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Preface

Over the past twenty years there has been an explosion
in published research studies characterising and investi-
gating the behaviour of adult stem cells from the dental
and oral tissues, and much excitement has been antici-
pated in their ability to regenerate a variety of connective
tissues. Research in this field is rapidly expanding,
facilitated by the many interdisciplinary collaborative
opportunities for the repair of dental and craniofacial
tissues. Their use has been championed for much wider
translational opportunities, from large tissue volume
regeneration of the musculoskeletal system to repair of
ischaemic heart and liver tissue injury, replacement of
misfunctioning cells such as pancreatic islet cells, and
regeneration of neuronal networks and spinal cord
injury. However, when entering the expansive litera-
ture, it is clear that many different experimental proto-
cols have been utilised that examine heterogeneous
stem cells, subpopulations, and clonally established cell
lines where consideration of the environmental condi-
tions are a critical for interpreting biological response.
It is now very clear that adult stem cells represent a
heterogeneous family of mesenchymal stem cells, where
biological responses and translational applications are
clearly going to be affected by the age and tissue source,
with isolation and culture procedures affecting their
peri-cellular and niche environment. In addition, the
clinical use of such cells requires consideration of a
number of practical limitations that need to be over-
come, such as scale up and delivery. As the field of stem
cell biology develops, characterisation of the cell popu-
lations is becoming ever more complex, although it

viii

should remain an important research element in assess-
ing the therapeutic potential of stem cells. Indeed,
exciting opportunities exist for reprogramming these
cells, which may hold promise for expanding therapeutic
potential. It is evident that much research in the area is
needed to further our understanding.

In compiling this book, our aim was to highlight the
varied breadth and considerations of the current research
and the plethora of published literature to display key
findings and current hypotheses. However, rather than
simply produce a review of the current “state of the lit-
erature” we also aim to help active researchers in the
field, both scientists and clinicians, through the provi-
sion of invaluable tools and methodologies utilised in
undertaking research in this field, and to highlight
important biological and practical considerations to
facilitate successful migration of research from bench to
clinic. As such, the chapters contained within this book
not only provide a comprehensive overview of the
published literature, but they highlight considerations
that must be made for current data, indicate areas for
development, and also provide clear protocols, methods,
or “case studies” for aspects of research that can be used
by other researchers in the field. With the help of leading
experts in craniofacial and dental stem cell research and
tissue engineering, we wanted to produce a textbook
that becomes a valuable reference handbook and a prac-
tical guide that comes to be an invaluable lab text.

Professor Rachel J. Waddington
Professor Alastair J. Sloan



CHAPTER 1

Induced pluripotent stem cell technologies

for tissue engineering

George T.-J. Huang!, Ikbale El Ayachi!, and Xiao-Ying Zou?
! Department of Bioscience Research, College of Dentistry, University of Tennessee Health Science Center, Memphis, TN, USA

2 Department of Cariology, Endodontology and Operative Dentistry, Peking University School and Hospital of Stomatology, Beijing, China

Induced pluripotent stem cells (iPSCs) were first esta-
blished by delivering the four factors c-Myc/Klf4/Oct4/
Sox2 or Lin28/Nanog/Oct4/Sox2 into dermal fibroblasts
via a viral vector-based approach (Takahashi et al., 2007;
Takahashi and Yamanaka, 2006; Yu et al., 2007). To avoid
permanent integration of these introduced exogenous
genes, plus the vector that carries them, significant efforts
have been put into removing the transgenes and vectors
from cells after they have been reprogrammed into iPSCs
(Gonzalez et al., 2009; Kaji et al., 2009; Soldner et al.,
2009; Woltjen et al., 2009; Yu et al., 2009a). Because of
the reactivation of endogenous pluripotent genes that
function to maintain the pluripotent state after repro-
gramming, these exogenous transgenes can be removed
without affecting the reprogrammed status. In fact,
removing these exogenous transgenes renders iPSCs more
similar to human embryonic stem cells (hESCs) (Soldner
et al., 2009). Besides using viral vector systems to repro-
gram cells, other methods that can completely circumvent
the use of vectors have been utilised, including delivery of
recombinant protein-based or synthetic mRNAs of the
four factors to generate iPSCs (reviewed by Rao and
Malik, 2012). There are many applications that iPSCs
can contribute to; among others, this chapter focuses on
(1) cell-based tissue regeneration and (2) generation of
patient-specific iPSCs to study disease mechanisms.

With respect to the source of cells for human iPSC gen-
eration, various cell types are capable of converting into
iPSCs, although dermal fibroblasts are most commonly
used due to their relative ease of access and availability
(Aasen et al., 2008; Giorgetti et al., 2009; Giorgetti et al.,
2010; Li et al., 2009; Loh et al., 2009; Miyoshi et al., 2010a;

Nakagawa et al., 2008; Park et al., 2008b; Sun et al., 2009;
Takahashi et al., 2007; Yan et al., 2010). In general it is
easier to reprogram more immature cells than more differ-
entiated cells. From the perspective of clinical applications,
cells that are not easily accessible, such as neural stem
cells, are not a suitable cell source for iPSC generation. The
oral cavity harbours a rich source of mesenchymal stem
cells (MSCs), including those from various dental tissues,
gingival/mucosal tissues, and alveolar bone (Huang et al.,
2009; Morsczeck et al., 2013). Extracted teeth are consid-
ered biomedical waste and gingival/mucosal tissues are
easily accessible and available. Oral MSCs are also
relatively robust in respect to cell proliferation and
population doubling (Huang et al., 2009); therefore, these
cells may be one of the best sources for generating iPSCs.

While many aspects of iPSCs require investigation
concerning their clinical safety, utilising iPSCs for cell
therapy is anticipated to take place in the future. Studies
focusing on guiding iPSCs to differentiate into various
cell types for regeneration purposes have been rigorously
undertaken. This chapter will overview current progress
in this area, particularly emphasising neurogenesis.
Additionally, utilising iPSCs as a tool for studying genetics
and disease mechanisms will also be reviewed.

Overview of iPSCs

iPSC derivation

While various approaches or conditions may lead to the
derivation of pluripotent stem cells in mammals (Cowan
et al., 2005; Goémez et al., 2006; Miyashita et al., 2002;
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Oh et al., 2009; Thuan et al., 2010; Wilmut et al., 1997;
Yu et al., 2006), attempts to generate human (h) ESCs by
somatic cell nuclear transfer continues to be unsuc-
cessful. Human triploid blastocysts have been generated
and are capable of giving rise to ESCs (Noggle et al.,
2011); however, triploid hESCs are an unlikely or favor-
able cell source for clinical applications. Cells that have
potential clinical value are hESCs derived from the par-
thenogenetic approach (Revazova et al., 2007; Revazova
et al., 2008). Nonetheless, such a technology is inconve-
nient and difficult to perform. Yamanaka and his team
utilised a Fbx15%«% mouse model and found that by
introducing 4 factors, c-Myc, Klf4, Oct4 and Sox2 were
sufficient to reverse fibroblasts to ES-like cells, termed
“induced pluripotent cells (iPSCs)” (Takahashi and
Yamanaka, 2006). These mouse (m) iPSCs demonstrate
the features resembling ES cells. These include similar
morphology in cultures, growth rate, key pluripotent
genes, global gene profiles, epigenetic profiles, and capa-
bility of embryoid body (EB) formation. In addition,
differentiation into cells of all germ layers is observed in
EBs in vitro, as well as formation of teratomas in vivo
containing tissues of all germ layers, and above all, the
formation of chimeras after iPSCs were injected into blas-
tocysts in an animal system. Subsequently, Yamanaka’s
group further demonstrated that the same four factors
c-Myg, Klf4, Oct4 and Sox2 were also effective in humans
in reprogramming fibroblasts into iPSCs, exhibiting sim-
ilar features mentioned above for miPSCs, except the
formation of chimeras which cannot be tested for the
human system (Takahashi et al., 2007). Thomson’s
group independently identified a core set of 4 genes,
Oct4, Sox2, Nanog and Lin28 that were also able to
reprogram human fibroblasts into iPSCs (Yu et al., 2007).
The successful rate of iPS generation is generally low;
the highest was at 0.1% in a mouse system using
embryonic fibroblasts as the cell source (Smith et al.,
2009). With a single lentiviral vector expressing all four
Yamanka'’s factors, Sommer et al. (2009) were able to
demonstrate a reprogramming efficiency of 0.5% using
mouse tail-tip fibroblasts. In human systems, adipose
tissue stem cells can reach a successful reprogramming
rate of 0.2% (Sun et al., 2009). In general, it is difficult
to assess the absolute efficiency as different laboratories
are using various vector systems and the viral activities
can vary widely as well. Compared to other means of
deriving human pluripotent stem cells, iPSCs appear to
be the desired method for potential clinical utilisation.

Characteristics of iPSCs

One critically important hallmark of ESCs as pluripotent
stem cells is the capability to form embryos and be born
into live animals via a tetraploid-complementation
procedure. Using a mouse system, such cell characteris-
tics can be demonstrated and the generation of live pups
by iPSCs, some of which lived to adulthood, has been
demonstrated (Boland et al., 2009; Kang et al., 2009;
Zhao et al., 2009). The successtul rate of giving rise to
tetraploid complementation by iPSCs is similar to that
by ESCs; however, there are variables in iPSC lines.
Some iPSC lines showed early termination of fetal
development at the embryonic stage (Zhao et al., 2009).
Generally, iPSCs are functionally similar if not identical
to ESCs. One drawback is the variability among differ-
ent iPSC clones. hiPSCs cannot be tested by such meth-
odologies; therefore, characterisation at genetic and
epigenetic levels should be carried out to establish the
molecular basis of the reprogrammed hiPSC clones.

In the human system, the global gene-expression pat-
terns and epigenetic profiles between iPS and ES cells
were shown to be similar (Takahashi et al., 2007; Yu
et al., 2007). Regarding the telomere regaining length
in iPSCs, this was addressed in the reprogramming of
cells from patients with Dyskeratosis congenita (DC), a
disorder of telomere maintenance (Agarwal et al.,
2010). Reprogramming can restore telomere elongation
in DC cells despite genetic lesions affecting telomerase
(Agarwal et al., 2010).

Examining the whole-genome profiles of DNA meth-
ylation at single-base resolution of hiPSC lines revealed
that there is reprogramming variability, including
somatic memory and aberrant reprogramming of DNA
methylation (Lister et al., 2011). iPSCs are thought to
harbor a residual DNA methylation signature related to
their cell of origin, termed “epigenetic memory”. This
predisposes them toward differentiation along lineages
related to that cell type and restricts differentiation to
alternative cell fates (Kim et al., 2010; Polo et al., 2010).
Epigenetic memory can also be correlated with a
residual transcriptional profile in iPSCs that is related to
the cell from which it was originally reprogrammed
(Ghosh et al., 2010). Epigenetic analysis of the iPSC
clones may be needed to provide a critical baseline for
studying cellular changes occurring during the con-
trolled in vitro differentiation concerning the utility of
these cells for future therapies. There are also repro-
gramming-associated mutations that occur during or
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after reprogramming. It is suggested that extensive ge-
netic screening should become a standard procedure to
ensure hiPSC safety before clinical use (Gore et al.,
2011). Despite these caveats, efforts have been made to
produce pure, stable, and good manufacturing practice
(GMP)—grade hiPSCs potentially suited for clinical pur-
poses (Durruthy-Durruthy et al., 2014).

While mutations may occur during reprogramming,
whether hiPSCs cause tumors has yet to be fully inves-
tigated. Neural precursor cells derived from miPSCs
have been shown to form teratomas after in utero
transplantation into the brain of mouse embryos. This
may be avoided by FACS (fluorescent activated cell
sorting) depletion of the SSEA1-positive cell fraction
prior to transplantation (Wernig et al., 2008a).
Although there is concern of the genomic instability in
pluripotent stem cells such as ESCs, it is not known
whether genomic instability in hPSCs increases the
likelihood of tumorigenesis. It has been proposed that
high-resolution methods such as single nucleotide
polymorphism genotyping be performed before any
hPSCs are used for clinical transplantation (Peterson
and Loring, 2014).

