
SUMMARY
Tissue engineering is a contemporary area of applied biomedical 

research aimed at developing procedures and biomaterials for the fabrica-
tion of new tissues to replace damage tissues, and is based on principles 
of cell biology, developmental biology and biomaterials science. Recent 
advances in growth factor biology and biodegradable polymer construct 
have set the stage for successful tissue engineering of cartilage, bone and 
related tissues. The periodontium could be considered a prime candidate for 
such procedures.

We report a phase I study: the protocol describes the transplantation 
of Mesenchymal Stem Cells (MSC) derived from a sample of percutaneously 
aspirated bone marrow; the bone marrow stromal cells are managed ex vivo 
for the isolation of the MSC populations and finally they are implanted in a 
periodontal alveolar defect by means of a bio-mimetic scaffold (Gingistat® - 
VEBAS) and an osteogenic medium.
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Introduction

The discovery of the exact structure of DNA and 
the recent decoding of the human genome have contri-
buted to ushering in a new scientific era, in which bio-
logy has become an “information science”1-5. This “post- 
genomic era” has opened new research frontiers, while at 
the same time supplying the instruments for understanding 
the potential role of genetic information in the diagnosis 
and development of diseases. A new scientific paradigm is 
gaining a foothold in medicine and oral health: “biological 
solutions to biological problems”. The tendency to mo dify 
the approach to prevention, diagnosis and treatment is 
therefore being consolidated with an increasing valorisa-
tion of biological solutions1,3,5-11. In the current scientific 
setting, an extraordinary convergence is being realized 
among medicine, dentistry, human genetics, molecular and 
developmental biology, biotechnology, bioengineering and 
bioinformatics1-11. At the apex of this convergence there is 
the opportunity offered by tissue engineering to regenerate 
numerous tissues, including periodontal tissues.

Tissue Engineering and Stem Cells
The restoration of damaged functions through the 

substitution of the damaged tissues or organs represents 

the main objective of contemporary medical research. 
The use of transplant techniques or of substitution tech-
niques with synthetic materials is strongly conditioned by 
nu merous factors, such as the host’s immune response, the 
limited availability of useable tissues and organs and the 
morbidity of the donor site12.

The area of tissue engineering is an area of multi-
disciplinary research aimed on regenerating tissues and 
restoring organ functionality by means of the transplant of 
cells and tissues developed in vitro or by stimulating cel-
lular growth in a synthetic matrix13. The basic principles 
of tissue engineering anticipate the combining of vital 
cells with a natural or synthetic matrix with the intention 
of generating a vital tissue that is immunologically, func-
tionally, structurally and mechanically identical to the 
native tissue.

In order to attain a complete recovery that is stable 
and durable, certain fundamental criteria must be satisfied:

generate a number of cells, and therefore a tissue, that 1. 
is of adequate size for a single case;
correctly differentiate cells and maintain the correct 2. 
phenotype;
create a cellular agglomerate that is correctly 3. 
organized in 3 dimensions and that produces an 
adequate extra-cellular matrix;



produce cells and tissues that are structurally and 4. 
mechanically suitable to the characteristics of native 
tissue;
obtain a complete integration with host tissue in terms 5. 
of immunological response and an adequate neo-
angiogenesis that assures integration also in terms of 
vascularization.
The key element in order to address all these criteria 

resides in the quality of starting materials and particularly 
in a reliable source of cells.

The spectrum of possible sources of cells that can 
be used in tissue engineering includes mature cells taken 
from the patient that have already differentiated, “adult” 
stem cells taken from the patient (mesenchymal stem 
cells) and embryonic stem cells.

Despite a good level of availability and the absence 
of adverse immune reactions, mature cells do not represent 
a good source of cells for tissue engineering: the advanced 
level of differentiation implies a decreased proliferative 
capacity and restricts their area of use to the specific 
cellular phenotype of the tissue from which they are taken.

Stem cells are described as immature or 
undifferentiated cells capable of generating daughter cells 
identical to themselves or of differentiating into diverse 
cellular phenotypes14,15. Stem cells present a potentially 
unlimited capacity of auto-replication and they are capable 
of generating 1 or more cell lineages that are highly 
differentiated, depending on their replication potential:

“Totipotent” stem cells can generate all cell and tissue 1. 
types present in an organism (for example, fertilized 
egg cell or zygote);
“Pluripotent” stem cells can generate the majority 2. 
of cell and tissue types present in an organism (for 
example, embryonic stem cells);
“Multipotent” stem cells can generate a limited 3. 
number of cell and tissue types, usually dependent on 
their germ layer of origin (mesenchymal stem cells - 
MSC).
The type and the number of highly differentiated 

cell lineages that a stem cell is capable of generating 
are determined genetically. Nonetheless, the external 
environment plays a fundamental role in the processes 
of genetic activation by means of the modification of 
the cytokine gradient, intercellular interactions and 
interactions between cells and extra-cellular matrix, 
guiding the process of differentiation.

Embryonic stem cells are those cells taken from the 
inner cell mass of the blastocyst before its implantation16,17. 
They are pluripotent cells, which maintain the possibility 
of generating the majority of tissues in vivo and in vitro. 
In the presence of leukaemia inhibiting factor (LIF), these 
cells can be maintained and made to replicate indefinitely 
in vitro. Once this growth factor is removed, the embryonic 
stem cells spontaneously differentiate into specific 
aggregates of cells, or embryonic bodies that contain cells 

in the differentiation phase, towards the mesodermal, 
ectodermal and endodermal line18-20.

By manipulating this cell culture, it is possible to 
control and restrict the lines of differentiation and generate 
cultures rich in specific cellular precursors. Using this 
approach, precursors of haematopoietic and nervous cells, 
adipocytes, myocytes, chondrocytes and pancreatic islet 
cells have been obtained21-26.

The recent possibility of isolating embryonic stem 
cells from amniotic liquid has opened new research 
frontiers for tissue engineering. Despite the marked 
differences in morphology, in the modes of replication and 
in the growth medium itself, these cells seem to have the 
same potential to differentiate into multiple cell lineages27.

The key factors in directing cellular development 
towards a specific phenotype can be summarized as 
follows22,24,26:

use of growth and differentiation factors, such as 1. 
transforming growth factor-β (TGF-β), the bone 
morphogenetic proteins (BMP), retinoic acid (RA), 
fibroblast growth factor (FGF), platelet-derived 
growth factor (PDGF);
choice of a specific timing in cell stimulation;2. 
cell cultures associated with already differentiated 3. 
cells;
biochemical selection by means of the insertion 4. 
of particular surface markers in order to be able to 
purify the cell sample;
genetic manipulation of the stem cells, by means of 5. 
the insertion of a particular gene capable of favouring 
the process of selection of the desired phenotype, or 
cell reprogramming by means of nuclear transfer or 
further modification of the major histocompatibility 
complex.
Adult stem cells are present in specific locations 

called “stem cell niches”, located in all organs, especially 
in those that have a rapid cell turnover14,15,27. Many of 
them have been identified, for example haematopoietic, 
neural, of the umbilical cord and of the marrow stroma 
and mesenchymal ones28-30.

The most well-known adult stem cells are 
those derived from bone marrow. There are 2 types: 
haematopoietic cells, which can generate the entire 
lineage of blood cells, and those of the marrow stroma or 
mesenchymal cells (MSC), which can generate numerous 
connective tissues, among which bone and adipose tissue.

