opportunity to
participate in a literature search and collect data literature review on the application
of Enamel Matrix Derivatives (EMD) (Study I). Thiamne it became clear to me that the
EMD’s effect on several cell types in the periodomt had been studied but there had
only been relatively limited data available on gkl mechanisms of EMD on pluripotent
mesenchymal cells of periodontal ligament origih.was therefore a challenging
opportunity for me to study how EMD act on stemscef periodontal ligament (Study
II). That time stem cell culturing techniques hakib elaborated at the Department of
Oral Biology, Semmelweis University. According teetlater published results of our
team it was shown that isolation and culturing efigdontal ligament and pulp derived
cell colonies was a suitable approach to study rdgenerative and differentiating
potential of multipotent adult stem cells. Thisdstuead us to show that stem cells of
periodontal origin have the capacity to differetgtiaot only into different cell lineages
of the attachment apparatus but also into cellb wiuronal characteristics (Study IlI).
Several signalling factors might play a cruciakral this differentiation process.

The first phase of clinical research was to ingsdd those
modulating/differentiation factors that, like EMDag guide cell differentiation during
wound healing and regeneration. At the DepartméReoodontology, led by Professor
Istvan Gera, an opportunity was given when ProfeBster Windisch invited me to a
clinical and histological study by Prof. UIf Wikésand Prof. Anton Sculean on the safety
and efficacy of a recently discovered growth arftecentiation factor (rhGDF-5). | was
involved as study coordinator in the first humamichl and histological data on the

regenerative capacity of rhGDF-5 (Study V)
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Periodontal destruction not only affects the attaeht apparatus but might also
result in soft tissue defects. Reconstruction eséhanomalies is often required to resolve
severe aesthetic problems as well as for long-tesrd- and soft tissue stability. As a
result of this aesthetic mucogingival surgery besamgain a main focus of clinical
research during the turn of this century.

The next phase of my research project was to ilgagsthow connective tissue
grafting could be substituted with biomaterialsic®i the first studies on Guided Tissue
Regeneration (GTR) several attempts had been nmdgilise GTR techniques and
biological membranes for soft tissue augmentatioth @ot coverage, but without any
convincing success. Development of a novel biocdibleaxenograft matrix provided a
good opportunity to conduct clinical studies in fiedd of periodontal plastic surgery.
Our research group was led by Professor Anton 8ouded Sofia Aroca, we wanted to
investigate if the application of the new matet@lcover denuded root surfaces and
improve the biotype of the patients might be coraplr to the success rate by the
autogenous connective tissue graft. This resultdd/o publications (Studies V and VI)
in peer reviewed journals, our group was the fiosstonduct a randomised split mouth
clinical trial to evaluate the use of the novellagén matrix for correction of multiple
recessions.

It has always been a great honour for me that Itz the chance to participate
in several research projects and to be membemiéal multi-centre studies. Thus I could
participate in providing new and relevant dataegitbn adult stem cell research or on
clinical studies on the safety and efficacy of agrtnew and promising growth and
differentiation factors as well as some novel biterals. In my thesis | would like to
give an overview of the relevant literature dataawoth derived stem cell research, novel
approaches of periodontal regeneration and alsoduertal plastic surgery. | am going
to chronologically present the evolution of my dwate work based on the six phases of
my research projects, starting with the summarthefsystemic review of the literature
on the application of EMD followed by adult stenll studies. In the clinical part of my
studies | am going to summarize and discuss tinécaliand histological results from a
randomised controlled study on the applicatiorh@DF-5 and finally finishing with the
most recent studies on the clinical applicability amllagen xenograft matrices in

periodontal plastic surgery.
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4. INTRODUCTION

/Review of the related literature/

The goal of regenerative therapy for periodontatiiessue reconstruction is the
recreation of the lost periodontal structures (new formation of root cementum,
periodontal ligament and alveolar bone). The appnaiely 30 years research on GTR
and the 60 years history of research on mucogihgiwegery and clinical techniques
provided tremendous amount of information and kmolgk. Nevertheless several
questions are still unanswered and there are nwsetcontroversies in the current
opinions and trends. It is still not clear whatdiof biological factors play crucial roles
in wound healing and particularly in complex peoathl regeneration, where three
different cell lineages should be re-established.

Many treatment modalities, such as various typdsook grafts, GTR and EMD
have been used with varying success during thetpastcomplish this goal (Sallum et
al. 2003, Donos et al. 2003, Palioto et al. 20B&sults from basic and clinical research
have pointed to the predictability, safety andaaftly of the application of EMD and GTR
(World Workshop in periodontology 1996, Rincon k2903, Donos et al. 2003) in the
periodontal wound healing and regeneration. Nee&ts, current surgical techniques
and available biomaterials for hard tissue recowtibns have some well-known
limitations in case of advanced attachment lossuarfidvourable defect configurations.

Beyond hard tissue reconstruction and gain of na#aclament, correction of
periodontal soft tissue defects has again becomaia focus of clinical research during
the past decade. (Hofmanner et al. 2012) Main goglsurgical approaches include
prevention of advanced periodontal defects reladeducogingival anomalies as well as
fulfilling the increasing aesthetic demands of @als. Periodontal plastic surgery aims at
the reconstruction of soft tissue deformities a ageat the modification of unfavourable
anatomic conditions, such as thin gingival biotyygarious surgical techniques have been
suggested for changing the gingival biotype as wagltorrection of recession defects.
According to literature to achieve optimal predmliy and long-term stability
connective tissue grafting has been suggestedeastémdard adjunctive therapy for

periodontal plastic surgery (Cairo et al 2008, Cheone et al 2010, Hoffmanner et al.

8
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2012). Nevertheless, increased patient morbidity dmration of surgery related to a
donor surgical site and tissue harvesting are kedwn drawbacks of autogenous soft
tissue grafting (Cairo et al. 2008).

The limitations of currently applied techniques foriodontal hard- and soft
tissue reconstruction related to treatment efficaggl patient morbidity have raised a
demand to introduce novel treatment approaches ells as biomaterials aiming at
increased treatment efficacy as well as reducingatdin of treatment and patient
morbidity. During the last decade, emerging neveaesh fields have investigated the
possibilities of tissue engineering related to wation and differentiation of human
adult tooth derived stem cells (Gronthos et al.®20diura et al. 2003, Seo et al. 2004)
and application of different recombinant growthtéas (Morotome et al. 1998, Sena et
al. 2003) for periodontal hard tissue reconstructas well as application of novel
xenogenic materials (Vignoletti et al. 2011) focaastruction of soft tissue anomalies.

Stem cell research and possibly related tissueneeghg applications have
become a promising field for tissue regeneratiod emplementation of regenerative
medicine. Since the discovery and characterizatiomultipotent mesenchymal stem
cells from bone marrow, similar populations fromheat tissues have now been
characterized. Postnatal stem cells have beertasiofiaom a variety of tissues including
bone marrow, brain, skin, skeletal muscle and th&trgintestinal tract (Kuehnle and
Goodell 2002, Javazon et al. 2004, Le Blanc anteijer 2005). This obviously
influenced and inspired basic research possiblgted| to future dental applications.
Recent studies have revealed the presence ofsaduitcells in tissues of dental origin as
well. Namely, primary cell cultures containing pemgtor cells originating from both
adult and deciduous dental pulp as well as perizdtigament were described (Gronthos
et al. 2000, Miura et al. 2003, Seo et al. 2004€cdRtly, an extraordinary plasticity of
postnatal stem cells has been suggested. Bone wnatean cells may contribute to
muscle, liver, and neuronal tissue formation (Miatal. 2003, Clarke 2003, Seo et al.
2004, Grove et al. 2004). To utilize this potentials necessary to gain further insight
into the characteristics of postnatal stem cellgl@rtal origin and examine their full
developmental potential first in vitro. Since thers cell cultures of dental origin exhibit
mesenchymal stem cell characteristics (Gronthas @000, Miura et al. 2003, Seo et al.

2004), one of the most plausible direction for elifintiation and potential utilization of
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these cells in periodontal regeneration is theaggnric one. Indeed, one important feature
of both pulp and periodontal cells is their minaaion potential in response to
appropriate pharmacological induction (Gronthaal 2000, Miura et al. 2003, Seo et al.
2004). Cells can be induced in vitro to differetgianto cells of osteogenic/odontogenic
phenotype, characterized by polarized cell bodied accumulation of mineralized
nodules (Tsukamoto et al. 1992, About et al. 2@ifyble et al 2000). Nevertheless, the
exact molecular signalling mechanism for this tiéms, and also the interaction of
various pathways being involved is not completeigerstood. The dental pulp and the
periodontal ligament have also been suggested tboba cells that are able to
differentiate into neuronal direction (Miura et 2003, Nosrat et al 2004, Shi et al. 2003,
Shi et al. 2005, d’Aquino et al. 2007, Techawatteisal et al 2007, Widera et al. 2007,
Arthur et al. 2008, Koyama et al 2009).

While stem cells research and tissue engineertigntgues are not yet available
for human application, utilising human recombingnbwth factors presents a novel
promising treatment option for periodontal hardguis reconstruction (Morotome et al.
1998, Sena et al. 2003). Nevertheless, literatata dre still sparse on treatment safety
and efficacy. The 1996 American Academy of Periadimyy World Workshop (World
Workshop in Periodontology 1996) formulated thddwing criteria for a treatment
modality to be considered a periodontal regenezgtrecedure: a) controlled histological
animal studies demonstrating formation of new cenman periodontal ligament, and
alveolar bone; b) controlled clinical studies destoating gain of clinical attachment and
alveolar bone; and c¢) human biopsies demonstrdtngation of new cementum,
periodontal ligament, and alveolar bone onto aiptesly “plaque-infected root surface”.
Fulfilling the first criterion, preclinical studieshave pointed to a role of
growth/differentiation factor -5, -6, and -7 in tf@mation of the periodontal ligament
(Morotome et al. 1998, Sena et al. 2003). rhGDk{&lets osteoinductive properties in
vitro and in vivo (Spiro et al. 2000). MoreoverGRF-5 may provide an environment
conducive to periodontal wound healing/regeneratdfecting extracellular matrix
metabolism (Nakamura et al. 2003). Still other Esithave shown significant periodontal
regeneration in discriminating large animal modeltwing surgical implantation of
both rhGDF-5 and rhGDF-7 (Wikesjo et al. 2004, Katral. 2009, Lee et al. 2010). An
rhGDF-5B-TCP device has been shown to enhance periodegaheration in deep one-

10
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wall intrabony defects in dogs (Lee et al. 2010)e Deta-tricalcium-phosphat@-TCP)
carrier matrix exhibits a resorption profile thaparently minimally interferes with bone
formation/remodelling and periodontal regeneratia7 CP, being biocompatible,
resorbs and is replaced by bone within weeks ofantption. Indeed, standaloffelrCP
technologies have been used for orthopaedic amdotagial indications for more than
20 years as implantable bone substitutes (Galas €002). A recent study has shown
that rhGDF-53-TCP implanted in a rat calvarial defect model erwes local bone
formation (P6hling et al. 2006). Taken togethegcpnical data suggest that rhGDF-5
may have a significant potential not only to indgopport periodontal wound
healing/regeneration but also to support regermraglsewhere in the axial and
appendicular skeleton (Moore et al. 2010). BeyamrdImical studies, controlled clinical
pilot studies are needed to demonstrate clinice@ng@l and safety. However, although
rhGDF-5 appears to be promising for enhancing dental regeneration, until now, it
has not been used in humans to treat periodonfattdeand thus, the safety and the
clinical potential of the material are unknown.

Mucogingival deformities are often associated taaded periodontal hard tissue
defects but may also occur without the presengeeabdontitis. For the correction of
periodontal soft tissue defects, application of ogemic grafting materials has been
suggested as a promising alternative for connetiisae grafting (Vignoletti et al. 2011).
Since utilising xenografts in regenerative periddbtherapy has been performed on a
regular basis in the past, introducing novel xenagkiomaterials is easily applicable for
human use in periodontal plastic surgery, the mogiortant goal being gingival
recession coverage. Gingival recession is defisatie@exposure of the root surface due
to the displacement of the gingival margin apicalhte cemento-enamel junction (CEJ).
(Wennstrom 1996, Armitage 1998% a result, root surface exposure to the oraltgawi
frequently associated with aesthetic complaintst hypersensitivity and difficulties to
achieve optimal plague control (Serino et al. 1993k egrove et al. 2004, Susin et al.
2004, Daprile et al. 2007).

The aetiology of gingival recession is complex, ocoonly related to over
contoured tooth shape and malposition in the demtdl, alveolar bone dehiscence, thin
biotype, muscle attachment, obsessive tooth brgshincalized or generalized

periodontal disease, iatrogenic dental treatme®dsirio et al. 1994, Susin et al. 2004,

11
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Lovegrove et al. 2004, Daprile et al. 2007). As ook the most significant
predeterminants, a thin gingival biotype is consddo be the most relevant anatomical
factor of gingival recession (Muller et al. 1998)though controversial data have been
published on the minimally sufficient width anddkmess of keratinised gingiva, needed
for long-term stability of marginal soft tissue ¢oars (Kennedy et al. 1985, Aguido et
al. 2009). Therefore, most soft tissue augmentgti@cedures aim not only to obtain
complete root coverage (CRC) and natural tissuediig of the exposed surfaces and
but also to increase gingiva width and thicknessnsure long-term stability.

Results from systematic reviews indicate thatglsi Miller (Miller 1985) class
I and Il gingival recessions CRC can predictablyob¢ained using different surgical
techniques mainly including coronally advanced {l@AF) with and without soft tissue
grafting and/or biologic agents such as an enanattixnderivative (Cairo et al 2008;
Chambrone et al 2010).