Feasible cell types for iPSC generation
Dermal fibroblasts have been the popular cell type of
choice to generate iPSCs because they are ubiquitous
and easily acquired in the skin. However, another
source of cells, which is possibly more feasible and
accessible, is the oral cavity. Fibroblasts from the oral
mucosa can be reprogrammed into iPSCs, and acquiring
a small amount of oral mucosa tissue leaves behind no
scar (Miyoshi et al., 2010a), while it harbours a robust
mesenchymal stem cell population (Morsczeck et al.,
2013). MSCs in the jawbone can also be easily accessed.
Acquiring alveolar bone in the jaw may be slightly more
invasive; if needed, its acquisition protocol to isolate
MSCs has been well established (Mason et al., 2014),
and no report associates significant postoperative pain
with this procedure. Blood cells are another easily
obtainable cell type for iPSC generation; however, it
requires subpopulation isolation and growth factor
stimulation before reprogramming. This tedious process
makes them makes them less attractive as a feasible cell
source for reprogramming (Loh et al., 2009; Staerk
etal., 2010; Su et al., 2013).

Discarded extra-embryonic tissues such as umbilical
cord are a good cell source to generate iPSCs, as they

are immature cells, highly suitable for such a purpose
(Jiang et al., 2014; Song et al., 2014). Extracted teeth
contain mesenchymal-like stem/progenitor cells
including dental pulp stem cells (DPSCs), stem
cells from exfoliated deciduous teeth (SHED), stem cells
from apical papilla (SCAP), and periodontal ligament
stem cells (PDLSCs) that are also a good cell source to
derive iPSCs (Tamaoki et al., 2010; Wada et al., 2011;
Yan et al.,, 2010). These stem cells are normally from
children or young adults—SHED are from children
around ages 6-12; SCAP, DPSCs, and PDLSCs from
third molars are from those ages 16-22. These age
groups contain more immature stem cells suitable for
generating iPSCs. As summarised in Figure 1.1, a
number of cell sources may be used for transgene-/
vector-free iPSC generation and their subsequent med-

ical applications.

Applications for iPSCs in

cell-based therapy

While adult stem cells are multipotent and some are
near pluripotent, their acquisition is nonetheless often
inconvenient, and they have a limited life span in cul-
tures (Kim et al., 2007; Kolf et al., 2007). Partial repro-
gramming by directing fibroblasts into specific lineages
appears to be a good option for cell-based therapy; how-
ever, the key issue is still the limitation of cell source
and their life span in vitro. With respect to their capacity
for tissue regeneration, the pluripotency of ESCs, which
can generate all cell types, is unparalleled by adult stem
cells. The main concern of using hESCs is their safety, as
ESCs may form teratomas in vivo if they fail to differen-
tiate. One report of two clinical cases and phase I/II
studies of 18 patients using hESCs for restoring eyesight
of patients showed no adverse effects after a median
of 22 months of follow-ups (Schwartz et al., 2012;
Schwartz et al., 2015). Teratoma formation normally
occurs within 8 weeks, suggesting that these clinical
cases are unlikely to develop any tumor formation in
the future. Currently, there are a number of clinical
trials mainly using hESC-derived retina pigmented epi-
thelial cells for transplantation to treat retinal degenera-
tive diseases, and none have shown development of
tumors (Peterson and Loring, 2014). The clinical trials
operated by Geron for treating spinal cord injury using
hESCs have, unfortunately, been discontinued due to
financial reasons. If proven that hESCs are clinically
safe, it is possible that iPSCs are also safe, and the
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Oral stem cells

Skin
fibroblasts

Reprogramming factors
mRNA
Protein

Excisable vector

iPSCs

Umbilical
cord cells

PSS

Medical applications
Cell therapy
Mechanisms of disease

Drug test
Regeneration
etc.

Figure 1.1 Feasible source of cells or stem cells for transgene-free iPSC generation and subsequent medical applications. Oral stem
cells are the most accessible and easiest cells for the reprogramming process. Use of mRNA, protein, or an excisable vector
approach allows generation of transgene-free iPSCs. Note: Although blood cells appear to be the easiest cell type to obtain, multiple
steps are involved in their processing before they are ready for reprogramming, which is very inconvenient.

ongoing clinical trials with iPSCs will verify this possi-
bility (Cyranoski, 2013). Recently it has been shown
that transplantation of hiPSC-derived neural stem cells
(NSCs) enhanced axonal sparing, regrowth and angio-
genesis, prevented demyelination after spinal cord
injury, and promoted functional recovery in the
common marmoset animal model without tumor
formation (Kobayashi et al., 2012).

Guiding hESCs towards differentiation into various
tissue specific cells in vitro has been rigorously tested,
and various protocols have been established. These pro-
tocols are being utilised for iPSC differentiation. Various
differentiation pathways have been tested for guiding
iPSCs into specific lineages representing all of the three
germ layers (Efthymiou et al.,, 2014). Examples are
ectodermal-related neural cells (Cai et al., 2010; Hu
et al., 2010), mesodermal-related haematopoietic and
endothelial cells (Choi et al., 2009; Feng et al., 2010)
and skeletal muscle cells (Mizuno et al., 2010), and

endodermal-related hepatocytes (Gallicano and Mishra,
2010; Si-Tayeb et al., 2010; Sullivan et al., 2010). Studies
are being continuously undertaken to refine the
differentiation protocols of guiding ESCs or iPSCs into
specific cell types, and to understand the extent of varia-
tion in differentiation potential among different cell lines
and clones that is related to the effects of cell origin or
reprogramming methods. Most importantly, iPSC-derived
differentiated cells must have equivalent functions to the
naturally formed tissue cells (Efthymiou et al., 2014).

iPSCs for tissue engineering
and regeneration

iPSCs for tissue regeneration in general

Cell-based therapy to regenerate tissues may be the best
and the only option when defect size reaches a point
where non-cell-based approaches cannot work. iPSCs,
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similar to ESCs, undergo continuous self-renewal in
cultures and may provide unlimited cell source for
tissue regeneration (Efthymiou et al.,, 2014; Hirschi
et al., 2014; Lengner, 2010). With regard to human sys-
tems, a number of different cell types may be differenti-
ated from hiPSCs for regenerative medicine. The
following listed are a few examples.

(a) Cardiac regeneration with iPSCs

hiPSCs can differentiate into functional cardiomyocytes
(Germanguz et al., 2011; Seki et al., 2014; Zhang et al.,
2009; Zwi et al., 2009). Successtul differentiation of hiP-
SCs into cardiomyocytes was first reported in 2009 (Zhang
et al., 2009). Electrophysiology studies indicated that
iPSCs differentiate into nodal-, atrial-, and ventricular-like
phenotypes and exhibit responsiveness to beta-adrenergic
stimulation. Overall, cardiomyocytes obtained from iPSCs
are functionally similar to ESC-derived cardiomyocytes
(Zhang et al., 2009). Furthermore, iPSC-derived cardio-
myocytes have been engrafted successfully into the hearts
of experimental animals (Zwi-Dantsis et al., 2013) and
used to improve cardiac function after ischemic cardiomy-
opathy in a porcine model (Kawamura et al., 2012).

(b) Skeletal tissue regeneration with iPSCs

Skeletal tissue engineering includes bone and cartilage
regeneration. Osteogenic differentiation of iPSCs for bone
tissue regeneration has been reported using scaffolds
such as macro-channeled polycaprolactone scaffolds
(Jin et al., 2013), polyethersulfone nanofibrous scaffolds
(Ardeshirylajimietal., 2013) and fibrin or hydroxyapatite/p-
tricalcium phosphate (Park and Im, 2013).

Osteogenic differentiation of hiPSCs could be con-
ducted with EB formation (Ardeshirylajimi et al., 2013;
Park and Im, 2013), or without the EB formation step, by
using osteogenic factors, ascorbic acid, f-glycerophoshate
and dexamethasone (Jin et al., 2013). Based on in vitro
studies, iPSCs seem to have the similar characteristics to
hESCs in osteogenic differentiation (Ardeshirylajimi
et al., 2013). In vivo bone formation by iPSCs was also
demonstrated in rats (Park and Im, 2013) and in nude
mice (Duan et al., 2011). Studies have also shown that
hiPSCs combined with gels containing an enamel
matrix-derived protein complex from the amelogenin
family provide a valuable tool for periodontal tissue
engineering by promoting the formation of new alve-
olar bone and cementum formation, with normal
periodontal ligament between them (Duan et al., 2011).

Cartilage tissue engineering using differentiated and
purified iPSCs has also been reported (Diekman et al.,
2012). Robust chondrogenic differentiation of iPSCs using
BMP-4 treatment in micromass culture was observed.
These iPSC-derived chondrocyte-like cells were effective
at promoting the integration of nascent tissue with the
surrounding adult cartilage in an in vitro cartilage injury
model (Diekman etal., 2012). Besides direct differentiation
from iPSCs, osteoblasts (Villa-Diaz et al., 2012) and chon-
drocytes (Koyama et al., 2013) could also be derived from
iPSCs via a selection of cells that can adapt to MSC growth
conditions. MSCs could be derived from iPSCs through
EB formation, with typical expression of MSC surface
markers and the potential to differentiate into adipocytes,
chondrocytes, and osteoblasts (Tang et al., 2014).

(c) Tooth regeneration with iPSCs

iPSCs have the capacity to differentiate into oral tissue
cells including dental epithelial and mesenchymal cells.
miPSCs cultured with dental epithelial cell line cells
display an epithelial cell-like morphology expressing
the ameloblast markers ameloblastin and enamelin
(Arakaki et al., 2012). miPSCs can differentiate into
neural crest-like cells (NCLCs) (Lee et al., 2007), and if
cocultured with dental epithelium, they express dental
mesenchymal cell markers (Otsu et al.,, 2012). If cul-
turing NCLCs in the conditioned medium of mouse
dental epithelium cultures, their differentiation into
odontoblasts is enhanced (Otsu et al., 2012). Such find-
ings have led to a proposed protocol for whole-tooth
regeneration using iPSCs (Figure 1.2) (Otsu et al.,
2014). Using a tooth germ reconstitution and transplan-
tation model, miPSCs were able to participate in the
regeneration of alveolar bone and pulp of the engineered
tooth unit in vivo (Wen et al.,, 2012). Human iPSC-
derived epithelial cells combined with mouse dental
mesenchyme can give rise to tooth-like structures in vivo
(Cai et al., 2013; Liu et al., 2014). These results suggest
that iPSCs may be a useful cell source for tooth regener-
ation and tooth development studies.

Neural regeneration with iPSCs

Many neurological disorders await therapeutic strategies
including cell-based therapies. A good example would be
Parkinson’s disease, a common chronic progressive neu-
rodegenerative disorder characterised primarily by major
loss of nigrostriatal dopaminergic neurons. In a proof-of-
principle experiment using a mouse model, iPSCs were
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Figure 1.2 Schematic representation of a strategy for whole-tooth regeneration using iPSCs. The patient’s somatic cells are
harvested and reprogrammed into patient-specific iPSCs, which are then induced to form ectodermal epithelial cells and neural
crest-derived mesenchymal cells. They may be further induced to form odontogenic cells in vitro. The two cell populations are
combined by direct contact, mimicking the in vivo arrangement. Interaction of these cells leads to formation of an early-stage tooth
germ. Once transplanted into the edentulous region, the recombinants develop into a functional tooth. (Adapted from Otsu et al.,
2014. Used under CC-BY 3.0. http://creativecommons.org/licenses/by/3.0/.)

first guided to differentiate into neural precursor cells
and transplanted into the fetal mouse brain. These iPSC-
derived cells migrated into various brain regions and
differentiated into glia and neurons, including glutama-
tergic, GABAergic, and catecholaminergic subtypes
(Wernig et al., 2008a). These grafted neurons showed
mature neuronal activity and were functionally inte-
grated in the host brain. iPSC-derived dopamine neu-
rons transplanted into a rat model of Parkinson'’s disease
improved behavior (Wernig et al., 2008a; Wernig et al.,
2008b). Furthermore, iPSCs reprogrammed from fibro-
blasts of Parkinson’s disease patients can be guided to dif-
ferentiate into dopaminergic neurons (Soldner et al.,
2009). hiPSCs can be differentiated to form motor neu-
rons with a similar efficiency as hESCs. The differentiation

of iPSCs appeared to follow a normal developmental
progression associated with motor neuron formation
and possessed prototypical electrophysiological prop-
erties (Hu et al.,, 2010; Karumbayaram et al., 2009).
A recent report using a mouse model showed that trans-
plantation of neural precursor cells derived from trans-
gene-/vector-free hiPSCs into the mouse brain that had
suffered ischemic stroke injury enhanced functional
recovery (Mohamad et al., 2013a).

Protocols of neural regeneration

using iPSCs

In vitro differentiation of iPSCs to neural cells has been
achieved using various approaches. There are three
major methods (summarised in Table 1.1): (a) EB
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Table 1.1 Neural differentiation protocols of ESCs/iPSCs.