There are numerous studies in the literature that 
highlight the elevated differentiation potential of adult 
stem cells taken from different tissues or niches. For 
example, neural stem cells have been shown to be able 
to generate blood cells, and even stem cells taken from 
adipose tissue may form cellular phenotypes of bone 
tissue, cartilage, or muscle tissue31. Among all cells, MSC 
have demonstrated the highest pliability: in animal models, 
they have been shown to be able to generate phenotypes of 
nervous, bone and myocardial tissue, and even phenotypes 
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of hepatic, renal, intestinal, haematopoietic and skin cell 
lines32-35.

This extraordinary differentiation capacity has 
contributed to increasing research efforts regarding adult 
stem cells and intensifying the debate over the necessity of 
turning to embryonic stem cells, which present increased 
risks of adverse immunological reactions and which seem 
to be less predictable in terms of eventual degeneration of 
a neoplastic nature36.

Clinical Applications of Scaffolds 
and Biomaterials in Tissue 
Engineering

There are 3 key factors involved in tissue and organ 
regeneration:

a reliable source of cells (stem cells, etc.);1. 
molecules capable of inducing cell differentiation 2. 
(proteins, growth factors);
matrices in which to allow cells to grow (scaffolds);3. 
These growth matrices must allow cells to migrate 

within themselves, to attach themselves to the structure 
and then to proliferate and differentiate. They must offer an 
environment that allows cells to maintain their phenotype 
and to synthesize the proteins and molecules necessary 
for their development. These structures must furthermore 
present an extended implantation surface, sufficient 
mechanical resistance, an adequate 3-dimensional form, 
and a possible complete biodegradability. The correct 
porosity of the material is also a crucial characteristic 
in order to allow cellular migration and angiogenesis, 
as is the ability to provide an adequate surface area for 
intercellular interactions37.

Types of Available Scaffolds
2 categories of scaffolds exist, those made of natural 

materials and those made of synthetic materials:
Natural materials (collagen, glycosaminoglycans, 1. 
alginates, etc.);
Synthetic materials (polymers, ceramic material, 2. 
bioglass, etc.).
The main advantages of natural materials are 

the low level of toxicity and the low degree of chronic 
inflammatory response; furthermore, they may be 
combined in biodegradable composite masses, acquiring 
mechanical characteristics of synthetic materials while 
maintaining their biocompatible characteristics38. 
Disadvantages include the low degree of mechanical 
resistance and a structural complexity that makes their use 
difficult and that often requires chemical manipulation. 
Collagen, the main extra-cellular matrix protein, is one of 
the most commonly used biomaterials.

3 main classes of synthetic materials exist: 
polymers, ceramic material and bioglass. With regards to 
polymers, there are ones that are able to be reabsorbed, 
such as polyglycolide (PGA), polylactate (PLA) and 
polyglycolide-polylactate (PLG), utilized for example in 
sutures and even ones that are not able to be reabsorbed, 
such as polytetrafluoroethylene (PTFE), used for vascular 
grafts and periodontal regeneration. Ceramic materials 
present an inorganic and non-metallic composition and 
are commonly used in bone surgery. Bioglass is made 
of a silicon base structure combined with ions, such as 
calcium, sodium or phosphorous; main areas of application 
are in the field of bone regeneration, due to its capacity to 
specifically bind to this type of tissue39.

Clinical Applications
The main clinical applications of tissue regeneration 

using scaffolds involve bone tissue, cartilage, nervous 
tissue, the circulatory system, and the skin.

Bone tissue. In this case, mechanical resistance 
represents one of the main characteristics required by 
the scaffold, which must be able to be designed in 3 
dimensions in order to be able to satisfy the specific 
needs of the anatomical parts involved. The scaffold must 
also present a porous surface capable of facilitating the 
process of bone neo-formation. An example could be the 
coral scaffold, used in animal models to regenerate bone 
tissue with mesenchymal stem cells40; this is a natural 
exoskeleton in which inorganic calcium carbonate grows 
by following an organic matrix, and it presents very good 
mechanical characteristics41,42.

Cartilage. The peculiar characteristics of cartilage 
make regenerative hypotheses substantially complex. 
In fact, this is a non-vascularized tissue that has very 
limited repair capabilities. An ideal scaffold in this case 
would have to impede the transformation of chondrocytes 
into fibroblasts, maintaining them in the chondrogenic 
phenotype. One of the materials that has been proposed 
for this is the copolymer polyglycolide-polylactate (PGA/
PLA), successfully used to regenerate cartilage from 
articular bovine chondrocytes43.

Nervous tissue. Currently, repair techniques used 
in cases of division of central or peripheral nerve trunks 
call for the surgical rejoining of the cut ends. Guided 
regeneration of a nervous trunk may also be facilitated 
by structures capable of guiding cells, such as particular 
polymers capable of promoting cellular adhesion and axon 
growth44. 

Circulatory system. Tissue engineering currently 
allows for the production of vascular grafts capable 
of substituting vessels with small diameters, 
cultivating smooth muscle cells in tubular structures of 
polyglycolide45.  

Skin. Tissue engineering currently represents a solid 
alternative in the treatment of burn lesions. The tissue 
obtained with these techniques can be applied on wounds 
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and facilitate the reconstruction phase. There are 2 types 
of scaffolds for skin regeneration: Dermagraft® , made 
by Advanced Tissue Science46, and Appligraft®, made by 
Organogenesis47.

Cranio-Facial Tissue Regeneration: 
Bone Tissue and Dental Tissues

Current goals reached in the area of tissue engineering 
contribute to the delineation of a future in which using 
tissues synthesized with bioengineering to substitute others 
that are missing or damaged due to disease or trauma will 
be possible. Such techniques will be applicable even in the 
case of highly mineralized organs, such as teeth, which 
are the result of a complex system or reciprocal control 
between epithelium and dental mesenchyme.

Recent studies regarding growth factor biology 
and the production of biodegradable support structures 
have created the basis for the production of cartilage and 
bone tissue by means of bioengineering techniques. The 
periodontium appears to be a very good candidate for 
such procedures: preliminary studies have confirmed the 
absence of immunological and inflammatory reactions 
in cases of periodontal transplants using cells of the 
periodontal ligament and bone tissue.

Applications for Bone Tissue Regeneration
Reconstruction of cranio-facial defects through 

the use of MSC allows for all the limits associated with 
autologous and heterologous grafts to be remedied. Studies 
on animal models have demonstrated the possibility of 
using cranio-facial tissue regeneration procedures based on 
stem cells48. From a practical point of view, the procedure 
calls for the isolation of MSC from bone marrow or dental 
tissue, and their subsequent placement in biodegradable 
matrix cultures (scaffolds) with morphogenetic factors 
capable of guiding their differentiation towards the 
desired cell line. The hybrid tissue obtained in this way 
is then inserted into the bone defect, stimulating a potent 
osteogenic response. The development of novel techniques 
for the production of these matrices, in which stem cells 
are allowed to replicate has, simplified the regeneration of 
very widespread 3-dimensional defects49.

In a study by Abukawa et al50, a segmental 
mandibular defect was treated in an animal model 
with MSC taken from the ilium, allowed to replicate 
in vitro, and then incubated in a biodegradable matrix 
of polyglycolic-polylactic acid combined with growth 
factors. The tissue obtained at 6 weeks after implantation 
appeared to be indistinguishable from native tissue upon 
histological examination: osteoblasts, osteocytes and 
anastomotic trabeculae with haversian canals containing 
immature vascular structures and periosteum at the surface 
of the synthetic matrix50.