On the other hand, predictable coverage of multl@cent gingival recessions
(MAGR) still represents a challenge for the cliaitidue to difficulties in managing the
soft tissues and poorer wound healing related ¢tofa such as the large avascular
surface, blood supply, differences in recessiortdapd position of the teeth (Hofmanner
et al. 2012). From a clinician’s point of view teeent of MAGR is a very demanding
situation due also to the extent and duration ofiesty and patient morbidity. A very
recent systematic review evaluating the prediatgtof various surgical techniques used
for the treatment of MAGR has indicated that thedified coronally advanced flap
(MCAF) with and without soft tissue grafting anetimodified coronally advanced tunnel
(MCAT) using soft tissue grafting are the most ctble methods to obtain CRC in
Miller Class | and Il MAGR (Hofmanner et al. 2012)is, however, important to point
out that on a long-term basis (i.e. up to five ggahe use of connective tissue grafts in
combination with MCAF yielded more stable outcormempared to the use of MCAF
alone (Pini-Prato et al. 2010). The MCAT has bempgsed for the surgical treatment
of MAGR since it has several advantages such asaadids vertical releasing incisions
and does not incise the papillae thus improvingodlgupply, b) due to its coronal
displacement, it covers and protects the soft éiggaft thus improving graft survival
(Azzi and Etienne, 1998, Zuhr et al. 2007, ArocaleR010). Interestingly, according to

the best of our knowledge, at present MCAT in carabon with subepithelial connective

12
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tissue grafting is the only technique which hasnbekown to result in predictable
improve coverage of Miller Class 1ll MAGR (Arocaa&t 2010; Hofmanner et al.2012).

Connective tissue graft harvesting is often assediavith increase patient
morbidity, prolonged surgical time and the posgipibf postoperative complications
such as bleeding and numbness in the donor ardan@aer et al.2012). In order to
overcome these inconveniences, attempts are madkvédop new materials aiming to
replace connective tissue grafts thus, improvingept acceptance and minimizing
morbidity. Both the MCAF and the MCAT techniquesvdaeen reported applied in
combination with biological adjuncts, such as EMHillOni et al. 2006), acellular dermal
matrix (ADM) (Modaressi 2009) and platelet rich rfib (PRF) (Aroca 2009).
Nevertheless, according to a recently publishedesyatic review, none of these
alternative biological factors have reached or asspd the effecacy and predictability of
connective tissue grafting (Cairo et al. 2008).

A newly developed porcine derived bioresorbabtidlagen matrix (CM)
(Mucograft®, Geistlich Pharma, Wolhusen, Switzedlahas been recently introduced
proposed as an alternative to the subepitheliahective tissue graft (SCTG) in
periodontal plastic surgery procedures. The sa#etg efficacy of the CM in root
coverage procedures was reported in a histologtadly of the minipig (Vignoletti et al.
2011), as well as in controlled human clinical sggadcomparing treatment of Miller Class
I and 1l single recessions by means of CAF with GMSCTG (McGuire et al. 2010,
Cardaropoli et al. 2012). Both randomized contbtiénical studies have indicated that
in Miller Class | and Il single recessions, CM magld comparable outcomes in terms
of root coverage and tissue blending to that okthinith SCTG. Furthermore, the use of
CM was associated with significantly reduced swagitme and patient morbidity
compared to the use SCTG (McGuire et al. 2010, &apbli et al. 2012). Taken together,
the available data appear to suggest that CM mégitesent an alternative to SCTG thus
warranting further investigations. However, accogdio the best of our knowledge, until
now no prospective, randomized, controlled, clihgtadies have compared treatment of
MAGR by means of MCAT using either CM or SCTG.

13
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5. OBJECTIVES

The goal of my PhD dissertation was to evaluateseld on the existing evidences
available in literature related to adult stem ¢diisman recombinant growth factors and
novel xenogenic biomaterials - the currently avddatreatment options and the novel
materials and techniques that might be the futarperiodontal hard- and soft tissue
reconstruction.

Available data related to in vitro and clinicasearch on periodontal regenerative
therapy have raised a number of fundamental guestiealing with possible future
clinical impact of the above mentioned novel regatiee procedures and biomaterials.
These goals focus on establishing the methodolbgiasis to develop future tissue
engineering applications, as well as safety aniday of currently available prototype
biomaterials for human periodontal application. iDgrmy PhD research in vitro and
clinical studies were conducted to find answersht® main question: how periodontal
wound healing and complete regeneration can beoweprbeyond current therapeutical

approaches.

The performed in vitro and clinical studies aimé&d a

» Establishing cell cultures of periodontal originyestigating the effect of EMD
on cell proliferation; characterisation of adubrstcells in vitro

» Developing in vitro protocols for osteogenic di#fatiation of periodontal
ligament stem cells (PDLSCs) for future tissue eagring applications

* Investigating the safety and efficacy of a humaonebinant growth factor on a
B-TCP carrier (rhGD#5) designed for periodontal hard tissue reconstmgh a
pilot clinical study

» Investigating the safety and efficacy of a novélagen matrix (Mucograft®) for
gingival recession coverage of MAGR in a pilot wal case series

e Comparing the clinical outcome and patient sattgfaaelated to the application
of Mucograft® compared to connective tissue grgftmthe treatment of MAGR

in a split mouth randomised controlled study

14
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6. METHODS

In this section the literature research, experimengurgical and analytical

methodology will be described. The present thepsits on a review article, two in vitro

research articles as well as three publicationsrtieyg on clinical studies, which are

summarised in Table 1.

In vitro research was carried out at the Departroéfiral Biology, Semmelweis

University. All patients included in the clinicaluslies were referred to the Department

of Periodontology, Semmelweis University for treatrh of periodontal soft- or hard

tissue defects.

Table I: Summary of literature review, clinical- and irirei studies

Study

Description

Appendix

Literature analysis on the application of ena

matrix proteins in periodontal regenerative thera

mel

Dy

[1]

Isolation and culturing of PDLSCs, investigatitige

effect of EMD on cell proliferation and viability

[

Establishing protocols for in vitro differentian of

human periodontal and pulpal stem cells

]

Evaluating the clinical safety and efficacy ohavel
recombinant growth factor for periodontal hardues

reconstruction

[IV]

Assessing a novel bioabsorbable collagen médri

soft tissue reconstruction in root coverage proces]

P

V]

u

Vi

Comparing the novel collagen matrix and connex

tissue grafting for root coverage

Hi

[Vl

A literature review was performed to collect relevanformations prior to

initiating further in vitro and clinical periodortaesearch. To collect valuable

informations, the application of EMD in periodontalyeneration compared

to alternative treatment options (e.g. GTR) wadyaea based on currently

available literature data.
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In the first in vitro study cell cultures from humaeriodontal ligament were
established and multipotential adult stem cells(80s) were identified in
these cultures. The effect of EMD was also analysiéid regards to viability
of cells cultures. We established the methodolddpaais for further in vitro

research.

The second in vitro study described the introdurctmf differentiation

protocols applicable for maintainable cell cultucemtaining PDLSCs and
dental pulp stem cells (DPSCs). Using optimizedriplagological protocols
the potential of periodontal and pulp derived adtéim cell cultures to form

mineralized tissues and to undergo neuronal difteagon was analysed.

The first clinical exploratory study was specifigallesigned to evaluate the
clinical and histological outcomes following tream of intrabony defects
with open flap debridement alone or in combinatath rhGDF-5 adsorbed
onto a particulat@-tricalcium phosphate carrier. The publication mgd on
the study protocol, safety profile, the early heglphase and the clinical
outcomes at 24 weeks while the histological outmere presented and
discussed in great detail in a subsequent papavr(gtoulos et al. 2011).

The second clinical study presented data from agactive pilot case series,
which was performed to evaluate the safety andaaffi of Mucograft® in the
treatment of Miller class | and Il MAGR using theQAT technique.

The third clinical study reported on a prospectirandomized, controlled,
split-mouth clinical study. This was conducted tmically evaluate the
treatment of Miller class | and Il MAGR using the®AT technique either in
combination with Mucograftor SCTG.

16



doi:10.14753/SE.2013.1889

6.1 Literature review on the application of enamelmatrix proteins in periodontal

regenerative therapy

In the literature search a protocol of review was gut with the following
eligibility criteria for study inclusion to collestaluable information on the application of
EMD in periodontal regeneration. A technique or atenial must have fitted in the

following categories to be classified as "regeneratelated article”

. In vitro studies, which investigated the cellulard molecular mechanisms of
EMD
. Controlled histological animal studies, which lexsdied the formation of new root

cementum, periodontal ligament and alveolar bone.

. Human biopsies, which assessed the formatioroof cementum, periodontal
ligament and alveolar bone on a plaque-infectetisodace.

. Controlled clinical studies, which measured thagmitude of gain of clinical
attachment and radiographical new bone formatiothe literature overview, the

existing evidence regarding the clinical use of EM&s provided.

6.2 In vitro isolation and differentiation of periodontal ligament stem cells

In our in vitro studies different methodologies weapplied to establish and
maintain periodontal and pulpal cell cultures amadc¢hieve differentiation of adult stem

cells into different cell lineages.

6.2.1. Cell isolation and culturing of periodontaligament stem cells

Our protocol to isolate and culture dental pulprstells is based on a procedure
described previously (Gronthos et al. 2000), wiime modifications. In brief, normal
human impacted third molars were collected fromltad{18-26 years of age) at the
Department of Periodontology, Semmelweis Universitynder approved ethical
guidelines set by the Ethical Committee of the Haurran Medical Research Council.
Tooth surfaces were cleaned and the periodonsaldiwas removed with a sterile scalpel
and was collected. The tooth was cut around theen&renamel junction by sterile

dental fissure burs to expose the pulp chamberttegdulp tissue was removed from the
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crown and root. Both pulp tissue and periodonssdue were then separately digested in
a solution of collagenase type | (3 mg/ml, Sigmd+#h, St. Louis, USA) and dispase
(4mg/ml, Roche, Basel, Switzerland) for 1 hour at@ Single-cell suspensions were
obtained by passing the cells through aui®strainer (Falcon). Cells were seeded into
6-well plates (Costar) in alpha modification of kg medium (a-MEM, GIBCO/BRL)
supplemented with 15% Fetal Bovine Serum (FBS, GBERL), 100uM L-ascorbic
acid 2-phosphate (Sigma-Aldrich, St. Louis, USA)m&1 L-glutamine, 100 units/ml
penicillin, 100 mg/ml streptomycin (GIBCO/BRL), atiden incubated at 37°C in 5%
CC? To assess colony-forming capability, 14 day oldtures were fixed with 4%
paraformaldehyde, and then stained with 2% Gieggregates of 50 cells were scored

as colonies

6.2.3. Cell viability studies and treatment with eamel matrix derivative

The influence of FBS and EMD (Emdogain, StraumaBasel, Switzerland)
containing media as well as osteogenic and neurdfiatentiation protocols on primary
cell cultures was assessed by Microculture Tetraao(MTT) assay. To test the effect
of these conditions on culture growth, DPSCs and.$I» were cultured in 96-well
plates for 24 hours. In each well 3 XTIPSC cells or 5 x FPDLSC cells were grown
in their regular media for 24 hours. Afterwardd)eere serum-starved for another 24
hours. Then, 15% (PDLSC) or 20% (DPSC) FBS comgimhedium, or serum free
medium (control) was added for 24 hours. Thereati@@ul MTT solution (0.2 mg/ml,
Sigma-Aldrich, St. Louis, USA) diluted in a-MEM waslded into each well until
formazane crystal formation occurred. ,00DMSO (99.5%, dimethyl-sulfoxid) was
added into wells to dissolve formazane crystalserTthe intensity of staining was
determined by a microplate reader (Model 3550, &lpHercules, USA) at 595 nm
(measurement wavelength) and 650 nm (reference levayt). Under these
circumstances, the level of optical density is prtipnal to the number of living cells in
the culture. The proliferative effect was expresasd ratio between optical density of

treated cells and serum-free cultured control @il given in percent.
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6.2.4. Immunocytochemistry

To identify the mesenchymal stem cell marker “stabell surface marker-1*
(STRO-1) in our cultures, cells were grown on glemgerslips in 24-well plates (Costar,
Cole-Parmer, Vernon Hills, lllinois, USA) (5x46ells per well) and fixed with 4% PFA
in phosphate buffered saline (PBS) for 20 min. Tack non-specific binding, fixed
cultures were incubated in PBS containing 7.5% FEB®0 min and incubated with an
anti-STRO-1 primary antibody (1/200, a generoug &idém Prof Richard Oreffo,
University of Southampton, Southampton, UK) ovenhigt 4°C. Subsequently, the cells
were incubated with Alexa 488 conjugated goat ardise IgG (1:1000, Molecular
Probes, Invitrogen, Carlsbad, CA, USA) for 1 hdluclei were counterstained with 10
mg/ml bisbenzimide (Sigma-Aldrich, St. Louis, USiaJ 30 minutes.

To evaluate protein expression during differeriagxperiments, cells grown on
poly-L-lysine-coated glass coverslips were fixethwi% PFA in PBS for 20 min at room
temperature (RT), then 0.1% Triton X-100 (in PB%)pvadded for 8 min to permeabilise
them. Fixed cultures were incubated in PBS comntgid® bovine serum albumin (BSA,;
90 min at RT) to block non-specific binding, theacted with primary antibodies at 4°C
overnight. Antibodies were diluted in 4% BSA adduls: anti-NSE 1/200, anti-NF-M
1/200. 1gG anti-mouse and anti-rabbit Alexa FluBB £onjugated (Molecular Probes,
Invitrogen, Carlsbad, CA, USA) secondary antiboavese diluted 1/750 and applied for
1 h at RT. Nuclei were counterstained with 10 mddebenzimide (Sigma-Aldrich, St.
Louis, USA) for 30 minutes. Labelled preparationsrevexamined by a fluorescent
microscope (Nikon Eclipse E600, Nikon Instrumenrtskyo, Japan), and images were
captured with a cooled CCD camera (SPOT RT Col@&02&pot Imaging Solutions,
Sterling Heights, Michigan, USA) connected to a R@ning an image acquisition
software (SPOT Advanced, Spot Imaging Solutionstliag Heights, Michigan, USA.).
Adobe Photoshdpwas used to merge the digitized images of bislpeidz and specific

staining.

6.2.5. FACS analysis

Fluorescence Activated Cell Sorting (FACS) analygs performed to identify
cells expressing STRO-1, CD34 and c-kit mesenchwteah cell markers as described
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previously (Gronthos et al. 1994, Laino et al. 20@ngle cell suspension were prepared
from the cell cultures of 0,2% EDTA content, antbseguently incubated with STRO-
1/CD34/c-kit antibody or with isotype matching nega controls for 1 hour on ice. Cells
were washed with 5% PBS solution of FBS, then f#soent stain-conjugated secondary
antibodies were added to the samples. Followingatsgal rinsing with 5% PBS solution
of FBS, cell suspensions were fixated with 4% parafldehyde. FACS analysis was

performed subsequently.