Protocol Culturing Method

Differentiation Strategy

Reference

EB formation and
rosette isolation

EB formation in suspension and
following adherent culture of EBs
Dual-SMAD Adherent single cell culture of
inhibition dissociated iPSCs

SFEBq EB-like formation by reaggregation of
dissociated iPSCs

Induction and isolation of neural
rosettes without morphogens
Inhibition of BMP/Nodal signals

Inhibition of WNT/BMP/Nodal signals

(Zhang et al., 2001)

(Chambers et al., 2009; Morizane
etal., 2011)

(Mariani et al., 2012b; Watanabe
et al., 2005; Watanabe et al., 2007)

Note: EB=embryoid body; SFEBq=serum-free culture of EB-like aggregates, quick method.

Source: Adapted from Kim et al., 2014. Reproduced with permission.

formation and rosette isolation method, (b) dual-SMAD
inhibition method, and (c¢) SFEB method (serum-free
culture of EB-like aggregates) (Kim et al., 2014).

(a) EB formation and rosette isolation method

One popular and powerful approach to mobilising
iPSC/ESC differentiation through to a neural lineage
is the EB formation and rosette isolation method
(Dimos et al., 2008; Wang et al., 2011; Zhang et al.,
2001), or even using a rotary cell culture protocol to
increase EB homogeneity (Mohamad et al., 2013b).
Four types of colonies can develop at the rosette stage
of iPSCs, namely, colonies with rosette structure, col-
onies with differentiated neurons, colonies with
myofibroblasts, and a small number of undifferenti-
ated colonies. The unique cellular arrangement of
epithelial cells is reminiscent of cross-sections of the
developing neural tube and is considered a hallmark
of successful neural induction. These rosette colonies
are positive for neural crest markers AP-2, nestin, and
p75, and may be used for nerve regeneration (Wang
et al., 2011). Timely treatment with particular mor-
phogens such as Shh and Wnts or their agonists/
antagonists, redirects the regional identity of these
progenitor cells to either ventral or caudal fate,
leading to many methods for generating different
neuronal subtypes. iPSCs have been shown to differ-
entiate into dopaminergic neurons (Kwon et al.,
2014; Wernig et al.,, 2008b) and motor neurons
(Dimos et al., 2008; Hu et al., 2010; Karumbayaram
et al., 2009). The schematic representation of EB-
mediated neurogenesis is depicted in Figure 1.3 with
Protocol 1.2 describing steps for EB-mediated neuro-
nogenesis to generate neuronlike cells in vitro (Hu
et al., 2010; Zou et al., 2012).

(b) Dual-SMAD inhibition method

A representation of the dual-SMAD inhibition method
is illustrated in Figure 1.4. Chambers et al. (2009) first
reported this method using hESCs/hiPSCs. Here, the
hESCs/iPSCs are dissociated to single cells and grown
as adherent cultures for neuroectodermal cell differen-
tiation. PAX6+ cells emerge and form neural rosettes in
11 days. Subsequent differentiation into neural cells
that express PAX6, FOXG1 (BF1), and OTX2 indicate
dorsal telecephalic identity (Chambers et al., 2009).
With slight modification of this protocol, iPSCs are able
to convert to dopaminergic neurons (Morizane et al.,
2011). Adding the BMP signaling inhibitor dorsomor-
phin and a TGF-f/activin/nodal signaling inhibitor
SB431542 into single cell cultures of iPSCs/ESCs was
shown to promote highly efficient neural differentiation.
This method is referred to as the dual-SMAD inhibition
approach because each signaling pathway recruits
SMAD proteins as intracellular signal transducers. The
small molecule compounds dorsomorphin and SB431542
are stable and cost effective, and this method may pro-
vide a promising strategy for controlled production of
neurons in regenerative medicine (Morizane et al., 2011;
Wattanapanitch et al., 2014).

(c) Serum-free EB-like (SFEB) method

Watanabe et al. (2005) first reported the SFEB method
using mESCs. Here, the ESC colonies are dissociated
into single cells and allowed to grow in suspension.
Approximately 90% of cells spontaneously form aggre-
gates of defined size in cultures, and the Wnt inhibitor
Dkk1 and nodal signaling antagonist LeftyA are present
to guide cells toward neural differentiation (Watanabe
et al., 2005). Cells can be further guided into subpopu-
lations of neuronal lineage with different growth factors.
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Figure 1.3 Embryoid body (EB)-mediated neurogenesis. iPSC/ESC colonies are lifted into suspension to form EBs, followed by
growth in adherent culture in defined media containing N2 supplement and basic fibroblast growth factor (bFGF) and allowed to
form neural rosettes (NR). Cells in the NRs express many neural stem cell markers such as Nestin, Musashi-1, and polysialylated-
neuronal cell adhesion molecule. NRs are then detached and grown in suspension followed by reattachment onto a laminin-coated
dish under neurogenic stimulation for further neural differentiation prior to functional assessment through patch clamp
electrophysiology. (Patch clamp image courtesy of Dr. Kristen O’Connell, University of Tennessee Health Science Center.
Reproduced with permission from K. O’Connell.)
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Figure 1.4 Dual-SMAD inhibition method for neural differentiation. Under serum-free conditions, adherent single cell-cultures of
iPSCs/hESCs are treated with Noggin or dorsomorphin (BMP inhibitor) and SB431542 (Activin/Nodal inhibitor) to convert iPSCs/
hESCs to largely PAX6-positive (green) neuroectodermal cells that subsequently form neural rosettes (Ki67, green phosphor-
histone H3, red) following 11 days of differentiation. Neural cells generated express FOXG1 (red) and OTX2 (red), along with PAX6
(green). (Scheme based on Chambers et al., 2009. Reproduced with permission from Nature Publishing Group).

This group later tested this protocol on hESCs and
had to use a ROCK inhibitor to increase survival of cells
2007). The modified
protocol is depicted in Figure 1.5, showing that hESCs/

during culture (Watanabe et al.,

hiPSCs are dissociated into single cells and allowed
to form floating EB-like aggregates in the presence of

Dkk1, LeftyA, and BMPRIA-Fc, followed by reatta-
Under further
differentiation stimulation, different populations of neu-

chment onto coated dishes/wells.

rons emerge in response to certain signals. For example,
Shh treatment for ventralisation leads to an incre-
ased population of NKx2.1+ cells (basal region of
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Figure 1.5 Serum-free EB-like (SFEB) method for neural differentiation. iPSC/ESC colonies are dissociated to single cells (2 x 10°
cells/mL) and cultured in nonadherent dishes. Cell aggregates form spontaneously in the presence of a ROCK inhibitor. Dkk1
(Wnt inhibitor), LeftyA (Nodal signaling antagonist), and soluble BMPRIA-Fc (BMP-4 antagonist) are added to the culture from
Day 0 to Day 24. The cell aggregates are then replated en bloc on dishes coated with poly-D-lysine, laminin, and fibronectin, and
cultured until Day 35 in a neural differentiation medium (Neurobasal + B27 and glutamine). For ventralisation experiments, Shh

is added. On Day 35, hESC-derived neural cells express Bfl (32.9% =+ 2.6%, far right image panel, top). The early embryonic
telencephalon is subdivided into the pallial (Bf1+/PAX6+ cortical anlage) and basal (e.g., Nkx2.1+) regions. The majority of
Bf1+ cells derived from Y-27632-treated hES cells coexpressed PAX6 (95.8 + 0.7%), whereas Nkx2.1 was detected in only a
few Bfl+ cells (1% or less) (far right middle image panel). Shh treatment (Days 15-35) decreased the PAX+ population
(23.2% =+ 5.3%) and increased the proportion of Nkx2.1+ cells among the Bf1+ cells (41.5% =+ 14.5%) (far right bottom image
panel). (Scheme based on Watanabe et al., 2007. Reproduced with permission from Nature Publishing Group.)

telencephalon) among BF1+ cells (Watanabe et al.,
2007). Mariani et al. (2012a) adopted this protocol to
use with hiPSCs, which were able to form multilayered
structures expressing a gene profile typical of the
embryonic telencephalon region.

iPSCs as disease study models

iPSCs can be generated from patients with specific dis-
eases. If the generated iPSCs recapitulate the disease
phenotype either in vitro or in vivo, these cells can be
used to establish a patient iPSC library that can be used

to study the disease mechanisms and novel drug
development (Nishikawa et al., 2008; Park et al., 2008a).
iPSCs generated from cells of patients with Hutchinson-
Gilford progeria syndrome, caused by a single-point
mutation in the lamin A (LMNA) gene, recapitulate the
disease phenotype at the cellular and molecular level,
providing an in vitro iPSC-based model to study the
pathogenesis of this disease (Liu et al., 2011).

Genetic disease

Park et al. (2008a) established a disease iPSC library
from patients with a variety of genetic diseases of
Mendelian or complex inheritance. Examples include
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adenosine  deaminase  deficiency-related severe

combined immunodeficiency, Shwachman-Bodian-
Diamond syndrome, Duchenne and Becker muscular
dystrophy, Parkinson’s disease, Huntington disease,
juvenile-onset, type 1 diabetes mellitus, and Down syn-
drome/trisomy 21 (Park et al., 2008a). iPSCs generated
from patients with single-gene disorders can not only
be used to study disease mechanisms, but can also be
used to correct the genetic defect ex vivo such that the
correct cells may be transplanted back to the patient. In
the case of Huntington disease, iPSCs from such patients
that carry the mutant Huntingtin gene (mHTT) can be
differentiated into NSCs or neural progenitor cells
(NPCs). mHTT expression in NSC and NPCs can be
silenced by using RNAIi or antisense oligonucleotides.
The corrected cells can then be transplanted into the
brain of the patient to replenish the lost cell population
(Chen et al., 2014).

For genetic diseases involving haematopoietic sys-
tems, Hanna et al. (2007) first showed that in a human-
ised sickle cell anemia mouse model, iPSCs can be
generated from the diseased mouse fibroblasts and the
mutation corrected in vitro followed by differentiating
the corrected iPSCs into haematopoietic progenitors for
transplantation and curing the disease (Hanna et al.,
2007). Similarly, in a human model, fibroblasts from
Fanconi anaemia patients after genetic correction can be
reprogrammed into pluripotency to generate patient-
specific iPSCs. Corrected Fanconi-anaemia-specific iPS
cells can give rise to haematopoietic progenitors of the
myeloid and erythroid lineages that are phenotypically
normal (Raya et al., 2009).

iPSCs have also been established from patients with
various neurological disorders, including Rett syn-
drome, Fragile X syndrome, Angelman syndrome,
Timothy syndrome, familial Alzheimer’s disease, and
Parkinson’s disease (Israel et al., 2012; Wang and
Doering, 2012; Yagi et al., 2011; Soldner et al., 2009;).
iPSCs have additionally been used as a tool to study
X-linked genes with mutations that are either dominant
or recessive. The situation is not clear-cut. For example,
the X-linked neurodevelopmental disorder, Rett syn-
drome (RTT), has been studied using iPSCs from cells
of patients with Rett syndrome. The disease affects
girls due primarily to heterozygous mutations in the
X-linked gene encoding methyl-CpG binding protein 2
(MECP2) 2012).

(Cheung et al, X-chromosome

inactivation (XCI) status of RTT-hiPSCs has been incon-
sistent with some reports showing that RTT-hiPSCs
retain the inactive X-chromosome of the founder
somatic cells, retaining their allele specific expression
patterns. Conversely, other reports show reactivation of
the inactive X-chromosome in RTT-hiPSCs derived from
the founder somatic cells. Subsequently, random XCI
ensues with RTT-hiPSCs undergoing differentiation,
resulting in cellular mosaicism with cells either express-
ing MECP2-WT or MECP2-Mut transcripts (Cheung
et al.,, 2012).