Similar results were obtained by Yamada et al51, 
who investigated in an animal model the level of osteo-
integration of endosseous implants inserted in areas 
reconstructed with PRP grafts combined with MSC and 
PRP combined with an autologous bone sample. 2 months 
after the positioning of the implants, the bone-implant 
contact entity and the bone density in the group treated 
with MSC appeared to be in line with those obtained with 
an autologous bone graft51.

Recently, the possibility has been demonstrated of 
correcting a potential mandibular discontinuity using a 
bone substitute that had developed inside a titanium grid 
and had been inserted in the latissimus dorsi muscle of the 
patient himself, combining precursors from marrow with 
morphogenetic proteins and de-proteinized bovine bone52.

To increase the regenerative potential of MSC, it 
has been further proposed to recombine the genome 
using genetic engineering techniques by inserting human 
telomerases (reverse transcriptase). Quantitative analysis 
of resulting tissues has confirmed a significant increase in 
bone regeneration53,54.

Applications for the Regeneration of the Dental 
Pulpal Complex

Despite the fact that the morphology of dentinal 
matrix differs substantially from that of bone matrix, the 
biochemical composition of the 2 is rather similar. Even 
dentin contains bone morphogenetic proteins (BMP) and the 
de-mineralized dentinal matrix can stimulate the formation 
of bone tissue when it is experimentally placed in a muscle. 
Both, bone tissue and dentinal matrix, also stimulate the 
formation of dentin if implanted in dental pulp13.

Even though dentin does not have a cell turnover rate 
similar to that of bone, its repair capacity in situations of 
pulpal damage has been sufficiently demonstrated. Just as 
osteoblastic stem cells have been found in bone marrow, 
so too have stem cells been recently isolated in dental 
pulp. In a study by Gronthos55, cells with an elevated 
proliferative capacity and an immunophenotype similar 
to MSC derived from marrow have been isolated in adult 
dental pulp. In culture, these cells presented a significant 
alkaline phosphatase activity and a tendency towards 
forming dense calcified nodules. Transplanted in vivo, they 
then demonstrated the capacity to form structures similar 
to dentin, but did not differentiate into other phenotypes.

The absence of specific markers for the identification 
of cementocytes impedes the clear identification of root 
cementum progenitor cells: indeed, it is not clear if the 
cells involved are osteoblast-type cells that synthesize 
this tissue in response to specific environmental 
conditions of the so-called “dental niche”, or if there is 
a specific cellular phenotype dedicated to this function. 
Nevertheless, the identification of cells of the cementocyte 
lineage isolated from healthy dental elements, combined 
with the use of tissue and genetic engineering techniques, 
is opening new research frontiers56, 57. Recently, a study 
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by Saito et al58 was presented in the literature, in which 
the progenitor cells of the cementoblastic line were 
isolated from cell cultures of dental follicles of bovine 
origin. An immortalized clonal cell line was then created 
of cementoblastic progenitor cells with which researchers 
were able to create a tissue similar to bone, with cells 
similar to cementocytes in a mineralized matrix.

In a study by Seo et al59, totipotent stem cells 
were isolated from a human periodontal ligament. The 
capacity of these cells to differentiate into cells of the 
cementoblastic and adipocyte lines and into cells capable 
of producing collagen tissues was verified in vitro. Using 
an animal model, researchers were then able to stimulate 
the regeneration of tissue similar to cementum and of 
structures belonging to the periodontal complex59.

Regenerating enamel is surely more complex with 
respect to other tissues, such as bone and dentin. With 
dental eruption, the enamel organ’s epithelium dissolves, 
blocking any regeneration potential for the tissue in the 
case of injury. Despite the fact that the existence of stem 
cells, present in adult tissue, capable of differentiating into 
ameloblasts can be excluded, it is nevertheless possible 
that some oral tissue cells can begin to synthesize enamel 
in the presence of certain specific stimuli. In a study by 
De Moerlooze et al60, the possibility was suggested that 
it is fibroblast growth factor (FGF) that maintains and 
determines the differentiation of these cell lines. The 
understanding of the real mechanisms at the base of such 
differentiation would allow for the induction of such 
transformation in other strains of oral epithelial cells.

Molecular Techniques and Tissue Engineering in 
Periodontal Regeneration

Current knowledge regarding dental developmental 
biology and the discovery of growth factors involved in 
determining such development have suggested the use of 
these factors in periodontal regeneration procedures61-69. 
Among the most commonly used factors, there are the 
Platelet-derived Growth Factor, the Insulin-like Growth 
Factor70-75, the Transforming Growth Factor β-176, the 
Basic Fibroblast Growth Factor77, dexamethasone78, and 
the BMP79,80.

Clinical trials on the use of Platelet-derived Growth 
Factor combined with Insulin-like Growth Factor in 
the treatment of periodontal defects have demonstrated 
that only high doses of such factors are capable of 
stimulating a statistically significant increase in bone neo-
formation72. When Platelet-derived Growth Factor is used 
in combination with alloplastic grafts for the treatment 
of second degree furcations and infra-osseous defects, 
the histological results confirm the regeneration of the 
alveolar bone, cementum and periodontal ligament81,82.

An alternative to the use of single growth factors is 
the combination of alloplastic grafts and platelet gel, or 
rather a fraction of plasma that contains Platelet-derived 

Growth Factor and Transforming Growth Factor β-1 
(PRP)83-85.

Nevertheless, problems relative to the non-specific 
activity of single factors on diverse cell lines do exist, as 
do limitations linked to the rapid breakdown and disposal 
of these factors when applied topically. To overcome these 
problems, genetic engineering studies were conducted on 
cells taken from the periodontium, using an adenovirus 
as a carrier for the Platelet-derived Growth Factor gene 
in order to promote and sustain its release and subsequent 
biological activity86-88. Potential recourse to in vivo 
genetic therapy to stimulate periodontal regeneration 
has been studied in animal models, confirming the 
regeneration of the alveolar bone and of the cementum in 
severe periodontal defects following the direct transfer of 
the Platelet-derived Growth Factor gene89.

The use of BMP appears to require high dosage levels 
and presents certain limitations linked to non-specific 
action on diverse cell lines and to the rapid breakdown 
and disposal when applied topically73,90. Even in this case, 
recourse to genetic therapy using a BMP-7-containing 
adenovirus confirmed the potential of this therapy91. 
Recent revisions regarding this topic92 seem to confirm the 
positive outlook for this research, but they also highlight 
the limits linked to the current lack of data that impede 
the performance of meta-analyses on the effect of growth 
factors on periodontal regeneration.

The use of MSC in periodontal regeneration has 
revealed alternative techniques to the use of single growth 
factors. In a study by Kawaguchi et al93, guidelines for 
this kind of experimentation are discussed. Once MSC 
were isolated from the bone marrow of a model animal, 
they were made to expand in vitro and then combined with 
2% type-1 collagen. This medication was then inserted 
in class III defects and a histological and morphometric 
evaluation was performed a month after the transplant. 
Results indicated a regeneration of defects with cementum, 
periodontal ligament and bone tissue93.

The auto-implantation of MSC represents, therefore, 
an innovative option for the regeneration of periodontal 
tissues and currently constitutes the main area of research 
in experimental periodontology.

Materials and Methods

Considering the limits of the current surgical 
techniques regarding periodontal regeneration and the 
results of in vitro studies regarding tissue regeneration 
using MSC, which were conducted in our laboratories, a 
protocol for periodontal regeneration using mesenchymal-
type adult stem cells has been defined and tissue 
engineering techniques have been developed, which are 
awaiting international patent. Research work required a 
phase of in vitro experimentation with MSC (extraction, 
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isolation and osteogenic differentiation), and the 
subsequent formulation of the Experimental Clinical 
Protocol.