6.2.6. Osteogenic induction

Osteogenic differentiation was induced by modifmadg of a previously reported
protocol (Kemoun et al. 2007). In brief, DPSCs Bl SCs were cultured with 1% FBS,
100 mg/ml streptomycin, 100 U/ml penicillin, 2 mMjlutamine, 1M dexamethazone,
50 mg/ml L-ascorbic acid 2-phosphate, 10 mmol/lyzgrophosphate in aMEM for 20
days without passaging. The medium was replacedetwi week. After 3 weeks of
treatment calcium accumulation was detected by #%&adn red S (pH 4.2, buffered with
ammonium hydroxide) staining. Similar culture medighout dexamethazone and 13-

glycerophosphate was used as control condition.

6.2.7. Neuronal induction

For neuronal differentiation, cultured morpholodigdomogeneous DPSCs and
PDLSCs, (passage 1-4) were plated (~2>xcis/well) into a 24 well plate containing
poly-L-lysin coated glass coverslips. After 24 hguwells were treated with 3 different

protocols:

6.2.7.1 Protocol 1.

Cells were differentiated as previously describgdSkintu et al. (Scintu et al.
2006) with 10 ng/ml FGF-1 (R&D, Minneapolis, MN),0@ nM 12-O-
tetradecanoylphorbol-13-acetate (TPA; Sigma-Aldrigt Louis, USA), 25@M IBMX
(Sigma-Aldrich, St. Louis, USA) and 50 forskolin (Sigma-Aldrich, St. Louis, USA),
in Dulbecco's modified Eagle's medium/F12 1:1 (DMEJR) (Sigma-Aldrich, St.
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Louis, USA) supplemented with ITS Liquid Media Sigpent (Sigma-Aldrich, St.
Louis, USA). The cells were fixed for immunocytoaofistry right before and 24 h post-

induction.

6.2.7.2. Protocol 2.

This protocol was also based on a method receaglgrted by Choi et al. (Choi
et al. 2006). Cells were preinduced for 1 day BMEM/F12, with 20% FBS, and 10
ng/ml basic fibroblast growth factor (bFGF; Sigmhbhdch, St. Louis, USA). The
preinduction medium was removed, cells were wastigd PBS and then changed to
serum-free induction medium that consisted of DMEdataining 2% DMSO, 200M
BHA, 25 mM KCI, 2 mM valporic acid, 1QM forskolin, 1 uM hydrocortisone and 5
pg/ml insulin  (Sigma-Aldrich, St. Louis, USA). Theells were fixed for
immunocytochemistry right before and 24 h post-ototun.

6.2.7.3. Protocol 3.

A three-step differentiation method was developedur own laboratory since
Protocols 1 and 2 did not yield satisfactory resUltPSCs or PDLSCs were seeded onto
poly-L-lysin coated glass coverslips in DMEM/F1%5% FBS, 100 mg/ml streptomycin,
and 100 U/ml penicillin, and cultured for 24 h. |$te epigenetic reprogramming was
performed using 10 mM 5-azacytidine in DMEM/F12 @oning 2.5% FBS and 10 ng/ml
bFGF for 48 h. Step 2: neural differentiation waguced by exposing the cells to 250
mM IBMX, 50 mM forskolin, 200 nM TPA, 1 mM dbcAMR,0 ng/ml bFGF, 10 ng/m|
NGF and 30 ng/ml NT-3, supplemented with ITS Liguiledia Supplement in
DMEM/F12 for 3 days. Step 3: at the end of the akiumduction treatment, cells were
washed with PBS and then neuronal maturation wesrpged by maintaining the cells
in Neurobasal A media supplemented with 1 mM dbcANI® N2, 1% B27, and 30
ng/ml NT-3 for 3-8 days. Solutions 168 were freghitgpared immediately prior to use.
The cells were fixed for immunocytochemistry befeatment, on the first day neuronal
induction (step 2) and on the third day of matwrafistep 3).
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6.2.8. Real-time PCR

Total RNA from DPSCs and PDLSCs was isolated uam@Neasy Plus Micro
Kit (Qiagen) with on-column DNase digestion. Thencentration of the RNA was
determined by the Ribogreen method (Invitrogenjsbad, CA, USA). The integrity of
the RNA was verified by electrophoresis on a 1%r@g@gel and 200 ng total RNA was
used per sample for cDNA synthesis, using randormegys (High-Capacity
cDNAArchive Kit, Applied Biosystems, Invitrogen, @sbad, CA, USA) in a total
volume of 50ul. For quantitative PCR amplification, 5% of theNR synthesis reaction
was used with real time PCR primers and a targetiBp fluorescence probe (FAM-
labelled MGB probe). The probes and primers welectsd from the Applied Biosystem
Assay on Demand database for the specific markersntin (VIM) and neurospecific
enolase (NSE) and for the human acidic ribosomasphoprotein PO (RPLPO), which
was used as an internal control. Universal Master(oche, Basel, Switzerland)
containing AMP-erase was used for amplificatioa total volume of 2Ql. For detection
of fluorescence signal during the PCR cycles, @dSnh€ Real-Time PCR System,
Applied Biosystem, Invitrogen, Carlsbad, CA, USAaswsed with the default setting
(50°C for 2 min, 95°C for 10 min, 45 cycles: 95°@ fL5 s, 60°C for 1 min). Each
treatment was repeated five times and each sanggenveasured in duplicate. Changes
in gene expression levels were estimated by cdingldhe relative expression values

normalized to the RPLPO level from the same sample.
6.2.9. Statistical analysis

Data were presented as means + S.E.M. For statistienparisons, analysis of
variance was followed by Bonferroni post-hoc tésstat, GraphPad Software).
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6.3 Clinical studies

In our clinical studies hard- and soft tissue regative procedures were
investigated using similar preoperative protocod gostsurgical care. Standardised
clinical measurements were taken for evaluatidneaitment safety and efficacy. Surgical

protocols varied throughout the studies.

6.3.1 Hard tissue regeneration following treatmentith rhGDF-5/3-TCP

This pilot, phase lla study used a stratified randed, open, controlled, two-
arm, parallel group design. The overall design aatient treatment allocation is
summarized in Fig. 1. The study was conducted ettepartment of Periodontology,
Semmelweis University, Budapest, Hungary betweédy 2007 and August 2008. The
study protocol was approved by the Hungarian Natidmstitute of Pharmacy and the
Institutional Ethics Committee (application no. 32B0/06) of the Semmelweis
University, Budapest, Hungary (TUKEB no. 20/200&). patients received oral and
written explanations of the research protocol. dPas signed a consent form providing
the possibility of withdrawing from the study atyatime. The study was planned and
conducted in compliance with the Declaration ofdtedi of 1975 as revised in 2000,
Good Clinical Practice, and relevant local laws.

The total study duration was 175-182 days, in efl visits/patient. After
screening, selected patients received flap sur@entrol) or flap surgery combined with
implantation of rhGDF-$-TCP at the qualified defect site (Visit 2). Théen returned
for general and oral health evaluations as wetiragessional tooth cleanings following
a set schedule (Visits 3 through 8). Blood samplee collected at screening (Visit 1),
and at weeks 2 and 24 (Visits 3 and 9) to evaluaidéine haematology and clinical
chemistry, rhGDF-5 plasma levels, and antirhGDtbady formation.

Randomization was performed using a computer-gegtrandomization list via
block randomization. Ten patients were randomipeglich treatment group. A separate
random scheme was generated. The investigatorsmesked to the block length. The
sponsor retained the randomization scheme for cbmurposes. The investigator
implemented the predefined randomization by opeaimgndomization envelope at the

appointment for surgery (Visit 2). The randomizaticode was opened only after the
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defect site was fully prepared. The defects weneloenly assigned to receive: rhGDF-
5/B-TCP following the manufacturer’s instructions ¢jeor no additional treatment
(control). All randomized patients completed thedst Masking of treatment was not

applicable because the test group received rhGPH-GP whereas the control group

doi:10.14753/SE.2013.1889

was treated by periodontal surgery only withoutithloal treatment.

e 8

g Visit 1S(Day 3tto-7) > | Assessed for eligibility (N=21)

E creening
= \

o]

- Enrollment (N=20) Excluded

: Not meeting inclusion
m criteria (N=1)

l Refused to participate
(N=0)
Other reasons (N=0)
- Randomization
g Perl\gtsllil?ltiﬂl)zl ?;ery > (after preparation of defect site; N=20)
\

3 ~ >

Q FS+rhGDF-5/8-TCP FS+rhGDF-5/8-TCP FS (control) FS (control)
2 DD 4-6 mm (N=5) DD >6 mm (N=5) DD 4-6 mm (N=5) DD >6 mm (N=5)
— Received allocated Received allocated Received allocated Received allocated
< intervention (N=5) intervention (N=5) intervention (N=5) intervention (N=5)

Q .

] Visit 3 - 8 (Week 2- 18)

] Professional tooth cleaning

; Control surgical site

0 Lost to follow-up (N=0) Lost to follow-up (N=0)
3 Discontinued (N=0) Discontinued (N=0)
L

Visit 9 (Week 24)
Clinical examination
Biopsy removal

Analysis

!

Visit 10 (Week 25/26)
Safety follow-up

Analyzed (N=10)
Excluded (N=0)

Biopsy removal (N=10)

Biopsy evaluable (N=9)

Biopsy non-evaluable
landmarks non-existing (N=1)
artifactual separation (N=0)

tissue detached (N=0)

\.

Analyzed (N=10)
Excluded (N=0)

Biopsy removal (N=10)

Biopsy evaluable (N=6)

Biopsy non-evaluable
landmarks non-existing (N=2)
artifactual separation (N=1)
tissue detached (N=1)

J

J

Fig. 1 Study IV flow chart including patient enrolmentgatment allocation, follow-up and analysis (FS:

flap surgery; DD: intrasurgery defect depth).
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6.3.1.1 Subject selection, preoperative protocol

Twenty Caucasian male and female patients, non-srapik good general health,
volunteered to participate in this study. Theyeatibited advanced chronic periodontitis
with one deep intrabony defect located at a mayilka mandibular single-rooted tooth
without root concavities/ furrows or at the mesiallistal aspect of a mandibular molar
without contacting teeth (Fig. 1). Mandibular iraris and teeth with furcation
involvements were excluded. Only teeth with a pnghdepth>6 mm and an intrabony
component4 mm as estimated from long cone parallel technigdegraphs confirmed
during surgery were considered (Fig. 1). Moreotee, patients were expected to meet
oral hygiene standards encompassing full mouthuyglamnd bleeding scores <20% after
completion of basic periodontal therapy (O’Learyakt1972, Ainamo and Bay 1975).
Each patient contributed one tooth subject to theystreatment. Main exclusion criteria
were: a) women of childbearing potential (FSH le¥2b 1U/L and menstrual bleeding
within 6 months)/pregnant or lactating women; bbacco smoking; c) evidence of
acute/chronic infection at the study site; d) poergi (<2 months)/current treatment with
systemic corticosteroids of a prednisone equivaleht mg/day; e) previous (<12
months)/current treatment with drugs influencingidanetabolism including calcitonin,
parathormone, bisphosphonates, or fluoride; f) comoontraindications for periodontal
surgery; and g) clinically relevant cardiovasculepatic, and renal diseases. Due to the
explorative type of this study, a sample size offiatients/group was selected.

All patients had completed basic periodontal theréipdividual oral hygiene
instructions, supra- and subgingival scaling arat pdaning) 8 weeks before screening.
If necessary, composite splinting of mobile teeth ewentually fixed temporary

restorations were completed.

6.3.1.2 Study material

The rhGDF-53-TCP device (Scil Technology GmbH, Martinsried, @any)
comprises rhGDF-5 coated onto a synthetic inorgearder,3-TCP, at a concentration
of 500 ug/g B-TCP [13]. TheB-TCP carrier consists of particles of 500 to 1,000 in
size with interconnecting porosity. It comprisesraporous and macroporous irregular

granules of a phase purity >95%. The results obgity analysis have shown 43.7%
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microporosity, an average pore diameter of 2ui? and a total pore area of 0.647 m2/g.
The pore size of the macropores ranges betweerad@@00um. The surface area is
estimated at 1.2 m2/g (Pohling et al. 2006). THeDR-5 protein was coated onto the
carrier using Scil Technology’'s proprietary teclogy. One vial rhGDF-B+TCP
contained 25@g rhGDF-5 and 0.5 §-TCP (Po6hling et al. 2006). In vitro analysis oé th
carrier used in this study has shown that almostahtire amount of rhGDF-5 was
released from the carrier within the first 7 dayélfling et al. 2002).

6.3.1.3 Surgical procedures

One experienced periodontist (PW) performed allgedes using local
anaesthesia, microsurgical instrumentation, andogpte magnification. (Fig. 2. Fig.
13) The surgical technique was exactly the sambédtr the test and control groups. An
intracrevicular incision was made on the buccal lamglal aspects of the surgical site.
The flap was horizontally extended to accommoddie tefect location and
configuration, and ensured tension-free wound cd$ar primary intention healing.
Vertical releasing incisions were not used. Graima tissue removal and root
instrumentation followed elevation of the mucopstgal flaps. In the test group, six
patients received one-half vial rnGDRBSICP, one patient received three-fourth vial
rhGDF-5B-TCP, and three patients received one vial rhGBFT®IP (one vial rhGDF-
5/B-TCP contains 250g rhGDF-5 and 0.5 g TCP). The mucoperiosteal flaps were then
adapted and closed using vertical or horizontadlingl mattress sutures and interrupted
closing monofilament sutures (5/0 Dafilon; B. Bratfelsungen AG, Melsungen

Germany).

6.3.1.4 Postoperative care

Postsurgery care included pain control (Nurofer) &y, 3—4 times per day,
Reckitt Benckiser, Slough, UK), systemic (Augmen625 mg, GlaxoSmithKline,
London, UK London, UK; TID/7 days) and local (twidkwily 0.2% chlorhexidine;
Curasept, Curadent International AG, Kriens, Switrel; rinses for 1 min, BID/4
weeks) antimicrobial control. Antibiotic therapyaded immediately after surgery.