Cancer-iPSCs

Reprogramming specific cancer cells into pluripotent
state followed by differentiating into different lineages
may help develop cancer vaccines, be applied in drug
screening, or be used to understand the biological
nature of cancer cells. For example, KBM?7 cells derived
from chronic myeloid leukemia have been repro-
grammed into iPSCs. These cancer-iPSCs, in contrast to
parental KBM?7 cells, were completely resistant to the
therapeutic drug Imatinib (Carette et al., 2010).
Miyoshi and colleagues (2010b) reprogrammed cancer
cells of endodermal origin including esophageal,
stomach, colorectal, liver, pancreatic, and cholangio-
cellular cancer cells. The reprogrammed cancer-iPSCs
express morphological patterns of ectoderm, meso-
derm, and endoderm, which were not expressed in the
parental cells (Miyoshi et al., 2010b). These cancer-
iPSCs showed slow proliferation, were sensitised to
differentiation-inducing treatment, and had reduced
tumorigenesis in NOD/SCID mice. Additionally, the
tumor-suppressor gene P16 (INK4A) was repressed in
induced pluripotent cancer (iPC) cells while its expres-
sion increased in differentiated iPC cells. The findings
suggest that the reactivation of tumor suppressor genes
by reprogramming may play a role in increased che-
mosensitivity to 5-FU and the regression of cell prolif-
erationand invasiveness under differentiation-inducing
conditions (Miyoshi et al., 2010b). Since cancer cells
can potentially be reprogrammed into pluripotency
and be capable of differentiation into multiple cell line-
ages of all three germ layers, it has been speculated
that converting cancer cells into highly immunogenic
tumor antigen-presenting dendritic cells for cancer
immunotherapy may be a distinct possibility (Lin and
Chui, 2012).
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Protocol 1.1 Reprogramming oral MSCs into transgene-free iPSCs (Based on Sommer et al., 2010; Zou et al., 2012).

Materials

e Lentiviral vectors hSTEMCCA-LoxP (EMD Millipore Corporation. USA. http:/www.emdmillipore.com/US/en/life-science-research/
cell-culture-systems/stem-cell-research/cellular-reprogramming/stemcca/AV2b.qB.Zj4AAAE_cO08RHeO2,nav

¢ TransIT-HelaMonster transfection kit (Mirus, Madison, WI, USA)

e Puromycin resistant Mouse Embryonic Fibroblasts (MEF) feeder cells (DR4 MEF, GlobalStem, Rockville, MD, USA)

1. Preparation of oral MSCs

o Seed approximately 10° cells (passage <5) into wells of 12-well plates (or wait till about 70%-80% confluent). Cells should
show typical signs of oral MSCs with fast proliferation rate (population doubling time ~20 h).

2. Preparation and addition of virus mixture

e Thaw virus stored in —80°C on ice.

o Prepare 0.5 or 1 mL of fresh culture medium for each well in a separate tube.

e Add virus (viral titers of ~1 x 108 TU [transducing unit)/mL) into the tube with gentle pipetting to mix.
(Lentiviral vectors hSTEMCCA-LoxP—a polycistronic single vector carrying all four human reprogramming factors
c-Myc, KIf4, Oct4, Sox2)

e Add polybrene to a final concentration of 4-5 pg/mL.

® Remove the culture medium in the well, wash cells with PBS once.

e Add the viral mixture into the well. Incubate for 12-24 h, then change to fresh medium.

3. Preparation of feeder cells (MEFs)

e Coat the dish (10 cm) with 0.1% gelatin.
o Seed MEFs (mouse embryonic fibroblasts at passage <3 or 4 as feeder cells that have been treated with mitomycin C to
inactivate their proliferation) into the dish about 1-2 days before.

4. Seed the transduced cells to MEFs

e Within 6 days of adding virus, pass the cells onto the feeder layer. Passage cells to new wells if they become confluent.

e Detach transduced cells and resuspend into the fresh cell culture medium and seed 1-5 x 10* transduced cells into the
10-cm dish with feeder cells (MEFs). Freeze down extra transduced cells for possible use if more reprogramming is needed.

¢ Next day, change the medium to human (h)ESC medium containing FGF (4 ng/mL).

e Change hESC medium every other day until the emergence of ESC-like colonies appear.

e ESC-like colonies should appear within 30 days. If no ESC-like colonies after 40 days, it is considered failed.

5. Subclone iPSC colonies

o Pick each ESC-like colony manually into a new well (12-well plate) containing MEFs.
e Expand the iPSCs and freeze some.

6. Preparation for excising transgenes with Cre

e Day 1: Pass iPSCs onto DR4-MEFs in wells of 6-well plates. Try to control the colonies number to reach about 60%-70%
confluence before the next step.

e Days 2-4: Observe cells condition: confluence rate, colony size, and number. Do the excision procedure when the colony size
is medium.

e Day 4: Take pictures of iPSC before Cre-mediated excision.

7. Cre-mediated excision of transgenes (for one well of 6-well plates)

e Warm Trans|T-Hela and MONSTER (from transfection kit) to room temperature, vortex gently before use.

e Place 250 pL DMEM/F12 in a sterile 50-mL tube. Add 2.5 pg DNA (pHAGE2-Cre-IRES-PuroR plasmid), pipette gently.
Add 7.5 pL Trans IT Hela, pipette gently. Add 5 uL MONSTER, pipette gently. Incubate at RT for 30 min.

e Add 2.5 ml/well of hESC medium. Add 2.5 mL mixture of above to each well. Record the time.

o After 24 h, wash the well with PBS once gently. Change to hESC medium and incubate for about 6 h.
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8. Selection of iPSC colonies with Puromycin

During the 6-h period, prepare hESC medium containing PUROMYCIN (PURO; 1.2ug/mL).

After 6 h, change the medium to hESC medium with PURO to each well. Record the time.

After 24 h, change to fresh hESC medium with PURO.

Treat cells with PURO for 48 h total. After 48 h of PURO treatment, wash cells with PBS once gently. Change to hESC
medium without PURO. (Several hours after the PURO treatment, the colonies begin dying.)

Take pictures after PURO treatment. Mark the location of the remaining colonies underneath the well (To record that these
colonies are not the reemerging ones). Observe and change medium daily.

On about Days 2-4, small new colonies should reemerge from the edge of the previous colony that died out. Mark and
take pictures of new colonies.

e Days 11-14, subclone the newly emerged colonies onto new MEF feeder layers and begin cell expansion.

9. Verification of transgene excision
o Extract genomic DNA from each subclone and perform PCR to detect presence or absence of transgenes.
e The primers for the PCR are as follows: c-MYC (forward primer): 5" -GGA ACT CTT GTG CGT AAG TCG ATA G-3';
WPRE (reverse primer) 5-GGA GGC GGC CCA AAG GGA GGA GAT CCG-3/;
e PCR steps: 95°C for 3 min; followed by 33 cycles of 94°C for 30 sec, 60°C for 30 sec, and 72°C for 5 min.
e The PCR products examined by electrophoresis on an agarose gel.

10. Verification of lack of integration of Cre plasmid

¢ Transgene-free iPSC clones are grown on DR4 MEFs in the presence of PUROMYCIN (1.2 pg/mL). Total cell death indicates
the lack of plasmid integration into the genome.

Protocol 1.2 Pluripotent stem cell neurogenesis (based on Hu et al., 2010, and Zou et al., 2012)

Materials

hESC medium: DMEM/F12, 20% FBS/KOSR, 1% NEAA, 1 mM L-glutamine, 0.1 uM B-mercaptoethanol, 4 ng/mL bFGF
Neurogenic medium A: DMEM/F12, NEAA 1X, N2 1X, Noggin (500 ng/mL), SB4352 (10 nM)

Neurogenic medium B: DMEM/F12, NEAA 1X, N2 1X, Noggin (500 ng/mL)

Neurogenic medium C: DMEM/F12, NEAA 1X, N2 1X, Noggin (500 ng/mL), Retinoic acid (0.1 pM)

Neurogenic medium D: DMEM/F12, NEAA 1X, N2 1X, Retinoic acid (0.1 pM), SHH (100 ng/mL)

1. Culturing hESCs/iPSCs
e hESCs/iPSCs are cultured on a feeder layer of inactivated MEFs with a daily change of hESC medium.

2. Embryoid body (EB) formation

Aspirate media off cell culture plate. Wash twice with PBS.

Treat cells with collagenase IV (1 mg/mL). Incubate for 15-20 min at 37°C to detach the cell colonies.

Pipette gently to dissociate the colonies. Collect cells into a conical tube.

Remove the supernatant and wash the cells gently with 5 mL hESC medium [without bFGF, bFGF(-), hereafter denotes as
hESC(-) medium]. Spin down at 500 rpm for 1 min.

Resuspend cells in 3.5 mL/well (6-well plate) of hESC(-) medium. Break up cells by gently pipetting up and down.

Plate cells into ultra-low attachment 6-well plates at a concentration of ~10° cells/cm? (estimated by digesting some iPSC/ESC
colonies into single cells and count) to allow cell colonies to float in the medium. Change the hESC(-) medium every day.
After 2 days, cell colonies aggregate to form EBs, continue for 7 days.

3. Neurodifferentiation first step—neural rosette (NR) formation

e Collect EBs and spin down at 1000 rpm for 30 sec.
e Resuspend EBs in hESC(-) medium. Plate EBs into Matrigel coated wells to allow EB attachment on Matrigel.
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e Culture attached EBs for 14 days with a neural induction medium (DMEM supplemented with B27 and 20 ng/mL bFGF).
Change half of the media every 2 days and do a complete medium change every week.
o After 15 days of culture the clusters of NRs should appear.

4. Isolation and culture of neural rosettes (NR) in suspension

o Mark the NRs with marker pen under the microscope.

o With a sterile scissor, cut the bottom of few pipette tips. Smear petroleum jelly on uncut edge and place over individual NRs

to form individual cloning wells.

e Triturate gently the NRs and aspirate them. Transfer the NRs into wells of 24-well ultra-low attachment plates

(~5 NRs per well, the NRs will form large clusters).

o Cultivate NRs in suspension with a neurogenic medium (guide cells into neural progenitor cells) for the next 25 days with

the following 4 steps:
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¢ During this period triturate gently the large clusters (>300 pm) with a cut pipette tip).

5. Differentiation toward a neuronogenic phenotype

e For a patch clamp assay, dissociate gently the cluster and seed a few cells onto a round glass cover slip coated with polylysine.
e Cultivate cells in Neurobasal medium supplemented with N2 supplement (1x), 1 pM cAMP (basic medium).
¢ For motoneuron differentiation add the following to the basic medium: BDNF (10 ng/mL)/GDNF (10 ng/mL)/IGF1 (10 ng/mL).

Change the medium twice a week.

e Continue for up to 5 weeks. Observe morphological changes and search for neuron-like cells.
¢ Perform neuronal gene expression analysis and electrophysiology analysis.

Preclinical considerations

Transgene-/vector-free iPSCs

Various approaches have been developed to generate
transgene-/vector-free iPSCs including transient expres-
sion using adenoviral or nonviral vectors (Gonzalez
et al., 2009; Stadtfeld et al., 2008), nonintegrating epi-
somal vectors (Yu et al.,, 2009a), (Okita et al., 2011;
Okita et al., 2008; Yu et al., 2009b), minicircle DNA (Jia
et al, 2010), Sendai virus (Ban et al., 2011), and
removing the integrated vectors using piggyBac
transposition or loxP/Cre-recombinase excisable viral
vector system (Gonzalez et al., 2009; Kaji et al., 2009;
Soldner et al., 2009; Woltjen et al., 2009). Nonvector
approaches include synthetic modified mRNAs and
recombinant protein-based four factors to generate
iPSCs in the mouse and human system (Kim et al.,
2009; Park et al., 2014; Zhou et al., 2009). Protein-based
mouse iPSC reprogramming leads to greater genomic
integrity compared to viral-induced strategies (Park
et al.,, 2014). Protocol 1.1 details the methodology for

the application of the loxP/Cre-recombinase excisable
viral vector system which has been used to generate
dental iPSCs (Somers et al., 2010; Sommer et al., 2010;
Zou et al.,, 2012). The method is consistent, efficient,
and reliable.

Memory of hiPSCs as potential advantage

As discussed earlier, reprogramming cells into iPSCs was
found to be incomplete, leaving behind a residual DNA
methylation signature related to their cell of origin,
termed “epigenetic memory”. This epigenetic memory
renders the iPSCs with a greater propensity to differen-
tiate into the lineages of the original cell type rather
(Ghosh et al., 2010).
Nonetheless, in the mouse system, such memory is

than alternative lineages
mainly detected in iPSCs between passages 4 and 6, fad-
ing away by passage 10, and is entirely eliminated at
passage 16 (Kim et al., 2010; Polo et al., 2010). hiPSCs,
however, retain such memory up to passage 65 (Lister
et al.,, 2011). The epigenetic memory may be utilised
for specific clinical purposes if a particular cell type is
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needed that may be derived from iPSCs. For example,
human limbal-derived iPSCs may be used to give rise to
limbal-like epithelium more readily than fibroblast-
derived iPSCs for medical applications (Sareen et al.,
2014). Differentiation efficiency was also found to be
higher in cardiac progenitor cell-derived iPSCs differen-
tiating into cardiomyocytes than in fibroblast-derived-
iPSCs, although it does not contribute to improved
functional outcome in vivo (Sanchez-Freire et al., 2014).
Likewise, dental cells may be obtained from dental stem
cell-derived iPSCs for dental tissue regeneration.