Realization of the GMP Laboratory for Cellular 
and Genetic Therapy

In the past 10-15 years, a series of innovative 
cellular therapies has emerged, among which genetic 
manipulation, immunotherapy, and stem cell therapy for 
the treatment of metabolic, autoimmune, neurological, 
cardiovascular, orthopaedic, ocular and oral cavity 
diseases. The cells and tissues used in these therapeutic 
approaches require complex preparation processes, often 
requiring isolation procedures geared towards specific rare 
cellular subsets, prolonged phases of in vitro expansion, 
genetic manipulation, in vitro stimulation with particular 
molecules to promote maturation and/or activation. This 
was all in accompaniment to a different cultural definition 
of the so-called “cell factories”, which today are no longer 
considered laboratories of simple cell processing, but 
rather true centres of cellular and genetic engineering. 
Such complexity of production is inevitably associated 
with an increase in related risks.

Directive 2001/20/CE of the European Parliament 
(enforced in Italy with the Legislative Decree of June 
24, 2003, n. 211), regarding the implementation of good 
production practices (GCP, Good Clinical Practice) within 
clinical protocols for medications intended for human use 
establishes, as foreseen by article 9, paragraph 6, that 
products used for genetic and cellular therapy, which are 
based on human and xenogenic cells, must be considered 
drugs and must consequently be produced according to 
Good Manufacturing Practice (GMP).

GMP rules are essentially aimed towards 
preventing the contamination of cellular products with 
infective microorganisms and guaranteeing that, once 
manipulation has been performed, cells maintain their 
integrity and function. These rules cover the methods of 
cellular preparation, the characteristics of the production 
laboratories, screening methods and tests performed on 
donors, and the methods of gathering, selecting, analyzing, 
manipulating, preserving, labelling and distributing 
cellular products. Complete and extensive documentation 
must be supplied for all processes and tests performed. 
Certain aspects of GMP rules are particularly constraining:

Traceability of the product; ●
Reagents, materials and instruments. GMP rules  ●
force everything that enters into the productive phase 
to have its own certificate of quality and everything 
must be subjected to a tracking system that 
continuously verifies its characteristics and expiration 
date;
Laboratory structure. The majority of GMP  ●
production processes require class B environments 
(with the exception of sterile hoods, which are of 
class A), and so they are subjected to a continuous 

filtration and recycling of air by means of HEPA 
filters. Environments must be subjected to a 
continuous monitoring for particles in the air and for 
microorganisms in the air and on surfaces;
Staff. All GMP staff must possess a suitable resume  ●
and must undergo specific training in order to 
gain authorization to work in a GMP laboratory. 
All workers must operate according to Standard 
Operating Procedures, which describe in detail 
every single activity performed in processes of 
cellular manipulation and culture, as well as the 
use and maintenance of all equipment, laboratory 
management, rules of acceptance or refusal of raw 
material to be manipulated and batch release;
Test to release cellular products. Every cellular  ●
product that leaves a GMP laboratory must be 
subjected to a battery of tests that assures its safety, 
purity, identity, function and stability. Mandatory 
microbiological tests include bacteriological and 
fungal tests, the mycoplasma test and the bacterial 
endotoxin test. Purity and identification tests include 
evaluation of vitality and phenotypic characteristics 
(immuno-phenotype and morphological phenotype, 
karyotype if necessary);
These mandatory requirements culminate in the 

submission of a dossier to be subjected to ministerial 
approval. The dossier must contain an explanation of the 
proposed therapy (scientific rationale and therapeutic 
advantages), a description of the quality of each step in 
the production process, documentation regarding viral 
deactivation, pharmacology, toxicology and mutagenesis 
of the proposed product and the analytical formulation of 
the clinical proposal.

In Vitro Experimentation with MSC: 
Extraction, Isolation and Osteogenic Differentiation

Experimental studies with MSC on animal models 
were conducted at the Department of Neurosciences 
and Biomedical Technologies of the University of 
Milano-Bicocca, and at the Dental Clinic of the San 
Gerardo di Monza Hospital, in order to obtain bone 
tissue regeneration in vitro, using a collagen scaffold 
(Gingistat®) (Figs. 1A, 2A and 3A). The results of this 
study confirmed the extensive osteogenic proliferation 
and differentiation capacities of MSC, despite the 
rapid degradation of the collagen support structure (4-5 
weeks)94,95. Such experimental studies have steered 
research activity towards the possible use of human 
autologous MSC grown on Gingistat® collagen scaffolds 
in the regeneration of oral bone tissue.

4 large scale simulations were then performed in a 
GMP environment using the bone marrow of 4 donors96 
(Figs. 1B, 2B and 3B). MSC were isolated from bone 
marrow and expanded until the third passage in order to 
obtain a suitable number of cells for future clinical use. 
During culture, cell growth and vitality were quantified 
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and, at each passage, specific microbiological tests were 
performed (results were always negative). MSC were 
characterized by the elevated expression of the membrane 
antigens CD90, CD105 and HLA-ABC (≥70%), and by the 
low expression of the antigens CD33, CD34 and HLA-DR 
(≤5%). Osteogenic differentiation of MSC was obtained 
both in dishes and on Gingistat scaffolds by treating 
the cells with culture medium enhanced with clinical-

grade differentiation agents (dexamethasone, vitamin 
C and sodium glycerophosphate). The results of these 
verifications confirmed the behaviour of mesenchymal 
cells, which adhered to and spread themselves out in a 
homogenous manner among the meshes of the collagen 
scaffold, depositing mineralized matrix only if incubated 
with osteogenic medium95,96.

Figure 1. Morphology of rMSC and hMSC cells treated with OS medium. Images, taken with a phase contrast optical microscope, show the initial 
phases of osteogenic differentiation (Bar=50 µm)  

(A) rMSC were treated for 7 days with OS medium;                          (B) hMSC cells were treated for 28 days with OS medium.

Figure 2. Cells dyed with Alizarin red S. Bone matrix deposition appeared to be more premature in rMSC compared to hMSC  
(A) rMSCs were cultured for 28 days with OS medium;    (B) hMSCs were cultured for 35 days with OS medium 

Figure 3. Osteopontin immunofluorescence. Immunolocalization for osteopontin was conducted using immunofluorescence (green). Nuclei were dyed 
with propidium iodide (red)    

(A) rMSCs were treated for 14 days with OS medium;                           (B) hMSCs were treated for 28 days with OS medium 
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valve or other manufactured prostheses in other 
anatomical locations, for example hip, etc…);
Alcohol and/or drug abuse;• 
Severe bruxism;• 

2. Bone marrow sampling
10-15 ml of bone marrow will be withdrawn from the 

posterior iliac crest of the patient and transported to the 
laboratory for cellular and genetic therapy.
3. MSC isolation, expansion and differentiation on scaffolds

MSC will be isolated and expanded in the laboratory 
for cellular and genetic therapy. Cells will be maintained 
in culture until they reach an adequate number based 
on the characteristics of the bone defect of each single 
patient. A cellular aliquot will be used for phenotype 
characterization, while an aliquot of supernatant will be 
saved for microbiological tests (endotoxin, mycoplasma, 
aerobic and anaerobic bacteria). 