Sutures were removed at day 14. A series of coranaol recall appointments were

26



doi:10.14753/SE.2013.1889

scheduled (biweekly, the first 6 weeks and then thdgruntil the end of the study)

including reinforcements of oral hygiene and prefesal supragingival tooth cleaning.

Fig. 2 Flap surgery (control): Presurgery (top left)rasturgery defect morphology (top right); the biopsy
event at 24 weeks postsurgery (bottom left); amgdy including defect site (bottom right). Histaica
outcomes were published elsewhere (Stavropoulak 2011).

6.3.1.5 Clinical assessment

Clinical outcomes were evaluated at baseline an@4aweeks postsurgery.
Probing depth (PD), gingival recession (GR) andicél attachment level (CAL) were
recorded using a standard periodontal probe (UNCHLBFriedy, Chicago, IL, USA).
Intraoral radiographs were taken with the long cpaellel technique at baseline and at
24 weeks postsurgery. However, due to the desigheobtudy (i.e. no grafting in the
control group), the radiographs were not evaluakedl mouth plaque and bleeding
scores were recorded as a percentage of totalcssriiour surfaces/tooth) with the
presence of plaque/bleeding on probing, respegti@lLeary et al. 1972, Ainamo et al.

1975). One calibrated examiner, masked to thepti treatment protocol, performed
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all clinical recordings. At 24 months postoperdipydiopsy removal was performed.
Histological outcomes were published elsewherevfSgaulos et al. 2011).

6.3.1.6 Safety assessment

Adverse events were monitored and recorded thraugthe study, as well as
laboratory values, vital signs, and physical stafidverse events were coded using the
Medical Dictionary of Regulatory Activities (MedDRA
[http:/mww.meddramsso.com/index.asp]. Summaried tatulations by severity and
relationship to therapy were based on the prefdmeds and the primary system organ
classes (SOCs). Blood samples were collected egsierg (Visit 1), 2 weeks postsurgery
(Visit 3), and prior to conclusion of study (ViSi} to determine laboratory values (clinical
chemistry, haematology), rhGDF-5 plasma levels,amadhGDF-5 antibodies.

The determination of rhGDF-5 in human plasma (EDBAjnples was carried out by
Elisa over a quantitation range of 40 pg/ml to 0,2f/ml. A monoclonal antibody
specific for rhGDF-5 has been precoated on a 96pletle. Standards/QCs and samples
were then pipetted into the wells and any rhGDFes@nt was bound by the immobilized
antibody. After washing away any unbound substgneesiotinylated monoclonal
antibody specific for rhGDF-5 was added to the svefifter a second washing step,
PolyHRP Streptavidin was added that bound to tbénylated antibody. After a third
washing step, peroxidase bound in the complex wssakzed by TMB (3,35,5-
Tetramethylbenzidine) substrate solution. Afterppiog the enzymatic reaction with
sulphuric acid, the intensity of the resulting eolavas determined at 450 nm. The colour

intensity was proportional to the concentratiomdaDF-5 in the sample.

6.3.1.7 Statistical analysis

The statistical analysis was conducted on an isttetreat basis. All randomized
patients with periodontal treatment were includethe intent-to-treat population. Paired
sample t-test and Wilcoxon signed-rank test weeel tis evaluate the impact of surgical
interventions on the various clinical parameteranE-Whitney U test (rank sum test)
was used to analyse differences among the varigiceme variables between treatment

groups. No formal statistical comparisons were nratiged to safety data.
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6.3.2 Soft tissue regeneration following treatmentith Mucograft®

a) In the pilot case series, 8 adult patients (3 maled 5 females, aged from 18 to 39
years, mean 29 years) presenting Miller class MAGR displaying a total of 42
recession were recruitedll patients presented MAGR defects, which werated by
means of MCAT technique using a bioresorbable gehiamatrix (Mucograft, Geistlich,
Wolhusen, Switzerland). The primary outcome vaagatas the assessment of CRC. The
secondary outcome variables included the assessmhenean root coverage (MRC),
keratinised tissue width (KTW) and gingival thicksgGT).

b) The randomised controlled study was performed raeg to a split-mouth design.
Thus, in each patient, one side of the jaw sengedoatrol while the contralateral side
served as test (Fig. 3.) Randomisation was perforbneusing a computer-generated
programme. Recessions were treated by means of M@A&fnique using either a
bioresorbable collagen matrix (MucogfaftGeistlich, Wolhusen, Switzerland) (test)
(Fig. 12) or SCTG harvested from the palate (can{fig. 13). Both surgeries (test and
control site) were performed during one single isesky the same experienced surgeon
(S.A)). The primary outcome variable was the assess of CRC. The secondary
outcome variables included the assessment of MRONVKGT and patient-centred

outcomes.

6.3.2.1 Subject selection, preoperative protocol

a) In the pilot case series, patients were treatéer dfaving completed preliminary
professional tooth cleaning and having receivedsiddal oral hygiene instructions. The
study was performed between July 2009 and June 2Qlthe Department of
Periodontology, Semmelweis University Budapest, géug in accordance with the
Helsinki Declaration of 1975, as revised in 2004 &ollowing approval of the Regional
Bioethical Committee (Approval number: ETT TUKEBEBI/10/). Inclusion criteria
for participation in the study were as follows: ét)east 18 years of age (2) systemically
healthy without any signs of periodontal diseagep(@sence of at least three adjacent
gingival recessions in the maxilla or mandible, #4ull-mouth plaque score (FMPS) <
20%8; (5) full-mouth bleeding score (FMBS) < 26%66) non-smoker; (7) not pregnant.
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Before enrolment, written informed consent formsrevebtained from all patients
participating in the study.

b) In the split mouth randomised, controlled studypa8ents with multiple Miller Class

I and Il MAGR (Miller 1985) with evidence of CEJ veeenrolled in the study after having
signed an informed consent. The study protocol wasccordance with the Helsinki
Declaration of 1975, as revised in 2002 and wasstdd to and approved by the ethical
committee of the Semmelweis University Budapestngduy (protocol: 5242-0/2010-
101SEKU; 365/P1/10). The study was performed betwledy 2010 and November 2011
in the Department of Periodontology of the Semmedwimiversity Budapest. One month
before surgery, individualized oral hygiene instimits were given for each of the
included patients accompanied by full mouth suprgigal scaling and polishing. The
following inclusion criteria were applied: 1) Age 18 years, 2) Absence of relevant
medical conditions, 3) Patients with healthy oate&l periodontal conditions. 4) Presence
of > 3 adjacent Miller class 1 and 2 gingival recession both sides of the maxillary or
mandibular arch with an apico-coronal extensian (ecession depth) > 2 mm, 5), Full-
Mouth Plaque Score (FMPS)25% (O Leary et al. 1972). Patients were excluntethe
basis of the following criteria:1) Pregnant or &uotg females, 2), Tobacco smoking, 3)
Uncontrolled medical conditions, 4) Untreated péoiatal conditions, 5) Use of systemic
antibiotics in the past 3 months, 6) Use of systemntibiotics for endocarditis
prophylaxis, 7) Patients treated with any medicaknown to affect gingival conditions
(e.g. hyperplasia), 8)Infectious diseases suclepathis, tuberculosis and HIV, Drug and

alcohol abuse, (9) Failure to sign written infornoethsent

6.3.2.2 Study material

The CM (Mucograft®, Geistlich Pharma, Wolhusen, 8ailand) has a bilaminar
structure, consisting of two adherent layers: aedigal, compact, cell occlusive
membrane-like layer incorporating collagen fibr@sd an underlying three dimensional
spongious collagen matrix designed to serve asatdafonducing the ingrowth of blood

vessels and cells and to enhance blood clot dtabili
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6.3.2.3 Surgical procedures

a) Patients recruited to the pilot case series andRAlefects on the test sides of
patients recruited to the split mouth trial wera@secutively treated as follows using the
MCAT technique (Azzi, Etienne, 1998). Preoperaijyetsin bonding of adjacent contact
points at the operation site was performed in ofnderenable suspended suturing.
Following local anaesthesia (Ultracain DS Fortend@iaAventis, Paris, France) root
planing of the exposed root surfaces was performidd Gracey curettes (Hu-Friedy,
Chicago, IL, USA). Intrasulcular incisions arounyolved teeth were performed using
microsurgical tunnelling knives (Stoma, Lipting&grmany). Mucoperiosteal envelope
flap elevation was performed via the same instrusep to the level of the mucogingival
junction at each recession site, leaving interdepégillae intact (Fig. 2). Separate
mucoperiosteal envelopes were subsequently inteemed, resulting in tunnel
preparation. Mucoperiosteal tunnel elevation wasreded by full thickness preparation
apically from the mucogingival junction utilisingrinelling knives. Attaching muscles
and inserting collagen fibres were separated aledged from the inner aspect of the
alveolar mucosa by means of Gracey-curettes (Sthiptingen, Germany). As a result
of this, the tunnelled flap could be mobilised adyanced coronally without tension. To
achieve complete mobilisation of the flap, intet@dé¢mpapillae were gently undermined
using microsurgical elevators. Special attentiors waid not to disrupt the interdental
papillary tissues. Subsequently, the CM was trimraed adapted to the recipient site
with gentle wetting. The CM was carefully advang#d the subperiosteal tunnel through
the widest recession using horizontal mattressrasitat the mesial and distal aspects of
the matrix (Fig. 12). At surgical sites extendingtore than 3 teeth, the CM was cut to
multiple segments. The compact membrane-like laxger directed towards the inner side
of the flap. The CM was gradually moisturised bgrig¢ saline during this procedure to
avoid detaching the underlying spongious layer bgreetting. Having reached the
desired position with the coronal margin positiom¢dhe level of the cemento-enamel
junction (CEJ), the CM was fixed to gingiva via yimusly inserted horizontal mattress
sutures (Fig. 12). Finally, suspended sutures ¢ressed horizontal mattress sutures,
anchored over the preoperatively placed interprakirasin splints) were placed into
interdental gingiva to coronally advance the futhobilized mucoperiosteal tunnel,
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resulting in complete coverage of the CM and tleessions (Fig. 12). In cases where
complete CM coverage could not be obtained withfitts¢ sutures, additional vertical
mattress sutures were placed interdentally to enadrlonal displacement of the tunnel
slightly over the CEJ.

b) MAGR defects on control sides of patients recdiite the split mouth trial
were treated with the MCAT technique as describbdve, in combination with
connective tissue grafting. A SCTG was immediatelyvested after tunnel preparation
by using either a modified distal wedge procedézz{ & Etienne 1998) or the single
incision technique (Hurzeler & Weng 1999) dependnganatomical considerations. If
needed, the harvested graft was trimmed using & Nfdde to achieve an optimal
thickness of 1-1.5 mm. Immediately after SCTG hsting, the donor site was closed
with either a cross-mattress suture or with a medimattress suture (Monnet-Corti et
al. 2006) (5-0 polyglactin 910, Vicryl, Ethicomhhson & Johnson, USA). SCTG was
always inserted under the tunnelled flap by stgrah the deepest recession (Fig 13).
Subsequently, the grafts were pulled laterally talsaach end of the tunnel by means of
mattress sutures (Azzi & Etienne 1998) . Finalhg flaps were positioned coronally to
the cemento-enamel junction (CEJ) by means of sukgue sutures placed above the
contact point (Azzi & Etienne 1998) (Fig. 4, 14)15

6.3.2.4 Postoperative care

Patients attending either of the trials were gipestoperative analgesics (3 X 50
mg Cataflam, Budapest, Hungary) for 3 days andiatits (3x625 mg Augmentin,
Pfizer KFT, Budapest, Hungary) for 7 days duariversity regulation for implantable
biological materials. Patients were instructedree with a 0.2% chlorhexidine solution,
two times a day for one minute for 3 weeks. Pasiewoided brushing in the operated
area until suture removal. Patients underwent nmaumagingival tooth cleaning twice
a week until suture removal. At suture removal tmeeks after surgery, patients were
instructed in mechanical tooth cleaning of the afet areas using a soft tooth brush and
a roll technique. The interproximal resin splintsresremoved at 21 days. All patients
were recalled after 28 days, 3, 6 and 12 monthgecwlved one session of prophylaxis,

including reinforcement of oral hygiene, supraguagdebridement, and tooth polishing.
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Fig. 4 Split Mouth Modified Coronally Advanced Tunnel Texque (MCAT) in combination with either
subgingival connective tissue graft (SCTG) or Muedi§ (CM) (a) Control side prior treatment (b) Control
side tunnel preparation (c) Control side SCTG itiger(d) Control side suspended suturing (e) Tiek s

prior treatment (f) Test side tunnel preparationTgst side CM insertion (h) Test side suspendéadtisig
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6.3.2.5 Clinical assessments

In both studies following measurements were madieeatid-buccal point of the
involved teeth at baseline (prior to surgery) 6d ah 12 months by the same blinded
investigator (B.M.) using the same type of peridgdbmprobe (UNC 15, Hu-Friedy,
Chicago, IL, USA): 1) Gingival Recession Depth (GRDnm) measured as the distance
from the CEJ to the Gingival Margin, 2) Gingivalcession width (GRW in mm)
measured at the CEJ 3), keratinised tissue widiW{kh mm), measured as the distance
from the mucogingival junction (MGJ) to the gindivaargin.

To avoid interference with wound healing, the faling clinical parameters were
only registered at baseline, 6 and 12 months pesatipely: 4) Gingival thickness (GT
in mm) measured 3 mm apically from the free gingiargin at the mid buccal aspect
of the tooth, 5) pocket probing depth (PPD in mrh)the distobuccal, midbuccal,
mesiobuccal aspects of surgical sites, 6) clinatghchment level (CAL in mm). At
surgery, the length of time of the full procedurasvevaluated (in minutes).

Intra-examiner reproducibility: In both trials, tleame calibrated investigator
performed all clinical measurements using a stahgariodontal probe (PCP-UNC 15,
Hu-Friedy, Chicago, IL, USA). Five patients, nolated to the study and each showing
a pair of contralateral single-rooted teeth (wébassion depth > 2 mm on the mid-buccal
aspect) were used to calibrate the examiner. Thmger evaluated the patients on two
occasions 24 hours apart. Calibration was accept@do of the recordings could be

reproduced within a difference of 1.0 mm (Pillohaé 2006).