Development of an iPSC library

Generation of individual iPSCs under good manufac-
turing practice (GMP) guidelines is costly, but a bank of
allogenic clinical grade GMP cell lines is being consid-
ered to overcome this issue. It is proposed that a haplo-
bank comprising the 100 iPSC lines with the most
frequent HLA in each population would match 78% of
European Americans, 63% of Asian Americans, 52% of
Hispanic Americans, and 45% of African Americans
(Gourraud et al., 2012; Turner et al., 2013). To achieve
such a haplobank of iPSCs, lines would require a large-
scale concerted worldwide collaboration.

Conclusion and prospects

iPSC technology allows us to further understand the
plasticity of cells along the pathways of differentiation
and de-differentiation. It also brings our attention to
the remodeling of the epigenetic machinery during
the stem cell immature state and its differentiation
stages. Most importantly, it offers many possibilities for
medical applications, one of which is cell-based therapy.
Customised iPSC lines can be established from each
individual for autologous as well as for allogenic use.
Their pluripotent nature gives them the capacity to gen-
erate any cell types for therapies. iPSCs can be easily
generated and can differentiate into a broad spectrum of
cell lineages originating from all three embryonic germ
layers and can replace the use of ESCs. While the under-
standing of the molecular status of iPSCs at genetic and
epigenetic levels is still incomplete, investigation of their
therapeutic capacities is needed to eventually apply
these cells for clinic applications including their safety.
Neural tissue regeneration has been a great challenge in
the field of regenerative medicine as neural tissues have

low regenerative capacities and neural disorders are
extremely difficult medical conditions to treat and man-
age. There has been significant progress in differenti-
ating specific neural and neuronal cells from hESC/
iPSCs, as some mentioned in this chapter. Further
research is required to clarify the molecular events
occurring during reprogramming that are essential to
improving the safety and efficiency of culture protocols,
and also to define the state-of-the-art differentiation
steps for generating safe, effective, and functional cells
of specific lineages for cell therapies.
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The craniofacial region is composed of a number of
distinct tissue-specific mesenchymal stem or progenitor
cell populations, of which some represent a more prim-
itive neural crest phenotype, such as the oral mucosa
lamina propria progenitor cells (OMLP-PCs) (Davies
et al., 2010). Mesenchymal stem/stromal cell (MSC)
populations have been isolated from numerous oral
and dental tissues, including the dental pulp (of both
permanent and deciduous teeth), the periodontal
ligament, gingiva, apical papilla, and dental follicle
(Gronthos et al., 2000, Morsczeck et al., 2005, Seo et al.,
2004, Zhang et al., 2009).

The diversity in stem cell sources being called “mesen-
chymal stem cells”, along with a lack in the definition of
key properties a cell must possess in order to be termed
an MSC, initially led to issues in accurately comparing
results from a plethora of in vitro and in vivo experimental
studies and clinical trials. Whilst a rare population of true
self-renewing cells has been found within the bone
marrow, it is unclear as to whether multipotent cells
derived from other tissues, including those from the oral
cavity, possess the same properties. This has led to adop-
tion of the generic term mesenchymal stromal cell to stan-
dardise the classification of multipotent cells derived from
mesenchymal tissues. In 2006, the International Society
for Cellular Therapy (ISCT) published minimal criteria
for the classification of a true MSC (Dominici et al.,
2006). Based on these criteria, all cells defined as a tissue
source of MSCs must be able to adhere to plastic, exhibit
tri-lineage multipotency (differentiate upon appropriate

stimuli into osteoblasts, chondrocytes, and adipocytes),
and be phenotypically classified as CD73*CD90*CD105*
and CD11b°CD14°CD34°'CD45°CD19-CD79a" and human
leukocyte antigen (HLA) -DR-.

MSCs as defined by the ISCT guidelines (Dominici
et al., 2006) are HLA class I positive at low levels and
HLA class II negative, with no expression of costimula-
tory molecules necessary for antigen presentation.
These phenotypic characteristics contribute to the low
inherent immunogenicity of MSCs and evasion of
immune cells; properties crucial in the development of
allogeneic cell-based therapies utilizing MSCs where the
possibility of rejection and immune sensitisation are of
serious concern.

Initial studies regarding the immunomodulatory
properties of adult stem cells have been demonstrated
using bone marrow-derived MSCs (BMMSCs). These
foremost studies documented the primary evidence
that MSCs, derived from multiple species, may be able
to regulate immune cells, providing knowledge that
activated MSCs could suppress lymphocyte proliferation
in vitro in mixed lymphocytes cultures (Bartholomew
et al., 2002, Maitra et al., 2004). This simplistic in vitro
assay allows quantitative assessment of lymphocyte
proliferation in response to alloantigen or mitogen and
the potential of MSCs cocultured with the lymphocytes
to modulate this proliferative response (Protocol 2.1).

Since these initial in vitro and in vivo experiments,
much research has been undertaken to establish
whether this property is unique to BMMSCs. Studies
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Protocol 2.1 Evaluating immunomodulation by mixed
lymphocyte cultures (Le Blanc et al., 2003).

1. Peripheral blood mononuclear cells (PBMCs) are isolated
from heparinised blood by centrifugation on Ficoll-
Isopaque (Lymphoprep™).

2. Isolated responder PBMCs (A) are combined with an
equal number of irradiated PBMCs (pool of five donors
acting as an alloantigen, Px) in RPMI-1640 medium
supplemented with 10% heat-inactivated human AB
serum in a 96-well culture plate.

3. Irradiated stem cells are added at a range of
concentrations (10%-0.1%) to responder PBMCs.

4. A positive control for induction of lymphocyte
proliferation (A combined with Px) and negative control
for background lymphocyte proliferation (A+ Ax) are run
on each experimental plate.

5. Cultures are incubated at 37°C/5% CO, for 5 days.

6. 1uCi of *H-thymidine is added to each well and the
plate incubated for a further 24 hours.

7. Cells are harvested onto glass fiber filters using a cell
harvester, and solid scintillant is melted onto the filter
before reading in a micro-p liquid scintillation counter.

8. Data are quantified by recording counts per minute
(CPM) in experimental samples versus those of the
positive (A+Px) and negative (A+ Ax) controls.

have assessed the immunomodulatory properties of
other adult stem cell sources, the exact mechanisms by
which these cells exert this effect, and how these prop-
erties can be exploited for clinical use in the treatment
of immunological disorders and allogeneic tissue regen-
eration. The mechanisms of MSC-mediated immuno-
modulation remain well debated, but it is generally
accepted that cell-cell contact between BMMSCs and
immune cells aids the MSCs in exerting their full
immunosuppressive potential. This also holds true
for some oral tissue-derived MSCs, such as gingival
MSCs (GMSCs), with maximal immunosuppression of
peripheral blood mononuclear cells (PBMCs) only dem-
onstrated when GMSCs were in direct contact with the
PBMC population (Zhang et al., 2009). Other oral stem
cell sources, such as OMLP-PCs, do not require cell-cell
contact, exerting their potent immunosuppressive
effects through the secretion of soluble factors (Davies
et al., 2012).

The potential for oral stem cell sources to modulate
the immune system has received recent attention.
Exposure to unique environmental cues from residing
within the oral cavity certainly suggests the need for an

immunomodulatory phenotype. An increasingly com-
prehensive list of reports and evidence is now accumu-
lating with suggestions that the ability and mechanisms
by which adult stem cells interact with immune cells
is specific to the tissue of origin and microenvironment
as well as the individual subsets of immune cells on
which these cells act.

Certainly the environment from which the stem
cells are derived plays a central role in determining
their potential for immunomodulatory function. A
recent study by Liu et al. demonstrated that periodontal
ligament stem cells (PDLSC) isolated from inflamed
tissue have a diminished capacity to inhibit T cell pro-
liferation compared to PDLSCs derived from healthy
periodontal ligament (Liu et al., 2012).

Inflammation arising from infection or tissue injury
serves to protect the body. Initiation of this response
pathway is associated with innate immune cells recog-
nizing specific pathogenic or injury-associated mole-
cules via Toll-like receptors (TLRs) expressed on their
cell surface, leading to a cascade of immune responses
and the release of inflammatory mediators. MSCs them-
selves can also sense this shift in the microenvironment,
responding to the presence of proinflammatory cyto-
kines such as interferon y (IFNy) with the upregulation
of certain TLRs. Research supports the notion that MSCs
are not constitutively immunomodulatory and that the
anti-inflammatory MSC phenotype is induced by the
exposure to the proinflammatory microenvironment
(Bernardo and Fibbe, 2013). The nature of adult stem
cell/immune cell interactions is complex and multifac-
torial. As understanding of these processes has evolved,
it has been established that both cells of the innate and
adaptive immunity are influenced by stem cells, with
much information being gained with respect to the
different types of cellular crosstalk and molecules
implicated in these diverse pathways.

The effect of ageing on MSC function

Numerous reports have demonstrated the substantial
loss of in vivo MSCs with ageing. Tuljapurkar et al. com-
pared the bone marrow composition of a 22-year-old
cadaver with that of an 86-year-old, illustrating the loss
of red marrow and transformation into fatty degenera-
tion with ageing (Tuljapurkar et al., 2011). This is not
restricted to the bone marrow, with a similar age-related
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degeneration occurring within the dental pulp, where
fatty deposition and loss of cellularity with increased
fibrosis is evident with ageing within the pulp proper
(Morse, 1991).

Studies evaluating MSCs have noted a loss in
differentiation potency, growth factor secretion, and
self-renewal capacity with ageing of the donor.
Senescence, a state in which an aged cell is no longer
capable of cellular division but remains metabolically
active, is a phenomenon seen both in vivo with an
accumulation of senescent cells within the bone marrow
and in vitro where the osteogenic potential of dental
pulp stem cells is lost with extended in vitro culture
(Mehrazarin et al., 2011).

Furthermore, BMMSCs expanded extensively in vitro
prior to infusion are more susceptible to triggering the
instant blood-mediated inflammatory reaction (IBMIR),
a cascade of proinflammatory events mediated by coag-
ulation, complement components, and platelets, when
exposed to whole blood in vitro (Moll et al., 2012). This
destruction of the infused cells on contact with blood is less
evident with low passage BMMSCs and is most likely due
to a change in their cell surface receptor profile and expres-
sion of the prothrombotic tissue factor with in vitro ageing
and passage. Triggering of IBMIR potentially results in a
rapid clearance of the cells from the systemic circulation
after infusion. It is estimated that 99% of infused cells
are cleared within 5 minutes (Lee et al., 2009).

A recent in vitro study has identified that adipose-
derived MSCs (ADMSCs) from “senior” donors have a
reduced capacity to induce suppression of CD3*CD4*
T cell proliferation, with the results actually indicating a
potential increase in immunogenicity. No difference in
effect on CD8" cells was reported, however, suggesting
different mechanisms of actions between CD4 and CD8
T cell subsets. A decrease in immune suppressive soluble
mediators (described below) indoleamine 2,3 dioxygen-
ase (IDO), interleukin (IL) -10, and prostaglandin (PG)
E2 secretion with MSCs from older donors confirms
a shift in phenotype with ageing in adult stem cells
(Wu et al., 2014).

This change in phenotype and proliferative capacity is
of importance when considering the development of
cell-based therapeutics where large numbers of cells are
required for infusion. In the case of graft versus host dis-
ease (GvHD), a complication associated with hemato-
poietic stem cell transplantation, where donor T cells
attack the recipient’s organs, an average of 1-2 million

cells/kg body weight of the patient are required per
infusion (Le Blanc et al., 2008). The need for allogeneic
therapies is therefore evident and key to the success of
stem cell-based therapeutics for immune disorders.

Allogeneic versus autologous MSCs

The development of allogeneic cell-based therapies
has made commercialisation of such technology more
attractive. These cells can be generated in an “off the
shelt” based approach, with large quantities of cells
derived from various donors being cryopreserved ready
for infusion to the patient. Many studies have demon-
strated the efficacy of allogeneic stem cells for immune
disorders without adverse side effects to the recipient.
MSCs have no immunological restriction in their func-
tionality, with similar suppressive effects observed with
MSCs either autologous or allogeneic to the responder
cells. The accepting nature of the body to these foreign
stem cells may be attributed to their immune-privilege
status and immunosuppressive properties or the fact
that these infused cells are so rapidly cleared from the
systemic circulation. In therapeutic situations where
engraftment is not the primary aim, for example in the
systemic infusion for the treatment of GvHD, allogeneic
MSCs offer a practical therapeutic option.