Cells will be placed on Gingistat scaffolds at a 
concentration of 1x106 MSC/125mm3 and, after 3 days, 
will be induced to differentiate osteogenically using 
clinical-grade osteogenic medium, consisting of GMP-
grade DMEM, 10% FBS Hyclone, GMP-grade antibiotics, 
GMP-grade L-glutamine with the addition of the 
differentiation factors: dexamethasone (100 nM), vitamin 
C (0.05 mM) and sodium glycerophosphate (10 mM) 
(Farve).

In parallel with the scaffolds, a control cellular aliquot 
will be also plated on dishes and induced to differentiate 
with clinical-grade osteogenic medium in order to perform 
the proper osteoblastic differentiation evaluations.

From day 21, and not after day 42, control dishes will 
be dyed with Alizarin Red every week in order to observe 
the start of the mineralization process, which coincides 
with the initial positive appearance of Alizarin Red dye. 
On the day that dyeing is first observed on a plate, a 
control scaffold will be frozen and analyzed, in order to 
obtain a more accurate and adequate evaluation of the 
degree of differentiation on the biodegradable material 
that will be inoculated into the patient.

If the product is found to be appropriate, and 
therefore only if osteogenic differentiation has begun, a 
surgical intervention will be planned in a predictable time 
period of 1-3 days, while in the meantime, the appropriate 
microbiological tests will be performed (endotoxin, 
mycoplasma, anaerobic and aerobic cultures).

Information regarding negative endotoxin results will 
be the only information available for the release of the cel-
lular batch for clinical use. Information regarding myco-
plasma culture tests and tests for aerobic-anaerobic bacte-
ria/fungi will be communicated for clinical use only after 
inoculation has been performed, due to issues connected 
with the reading of the bacteriological test results.
4. Surgical procedures for the inoculation of the cellular 
product

A week/10 days before scaffold implantation, a non-
surgical periodontal treatment will be performed. The 

Formulation of Clinical Protocol
The experimental product that was proposed at the 

Higher Institute of Health consisted of the osteoblastic 
differentiation of autologous mesenchymal cells (isolated 
and expanded from bone marrow sample) and the 
subsequent deposition on biodegradable collagen scaffold.

In order to obtain authorization for use in humans, 
it was necessary to codify the procedures in a detailed 
dossier that was then evaluated by the Higher Institute of 
Health in order to verify compliance with GMP principles 
and medical research ethics for human subjects, present in 
the Declaration of Helsinki adopted by the 18th General 
Assembly of the AMM in Helsinki, Finland, in June of 
1964, and amended by the 29th General Assembly in 
Tokyo, Japan, in October of 1975, by the 35th General 
Assembly in Venice, Italy, in October of 1983, by the 41st 
General Assembly in Hong Kong, in September of 1989, 
by the 48th General Assembly in Somerset West, Republic 
of South Africa, in October of 1996 and by the 52nd 
General Assembly in Edinburgh, Scotland, in October of 
2000.

The entire phase of production and clinical use 
consists in the following operating phases:
1. Patient selection

Inclusion criteria are:
Severe periodontal disease;• 
No periodontal treatment available due to the severity • 
of the disease;
Vertical bone re-absorption X-ray test inferior to 8 • 
mm;
At least one periodontal site per quadrant having a • 
Gingival Index (GI)≥2;
Periodontal Pocket Depth (PPD) inferior to 8 mm;• 
Between 30 and 50 years of age;• 
Availability to complete the study;• 
Acceptance of informed consent.• 
Exclusion criteria are:

Pregnancy, acute renal insufficiency, multiple • 
myeloma, arthritis and collagenopathies, pulmonary 
fibroses, emphysema, tumours, osteoporosis, 
recent surgical intervention (1 month), chronic 
inflammatory diseases, recent infective condition, 
known neurological and/or dysautonomic disorders, 
thyroid disorder, blood disorders, depression or eating 
disorders;
Elements with circumferential defects and/or teeth • 
with periapical lesions;
Known allergies to products used in the study;• 
Patients who have undergone treatment for tumours or • 
who have severe diseases involving bone structure;
Condition or medical history that requires antibiotic • 
prophylaxis before dental treatment (eg. rheumatic 
fever, rheumatic heart diseases, mitral valve prolapse, 
valve malfunction, cardiac hypertrophy, bacterial 
endocarditis, congenital heart defect, prosthetic heart 
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cultured in the scaffold in the presence of differentiation 
agents, such as dexamethasone, glycerol phosphate and 
ascorbic acid53,54.

The use of these techniques in humans is still in its 
initial phase, but work confirms the importance of the 
expansion ex vivo of autologous MSC taken from bone 
marrow to reduce the invasiveness of the technique, and 
the need for a porous support on which the newly forming 
tissue can develop95,96,101,102.

On the basis of these considerations, a MSC 
research protocol was defined in 2002 with the title 
“Tissue Engineering: Development of New Strategies for 
Periodontal and Alveolar Bone Regeneration by Using 
Haematopoietic-Derived Mesenchymal Cells in Animal 
and Human. Evaluation of Systemic Effects”  (sustained 
by the contribution of the Ministry of Universities and 
Research, FIRB project, protocol RBNE017HYL_001) 
that involved the Dental Clinic of the San Gerardo di 
Monza Hospital, the Department of Neurosciences and 
Biomedical Technologies of the University of Milano-
Bicocca and the “Stefano Verri” Interdepartmental Labo-
ratory for Cellular and Genetic Therapy of the San 
Gerardo di Monza Hospital. 

The results of in vitro research have led to the 
definition of a periodontal regeneration protocol 
using mesenchymal-type adult stem cells (Alveolar 
bone regeneration in human by using hard tissue 
engineering with bone marrow mesenchymal stem cells 
- Clinical study), as well as to the development of new 
methodologies that are awaiting international patent 
(“Scaffolds and dental and osteogenic implants containing 
mesenchymal stem cells”).

The application of these procedures in different areas 
of oral surgery, maxillofacial surgery and orthodontics, 
constitute only 1 aspect of the potential applications of 
such methodologies, which are commensurate with the 
possibility of cryogenic conservation of MSC.

This stocking technique does not alter either the 
proliferation capacities or the differentiation capacities 
of MSC103, but renders them available for subsequent 
uses without needing to repeat autologous sampling and 
it allows interventions to be performed in the absence of 
a cell-factory like the GMP laboratory for cellular and 
genetic therapy.

References

Eichelbaum M, Evert B1. . Influence of pharmacogenetics on 
drug disposition and response. Clin Exp Pharm Physiol, 
1996; 23:983-985.
Elligsen JE, Thomsen P, Lyngstadaas SP2. . Advances in dental 
implant materials and tissue regeneration. Periodontol 2000, 
2006; 41:136-156.

surgical inoculation procedure will call for an initial phase 
of open flap debridement and, subsequently, the bone 
defect will be filled with the collagen scaffold (Gingistat® 
- VEBAS), in which 1x106 MSC have been deposited and 
have osteogenically differentiated.

Following this, a regular follow-up will be performed 
in order to evaluate the course of bone regeneration and 
any potential appearance of local or systemic side effects.

The primary goal of this protocol will be to evaluate 
the feasibility and safety of the proposed expansion and 
differentiation procedure, in terms of short-term and long-
term systemic or local toxicity.

The secondary end-points of this study are equally 
important:

evaluation of the injected MSC differentiation process,  -
following stimulation with osteogenic medium, in the 
periodontal bone lacunae; 
evaluation of the Gingistat collagen scaffold’s capacity  -
(until now used solely as a haemostatic and a filler) to 
support MSC growth and differentiation in vivo with a 
degradation time frame able to allow the formation of 
new tissue;
clinical evaluation of the periodontal repair process by  -
means of the analysis of radiological read-outs.