6.3.2.6 Evaluation of patients’ satisfaction

In the split mouth trial, at suture removal, botbqedures were evaluated by the
patient for discomfort, duration and difficulty @nvisual analogue scale (VASAt 12
months, the aesthetic outcome of both treatmergsappreciated by the patient on a VAS
scale.
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6.3.2.7 Statistical analysis

a) For the evaluation of data obtained in the pildecseries, statistical analysis
was performed using Instats 2000 (Version 3.05pk#Pad Software Inc., San Diego,
CA, USA). The primary outcome variable was CRC. ubjsct level analysis was
performed for each parameter. Mean values and atdragviations (mean = SD) for the
clinical variables were calculated for each treattn€he Kolmogorov and Smirnov test
was used to confirm that the data were sampled faofaussian distribution. The
significance of the difference within group befared after treatment was evaluated with
the paired samples t-test. Differences were corsibstatistically significant when the
p-value was <0.09b) In the randomised controlled trial sample sizewalion was
performed based on root coverage outcomes. Usiog aaverage percentage as the
primary outcome variable and assuming that thedstah deviation (SD) of the
differences in the paired measurements would no¢exk 30%, the sample size for paired
continuous data were calculated to be 18 subjemtgmup. This would provide 80%
power to detect a true difference of 20% betweshdad control (Julious et al. 1999).
To allow for possible dropouts, 22 patients wenalfy recruited. Our null hypothesis of
the randomised controlled trial was: No statishcalgnificant differences are observed
with respect to the clinical parameters CRC, MRG@Wand GT and patient-centred
outcomes between the two treatment modalitiesSNI@AT technique with CM or palatal
SCTG). Statistical analysis was performed usingaiss2000 (Version 3.05, GraphPad
Software Inc., San Diego, CA, USA). A patient-leaelalysis was performed for each
parameter. Therefore, mean values and SD for thieal variables were calculated for
each patient per treatment. The method of Kolmog&mirnov analysis was used to
confirm that the data were sampled from a Gausgismibution. The Kolmogorov—
Smirnov test of baseline data showed a homogendaisgbution of the data as
parameters’ values passed the normality test with(Qb. Accordingly, the significance
of the difference within each group and betweenugsobefore and after treatment was
evaluated with the paired samples t-test regaralingumerical data (GRD, GRW, KTW,
GT, PD, CAL, %root coverage, VAS scale). Finallisher's exact test was applied for
categorical data (frequency of CRC). Differencesenmnsidered statistically significant
when the p-value was <0.05.
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7. RESULTS

7.1 Literature review on the application of enamelmatrix proteins in periodontal

regenerative therapy

Based on the presented evidences the followinglgsions could have been

drawn:

a)

b)

d)

f)

Surgical periodontal treatment of deep intrabonfects with EMD promotes
periodontal regeneration. The application of EMDBhe context of non-surgical
periodontal therapy has failed to result in permdbregeneration.

Surgical periodontal therapy of deep intrabony disfevith EMD may lead to
significantly higher improvements of the clinicahrpmeters than open flap
debridement alone. The results obtained followirgatment with EMD are
comparable to those following treatment with GTR aan be maintained over
a longer period.

Treatment of intrabony defects with a combinatiérEMD + GTR does not
seem to additionally improve the results compaodddatment with EMD alone
or GTR alone.

The combination of EMD and some types of bone ghiadine substitutes may
result in certain improvements in the soft and hesslie parameters compared
to treatment with EMD alone. However, further sasdare needed in order to
definitively clarify the possible advantage of amtmnation therapy of EMD and
bone grafts/bone substitutes in relation to thglsitherapies.

Treatment of recession-type defects with cororm@positioned flaps and EMD
may promote formation of cementum, periodontalrigat and bone and may
significantly increase the width of the keratinizessue. Application of EMD
seems to provide better long-term results thanr@ilprepositioned flaps alone.
Application of EMD may enhance periodontal regetienain mandibular class
Il furcations. The clinical results are comparabol¢hose obtained following
GTR.
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7.2 Isolation and in vitro differentiation of periodontal ligament stem cells

7.2.1 Isolation and primary cultures

PDL derived cells from third molars attached tosfilasurfaces of culturing dishes
within a couple of hours, cell proliferation wassebved under standardised conditions.
As it has been described, osteogenic stem celldeanolated from aspirates of bone
marrow by their ability to adhere to a plastic agd, and with appropriate stimulation
these cells start to proliferate. Under these onstances, each colony originates from a
single progenitor cell and displays a wide variatia cell morphology and growth
potential.

We were able to show the ability of both periodbhgmment-derived and pulp-
derived cells to form adherent clonogenic cell s of fibroblast-like cells, similar to
those recorded for other mesenchymal stem-celllptipos. These colony-forming cell
populations, which we termed PDLSCs and DPSCs hgld proliferation rate, as
demonstrated by the doubling of the cell numbeinduculture in about two days. A
mean of 25-30 colony forming units were detectatitain 10° cells, this number is well
in line with data in literature referring to meshpmal stem cells. For this reason, cells
were passaged once a week until they reached eoicitu Cells of primary single cell
suspensions and previously attached cells treatiéu twpsin were rounded. Both
PDLSC (Fig. 5) and DPSC cultures showed typicabfast-like morphology and high
clonogenic activity similar to the progeny of humame marrow colony forming units.
Monolayers were usually formed 2 weeks followirggtie preparation and isolation (Fig
3.), at the time point of reaching confluence, fecdtion rate of cells in monolayers
decreased due to contact inhibition. We managedaiotain isolated PDL cells within

monolayer cultures, in several cases well over@sages.
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Fig. 5 Morphology of Periodontal Ligament Stem Cells (Fls) following the second passage. (A) Day

1, immediately after trypsin-EDTA passage, singk suspension (B) 3 hours later, adhering cel)si&y

3, subconfluent culture (D) Day 5, cells have reachull confluence /200x magnification/
7.2.2 Cell viability studies and treatment with enenel matrix derivative

As mentioned above, both DPSC and PDLSC contajrimgary cultures of pulp
cells were growing continuously and had to be pgasdrequently because of the fast
doubling rate. To test the importance of serumhm test medium, cells were serum-
starved for 24 h and then either received 20% FB®eve left in serum-free a-MEM
medium. To validate our assay system, as an ifteomdrol, we plated only half of the
cells into some wells. Our data revealed that Fid8usated cell proliferation compared
to serum-free controls. When 50% less cells watilly plated, MTT assay also showed
about 40% less optical density than in controlrat®eh incubation. DPSC cells showed
a 209%+9% proliferation rate in 20% FBS supplemeémbedium relative to the control
without FBS. PDLSC cells grown in medium with 1583-had a proliferation rate of

142%+8% compared to control.
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Fig 6. Periodontal Ligament Stem Cells (PDLSCs) followihg second passage on an Enamel Matrix
Derivative (EMD) treated surface. (A) Day 2, EMDtistes migration of cells (B) Day 5, a group oflse
formed around an EMD droplet (C) (D) Day 6-7 cellferation is continued /200x magnification/

According to our results, effect of EMD compareds@rum starving at the
concentration of 25, 50, 100, 200, 489 ml was not linear. EMD yielded a significantly
proliferative effect at concentrations of 200 af0 gg/ml on the viability of PDL derived
primary cultures (Fig. 7). Migration of PDL cellsas/ observed following the treatment
of plastic culturing surfaces with EMD towards EMioplets (Fig. 6). This was
confirmed via phase contrast light microscopy. PEdlls with remote localization
seemed to connect with these droplets via cytoptapadicles (Fig. 6).
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Fig 7. Effect of Enamel Matrix Derivative (EMD) on Permmatal Ligament Stem Cells (PDLSCs), MTT
analysis. The enamel matrix derivative concentrate a significantly positive effect on cell viabjlin

200 and 40@g/ml concentrations p<0,05.

7.2.3 Immunocytochemistry and FACS analysis

A fraction of the cells in DPSC (Fig. 8) and PDL8dtures expressed the cell
surface molecule STRO-1, a mesenchymal stem cekenawhich is also present in
bone-marrow derived and periodontal ligament deriggem cell cultures. STRO-1
immuno-reactivity gradually decreased with incraggpassage numbers, but 8,47% of
the cells were still STRO-1 positive even at highassage numbers (Fig. 8.). CD34, a
characteristic marker of haemopoetic stem cellsvsldca prevalence of 21%, while c-kit
embryonic stem cell marker positivity was detedated8% of the cells in PDL cultures.
Nevertheless, according to our representative riggli these numbers decreased

gradually, similar to STRO-1 positivity over timellbwing several passages.
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Fig 8. 8,47 % of periodontal ligament (PDL) cultures shepSTRO-1 immuno-positivity following the

second passage

7.2.4 Osteogenic differentiation

In these experiments DPSC and PDLSC (Fig. 9) adtwere grown in the
presence of osteogenic differentiation cocktailsistmg of dexamethazone, L-ascorbic
acid 2-phosphate and b-glycerophosphate. Undek thesditions cultures uniformly
demonstrated the capacity to form Alizarin red Sifpee condensed nodules with high
calcium content. The deposits were sparsely sedkttdmroughout the adherent layer as
single mineralized zones. Control cultures formdtement layers without any sign of
calcium deposition. Thus, this observation confithesprevious findings that DPSCs and
PDLSCs are capable of differentiation to mineralizessue in vitro in response to
appropriate pharmacological stimulation.

42



doi:10.14753/SE.2013.1889

-
Fig. 9 (A) Dental Pulp Stem Cells (DPSCs) produced miliezd deposits under osteogenic conditions as
detected by 2% Alizarin Red S staining. (B) Constalining of non-induced DPSCs. The length of scale

bars indicate 10Qm.

7.2.5 Neuronal differentiation

7.2.5.1 Partial differentiation induced by Protocll and 2

When PDLSC and DPSC cells were treated using Rsbtbavith a mixture
containing substances such as TPA, IBMX and forskdhe morphology of cells
observed by phase contrast microscopy changedydpid. 10, data shown for DPSC).
After 4 hours of treatment initiation, the cytoptaf the cells retracted toward the
nucleus in many cells, taking a more spherical shapd extending processes. The
percentage of cells with modified morphology desesh within 24 hours. When
differentiation factors were removed from the mediwcell morphology reverted to the
original. Following the application of Protocol BRGF, KCI, forskolin, DMSO and
BHA) neuronal morphology changes were temporarylovieed by an irreversible
distraction of the culture: after 48 hours, thean#y of cells were seen to have a rounded
morphology followed by the death of almost the rentiulture, except for a few spindle
shaped cells expressing none of the neuronal nsarkeestigated by us (Fig. 10, data
shown for DPSC). These morphological changes wemgsimilar for DPSC and PDLSC

after both treatments.
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Fig. 10Morphological changes during neuronal differentiatto protocols 1, 2 in Dental Pulp Stem Cells
(DPSCs). (Protocol 1) Control DPSCs had spindlggsiamorphology on poly-L-lysine coated plastic
surface. After culturing for 4 hours with Protodglcytoplasm was retracted towards the nucleusltieg
more rounded cell body with long, extending proesssThe ratio of cells with modified morphology
decreased by 24 hours. When differentiation fact@ne removed from medium, cell morphology reverted
to the original shape (48 hours). (Protocol 2) @nDPSCs had spindle-shaped morphology. After
treatment for 4 hours with Protocol 2, cells showédilarly to protocol 1 rounded cell body with tpn
extending processes. However, the ratio of celte wiodified morphology has not changed by 24 hours.

Extensive cell death were observed by 48 hourssiihaving cells does not show neuronal morphology.

7.2.5.2 Robust neuronal differentiation induced Byotocol 3

While Protocol 1 and Protocol 2 resulted in shertrt and reversible neuronal
differentiation or even death of the cells after B8 Protocol 3, our three step
differentiation procedure over 9 days resulted irolust differentiation of both pulp
cultures and periodontal cells towards neural j@san essentially all surviving cells that
initially showed the characteristics of dental diblasts. The originally fibroblast-like
PDLSC and DPSC cells (Fig. 11, data shown for DR&Cpme more rounded after pre-
treatment with 5-azacytidine and bFGF for 48 hdepetic reprogramming). As early as
after 2 h of treatment with the inducing mixtur®LESCs and DPSCs grew processes and
started moving towards the high cell-density ar@asing the 3 days of induction, cells
anchored their position in the network structutee previously developed processes
disappeared, and their morphology reverted tcaftat round cell shapes observed during
earlier stages of differentiation. In the final ovation step, cells diverging radially from
the centres began to grow neurite-like processter 8 days of differentiation, the vast
majority of cells, derived from either the dentallp or the periodontal ligament,
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displayed complex neuronal morphology, expressioth tbipolar and stellate forms.
However, a small portion of cells retained theat 8hape, and were attached beneath the
processes of the neuronal cells. These elementg@samably committed towards glial
fates, or serve as stanchions for the developingomal cells. Therefore, they might be

indispensable for neuronal survival.

0h (control) d2 (epigen. reprog.) d4 (induction) d9 (maturation)

protocol 3

Fig. 11 Morphological changes during neuronal differentiatto protocol 3 in Dental Pulp Stem Cells
(DPSCs). (Protocol 3) Control DPSCs had spindlggsiamorphology on poly-L-lysine coated plastic
surface. After 2 days of epigenetic reprogrammaedjs formed clusters. After 4 days (2 days of itchn),
cells had morphological features typical of neur@m®wing complex neuronal processes. After 9 ¢ays
days of maturation), most of the cells displayatezi multi- or bipolar forms. The length of scakerd
indicate 10Qum

The time-dependent changes of neuronal marker gepiession in DPSC and
PDLSC cultures undergoing neural development weatuated by real time PCR (Fig.
12). Total RNA was harvested at four different tipwnts during this period: at time 0
(non-induced control DPSCs and PDLSCs), on thedasg of induction (d3), on the third
day of induction (d5), and after three days of mattan (d8). The expression of each
target gene was normalized to that of the RPLPGdlaeeping gene, and expressed as
fold change relative to the non-induced sample.