In instances of tissue engineering, where both
differentiation and engraftment of the cells is required
for successful treatment, the potential for allogeneic
MSCs is less well understood. The effects of differenti-
ated MSC immunogenicity are not well characterised to
date. In vitro assays suggest that differentiation of
BMMSCs into adipocytes, chondrocytes, and osteoblasts
does not affect their interaction with the immune
system (Le Blanc et al., 2003). These data were sup-
ported by an in vivo rabbit study where allogeneic MSCs
differentiated into osteoblasts remained immunosup-
pressive and functioned as osteoblasts in vivo (Liu et al.,
2006). However, a recent report suggests that allogeneic
MSCs can become immunogenic on differentiation, and
this would limit their therapeutic benefit (Huang et al.,
2010). It is clear that further research is required to
establish whether allogeneic MSCs are suitable for all
cell-based therapeutics or will remain limited to those
treating inflammatory conditions and “reprogramming”
of the patient’s own immune system, where persistence
of the cells is not a requirement.
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Licensing of MSCs

Cellular licensing occurs when a cell develops a
particular phenotype in response to being exposed to a
defined chemical repertoire, normally of cytokines and/
or chemokines. Studies have demonstrated the need
for MSCs to be licensed in order to exert their full
2003).
MSCs can modulate the immune system both in a

immunosuppressive potential (Le Blanc et al.,

direct and indirect manner, heavily dependent on con-
tinuous interplay between innate and adaptive immune
cells. Through these interactions with different cell
types of the immune system, it has been demonstrated
that MSCs can exhibit both proinflammatory and
anti-inflammatory effects, leading to a subclassification
system of MSC1 (proinflammatory) and MSC2 (anti-
inflammatory) cell types (Figure 2.1) (Bernardo and
Fibbe, 2013; Waterman et al., 2010). It is thought that
through balancing this activating or suppressive phe-
notype, MSCs may be central to regulating immune
control and tissue repair and regeneration.
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TLR4 activation is primarily associated with the genera-
tion of a proinflammatory MSC phenotype, known as
an MSCI1 (Figure 2.1).
production of proinflammatory cytokines such as IL-6,

This is associated with the

IL-8, and transforming growth factor beta 1 (TGFp1).
Studies with murine MSCs have also indicated that
activation of TLR2 signaling, associated with peptido-
glycan derived from the cell wall of Gram-positive
bacteria, may also induce an MSC1 phenotype, with
increased IL-6 secretion via the NF-kB pathway
(Tomchuck et al., 2008).

MSC1 cells are associated with early-stage infection
and inflammation, migrating to the site of injury and
promoting immune induction in a rapid response to
microbial infection (Waterman et al., 2010). This pro-
cess is associated with the secretion of chemokine
(C-X-C motif) ligand (CXCL) 9, CXCL10, macrophage
inflammatory protein (MIP)-la, MIP-1p and Rantes,
factors enhancing the recruitment of lymphocytes to the
site of injury. The pro-inflammatory effects of MSC1
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Figure 2.1 Licensing of MSCs. Environmental cues trigger the recruitment and licensing of MSCs to a proinflammatory (MSC1) or
anti-inflammatory (MSC2) phenotype. MSC1 are essential to the early immune response, recruiting and activating innate and
adaptive immune cells in response to microbial products such as lipopolysaccharide and peptidoglycan. Activated lymphocytes and
M1 macrophages secreting proinflammatory cytokines such as TNFa and IENy (or exposure to viral double-stranded RNA) switches
the MSC profile to an MSC2. Licensed MSC2 secrete anti-inflammatory cytokines central to reducing lymphocyte proliferation,
controlling the inflammatory immune response and switching immune cells to a regulatory phenotype (M2 macrophage and Treg

induction) to initiate a repair response.
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cells have been demonstrated in in vitro assays, supporting
induction of immune cell proliferation and in murine
models of inflammatory lung injury, where evidence
of aggravated inflammatory injury was observed
(Waterman et al., 2010). Induction of the MSC1 pheno-
type can be beneficial in the regulation of tumor growth,
however. Reports have indicated that a proinflamma-
tory MSC1 can attenuate cancer cell growth, whilst
induction of the MSC2 anti-inflammatory phenotype
aids in the promotion of cancer growth and spreading
(Waterman et al., 2012a).

MsSC2
Licensing or pretreating MSCs with proinflammatory
cytokines and/or TLR3 ligands such as double-stranded
RNA (dsRNA) and viral infection induces an MSC2
phenotype, as evidenced by a clear enhancement of the
production of immunosuppressive cytokines by MSCs
(Figure 2.1). Both tumor necrosis factor alpha (TNFa)
and IFNy have central roles in licensing MSCs towards
an MSC2, immunosuppressive phenotype. IFNy, mainly
produced by activated T cells, works in synergy with
other proinflammatory mediators such as TNFa, IL-1a,
and IL-1p in promoting MSC2 induction, triggering the
synthesis and secretion of immunosuppressive soluble
mediators including IDO and PGE2 by the licensed
MSCs (Bernardo and Fibbe, 2013). Prelicensing of MSCs
towards this immunosuppressive phenotype has been
suggested to increase the efficacy of MSC action in
murine models of GVHD, exerting a protective effect in
preventing donor T cells from attacking host tissue
(Bernardo and Fibbe, 2013). It could therefore be postu-
lated that this may be an explanation for the increased
efficacy of MSCs in the treatment of acute GvHD clinical
studies, where IFNy amongst other inflammatory medi-
ators is increased. Based on this understanding, it would
be reasonable to suggest that MSCs may be most effica-
cious in therapies if administered after induction of the
inflammatory phase, rather than prophylactically.
Certainly studies in murine models of GvHD demon-
strated that infusion of MSCs on the same day as the
hematopoietic stem cells (HSCs) has no preventive
effect, whereas administration post-HSC significantly
reduced GvHD-associated complications (Bernardo and
Fibbe, 2013).

In support of this, the addition of MSC2 cells to in vitro
assays suppressed lymphocyte proliferation as expected
for MSCs. Furthermore, amurine model of inflammatory

lung injury confirmed a decrease in inflammation and
improvement of the injury with infusion of prelicensed
MSC2 (Waterman et al., 2010). In this manner MSC2
cells could be seen to promote the reduction in inflam-
mation and enhancement of tissue repair and regenera-
tion. This is also evident in MSC2-based treatment of
diabetic peripheral neuropathy, where licensed MSC2
cells infused in a murine model of diabetes attenuated
the immune response to a greater extent than unprimed
MSCs (Waterman et al., 2012b).

MSCs and TLRs

MSCs express TLRs, a family of receptors able to recog-
nise molecules conserved amongst many pathogens,
known as pathogen-associated molecular patterns
(PAMPs). PAMP triggering of a particular TLR pathway
results in specific cytokine production and antigen
presentation. Human BMMSCs express TLRs 1-10,
although TLR3 and 4 are the most prevalent, with TLR3
activated by dsRNA (normally associated with viruses)
and TLR4 activated by lipopolysaccharide (LPS) from
Gram-negative bacteria.

Expression levels of the different TLRs are regulated
by the microenvironment. Under hypoxic conditions
TLR 1/2/5 and 9 are upregulated, whilst under inflam-
matory conditions (exposure to IFNy, TNFa, IL-1f, or
IFNa) levels of TLR 2/3 and 4 are upregulated (Raicevic
et al., 2010). It has been demonstrated within ADMSCs
that TLR activation leads to downstream activation
of MAPK, PI3K, and NF-kB pathways. Short-term
activation of TLR signaling induces the directional migra-
tion of MSCs, supposedly mimicking MSCs homing to a
site of injury. With long-term TLR stimulation the migra-
tion of MSCs is reduced, most likely as they are within
the tissue and therefore will switch to a more reparative
and regulatory role (Waterman et al., 2010).

Stimulation of the TLR4 pathway results in an
increased resistance to oxidative stress within MSCs,
much like the effect seen with complement binding,
linked to the increased expression of antioxidants such
as members of the superoxide dismutase family (Le Blanc
and Mougiakakos, 2012; Lombardo et al., 2009; Yu et al.,
2008). Triggering of the TLR3 pathway results in polari-
sation of MSCs to an MSC2 phenotype, with an anti-
inflammatory cytokine profile and TLR4 triggering its
opposite MSC1, proinflammatory phenotype (Bernardo
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and Fibbe, 2013). Several of the MSC2 immunomodula-
tory soluble factors are downstream of TLR signaling,
including IDO and IL-6.

A direct comparative of the MSC1/MSC2 phenotype
identified for BMMSCs has not been made for other
stem cell sources at present. However, limited data do
suggest the potential for TLR activation to also manipu-
late the immunomodulatory phenotype of some dental
stem cell populations including dental pulp stem cells
(DPSCs) and dental follicle MSCs (Tomic et al., 2011).
Activation of the TLR3 pathway within these stem cell
sources (known to induce an MSC2 phenotype in
BMMSCs) increased the suppressive potential of both
stem cell populations associated with an increased
secretion of TGFBl and IL-6, thereby supporting
induction of an MSC2-like phenotype. In contrast,
activation of the TLR4 pathway (indicative of an MSC1
phenotype) also increased the immunosuppressive
potential of the dental follicle MSCs but decreased the
suppressive potential of the DPSCs, as indicated by a
decrease in TGFP1 and IDO (Tomic et al., 2011). These
data indicate that there are fundamental differences
between individual oral stem cell populations, especially
when they are compared with BMMSCs.

It has been suggested that TLR signaling may provide
a link between the cellular microenvironment and con-
trol of MSC homeostasis. Downregulation of MYD88
(an adaptor molecule involved in mediating TLR sig-
naling, except in the case of TLR3) affects both the pro-
liferation and differentiation potential of MSCs. TLR2
induction promotes the proliferation of BMMSCs, in
contrast to activation of TLR9, which results in BMMSC
cell cycle arrest at G1 (Pevsner-Fischer et al., 2007).

Adult stem cells and the innate
immune system

The innate immune system is the first line of defense,
responding to nonspecific pathogens such as bacterial
and viral infection.
The innate immune response serves three major
purposes in vivo:
e To respond to pathogens to prevent, control, and
eliminate infections
e To recognise the components of damaged or dead
cells and remove these whilst initiating a tissue repair
response

e To stimulate the adaptive immune response for a

T and B cell mediated response

This subset of the immune system is composed of a
number of distinct immune cells, including dendritic
cells (DCs), mast cells, and macrophages. Numerous
studies have reported the direct influence on innate
immune cell behavior by adult stem cells, including
those of oral sources as discussed below.

Cells of the innate immune system

Neutrophils

Inflammation within the early stages of immune trig-
gering is crucial, with initial responses driven by the
migration of neutrophils into the inflammatory site. It
has been demonstrated within mice that tissue resident
stem cells are central to the recruitment of these neutro-
phils and supporting their activity by secreting chemotactic
cytokines such as IL-6, IL-8, granulocyte-macrophage
colony-stimulating factor (GM-CSF), and macrophage
inhibitory factor (Brandau et al., 2010).

Neutrophils are the most prevalent innate immune
cell type, responding to microbial challenge by accumu-
lating at the wound site within minutes of the injury
occurring. These phagocytic cells respond to microbial
presence by releasing bactericidal molecules and pro-
ducing neutrophil extracellular traps, webs of chromatin
derived from the neutrophil nucleus that are laced with
proteases.

BMMSCs act to promote survival of both resting and
activated neutrophils through the secretion of IL-6,
IFNB, and GM-CSF as evidenced by an increased
expression of the antiapoptotic factor MCL1 and down-
regulation of the proapoptotic molecule BAX within
neutrophils on exposure to MSCs. Neutrophils are also
maintained “healthy” by BMMSC enhancement of
neutrophil burst activity, which in combination with
increased survival enables maintenance of a neutrophil
store for rapid release on detection of pathogen
(Cassatella et al., 2011). Upon sense of microbial patho-
gens such as LPS, MSCs increase their secretion of IL-6,
IL-8, and macrophage migration inhibitory factor,
thereby attracting the neutrophils to the site of inflam-
mation and promoting their proinflammatory response
whilst ensuring their survival (Brandau et al., 2010).
These findings are further evidenced by results from
a murine sepsis model where infusion of MSCs was
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shown to aid bacterial clearance through enhancing the
phagocytic activity of neutrophils (Hall et al., 2013).

Mast Cells

Mast cells are the key innate responder cells in allergic
inflammation. They reside in tissues, close to the external
environment—facing barrier. Although primarily known
for their role in allergy, mast cells have been shown to
play a key role in defense and in autoimmunity.