Conclusions

MSC constitute a therapeutic frontier of great interest 
and clinical potential for the treatment of degenerative 
diseases of the muscular-skeletal-articular system. MSC, 
indeed, present multiple advantages, among which ease 
of isolation, culture and phenotypic stability in vitro97, 
demonstrated capacity of differentiation into mesengenic 
lineages93,95,96,98,99, and important immuno-modulatory 
properties, if used in an allogeneic context100.

Tissue engineering is a new field in regenerative 
medicine, and its goal is to study how to repair or 
substitute organs and tissues damaged by congenital 
anomalies, diseases, trauma or degenerative processes. This 
technique calls for the implantation of a scaffold (porous 
biomaterial), loaded with appropriate cells that will induce 
tissue regeneration. Such structures have been implanted in 
animal models, and promising results have been obtained 
regarding formation of bone tissue and even of oral bone 
tissue37,48. These studies, different depending on the 
animal species used, present a significant advantage in the 
recovery of bone defects, on the basis of the bone defect 
created and the nature of the scaffold, and demonstrate a 
good cellular rooting and a direct participation on the part 
of inoculated MSC cells in the formation of new tissue. 
Functional recovery and healing time seem to improve by 
treating bone defects with MSC that have been previously 
isolated, expanded, deposited on a 3-dimensional matrix, 
and subsequently implanted49-52, or even that have been 



Balk J Stom, Vol 11, 2007 Periodontal Regeneration with Mesenchymal Stem Cells  93

Kramer J, Hegert C, Guan K, et al25. . Embryonic stem cell-
derived chondrogenic differentiation in vitro: activation by 
BMP-2 and BMP-4. Mech Dev, 2000; 92:193-205.
Lumelsky N, Bondel O, Laeng P, et al26. . Differentiation of 
embryonic stem cells to insulin secreting structures similar 
to pancreatic islets. Science, 2001; 292:1389-1393.
Spreadling A, Drummond-Barbosa D, Kai T27. . Stem cells find 
their niche. Nature, 2001; 414:98-104.
Biancho P, Gehron-Robey P28. . Marrow stromal stem cells. J 
Clin Invest, 2000; 105:1663-1668.
Alvarez-Buylla A, Garcia-Verdugo JM, Tramontin AD29. . A 
unified hypothesis of the lineage of neural stem cells. Nat 
Res Neurosci, 2001; 2:287-293.
Gallacher L, Murdoch B, Wu D, et al30. . Identification of novel 
circulating human embryonic blood stem cells. Blood, 2000; 
96:1740-1747.
Bjornson CR, Rietze RL, Reynolds BA, et al31. . Turning brain 
into blood: a hematopoietic fate adopted by adult neural 
stem cells in vivo. Science, 1999; 283:534-537.
Azizi SA, Strokes D, Augelli BJ, et al32. . Engraftment and 
migration of human bone marrow stromal cells implanted in 
the brain of albino rats: similarities to astrocyte grafts. Proc 
Natl Acad Sci USA, 1998; 95:3908-3913.
Alison MR, Poulson R, Jeffery R, et al33. . Hepatocytes from 
non-hepatic stem cells. Nature, 2000; 406:257.
Orlic D, Kajstura J, Chimenti S, et al34. . Bone marrow cells 
regenerate infarcted myocardium. Nature, 2001; 410:701-
704.
Krause DS, Theise ND, Collector MI, et al35. . Multi-organ, 
multi-lineage engraftment by a single bone marrow-derived 
stem cell. Cell, 2001; 105:369-377.
Vogel G36. . Can adult stem cells suffice? Science, 2001; 
292:1820-1822.
Vats A, Tolley NS, Polak JM, Gough JE37. . Scaffolds and 
biomaterials for tissue engineering: a review of clinical 
applications. Clin Otolaryngol, 2003; 28:165-172.
Olde Damink LLH, Dijkstra PJ, Van Luyn MJA, et al38. . Cross-
linking of dermal sheep collagen using a water soluble 
carbodiimide. Biomaterials, 1996; 17:765-773.
Hench LL39. . Bioceramics. From concept to clinic. J Am 
Ceramic Soc, 1991; 74:1487-1510.
Petite H, Viateau V, Bensaid W, et al40. . Tissue engineered bone 
regeneration. Nature Biotechnol, 2000; 18:959-963.
Yukna RA, Yukna CN. A 5-year follow up of 16 patients 41. 
treated with coralline calcium carbonate (biocoral) bone 
replacement grafts in infrabony defects. J Clin Periodontol, 
1998; 25:1036-1040.
Yukna RA42. . Clinical evaluation of coralline calcium carbonate 
as a bone replacement graft material in human periodontal 
osseous defects. J Periodontol, 1994; 65:177-185.
Cao YL, Vacanti JP, Paige KT, et al43. . Transplantation of 
chondrocytes utilizing a polymer-cell construct to produce 
tissue engineered cartilage in the shape of a human ear. Plast 
Reconstr Surg, 1997; 100:297-302.
Mosahebi A, Fuller P, Wiberg M, et al44. . Effect of allogenic 
Schwann cell transplantation on peripheral nerve 
regeneration. Exp Neurol, 2002; 173:213-223.
Niklason LE, Gao J, Abbot WM, et al45. . Functional arteries 
growth in vitro. Science, 1999; 284:489-493.
Advanced Tissue Sciences. (WWW document). URL 46. http://
www.advancedtissue.com

Evans WE, Relling MV3. . Pharmacogenomics: translating 
functional genomics into rational therapeutics. Science, 
1999; 286:487-491.
International Human Genome Sequencing Consortium. 4. 
Finishing the euchromatic sequence of the human genome. 
Nature, 2004; 431:931-945.
Peltronen L, McKusick VA5. . Dissecting human diseases in the 
postgenomic era. Science, 2001; 291:1224-1229.
Cohen DW, Slavkin HC6. . Periodontal disease and systemic 
disease. In: Rose LF, Genco RJ, Cohen DW, Mealey BL 
(eds). Periodontal Medicine. Hamilton, Canada: BC Decker 
Inc, 2000; pp 1-11.
Hood L, Health JR, Phelps ME, Lin B7. . System’s biology 
and new technologies enable predictive and preventative 
medicine. Science, 2004; 306:640-643.
Langer R, Vacanti JP8. . Tissue engineering. Science, 1993; 
260:920-926.
Slavkin HC9. . Applications of pharmacogenomics in general 
dental practice. Pharmacogenomics, 2003; 4:163-170.
Smith DS10. . The government’s role in advancing regenerative 
medicine and tissue engineering - science, safety and ethics. 
Periodontol 2000, 2006; 41:16-29.
Watson JD, Crick FH11. . Molecular structure of nucleic acids. 
Nature, 1953; 171:737-738.
Vacanti JP, Langer R12. . Tissue engineering: the design and 
fabrication of living replacement devices for surgical 
reconstruction and transplantation. Lancet, 1999; 
354(suppl.1):32-34.
Stock UA, Vacanti JP13. . Tissue engineering: current state and 
prospects. Ann Rev Med, 2001; 52:443-451.
Gehron Robey P14. . Stem cells near the century mark. J Clin 
Invest, 2000; 105:1489-1491.
Watt FM, Hogan BLM15. . Out of Eden: stem cells and their 
niches. Science, 2000; 287:1427-1430.
Martin GR16. . Isolation of a pluripotent cell line from early 
mouse embryos cultured in medium conditioned by 
teratocarcinoma stem cells. Proc Natl Acad Sci USA, 1981; 
78:7634-7638.
Thomson JA, Itskovitz-Eldor J, Shapiro SS, et al17. . Embryonic 
stem cell lines derived from human blastocysts. Science, 
1998; 282:1145-1147.
Smith AG18. . Culture and differentiation of embryonic stem 
cells. J Tiss Cult Methods, 1991; 13:89-94.
Keller GM19. . In vitro differentiation of embryonic stem cells. 
Curr Opin Cell Biol, 1995; 7:862-869.
Wiles MV, Joahnsson BM20. . Embryonic stem cell development 
in chemically defined medium. Exp Cell Res, 1999; 247:241-
248.
Wiles M, Keller GM21. . Multiple hematopoietic lineages 
develop from embryonic stem cells in culture. Development, 
1991; 111:259-267.
Li M, Pevny M, Ovell-Bridge R, et al22. . Generation of purified 
neural precursor from embryonic stem cells by lineage 
selection. Curr Biol, 1998; 8:971-974.
Dani C, Smith AG, Dessolin S, et al23. . Differentiation of 
embryonic stem cells into adipocytes in vitro. J Cell Sci, 
1997; 110:1279-1285.
Klug MG, Soonpaa MH, Koh GY, et al24. . Genetically selected 
cardiomyocytes from differentiating embryonic stem cells 
from stable intracardiac grafts. J Clin Invest, 1996: 98:216-
224.