DPSCs and PDLSCs showed a very similar expresstterp during neuronal
differentiation treatment. There was a sharp deerem the expression of the
mesenchymal marker vimentin in response to neufogeduction. This very striking
decrease became less pronounced during maturdtienexpression of the neuronal
marker NSE progressively increased under maturamgliions and remained increased
during maturation. The protein expression pattewestigated by immunocytochemistry
corresponded well to the gene expression data.
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Fig. 12mRNA expression pattern of mesenchymal, neuronakens in Dental Pulp Stem Cells (DPSCs)
and Periodontal Ligament Stem Cells (PDLSCs) dunigronal differentiation with protocol 3. Total RN

of DPSCs isolated from five independent normal huehanors was used. RNA was harvested at four time
points during the differentiation of each samptent non-induced DPSCs (0 day), after the first day
induction (3rd day), on the third day of inducti(gth day) and on the third day of maturation (88y)d
Target gene expressions were normalized to RPLBSdkeeping gene expression levels and evaluated as
fold change relative to the non-induced sample. ARXpression of the mesenchymal vimentin appeared
to be significantly suppressed by the treatmententhe mRNA expression of the neuron specific
glycolytic enolase NSE was significantly elevatgdthe by the treatment. DPSCs and PDLSCs showed

similar gene expression pattern. Data are rep@gadean + S.E.M.

Non-induced DPSCs and PDLSCs (Fig. 12) showed wealspecific expression
pattern of NFM. The neuronal induction resultedmincreased proportion of cells with
an expression pattern specific to mature neuroristh DPSC and PDLSC (Fig. 12)
cultures. After 8 days cells also showed posittaengng for NFM and NSE (Fig. 12),

markers typically expressed by mature neurons.
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7.3 Healing following rhGDFE-5B-TCP treatment

7.3.1 Patient demographics and baseline defect distution

Twenty-one patients were screened, 20 patientglihgf the inclusion criteria
were randomized into two groups of ten patienthd&oy. 1). One female patient was
not enrolled due to a low FSH level. Sixteen pasemere male and four, female. One
female patient was randomized to the control grang three to the rhGDF{BTCP
group. All four female patients were postmenopauBatient mean age was 48.8£10.6
years (range 33-74 years). Age did not differ adbersibly between treatment groups;
median age was 50.0 years for both groups. No ditsmzcurred; all randomized patients
completed the study. The depth of the intrabonymament measured 6.7£2.8 mm in the
test and 6.4+2.1 mm in the control group, respettiyTables 2 and 3).

Full mouth plaque scores at Visit 2 averaged 7.B46for the rhnGDF-$-TCP
and 8.9+4.8% for the control group; and full mobtbeding scores 11.2+4.1% for the
rhGDF-5B-TCP and 12.7+5.4% for the control group. Probiegttls averaged 9.1+1.3
mm for the rhGDF-3-TCP and 9.2+2.3 mm for the control group. Cliniattachment
level averaged 12.2+1.5 mm for the rhGDB-3CP and 11.4+ 3.5 mm for the control
group. The depth of the intrabony component as aredsduring surgery measured
6.7£2.8 mm for the rhGDF-B/ TCP and 6.4+2.1 mm for the control group. Theedef
displayed predominantly one- and two-wall configimas (Tables 2 and 3).

7.3.2 Clinical assessments

Healing following surgeries progressed without majomplications. Primary
intention healing was observed in nine of ten pasien the rhGDF-F-TCP group, and
in all ten patients in the control group. One patien the rhGDF-33-TCP group
experienced a slightly delayed epithelializationtloé interdental papilla resulting in
complete wound closure within 3 weeks. At 6 monthsth treatments resulted in
significant improvements in terms of PD reductiow &£AL gain compared to baseline.
Treatment with rhGDF-BfTCP resulted in higher, but statistically not sfigant, PD
reduction (3.7+1.2 vs. 3.1+1.8 mm; p=0.26) and Cgéin (3.2+1.7 vs. 1.7+ 2.2 mm;
p=0.14) compared to the control (Fig. 13.) (Taldesd 3).
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Fig. 13 Flap surgery plus rhGDF-6/3-TCP: Presurgery (&fp);lintrasurgery defect morphology (top
right); site following implantation of rhGDF-6/R-FC(bottom left); and clinical view at the biopsyeav

24 weeks postsurgery (bottom right). Histologicatocmmes were published elsewhere (Stavropoulds et a
2011).

Table 2 Patients, experimental teeth and surfaces, predmindefect morphology, intrasurgery defect depth,
initial pocket probing depth (PD), clinical attacknt level (CAL) and gingival recession (GR), andrfes in

primary outcome variables (mm) for defect siteeidgag flap surgery combined with rhGDF-5/3-TCP.

Patient  Tooth Defect Defect  ,, cAL  GR APD ACAL AGR
Morphology  Depth
2 35d 1-wall 7 8 12 4 5 5 0
3 36d 2-wall 5 9 13 4 4 4 0
6 11lm 2-wall 4 9 12 3 3 4 1
10 34d  circumferential 5 9 11 2 4 3 -1
13 23p 1-wall 11 11 15 4 6 6 0
14 23d 2-wall 11 11 12 1 4 3 -1
16 21m 1-wall 7 10 12 2 3 2 -1
17 21m 1-wall 4 7 10 3 2 0 -2
18 12d 1-wall 4 8 11 3 3 2 -1
19 45d  circumferential 9 9 14 5 3 3 0
Mean+SD 67+ 91+ 122+ 31+ 37+ 3.2 05+
- 2.8 1.3 1.5 1.2 1.2 +1.7 0.8
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Table 3 Patients, experimental teeth and surfaces, predmindefect morphology, intrasurgery defect depth,
initial pocket probing depth (PD), clinical attacknt level (CAL) and gingival recession (GR), andrfes in

primary outcome variables (mm) for defect siteeidgag flap surgery alone (control).

Patient  Tooth Defect Defect b cAL  GR  APD ACAL  AGR
Morphology = Depth
1 21m circumferential 4 9 10 1 2 1 -1
4 12m 2-wall 7 9 11 2 4 4 0
7 11m 1-wall 7 12 13 1 6 4 -2
8 23m 1-wall 5 8 9 1 3 1 -2
9 22m 1-wall 5 8 10 2 3 0 -3
11 35d 2-wall 5 7 8 1 1 -1 -2
12 44d 2-wall 9 13 17 4 6 5 -1
15 34d 1-wall 9 8 15 7 3 3 0
20 35d circumferential 9 12 15 3 2 1 -1
21 11m 1-wall 4 6 6 0 1 -1 -2
6.4+ 92+ 114+ 22+ 3.1+ 1.7 + 1.4+
Mean+SD 21 23 35 20 18 22 10

7.3.3 Safety findings

The safety profile was comparable for patients iv@eg rhGDF-5B-TCP and
control treatments. All abnormal haematology amuichl chemistry values were judged
as clinically non-relevant. Most common abnormaluga were GGT, followed by
cholesterol, glucose, and white blood cell counim&ary statistics did not show
remarkable trends from Visits 1 to 9 for any of fherameters analysed. All patients
showed negative anti-rhGDF-5 antibody levels aeeging and Visits 3 and 9. No
relevant rhGDF-5 plasma levels were detected in patyent. Two patients, both
belonging to the rhGDF-B/TCP group showed rhGDF-5 plasma levels at scrgenin
(Visit 1) and postsurgery (Visits 3 and 9). Oneigratt showed a plasma level of 46.7
pg/mL rhGDF-5 at baseline (before implantationl@&DF-54-TCP) vs. 47.3 pg/mL at
Visit 3, and 57.9 pg/mL at Visit 9.The other patishowed a plasma level of 514 pg/mL
rhGDF-5 at baseline vs. 427 pg/mL at Visit 3, aB@ g/mL at Visit 9. Due to the fact
that the measured rhGDF-5 plasma levels were ajlrpasditive at the baseline (before
periodontal surgery) and did not increase througtioel study, a causal relationship to
study medication can be excluded. For all otherptesn rhGDF-5 plasma levels were
below the limit of quantification (<40.0 pg/mL). ihay, thus, be anticipated that these

results were false positive.
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7.3.4 Adverse events

All adverse events were judged as mild or modeidéyenty-two events were
reported; 54 in seven patients from the rhGDFBCP group (42 of which for one single
patient), and 18 in eight patients from the contAd these were always single isolated
events, one adverse event was recorded for eashdepiMost events were related to
back pain (14 events) and headache (26 events).fallesving two events, in two
different patients, were judged to be possiblytesldo the regenerative surgery but not
necessarily related to the rhGDF-5: delayed epéheshtion and secondary healing of the
interdental papilla. Both were judged as mild amel patients recovered without sequel.
No withdrawals due to an adverse event were redoffleere were also no meaningful
changes in vital signs that would raise a safetycem. Healing following surgeries
progressed without major complications. Primargiion healing was observed in nine
of ten patients in the rhGDF{BTCP group, and in all ten patients in the congralup.
One patient in the rhGDF{&/TCP group experienced a slightly delayed epithizion

of the interdental papilla resulting in completeund closure within 3 weeks.

7.3.5 Protocol deviations

A few patient visits occurred out of schedule. Blocollection Visit 9 was
completed 1-5 days early in five patients. Twogrda showed increased liver enzyme
values at screening (ALT=123 U/L, AST=107 U/L, GE@B2 U/L and ALT=101 UIL,
GGT=382U/L) that decreased to normal range withueeks (Visit 3) except GGT. No
chronic liver disorder was reported for either @ati One patient had insulin independent
diabetes (Hb1Ac=10.3% at screening), which was oadlgli controlled. None of these
protocol deviations was considered as major viohgtand therefore, all patients were

included in the analyses.
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7.4 Healing following treatment with Mucograft®

7.4.1 Patient demographics and baseline defect distution

7.4.1.1 Pilot study

Five patients were treated with in the maxillagthpatients in the mandible. Five
patients presented recessions involving only amtéeeth (four in the maxilla and one in
the mandible). One patient presented a recessierosia bicuspid in the maxilla, two
patients in the mandible. Recession sites of twoditaular molars were treated in one of

the cases. The baseline values and the 12 morsthissrare shown in Table 4.

7.4.1.2 Split mouth randomised controlled study

A total of 156 recessions were treated in 22 pti@re. 78 received SCTG and
78 CM). Location and distribution of the treatedetts is depicted in Table 2. Thirteen
patients had maxillary and nine mandibular recessiopper molars were treated in eight
patients while lower molars were included in twdigrats. None of the treated molars
displayed a furcation involvement. No statistigaiignificant differences (p>0.05) were
observed within and between groups for FMPS vahetween baseline and 12 months

measurements.

7.4.2 Clinical assessments

7.4.2.1 Pilot study

The postoperative healing was uneventful in ath8es. No complications such as
allergic reactions, matrix exfoliations, abscessemfections were observed throughout
the entire study period. All patients completed shedy and no patient was lost during
follow-up. All patients expressed improvement imtrgensitivity. At 12 months CRC
was obtained in 2 out of the 8 patients and in @0ob the 42 recessions (71%). MRC
was 84%. Mean GRD, GRW, GT and KTW improved diaafly highly significantly
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(p<0.0001) compared to baseline while PD did nobwslstatistically significant
differences (Table 4).

Table 4 Mean + standard deviation (SD) at baseline arfRanonths of all evaluated parameters. GRD:
gingival recession depth, GRW: gingival recessiadthly KTW: keratinized tissue width, GT: gingival
thickness, PD: probing depth, MRC: mean root cayer&RC: complete root coverage. p<0.05 indicates

statistically significant differences *

Parameters Baseline 12 months post op P value

GRD (mm) 2005 0.3+0.3 0.0001 *

GRW (mm) 3408 1.0+£13 0.0001 *

KTW (mm) 29+13 34+13 0.0006 *
GT (mm) 1.0+£0.3 1.3+04 0.0051 *
PD (mm) 15+0.1 1.4+0.1 0.0692

MRC (%) patient level 84% + 15

CRC (%) patient level 2/18 (25%)

CRC (%) tooth level 30/42 (71%)

7.4.2.2 Split mouth randomised controlled study

All patients completed the study and attendecdeatll visits. Exposure of the CM
was not observed in any of the cases. No adversatevelated to both treatment
modalities were recorded. At 12 months, KGW inceglasn average from 2.1 £ 0.9mm
to 2.4 £ 0.7 mm on test sites and from 2.0 £ 0.7 tmi27 = 0.8 mm on control sites. The
difference between the two treatments was notssilly significant (Table 5). At 12
months, there was no difference in the mean vdl&®mn test sides compared to control
sides (Table 5). Both treatment groups showed fgignit post-surgical improvement in
GRD and clinical attachment (CAL) gain, when congpktio baseline (Table 5) (Fig. 14,
Fig. 15). In the test group, mean GRD decreasenifgigntly from 1.9 £ 0.6 mm at
baseline to 0.6 £ 0.5 mm at 12 months while incihretrol group the corresponding values
were 1.8 £ 0.5 mm and 0.2 £ 0.3 mm, respectiveb(& 5). Both treatments resulted in
statistically significant CAL gain (1.9 + 0.6mm nmand 1.4 + 0.4 mm for test and control

groups, respectively) (Table 5).
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Table 5Mean + standard deviation (SD) at baseline arfPanonths of all evaluated parameters. GRD:
gingival recession depth, GRW: gingival recessiadthy KTW: keratinised tissue width, GT: gingival
thickness, PD: probing depth, CAL: clinical attagnhlevel. p<0.05 indicates statistically signifita
differences *

Baseline (mm) 12 months (mm) p-value
Mean + SD Mean + SD Baseline vs. 12 months

GRD Test 1.9+0.6 0.6 £0.5 0.0001 *

GRD Control 1.8+ 05 0.2+0.3 0.0001 *
p-value 0.7565 0.0009 * -

GRW Test 3.8+0.8 14+1.2 0.0001 *

GRW Control 3.8+0.9 05+1.0 0.0001 *
p-value 0.9195 0.0002 * -

KTW Test 2.1+09 24+07 0.0309 *

KTW Control 2.0+0.7 2.7+0.8 0.0001 *
p-value 0.5802 0.0796 -

GT Test 0.8+0.2 1.0+0.3 0.0019 *

GT Control 0.8+0.3 1.3+04 0.0001 *
p-value 0.6591 0.0001 * -

PD distal Test 1.8+0.3 1.8+0.2 0.7334 *
PD distal Control 1.8+0.4 1.8+0.2 0.5203 *
p-value 0.2732 0.7344 -

PD midline Test 1.4+0.3 1.4+0.2 0.3744 *
PD midline Control 1.3+0.2 1.3+£0.3 0.9453 *
p-value 0.1388 0.3652 -

PD mesial Test 1.9+0.3 1.8+0.2 0.0572 *
PD mesial Control 1.8+0.3 1.8+0.2 0.4223 *
p-value 0.1298 0.5151 -

CAL Test 3.2+0.6 1.9+0.6 0.0001 *
CAL Control 3.1+05 1.4+0.4 0.0001 *
p-value 0.3198 0.005 * -
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When results were expressed as percentage of ocverage at 1 year, both
treatment modalities resulted in a statisticallgngicant percentage of root coverage
amounting to 71% + 21 % in the test group and 908 % in the control group,
respectively. The difference between the two graugs statistically significantly greater
for the control treatment (p= 0.0004) (Table 6).1&t months, CRC was recorded in 5
patients in the test and in 13 patients in the rcbngroup, respectively and was
statistically significantly greater for the conttotatment (p= 0.0305) (Table 6). In both
groups GRW decreased statistically significantljnsen baseline and 6 months and 12
months. The differences between the two groups werte statistically significant
(p>0.05) (Fig. 14, Fig. 15) (Table 6). Mean surgéme was significantly lower (p
<0.0001) in the test (i.e. 4254.8 min) compared with control (i.e. 58:66.6 min)
(Table 7). Postoperative complaints on the VASeseare lower for CMAIl patients
reported a decrease in root sensitivity. The nurab&00% satisfaction was higher in the

test group compared with the control one, but wasstatistically significant (p>0.05).