Mast cells mediate anaphylaxis in allergy through
the release of histamine during degranulation.
Histamine has been demonstrated to stimulate the
secretion of a number of cytokines including IL-1a and
IL-6 in different cell types. Nemeth et al. demonstrated
that BMMSCs express the necessary histamine recep-
tors 1, 2, and 4 to interact with histamine (Nemeth
et al., 2012). This study illustrated the interaction
between histamine and BMMSCs via cell surface
expression of the H1 receptor, inducing IL-6 produc-
tion within the MSCs in a dose- and time-dependent
manner. This was regulated by induction of members
of the MAPK pathway including p38, ERK, and JNK.
In addition, PGD2, a mast cell lipid mediator, further
stimulates IL-6 secretion by BMMSCs. These enhanced
levels of IL-6 secretion aided in the prevention of pro-
apoptotic activity on neutrophils whilst increasing
superoxide production within these phagocytic cells
(Nemeth et al., 2012).

MSCs can suppress allergic responses and chronic
inflammation in experimental models of asthma (Nemeth
et al., 2010) and allergic rhinitis (Cho et al., 2009). The
activation of mast cells promotes the recruitment of neu-
trophils and DCs by enhancing T cell activation and regu-
lating the cytokine microenvironment. It has been
recently demonstrated that GMSCs, like BMMSCs, can
reduce the number of mast cells in a murine model of
contact hypersensitivity by reducing mast cell migration
as well as the percentage of degranulated mast cells (Su
et al., 2011). In vitro, this inhibitory effect on mast cells
can be reversed by inhibiting the production of PGE2 by
the GMSCs. This corresponds with the evidence for
BMMSCs, where an effective suppression of mast cell
functions both in vitro and in vivo has been demonstrated.
When in direct contact with mast cells, BMMSCs are able
to suppress degranulation, proinflammatory cytokine
production, chemotaxis, and chemokinesis. These effects
were also demonstrated to be dependent on the upregu-
lation of cyclooxygenase (COX) 2 within BMMSCs and

the binding of secreted PGE2 to the EP4 receptor on
mast cells (Brown et al., 2011).

Natural killer cells

Natural killer (NK) cells have a surveillance role in
eliminating both virally infected and stressed cells. This
subset of innate immune cells is of particular interest in
understanding the mechanisms of rejection as they play
a central role in the regulation of cytotoxicity in response
to HLA molecules.

NK cells are activated by exposure to IL-2 or IL-15,
resulting in the secretion of proinflammatory cytokines,
IFNy, and TNFa. NK cells target cells lacking expression of
HLA class I, a characteristic of tumor and virally infected
cells, as recognised by the NK inhibitor receptor NKG2,
resulting in cytolysis of the target cell. Activation of NK
cells in response to recognizing an infected cell is charac-
terised by the release of IFNy and TNFa by the NK cells,
with cytolysis mediated by perforins, granzyme, and Fas
ligand (Reviewed by Le Blanc and Mougiakakos, 2012).

BMMSCs directly interfere with the proliferation,
cytokine production, and in some cases cytotoxicity of
NK cells. These interactions between NK cells and stem
cells are complex and largely dependent on the micro-
environment and activation status of the NK cells when
BMMSCs are present. BMMSCs suppress IL-2 and IL-15
induced proliferation and IFNy production, but not the
cytotoxicity of freshly isolated NK cells. In contrast,
when confronted with previously activated NK cells,
MSCs can interfere with NK-mediated cytotoxicity,
cytokine production, and the expression of activating
receptors on the cells surface of the NK cells (including
NKp30, NKp44 and NKG2D), in addition to granzyme B
release. This is primarily mediated by cell-cell contact
and the secretion of IDO, PGE2, TGFf1, and HLA-G5 by
MSCs. HLA-G5 interacts with the inhibitory receptors
(such as ILT2, KIR2DL4, and CD94-NKG2A) on the sur-
face of NK cells, inhibiting cytolysis and IFNy secretion
(Reviewed by Le Blanc and Mougiakakos, 2012).

It is important to note that HLA mismatched MSCs
are not immune to NK-mediated cytotoxicity. Human
BMMSCs also express a number of ligands capable of
activating NK cell receptors, such as ULBP-3 as well as
the DNAM-1 ligand nectin-2 and/or PVR. These MSCs
are susceptible to lysis by IL-2 and/or IL-15 activated or
IL-12 and/or IL-18 activated NK cells, but not resting
NK cells (Rasmusson et al., 2003; Sotiropoulou et al.,
2006; Spaggiari et al., 2006; Gotherstrom et al., 2011).
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Licensed MSCs (MSC2) pre-exposed to IFNy are
protected from NK-mediated cell killing, primarily
thought to be due to their upregulated cell surface
expression of HLA I (an inhibitory signal to the NK
cells) and downregulation of ULBP-3 (an activating
signal), which alongside an increased production of
both IDO and PGE2 dampens the NK cell responsive-
ness to the MSCs (Francois et al., 2012). These findings
demonstrate the importance of IFNy in mediating MSC-
NK crosstalk.

Dendritic cells

DCs provide a link between the innate and adaptive

immune systems, presenting antigen to T cells and regu-

lating their activation. The effect of adult stem cells on

DC function has been demonstrated in both BMMSCs

and GMSCs (Spaggiari et al., 2009, Su et al., 2011). Both

stem cell sources can directly inhibit both the maturation
of monocytes to DCs and the direct activation of DCs via
the secretion of PGE2, IL-6, and Jagged-2 (a member of
the Notch signaling family) mediated signaling (Zhang
et al.,, 2009). Immature DCs through their exposure to

MSCs are unable to effectively induce the activation

of T cells, suggesting an indirect mechanism of MSC-

mediated immunosuppression (Beyth et al., 2005).
MSCs modulate DC behavior in three main ways:

a Promotion of a T helper cell 2 (Th2; anti-inflammatory
T cell) response in preference to Thl (proinflammatory T cell):
The cytokine profiles of DCs are dramatically altered,
with lower production and secretion of proinflamma-
tory cytokines such as TNFa, IFNy, and IL-12 and an
increased production of the anti-inflammatory cyto-
kine IL-10 (Beyth et al., 2005). This is associated with
activation of the Notch 2 pathway on the surface of T
cells (see point C).

b Promote the generation of requlatory T cells (Tregs)

¢ Reduce stimulation of CD8* T cells by activation of the Notch
pathway: DCs produced in the presence of MSCs
express high levels of the Notch transmembrane
ligand, Jagged (Cheng et al., 2007). Binding of Jagged
on the surface of DCs to the Notch 2 receptor on the
surface of the T cells suppresses the proliferation
and activation of cytotoxic CD8* T cells (Eagar et al.,
2004).

MSCs also act directly on mature DCs, reverting
them to an immature phenotype associated with a
downregulation of their cell surface expression of

antigen-presenting and costimulatory molecules, IL-12
secretion, and an inability to stimulate lymphocyte pro-
liferation in vitro (Maccario et al., 2005).

Macrophages

Macrophages, originating from monocytes, form part of
both the innate and adaptive immune systems. These
phagocytic cells are further characterised into two phe-
notypes, the M1 proinflammatory macrophage with
antimicrobial activity and the M2 anti-inflammatory
macrophage. These categories relate primarily to the
differential secretion of cytokines and expression of cell
surface markers by the macrophages. The interactions
between macrophages and BMMSCs have been dem-
onstrated within their environmental origin, the bone
marrow, working in symbiosis for stem cell homeostatic
maintenance and potential microbial challenge. BMMSCs
promote movement of monocytes out of the bone
marrow space after detecting microbial pathogens
by secretion of chemokine (C-C motif) ligand 2 (CCL2).
Within inflamed tissue, MSCs play a role in the recruit-
ment of both monocytes and M1 macrophages by the
secretion of factors such as CCL3, CXCL2, and CCL12
(Figure 2.2) (Reviewed by Le Blanc and Mougiakakos,
2012). Monocytes entering the inflammatory environment
will respond to local chemical signals, differentiating
into either M1 macrophages secreting IFNy and TNFa to
support and enhance inflammation, or M2 macrophages
promoting transition to the reparative stage of wound
healing by secreting anti-inflammatory factors such as
IL-10 and TGFp1, supporting tissue repair. In addition
to this, the secretion of IL-10 by both monocytes and
M2 polarised macrophages can prevent neutrophils
migrating into the inflamed tissue, thereby reducing
oxidative damage and indirectly aiding bacterial
clearance due to a resulting higher number of neutro-
phils within the blood (Figure 2.2) (Hall et al., 2013).
This illustrates the role of MSCs in orchestrating the
inflammatory response, enhancing neutrophil migra-
tion into the inflamed environment during the early
phases to promote an innate immune response and
switching to a inhibitory, inflammation-dampening role
later to prevent prolonged damage to the tissue through
chronic inflammation.

MSCs directly protect monocytes, with gene expression
studies demonstrating a downregulation of apoptosis-
related genes, through the release of constitutive soluble
factors such as macrophage colony-stimulating factor
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Figure 2.2 MSC crosstalk with macrophages regulates innate and adaptive immunity. (a) Unprimed MSC (uMSC) respond to
bacterial stimuli such as lipopolysaccharide and peptidoglycan (PGN) through Toll-like receptors (TLRs) 2/4 by licensing to a
proinflammatory MSC1 phenotype. (b) MSC1 secrete chemokine (C-C motif) ligand 3 and 12 and CXCL12 to recruit proinflamma-
tory M1 macrophages to the site of inflammation. M1 macrophages in turn secrete (c) proinflammatory cytokines such as TNFa
and IFNy, triggering (d) the phenotypic switch of the MSCs to an anti-inflammatory MSC2. The secretion of immunomodulatory
soluble factors such as indoleamine 2,3-dioxygenase (IDO) and prostaglandin E2 (PGE2) by MSC2 leads to (e) the repolarisation of
M1 macrophages to regulatory M2 macrophages. MSC2 and M2 macrophages subsequently work both directly and indirectly to
suppress effector T cell proliferation and neutrophil recruitment, whilst increasing the ratio of Tregs dampening the immune

response and enhancing the wound healing process.

(Melief et al., 2013). Recent studies have reported the
ability of adult stem cells, including GMSCs, to modulate
the phenotype of macrophages by inducing a shift from
the proinflammatory M1 to a functional anti-inflammatory
M2 phenotype (Zhang et al., 2010, Bernardo and Fibbe,
2013). This shift to an M2 phenotype by exposure to
GMSCs has been demonstrated to be instrumental in
accelerating the wound healing process (Zhang et al.,
2010). Co-cultures of human BMMSCs with macro-
phages led to the expression of CD206 on the cell surface
of macrophages, suggesting an M2 phenotype, accompa-
nied by high-level secretion of IL-10 and IL-6, low levels
of IL-12 and TNFa, and a functionally higher phagocytic
activity (Kim and Hematti, 2009).

MSCs have also been reported to directly induce an
M2 phenotype from immature monocytes. This directed
maturation process is thought to be regulated partially
via direct cell contact but also by BMMSC secretion of
PGE2 and IDO; PGE2 binds to both EP2 and/or EP4

PGE2 receptor subsets expressed on the cell surface of
the macrophage (Figure 2.2). Secretion of PGE2 by
MSCs simultaneously stimulates the proliferation of
epithelial cells, and therefore it has been hypothesised
that the MSC role as an immunomodulator and healing
promoting cell may be linked (Reviewed by Le Blanc
and Mougiakakos, 2012). Changes in concentrations of
these soluble signaling molecules may aid in the regula-
tion and balancing of both the shift from M1 to M2 mac-
rophages and the transition of MSC1 to MSC2.

A strong link between polarisation of macrophages
by MSCs and modulation of T cell behavior has been
demonstrated. Proinflammatory cytokine release by acti-
vated T cells, including IFNy and TNFa, increases the
expression of COX2 and IDO in MSCs, further enhancing
macrophage polarisation (Bernardo and Fibbe, 2013). M2
polarisation of macrophages has recently been associated
with the induction of Tregs (Figure 2.2) and therefore a
direct link to regulation of the adaptive immune response
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(Melief et al., 2013). Secretion of TGFf1, in addition to
CCL18, by M2 macrophages works in parallel to induce
this immunosuppressive T cell subset. This is an additive
effect to that seen with IL-18, where secretion of this
proinflammatory cytokine by monocytes promotes the
secretion of TGFB1 by the MSCs to suppress lymphocyte
proliferation (Uccelli et al., 2008).