94   F. Carini et al. Balk J Stom, Vol 11, 2007

King GN66. . New regenerative technologies: rationale and 
potential for periodontal regeneration: 1. New advances 
in established regenerative strategies. Dent Update, 2001; 
28:7-12.
King GN, Cochran DL67. . Factors that modulate the effects of 
bone morphogenetic protein-induced periodontal regeneration: 
a critical review. J Periodontol, 2002; 73:925-936.
Lamster IB, Karabin SD68. . Periodontal disease activity. Curr 
Opin Dent, 1992; 2:39-52.
Nakashima M, Reddi AH69. . The application of bone 
morphogenetic proteins to dental tissue engineering. Nat 
Biotechnol, 2003; 21:1025-1032.
Cho MI, Lin WL, Genco RJ70. . Platelet-derived growth factors 
modulated guided tissue regenerative therapy. J Periodontol, 
1995; 66:522-530.
Giannobile WV, Finkelman RD, Lynch SE71. . Comparison of 
canine and nonhuman primate animal models for periodontal 
therapy. Results following a single administration of PDGF/
IGF-I. J Periodontol, 1994; 65:1158-1168.
Howell TH, Fiorellini JP, Paquette DW, Offenbacher S, 72. 
Giannobile WV, Lynch SE. A phase I/II clinical trial to 
evaluate a combination of recombinant human platelet-
derived growth factor-BB and recombinant human insulin-
like growth factor-I in patients with periodontal disease. J 
Periodontol, 1997; 68:1186-1193.
Lynch SE, Ruiz de Castilla G, Williams RC, Kiritsy CP, 73. 
Howell TH, Reddy MS, Antoniades HN. The effects of short-
term application of a combination of platelet-derived and 
insulin-like growth factors on periodontal wound healing. J 
Periodontol, 1991; 62:458-467.
Park JB, Matsuura M, Han KY, Norderyd O, Lin WL, 74. 
Genco RJ. Periodontal regeneration in class III furcation 
defects in beagle dogs using guided tissue regenerative 
therapy with platelet-derived growth factor. J Periodontol, 
1995; 66:462-477.
Rutherford RB, Niekrash CE, Kennedy JE, Charette MF75. . 
Platelet-derived and insulin-like growth factors stimulate 
regeneration of periodontal attachment in monkeys. J 
Periodontal Res, 1992; 27:285-290.
Matsuda N, Lin WL, Kumar NM, Cho MI, Genco RJ76. . 
Mitogenic, chemotactic, and synthetic responses of rat 
periodontal ligament fibroblastic cells to polypeptide growth 
factors in vitro. J Periodontol, 1992; 63:515-525.
Sato Y, Kikuchi M, Ohata N, Tamura M, Kuboki Y77. . 
Enhanced cementum formation in experimentally induced 
cementum defects of the root surface with the application of 
recombinant basic fibroblast growth factor in collagen gel in 
vivo. J Periodontol, 2004; 75:243-248.
Rutherford RB, Ryan ME, Kennedy JE, Tucker MM, 78. 
Charette MF. Platelet-derived growth factor and 
dexamethasone combined with collagen matrix induce 
regeneration of the periodontium in monkeys. J Clin 
Periodontol, 1993; 20:537-544.
King GN, King N, Hughes FJ79. . Effect of two delivery systems 
for recombinant human bone morphogenetic protein-2 on 
periodontal regeneration in vivo. J Periodontal Res, 1998; 
33:226-236.
Ripamonti U, Reddi AH80. . Tissue engineering, morphogenesis, 
and regeneration of the periodontal tissues by bone 
morphogenetic proteins. Crit Rev Oral Biol Med, 1997; 
8:154-163.

Organogenesis. (WWW document) 47. http://www.organo genesis.
com
Krebsbach PH, Mankani MH, Satomura K, Kuznetsov SA, 48. 
Robey PG. Repair of craniotomy defects using bone marrow 
stromal cells. Transplantation, 1998; 66:1272-1278.
Hutmacher DW, Sittinger M, Risbud MD49. . Scaffold-based 
tissue engineering: rationale for computer-aided design 
and solid free-form fabrication systems. Trends.Biotechnol, 
2004; 22:354-362.
Abukawa GH, Shin M, Williams WB, Vacanti JP, Kaban 50. 
LP, Troulis MJ. Reconstruction of mandibular defects with 
autologous tissue-engineered bone. J Oral Maxillofac Surg, 
2004; 62:601-606.
Yamada Y, Ueda M, Naiki T, Nagasaka T51. . Tissue-engineered 
injectable bone regeneration for osseointegrated dental 
implants. Clin Oral Implants Res, 2004; 15:589-597.
Warnke PH, Springer IN, Wiltfang J, Acil Y, Eufinger H, 52. 
Wehmoller M, et al. Growth and transplantation of a custom 
vascularized bone graft in a man. Lancet, 2004; 364:766-770.
Shi S, Gronthos S, Chen S, Reddi A, Counter CM, Robey 53. 
PG, et al. Bone formation by human postnatal bone marrow 
stromal stem cells is enhanced by telomerase expression. 
Nat Biotechnol, 2002:587-591.
Gronthos S, Chen S, Wang CY, Robey PG, Shi S54. . Telomerase 
accelerates osteogenesis of bone marrow stromal stem cells 
by upregulation of CBFA1, osterix and osteocalcina.  J Bone 
Miner Res, 2003; 18:716-722.
Gronthos S, Mankani M, Brahim J, Robey PG, Shi S55. . 
Postnatal human dental pulp stem cells (DPSCs) in vitro and 
in vivo. Proc Natl Acad Sci USA, 2000: 97:13625-13630.
Grzesik WJ, Kuzentsov SA, Uzawa K, Mankani M, Robey 56. 
PG, Yamauchi M. Normal human cementum-derived 
cells: isolation clonal expansion and in vitro and in vivo 
characterization. J Bone Miner Res, 1998; 13:1547-1554.
D’Errico JA, Ouyang H, Berry JE, MacNeil RL, Strayhorn 57. 
C, Imperiale MJ, et al. Immortalized cementoblasts and 
periodontal ligament cells in culture. Bone, 1999; 25:39-47.
Saito M, Handa K, Kiyono T, Hattori S, Yokoi T, Tsubakimoto 58. 
T, et al. Immortalization of cementoblast progenitor cells 
with Bmi-1 and TERT. J Bone Miner Res, 2005; 20:50-57.
Seo BM, Miura M, Gronthos S, Bartold PM, Batouli S, 59. 
Brahim J, et al. Investigation of multipotent postnatal stem 
cells from human periodontal ligament. Lancet, 2004; 
364:149-155.
De Moerlooze L, Spencer-Dene B, Revest J, Hajihosseini M, 60. 
Rosewell I, Dickson C. An important role for the IIIb isoform 
of fibroblast growth factor receptor 2 in mesenchymal-
epithelial signalling during mouse organogenesis. 
Development, 2000; 127:483-492.
Cochran DL, Wozney JM61. . Biological mediators for 
periodontal regeneration. Periodontol 2000, 1999; 19:40-58.
Giannobile WV62. . Periodontal tissue engineering by growth 
factors. Bone 1996: 19:23S-37S.
Graves DT, Kang YM, Kose KN63. . Growth factors in 
periodontal regeneration. Compend Suppl, 1994; 18:S672-
S677.
Grzesik WJ, Narayanan AS64. . Cementum and periodontal 
wound healing and regeneration. Crit Rev Oral Biol Med, 
2002; 13:474-484.
King GN65. . New regenerative technologies: rationale and 
potential for periodontal regeneration: 2. Growth factors. 
Dent Update, 2001; 28:60-65.