Table 6 Complete- and percentage (%) of root coverage?amanths. CRC: complete root coverage.

p<0.05 indicates statistically significant diffecers *

12 months (mm)

CRC Test 5/22
CRC Control 13/22
p-value 0.0305 *
% root coverage Test 71+£21%
% root coverage Control 90+18 %
p-value 0.0004 *

Table 7. Duration of surgery, patients’ complaints andsattion at 12 months. VAS: visual analogue

scale p<0.05 indicates statistically significarifetences *

Duration of surgery Patient complaints Patient satisfaction

(min) (VAS) (VAS)
Test 425+48 7.3:3.4 9290+84
Control 58.6 + 6.6 12.8+75 90.6 £7.9
p-value 0.0001 * 0.0020 * 0.203
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Fig. 14 Clinical results — Mucograft (a) Test side prior to treatment (b) intraopemtiiew (c) immediate

postoperative view (d) twelve months outcome

Fig. 15Clinical results — SCTG: subepithelial connectiigsude graft(a) Control side prior treatment (b)

intraoperative view (c) immediate postoperativew(e) twelve months outcome
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8. DISCUSSION

The results of our literature review, in vitro asiohical studies allow us to discuss
our findings with respect to the goals formulatedChapter 2. The conclusions will be
compared with results available in literature. Rissiiom basic research have pointed to
the important role of EMD in periodontal wound hiegl Histological results from animal
and human studies have shown that treatment withD Eblomotes periodontal
regeneration. Moreover, clinical studies have iatid that treatment with EMD
positively influences periodontal wound healing mimans (World Workshop in
periodontology 1996, Rincon et al. 2003, Donod.€2@03).

Nevertheless, certain limitations experienced isesawith advanced hard- and
soft tissue defects have raised the demand forreafmstructive procedures, surpassing
current techniques in terms of efficacy and prediitity. Novel approaches should be
ideally characterised by reduced duration of treatmand limited patient morbidity.
Improved efficacy of periodontal regenerative tipgranight be achieved by increased
activation of cellular elements contributing to treeestablishment of hard- and soft
tissues. Previous studies have suggested that hibom@marrow and dental pulp as well
as periodontal ligament tissue contain postnatemstells that are capable of
differentiating into various cell types includingteoblasts, odontoblasts, cementoblasts,
adipocytes (Gronthos et al. 2000, Miura et al. 2@ et al. 2004). In accordance to our
aims, we established, maintained and charactecekdultures of human PDL. Isolated
cells showed fibroblast morphology in monolayerturds, we have obtained similar
results to BMSC with regard to cell proliferatioatferns (Bianco et Gahron 200The
presence of clonogenic cells in the primary cukwas confirmed, the number of colony
forming units was comparable to those data avaldi@m literature. These results
confirm the in vivo evidence for PDL cells initiatj periodontal regeneration. Using
immunocytochemistry and FACS analysis, we iderdifRDLSCs, which are similar to
other mesenchymal stem cells in that they are Wigleihogenic and show expression of
the STRO-1 mesenchymal progenitor cell marker. Exj@ression could be detected in
8,47% of the whole cell population. We also conédrthe presence of CD34 and c-kit
stem cell marker positivity within the primary aués. Our results are well in line with

those obtained by investigating DPSC cultures (h&hal 2005). These findings might
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allow for establishing more homogenous cell cukurmehich contain PDLSCs in higher
numbers thus allowing for establishing future itravior in vivo models of periodontal
regeneration.

Our in vitro findings related to the use of EMD icate that the observed
beneficial clinical effects reported in literatureght be related with promotion of cell
proliferation and cell viability (Chong et al. 2Q@odrigues et al. 2007)he well-known
triggering effect of EMD in periodontal regeneratis supported by the phenomenon
that PDL cells showed increased activity and pasithemotaxis related to EMD droplets
in the cultures. Cell viability was assessed vialMassay, we investigated the effect of
culturing media containing 5, 10, or 15% FBS. Waftmed the presence of vital cells
in a significantly higher number following FBS tteent compared to serum free
conditions. MTT assay was used to confirm the $icamtly positive effect of EMD on
vital cells within primary PDL cultures in the camtrations of 200- and 40@gy/ml
compared to serum free cultures. This might inditlaé importance of a certain minimal
dosage necessary to achieve regenerative treatmmumes during clinical application
in specific tissue conditions.

The mechanisms controlling the development of testh largely unknown
(Parner et al. 2002), in particular with respedidav craniofacial components including
bone and soft tissues surrounding teeth, partieipathe process of tooth development.
DPSCs clearly have the ability to regenerate demiineast in experimental animals
(Batouli et al. 2003, Iohara et al. 2004) and tferee have a high potential for tooth
regeneration as odontoblast progenitors. Howeased on current information, DPSCs
and PDLSCs may have a broader capacity for diffexeon than originally thought
(Gronthos et al. 2002). Growing evidence suggéstisthey are able to differentiate into
several different cell types (Gronthos et al. 2@Bfnthos et al. 2002, Miura et al. 2003,
Seo et al. 2004). Our data emphasize that optigninivitro conditions may soon lead to
successful serum-free culture of DPSCs and PDL®@&h are potentially applicable
for human transplantation. The osteogenic difféatioin cocktail that we used induced
similar and well reproducible mineralization in b@PSC and PDLSC cultures. Several
recent studies reported that DPSCs and PDLSCs walste capable of osteogenic
differentiation (Gronthos et al. 2002, d'Aquinoaét 2007). In our neurodifferentiation
experiments, when we applied Protocol 1 both DP8& RDLSC cells exhibited a
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transient neurodifferentiation. Very similar obssitens were made recently. However,
the expression change was transient, and the reslésted to the original fibroblastic
BMSCs within 48 hours (Scintu et al. 2006). Whenused Protocol 2, based on another
recently described method (Choi et al. 2006), agas observed only transient
neurodifferentiation followed by the death of mo$tthe cells. Our newly developed
neurodifferentiation method, Protocol 3, is basedtlte elements of previously used
methods in a special temporo-spatial arrangememie Tirst element aims at
dedifferentiating the cells by the application edZacytidine, a cytidine analogue where
nitrogen replaces a carbon at tHe @osition of the pyrimidine ring. 5-azacytidine is
reported to promote the maturation of neurons gdedrfrom neural or bone marrow
derived stem cells (Schinstine and laconitti 1999hyama et al. 2001). The second step
of our new protocol was a robust, combined actovatif the PKC and PKA pathways in
order to activate pathways redirecting the cella teeuronal fate. Human bone marrow
stromal stem cells (BMSCs) were also shown to diffate into neural progenitors in
response to increased intracellular cAMP levelsn@et al. 2001). The final step after
the dedifferentiation and induction steps was tee of a mixture of conventional
neuronal differentiation factors to promote neuffedentiation. The importance of
neurotrophin-3 (NT-3) and nerve growth factor (NG#&)the induction of advanced
neuronal development has already been describadr{Tat al. 2007). Our three step
differentiation procedure resulted in a robustatightiation of both DPSC and PDLSC
cultures towards neural lineages. At the end ofdifferentiation, most cells displayed
complex neuronal morphology showing both bipolat anultipolar forms. In both pulp
and periodontal derived cultures morphological gesnwere accompanied by a similar
increase in the expression of the neuronal markeE,Nand a sharp decrease in the
expression of the mesenchymal marker vimentin.i@arunocytochemical observations
corresponded well with the real time RNA expressiata. These clearly suggest that
both DPSC and PDLSC cultures are capable of massiVdifferentiation at least as far
as cell morphology, gene expression profile, andeowar marker expression is
concerned.

Culturing of pluripotent tooth derived adult steglls may lead to promising in
Vivo tissue engineering applications in the futurecombination with proper carrier

materials. Nevertheless, these techniques arestaivgilable for human use. This is due
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to certain safety concerns and lack of informabtarpossible treatment efficacy. On the
other hand, application of recombinant growth- aiifferentiation factors have been
verified to be safe and efficient in animal expesits, thus allowing pilot human trials.
The presented pilot randomized, controlled study tha first to investigate the influence
of GDF-5 on periodontal wound healing/regeneratohumans. An important finding
was that no safety concerns related to rnGOFT%ZP were encountered. None of the
patients exhibited antiGDF-5 antibody levels whalevated GDF-5 plasma levels were
observed in two patients receiving rhGDB-3/CP. Overall laboratory evaluations
indicated that the rhGDF-5 formulation appears .sé@fee observation that healing was
uneventful in both groups also indicates that thW@DF-5B-TCP treatment was well
tolerated and did not elicit any local adverse tieas. The clinical observations suggest
that the rhGDF-$-TCP construct did not appear to exert any detrtale@nfluence on
periodontal wound healing/regeneration. The clinealuation has indicated that both
open flap debridement (OFD) combined with rhnGDB-5CP and OFD alone may result
in statistically significant probing depth reductso and clinical attachment gains
compared to baseline. Application of rhGDBSICP however, resulted in greater,
although statistically not significant probing depeduction and clinical attachment gain
compared to the control. These findings are inemgent with those reported in previous
preclinical studies indicating a beneficial effeat GDF-5 on periodontal wound
healing/regeneration (Kim et al. 2009, Lee et QL& Kwon et al. 2010). Nevertheless,
our results failed to demonstrate significant défeces in terms of clinical improvements
between test and control groups. The resorptienattheB-TCP carrier material and the
possibly impaired blood clot stabilisation mightvhacontributed to these observations.
The magnitude of clinical improvements appeareteaon the range of those obtained
with other regenerative materials such as a recoanbiplatelet derived growth factor
(rhPDGF BB) on 3-TCP carrier, an enamel matrix protein derivatil@na or guided
tissue regeneration either alone or combined wi#itigg materials (Pontoriero et al.
1999, Sculean et al. 2001, Tonetti et al. 2002 )eacuet al. 2003, Tonetti et al. 2004,
Nevins et al. 2005, Kuru et al. 2006, Yilmaz e28l10). Furthermore, it is also important
to note that the results observed in the controligrcompare favourably with previous
studies evaluating treatment of intrabony defestsgiflap surgery alone. This indicates

that substantial clinical improvements may be aadewith this treatment modality if an
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optimal level of plaque control is maintained (Rwidro et al. 1999, Sculean et al. 2001,
Tonetti et al. 2002, Sculean et al. 2003, Tonétale2004). This might also indicate
limitations related not only to applied biomatesiblt surgical techniques, especially flap
designs. On the other hand, it should be kept imdrthat the present study was not only
designed to evaluate the safety of rhGDEF-BCP but also the histological outcomes
(Stavropoulos et al. 2011). The histological evisduahas indicated that treatment with
OFD+ rhGDF-5B-TCP resulted in 2- to 3-fold higher amount of nbane and new
cementum formation compared to OFD alone withoffeinces in frequency of root
resorption and ankylosis between the two groupsv(Bpoulos et al. 2011Jhe amount
of residualB-TCP carrier juxtaposed to the root surface ingresent group of biopsies
was generally small (mean 8.4%), suggesting thatcdrrier would completely degrade
and/or resorb within a relatively short inter¢aéGeros RZ 1993).

As far as safety is concerned, xenogenic matepaésent an even more
established alternative for tissue reconstructmmmared to growth- and differentiation
factors. A novel xenogenic CM (Mucogr8ftwas recently proposed for the correction of
periodontal soft tissue anomalies (Vignoletti et 2011). The application of these
biomaterials has gained particular significanceeinovel minimally invasive surgical
techniques were introduced for the treatment of NRAMCAT, Azzi, Etienne 1998).
This technique allows for simultaneous root coveraMAGR, nevertheless the extent
of donor areas for connective tissue grafting isallg limited. Predictable coverage of
MAGR represents a challenge for the clinician amel data on the literature are still
limited. Until now, the most predictable in terms @RC and MRC were reported
following the use of either MCAF or MCAT combinedtiy SCTG. These techniques
appear to yield the most predictable outcomes dh bbort (6 months to 1 year) and
long-term (up to 5 years) basis (Hofméanner et@L.2}. Since the main drawback in this
approach is related to SCTG harvesting which irsgegatient morbidity, postoperative
complication rate and surgical time, it is logitaht various attempts have been made to
develop new soft tissue replacement materials.

The presented prospective case series was thediestaluate the possibility to
use the newly developed CM in the treatment of éilClass | and Il MAGR in
combination with the MCAT technique. The used CMswexcellently toleratecs

confirmed by other authors (Vignoletti et al. 20IMcGuire and Scheyer 2010,
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Cardaropoli et al. 2012). The safety and efficatyhe CM in the treatment of single
recessions in conjunction with CAF was evaluatetidhogically in minipigs (Vignoletti
et al. 2011). The results have shown that bothnigcies resulted in similar histological
and similar clinical outcomes. In a randomised,ticdled, split mouth-study McGuire
and Scheyer (McGuire and Scheyer 2010) have tresitegle Miller Class | and -l
recessions with CAF + CM (test) or CAF + SCTG (coht At 12 months, the percentage
of root coverage averaged 88.5% in the test group ¥9.3% in the control group,
respectively. Both treatments resulted in comparaalins of keratinized tissue width,
while there were no statistically significant dié@ces between subject-reported values
for aesthetic satisfaction, and subject’s assegsmépain and discomfort. Comparable
outcomes were also very recently reported in amatiuely (Cardaropoli et al. 2012). The
results reported in the two aforementioned stuaiesn line with those from the present
investigation where at 12 months following surg€&RRC was obtained in 2 out of the 8
patients (i.e. in 71% of the total number of recass while MRC amounted to 84%.
From a clinicians point of view the present resalts even more valuable when one
considers that the present patient population cs@gmot only anterior teeth located in
the maxillary arch, but also mandibular teeth aradans. This is an important aspect to
be considered since data on treatment of mandibMiAGR are extremely scarce
(Hofmanner et al. 2012). Moreover, the clinicdévance of using CM in the treatment
of MAGR is further substantiated by the fact thmaail 8 patients a statistically significant
increase in KTT and KTW was observed.

The subsequently performed randomised controlladlysivas the first to evaluate
the treatment of Miller Class | and Il MAGR by meaof MCAT using either CM or
SCTG. The results indicated that compared to baseboth treatments resulted in
statistically significant root coverage but CM yetl lower CRC compared to SCTG.
The present study comprised a total of 156 recesgice. 78 in the test group and 78 in
the control group, respectively). To analyse thia,da patient level analysis was chosen
since this approach may allow to appreciate theabveutcomes following the surgery,
and thus, increase the clinical relevance of tealte (Aroca et al. 2010). The reason to
also include bicuspids and molars was due to ttiettiat these posterior sites may be of
concern for patients exhibiting root hypersendiiar for patients with high lip lines and

compromised aesthetics. It has to be pointed aitttte inclusion of molars has, most
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likely, influenced the overall results since rec@sscoverage at molars is still a major
challenge for the clinician. A recent systematwiee has evaluated the predictability of
various surgical techniques for obtaining CRC in GRR (Hofmanner et al. 2012). The
findings indicated that in Miller class | and 1l MBR the use of CAF or MCAF with or
without SCTG may lead to predictable CRC while MA@Tcombination with SCTG
represented a valuable technique in Miller clasMIAGR. The fact that the MCAT has
been shown to lead to predictable root coverage evkliller class Il recessions (Aroca
et al. 2010) corroborate the present results amotpto the clinical relevance of this
surgical technique. Thus, these surgical principhesy be also applied when not only
SCTG but also other soft tissue grafts such as @vuaed for the treatment of Miller
class | and Il MAGR. One advantage of the appligdAW is that this technique avoids
the use of vertical releasing incisions, thus maeiimy the chance for obtaining complete
defect coverage by enhancing blood supply and dsitrg the risk of graft exposure
(Aroca et al. 2010). The postoperative level offlap, flap tension and complete graft
coverage are also important aspects to be condidereobtaining predictable root
coverage (Pini Prato et al. 2000, 2005). The obthnesults with both CM and SCTG in
MAGR may be explained as follows: a) the mucopéeaistunnelled flap was released
beyond the muco-gingival line, b) the SCTG or ti\ @Were completely covered which,
in turn, may favour revascularisation of the regipisite (Guiha et al. 2001) since their
stabilization coronal to the gingival margin ane thapillae is ensured c) the papillae
were also released interproximally from the undedyoone, and d) the use of suspended
sutures around the contact points allowed for a@nebed coronal stabilization of the flap.
In the present study, at 12 months, CRC was obdernvg out of the 22 patients (i.e. in
22%) in the group and are in line with the findingported by (Molnar et al. 2013). In
the control group, however, CRC was observed inutdf the 22 patients (i.e. in 59%).
It needs to be kept in mind that CRC may be aftébiefactors such as statistical analysis
(evaluation of multiple sites) and surgical techugicand may explain the differences
between the present outcomes and those report@tibghelli et al. 2009). In that study,
treatment of MAGR with CAF resulted in 77.7% CRCaenmhreleasing incisions were
used, while it amounted to 89.3 % in the groupteé@avithout vertical releasing incisions
(Zucchelli et al. 2009). In the present study,MRRC amounted to 71% + 21% in the test

and 90% + 18% in the control group, respectivehd & in line with the outcomes of
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recent reports (Hofmanner 2012, Molnar et al. 20TBgse differences might be related
to more favourable clinical handling of the appl®0TG when used in combination with
the MCAT technique. The fact that both treatmengted comparable improvements in
terms of KT is in agreement with previous studiss@ CAF for the treatment of MAGR
and may be attributed to the natural tendency @itlncogingival junction to regain its
original, genetically determined position (Zucch&lDe Sanctis 2005, Zucchelli et al.
2009). At 12 months, GT was statistically sigrafitly increased in the control group
compared to the test group. Furthermore, it is@sng to note that CRC was observed
in 9 patients with 0.5 mm GT (test or control sitasd in 5 patients with 1 mm GT (test
and control sites). On the other hand, these fgwlappear to contradict the outcomes
from other studies reporting a MRC of 64.3% foresevecessions with a flap thickness
of <0.5mm and a CRC only at sites with a flap thickre$.8 mm following the use of
CAF (Baldi et al. 1999). The importance of GT faot coverage with CAF was
emphasized in systematic reviews on single reces@twang & Wang 2006, Cheng et
al. 2007) but limited information is available f#AGR (Paolantonio et al. 2002, Aroca
et al. 2009, 2010) and even less information comgathe influence of soft tissue
thickness of MACF and MCAT in multiple recessiotis.a long-term study over five
years (Zuchelli & De Sanctis 2005) reported that $oft tissue margin stability was
correlated to the patient’s individual tendencydevelop gingival recession, although
they did not quantify soft tissue thickness. ltdlappears that the issue on the importance
of flap thickness and the possibility of obtainiG®C in MAGR is still not completely
elucidated and warrants further studies.

Taken together, our findings stress the clinicghgicance of possible tissue
engineering applications and application of novébniaterials such as human
recombinant growth factors and xenogenic materflsombination of these might be
considered since PDLSCs were shown to initiateopgental regeneration in vivo on a
proper carrier (Seo et al. 2004). Therefore, biemals as rhGDF-B/TCP or
Mucograff might be applied as possible carriers for PDLS sture tissue engineering
applications to increase treatment efficacy. On thier hand, current treatment
modalities for periodontal hard- and soft tissusbrestruction seem to be limited among
other factors by the applied surgical techniquésisT these novel treatment approaches

should be used in combination with innovative, miaily invasive surgical techniques.
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9. CONCLUSIONS

In this section the major conclusions from in vidmed clinical investigations will
be drawn. These conclusions refer to the respentipact of publications indicated in
table 1. The following statements are related litegature review (I), in vitro research
providing the methodological basis for future madefl periodontal regeneration (Il) as
well as possible in vivo applications (lIl). Als@mrclusions of clinical studies on the
human application of rhGDF-5 (V) as well as Mugaftft (V, V1) will be summarised.

Study |

Surgical periodontal treatment of deep intrabonfects with EMD promotes
periodontal regeneration. The application of EMD the context of non-surgical
periodontal therapy has failed to result in peritdbregeneration. Surgical periodontal
therapy of deep intrabony defects with EMD may le@ad significantly higher
improvements of the clinical parameters than opem debridement alone. The results
obtained following treatment with EMD are compaestal those following treatment with
GTR and can be maintained over a longer periodeNlegless, in cases with advanced
attachment loss a different treatment approachlmeayeeded to overcome limitations of

current regenerative techniques.

Study I

Isolation, culturing and characterization of stestl cultures periodontal ligament
origin was successful. Our in vitro model allows forther in vitro and in vivo
investigations of periodontal regenerative procedu®ur present findings establish the
methodological basis for future research on praiien and differentiation of PDLSCs.
The identified adult stem cells of periodontal orignight be used in future tissue
engineering applications aiming at periodontal negation.
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Study Il

Our data demonstrated that both DPSC and PDLSGresltnay differentiate into
either osteogenic or to a neuronal fate in respdnsappropriate pharmacological
treatments. Further investigations are still nemmgsdo optimise these procedures,
enabling the utilisation of the differentiation potial of dental human stem cell cultures.
Nevertheless, it is already clear that both the dwumental pulp and the periodontal
ligament is a potential source for tissue engimgeniot only in aspects related to dental

bone regeneration, but also for neuroregenerappécations.

Study IV

The findings of this study indicate that in thetéglsapplication the use of rhGDF-
5/B-TCP appeared to be safe and the material possassesnd biological rationale.
Thus, further, adequately powered, randomised obedr clinical trials are warranted to

confirm the clinical relevance of this new approacthegenerative periodontal therapy.

Study V

Within their limits, our results indicate that tteeent of Miller Class | and I
multiple adjacent gingival recessions by means GfAM and Mucograft® may result in
statistically and clinically significant root covage. Further studies are thus warranted to
evaluate the performance of Mucograft® compareddonective tissue grafting and

other treatment alternatives.

Study VI

The presented findings indicate that the use of dduaft® may represent an
alternative to connective tissue grafting by redgaurgical time and patient morbidity
but yielded lower root coverage than connectiv&uisgrafting in the treatment of Miller
Class | and Il multiple adjacent gingival recessiovhen used in conjunction with the
MCAT technique.
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10. SUMMARY

Several treatment approaches have been suggested past for periodontal
hard- and soft tissue reconstruction. Based onlitarature review (Study 1) surgical
periodontal therapy of intrabony defects with EMymlead to significantly higher
improvements than open flap debridement alone. &hesults are comparable to GTR
and can be maintained over a longer period.

The limitations of current techniques for perioddnhard- and soft tissue
reconstruction have raised a demand to introducesintreatment approaches and
biomaterials aiming at increased treatment efficasywell as reducing duration of
treatment and patient morbidity. Recently, the fioisty of tissue engineering related to
PDLSCs and recombinant growth-factors for periodbhtrd tissue reconstruction as
well as xenogenic materials for reconstructionast 8ssue anomalies were suggested.

In vitro (Study II) EMD was shown to promote preli&tion of PDL cultures in
vitro, which may be a useful model for further itre@ and in vivo investigations of tissue
engineering applications. We showed both DPSCs’RIDOSCs’ regenerative potential
confirming in vitro mineralisation induction andurenal differentiation (Study Il1).

In an RCT (Study 1V) we were the first to clinicalind histologically investigate
that rhGDF-5 can be safely used for periodontatmegative therapy in humans. It was
shown that the tested concentration of rhGDBACP might be a promising new
approach in regenerative periodontal regeneration.

In a pilot case series (Study V) it was reporteat theatment of Miller Class | -
and 1l MAGR by means of MCAT and Mucogr&iinay result in statistically significant
root coverage.

In a subsequent split-mouth RCT (Study VI) it wasified that Mucograft may
be a useful alternative to SCTG by reducing sutginge and patient morbidity for root
coverage procedures. Nevertheless, the use of Maitbgielded lower CRC than SCTG
in the treatment of Miller Class | and Il MAGR whased in conjunction with MCAT.

Future clinical applications with increased effigan periodontal regenerative
therapy might be introduced by combining tissueireegying therapeutical approaches
and growth factors or xenogenic biomaterials utiisimproved, minimally invasive

surgical techniques.

66



doi:10.14753/SE.2013.1889

11. OSSZEFOGLALAS

A multban szdmos kezelési modszert leirtak a patatie kemény- és
lagyszovetek rekonstrukciojara. Irodalomkutatasalalpjan (1. vizsgalat) az intraosszer
defektusok sebészi kezelése EMD-vel szignifikaresadmeényesebb lehet, mint &béti
tisztitas 6nmagaban. Az eredmények hosszu tavamitak a GTR technikahoz.

A jelenlegi kemény- és lagyszovet rekonstrukci@hmekak korlatai szikségesse
tették, hogy Ujszérkezeléseket alkalmazzunk, Uj bioanyagokkal a nblgymtékonysag,
valamint a rovidebb kezelés és a paciensek kisatieltse érdekében. A kézelmultban
felmeriilt a PDLSC sejtek alkalmazasa szoOvettengsben, ill. human rekombinans
novekedési faktorok alkalmazdsa a parodontélis kgemvetek helyredllitdsaban,
valamint xenogén anyagok felhasznalasa a paro@etéglyszovetek rekonstrukcidjara.

In vitro kimutattuk (Il. vizsgalat), hogy az EMD Kozza a PDL sejtkultarak
proliferaciojat, melyek szovettenyésztési alkalnsakatovabbi in vitro és in vivo
modelljei lehetnek. A DPSC-k és PDLSC-k regenernadiencialjat is kimutattuk in vitro
mineraliz&cio indukcid, valamint neurogén differgnid segitségével. (Ill. vizsgalat).

Egy randomizalt kontrollalt vizsgalatban (IV. viZdat) el$ként igazoltuk
Klinikailag és hisztologiailag, hogy az rhGDF-5 toizsagosan alkalmazhaté human
regenerativ tergpiaban. Igazoltuk, hogy az alkatitiqkoncentracioban az rhGDF{5-/
TCP igéretes Uj regenerativ anyag lehet a paroiorégeneracioban.

Egy bevezdt esettanulmanyban (V. vizsgélat) kimutattuk, hogier I-II
osztalyl tobbszords inyrecessziok kezelése MCAThnikdval és Mucogrdft
segitségeével statisztikailag szignifikans gyokédai fedést eredményezhet.

Egy kapcsolodo split-mouth randomizalt kontrollMiltsgalatban (VI. vizsgalat)
igazoltuk, hogy a Mucogrdftalternativat kinalhat a kégzovet atiltetéssel szemben a
mitéti id6 és a paciensek terhelésének csokkentésével. Meaildtt a Mucograft®
alkalmazasa alacsonyabb teljes gyokérfelszin fealésiyt eredményezett Kdzovet
atlltetéshez képest Miller I- 11 tébbszoros inyszok kezelésében MCAT technikaval.

A jovében elképzelhét hatékonyabb parodontalis regenerativ technikak
kifejlesztése szovettenyésztési alkalmazasok segitel és ndvekedési faktorok, vagy
xenogén anyagok tovabbfejlesztett, minimalinvazivitétn technikakkal tortéh

kombinaciojaval.
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