Balk J Stom, Vol 11, 2007 Periodontal Regeneration with Mesenchymal Stem Cells  95

Donzelli E, Salvadè A, Papagna R, Baldoni M, Tredici G94. . 
Cellule staminali mesenchimali: estrazione, isolamento e 
differenziamento oseogenetico. Doctor Os, 2005(Nov-Dic); 
16(9):1-6.
Donzelli E, Salvadè A, Mimo P, Viganò M, Morrone M, 95. 
Papagna R, Carini F, Zoapo A, Miloso M, Baldoni M, 
Tredici G. Mesenchymal stem cells cultured on a collagen 
scaffold: in vitro osteogenic differentation. Arch Oral Biol, 
2007; 52:64-73.
Salvadè A, Belotti D, Donzelli E, D’Amico G, Gaipa G, 96. 
Renoldi G, Carini F, Baldoni M, Pogliani EM, Tredici G, 
Biondi A, Biagi E. Cytotherapy, 2007; (in press)
Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas 97. 
R, Mosca JD, Moorman MA, Simonetti W, Craig S, Marshak 
DR. Multilineage potential of adult human mesenchymal 
stem cells. Science, 1999; 284:143-147.
Minguell JJ, Erices A, Conget  P98. . Mesenchymal stem cells. 
Exp Biol Med, 2001; 226:507-520.
Fibbe WE99. . Mesenchymal stem cells. A potential source for 
skeletal repair. Ann Rheum Dis, 2002; 61(suppl II):ii29-ii31.
Jaiswal N, Haynesworth SE, Caplan AI, Bruder SP100. . 
Osteogenic differentiation of purified, culture-expanded 
human mesenchymal stem cells in vitro. J Cell Biochem, 
1997; 64:295-312.
Seo BM, Miura M, Gronthos S, Bartold PM, Batouli 101. 
S, Brahim J, Young M, Robey PG, Wang CY, Shi S. 
Investigation of multipotent postnatal stem cells from human 
periodontal ligament. Lancet, 2004; 364:149-155.
Papapanou PN, Wennström JL102. . The angular bony defects as 
indicator of further alveolar bone loss. J Clin Periodontol, 
1991; 8:317-322
Kotobuki N, Hirose M, Takakura Y, Ohgushi H103. . Cultured 
autologous human cells for hard tissue regeneration: 
preparation and characterization of mesenchymal stem cells 
from bone marrow. Artif Organs, 2004; 28:33-39.

Correspondence and request for offprints to:

Marco Baldoni 
University of Study Milano Bicocca 
School of Dentistry and Dental Hygienists 
Via Cadore 48, 20052 Monza, 
MI, Italy 
E-mail: marco.baldoni@unimib.it 

Camelo M, Nevins ML, Schenk RK, Lynch SE, Nevins M81. . 
Periodontal regeneration in human Class II furcations using 
purified recombinant human platelet-derived growth factor-
BB (rhPDGF-BB) with bone allograft. Int J Periodontics 
Restorative Dent, 2003; 23:213-225.
Nevins M, Camelo M, Nevins ML, Schenk RK, Lynch SE82. . 
Periodontal regeneration in humans using recombinant 
human platelet-derived growth factor-BB (rhPDGF-BB) and 
allogenic bone. J Periodontol, 2003; 74:1282-1292.
Anitua E83. . Plasma rich in growth factors: preliminary results 
of use in the preparation of future sites for implants. Int J 
Oral Maxillofac Implants, 1999; 14:529-535. 
De Obarrio JJ, Arauz-Dutari JI, Chamberlain TM, Croston 84. 
A. The use of autologous growth factors in periodontal 
surgical therapy: platelet gel biotechnology - case reports. 
Int J Periodontics Restorative Dent, 2000; 20:486-497.
Okuda K, Kawase T, Momose M, Murata M, Saito Y, Suzuki 85. 
H, Wolff LF, Yoshie H. Platelet-rich plasma contains high 
levels of platelet-derived growth factor and transforming 
growth factor-beta and modulates the proliferation of 
periodontally related cells in vitro. J Periodontol, 2003; 
74:849-857.
Anusaksathien O, Webb SA, Jin QM, Giannobile WV86. . 
Platelet-derived growth factor gene delivery stimulates ex 
vivo gingival repair. Tissue Eng, 2003; 9:745-756.
Anusaksathien O, Jin Q, Zhao M, Somerman MJ, Giannobile 87. 
WV. Effect of sustained gene delivery of platelet-derived 
growth factor or its antagonist (PDGF-1308) on tissue 
engineered cementum. J Periodontol, 2004; 75:429-440.
Giannobile WV, Lee CS, Tomala MP, Tejeda KM, Zhu Z88. . 
Platelet-derived growth factor (PDGF) gene delivery for 
application in periodontal tissue engineering. J Periodontol, 
2001; 72:815-823.
Jiang J, Safavi KE, Spangberg LS, Zhu Q89. . Enamel matrix 
derivative prolongs primary osteoblast growth. J Endod, 
2001; 27:110-112.
Beertsen W, McCulloch CAG, Sodek J90. . The periodontal 
ligament: a unique, multifunctional connective tissue. 
Periodontol 2000, 1997; 13:20-40.
Jin QM, Anusaksathien O, Webb SA, Rutherford RB, 91. 
Giannobile WV. Gene therapy of bone morphogenetic 
protein for periodontal tissue engineering. J Periodontol, 
2003; 74:202-213.
Giannobile WV, Somerman MJ92. . Growth and amelogenin-like 
factors in periodontal wound healing. A systematic review. 
Ann Periodontol, 2003; 8:193-204.
Kawaguchi H, Hirachi A, Hasegawa N, Iwata T, Hamaguchi 93. 
H, Shiba H, et al. Enhancement of periodontal tissue 
regeneration by transplantation of bone marrow mesenchymal 
stem cells. J Periodontol, 2004; 75:1281-1287.