The relevance of these findings linking MSCs to
macrophage polarity has been supported by in vivo
investigations. In a mouse model of sepsis, infusion
of murine BMMSCs only decreased lethality in the
presence of active macrophages, with depletion of mac-
rophages or the presence of IL-10 neutralizing anti-
bodies preventing this response (Nemeth et al., 2009).

MSCs and the complement system

The complement system is a central component of the
innate immune system, bridging the divide between
innate and adaptive pathways. This cascade has been
implicated in the rejection of transplanted allografts
(Hughes and Cohney, 2011) and more recently has
been linked to the rapid clearance of systemically
circulating MSCs after infusion (Li and Lin, 2012).
Triggering of the complement cascade can occur via
three separate pathways (classical, lectin, or alternative).
Activation of the complement cascade via one or more
of these pathways results in the recruitment and
activation of leukocytes, enhanced phagocytosis, and
the formation of membrane attack complexes, which
directly injure the target cells.

The complement components C3 and C5, found
abundantly within the serum, are cleaved by specific
convertases to the anaphylatoxins C3a and C5a, both
of which are found extensively within inflamed and
injured tissues. BMMSCs express the receptors for these
anaphylatoxins (C3aR and C5aR), suggesting that these
breakdown products are chemotactic agents for the MSCs,
promoting their migration towards the site of inflam-
mation. Binding of C3a and C5a to their receptors on
the cell surface of MSCs enhances MSC resistance to
oxidative stress and prolongs the activation of intracel-
lular signaling pathways involved in MSC proliferation
and protection from apoptosis (Schraufstatter et al., 2009).
Cell surface expression of the complement inhibitors
CD46, CD55, and CD59 and the secretion of complement
factor H helps to protect the MSCs from the lytic activity

of complement components (Ignatius et al., 2011; Tu
et al.,, 2010); however, this mechanism of defense can
be ineffective in a complement-activated environment.
Despite the presence of these cell surface complement
inhibitors, MSCs are injured by the formation of mem-
brane attack complexes (Li and Lin, 2012). It is inter-
esting to note that infused autologous MSCs instigate
less complement activation and therefore less cellular
injury, but remain susceptible to a degree most probably
due to a change in their cell surface profile due to in vitro
expansion (Li and Lin, 2012).

MSCs themselves are able to trigger the complement
cascade via all three pathways by secreting both C3 and
C5 when exposed to ABO-compatible blood and serum
(Li and Lin, 2012, Moll et al., 2014, Moll et al., 2011). It
is noted that the alternative pathway appears to play
a major role in MSC-induced complement activation
(Li and Lin, 2012). As discussed previously, the rapid
clearance of MSCs after systemic infusion suggests trig-
gering of IBMIR (Moll et al., 2011). This may, however,
not be necessarily a bad thing, as complement activation
by the MSCs appears to promote the activation and
interaction of MSCs with immune cells within the blood,
potentially initiating a cascade of intrinsic immunosup-
pressive functions within both the MSCs and immune
cells, including Treg and M2 macrophage induction, to
generate a complex and sophisticated immunosuppres-
sive environment.

The adaptive immune response

Unlike the initial unspecific nature of the innate
immune response, the adaptive immune system is
antigen-specific and leads to the development of immu-
nological memory. The adaptive immune system con-
sists primarily of two lymphocyte families, the T cell and
the B cell. Activation of the adaptive immune response
occurs by direct presentation of antigen by professional
antigen presenting cells and signaling cues from the
innate immune response.

Adult stem cell populations have been demonstrated
to both directly and indirectly modulate both of these
lymphocyte populations dependent on the microenvi-
ronment and their MSC1/MSC2 status. In the following
section we explore the complex interactions between
stem cells and different adaptive immune cells in
modulating the immune response.
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Figure 2.3 BMMSC and OMLP-PC interaction with T cells. Photomicrographs of isolated (a) bone marrow MSCs (BMMSCs) and
(b) oral mucosal lamina propria progenitor cells (OMLP-PCs) interacting in direct contact co-cultures with CD3* T cells in vitro.
Co-incubation of BMMSCs and OMLP-PCs with isolated T cells suppresses T cell proliferation (Protocol 2.2). Bar = 100 pm.

T cells

T cells, so named because their precursors migrate from
the bone marrow into the thymus for maturation, con-
sist of a number of subsets involved in both activating
and suppressing adaptive immune responses. The two
major subsets are the CD4* T helper (Th) cell and the
CD8* cytotoxic lymphocyte (CTL). Most knowledge and
mechanistic studies investigating the direct interaction
of stem cells and T cells originate from in vitro experi-
mentation. Both autologous and allogeneic MSCs have
been demonstrated to inhibit T cell proliferation in vitro
in response to a number of stimuli including mitogens
such as phytohaemagluttinin (PHA); antibodies against
CD2/CD3 and CD28 and allogeneic cells (PBMCs, lym-
phocytes, and DCs). Many studies utilise purified T cells,
isolated from PBMCs by cell sorting (this is can be by
flow cytometry cell sorting or magnetic cell selection),
to demonstrate the suppression of T cell proliferation
when in co-culture with stem cells (Figure 2.3). This is
most frequently assessed by radioactive *H-thymidine
uptake (as a measure of proliferation) or loss of the
fluorescent dye carboxyfluorescein succinimidyl ester
with division of the T cells (Protocol 2.2).

Th17 cells

Bordering the innate and adaptive immune systems
are the Th17 cells. These originally classified adaptive
immune cells have recently been demonstrated to be
activated by innate immune cell receptors, evidencing

Protocol 2.2 Evaluating T cell suppression by flow
cytometry.

1.

CD3* T cells are isolated from PBMCs (see Protocol 2.1
for isolation of PBMCs) using negative selection
magnetic activated cell sorting. See manufacturer’s
details for specific details.

. Isolated T cells are labeled with 0.25uM

Carboxyfluorescein succinimidyl ester (CFSE)
for 7 minutes at 37°C/5% CO, before the
reaction is halted by the addition of fetal calf
serum (FCS).

. Labeled T cells are washed 3 times in RPMI-1640

medium supplemented with 10% heat inactivated
human AB serum.

. CFSE-labeled T cells are combined with 10% irradiated

stem cells and T cell activation beads (anti-CD2/anti-
CD3/anti-CD28).

. Co-cultures are incubated for 3 days before T cells are

separated for flow cytometry (Figure 2.3).

. Subsequent to co-culture, T cells can be stained for

markers of activation (e.g., CD25) and for hallmarks
of specific T cell subsets such as Tregs (CD4/CD25/
FoxP3).

. Samples are run on a flow cytometer and data analysed

using the appropriate software.

Note: CFSE is used as a marker of cell division. Half of the
fluorescence signal is lost with each division of the
daughter cells, allowing accurate visualization and
quantification of T cell division by flow cytometry.
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their close link between the immune systems. IL-17
secreting T cells are typically protective in their mode of
action, although they have been reported to persist in
diseases of chronic inflammation such as multiple scle-
rosis (Kebir et al., 2009).

High levels of the proinflammatory cytokine IL-17
secretion coupled with high-level expression of the
IL-17 receptor on the cell surface of BMMSCs promotes
MSC proliferation and maintenance of an MSC2, anti-
inflammatory phenotype (Huang et al., 2006). It is
thought that this link between Th17 cells and BMMSCs
may be a means of regulating the inflammatory response.
In murine models of multiple sclerosis (experimental
autoimmune encephalomyelitis), infusion of mouse
BMMSCs suppressed both the migration and activation
of Th17 cells (Rafei et al., 2009).

MSC licensing by exposure to IFNy and TNFa results
in an increased expression of intracellular adhesion
molecule 1 (ICAM-1) on the cell surface of BMMSCs
in vitro. This change in cell surface phenotype allows the
MSCs to bind to Th17 cells in a chemokine receptor
(CCR) 6-CCL20-dependent manner, prolonging their
time in contact. This direct cell-cell contact suppresses
the production of IL-17 and IL-22 by the Th17 cells and
reprograms them into forkhead box (Fox) P3* regulatory
T cells, whilst blocking the production of de novo Th17
cells from naive CD4* T cells. Once again, MSC-derived
PGE2, triggered by both cell contact and Th17 cell
presence, is implicated in these processes, acting through
the EP4 receptor expressed on the surface of the Th17
cells (Duffy et al., 2011, Ghannam et al., 2010). This
inhibitory effect on Th17 cells has also been demon-
strated with exposure to stem cells from human exfoli-
ated teeth (SHED), both in vitro and in an in vivo model
of systemic lupus erythematosus (SLE) (Yamaza et al.,
2010). Within this study, SHED were shown to increase
the ratio of Treg to Th17 cells, dampening autoimmune
responses in addition to decreasing circulating Th17 cells
within the peripheral blood.

The bidirectional state of MSCs in inducing T cells has
also been demonstrated. When MSCs were cultured
with apoptotic cells (mimicking the microenvironment
of a rheumatoid arthritic bone marrow), the induction
of Th17 cells was promoted in an IL-6 dependent
manner (Tso et al., 2010). Furthermore, the persistence
of Th17 cells in chronic inflammation further demon-
strates the importance of the microenvironment in
determining the response of MSCs. This is supported by

the knowledge that BMMSC-derived soluble factors
alone promote the proliferation and induction of Th17
cells, confirming the need for MSCs to respond both
to the environment and initiate direct cell-cell contact
with these T cells to induce an inhibitory effect
(Darlington et al., 2010). The effects of the microenvi-
ronment, especially the role of persistent inflammation
on the phenotype of resident stem cell populations, is
also of relevance here. A recent study isolating PDLSCs
from both healthy and inflamed PDL demonstrated
that those stem cells that had been exposed to chronic
inflammatory signals had a reduced capacity to immu-
nomodulate, losing their immunosuppressive phenotype
even after removal from an inflammatory environment
(Liu et al., 2012). This dampening in responsiveness of
stem cells derived from inflammatory environments has
also been shown in models of lupus and BMMSCs
derived from SLE. Autologous MSCs derived from these
studies were not effective after infusion in the treatment
of lupus, with those derived from SLE patients reported
to have a diminished response to recombinant IFNy or
CD8 stimulation, leading to insufficient IDO induction
and therefore an inability to inhibit T cell proliferation
(Gu et al., 2012).

Multiple adult stem cell populations, including
BMMSCs, OMLP-PCs, GMSCs, and PDLSCs, are able to
suppress the proliferation of activated T cells via both
cell-contact-dependent and -independent mechanisms,
the latter through the release of soluble factors such as
IDO, TGFp1, IL-10, hepatocyte growth factor (HGF), and
PGE2 (Figure 2.3) (Davies et al.,, 2012, Zhang et al.,
2009, Wada et al., 2009, Stagg and Galipeau, 2013), pro-
moted by response to the proinflammatory cytokines
IENy and TNFa secreted by activated T cells. This effect
is dose dependent, except in the case of OMLP-PCs.
Recent studies have indicated that oral stem cell sources,
including SHED, DPSCs, and OMLP-PCs, may have
differential mechanisms to BMMSCs in modulating
T cell behavior, with some reports indicating that these
novel stem cell sources demonstrate a higher efficacy
for T cell immunosuppression in contact and contact-
independent systems (Alipour et al., 2013, Sonoyama
et al., 2008, Krampera et al., 2003, Davies et al., 2012).
The mechanisms of action are wide-ranging with
numerous factors indicated, including TGFp1 for DPSC-
mediated immunosuppression (Wada et al., 2009).

Within BMMSCs the central role of IFNy in inducing
the MSC2 phenotype, enabling the cells to exert their
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immunosuppressive effect, is exemplified by studies
demonstrating that blocking of the IFNy receptor in
MSCs or inhibiting the secretion of IFNy by T cells
results in a decreased immunosuppressive MSC pheno-
type (Sheng et al.,, 2008, Krampera et al., 2006). The
exposure of MSCs to these proinflammatory cytokines
similarly promotes the secretion of chemokines CXCL9,
CXCL10, and CXCLI11, known to attract T cells and
potentially promoting an early-stage interaction bet-
ween the MSCs and T cells in an inflammatory environ-
ment, enabling MSCs to exert their immunosuppressive
effects in close proximity to their target cells.

Cell contact mechanisms

Cell-cell contact between MSCs, including BMMSCs
(Akiyama et al., 2012) and DPSCs (Zhao et al., 2012),
and T cells has also been proposed as a mode of T cell-
induced apoptosis via the FasL/Fas pathway, with FasL
expressed on the surface of BMMSCs, GMSCs, and
DPSCs (Xu et al., 2013). This mechanism of action is
specific to Th cells but not Tregs, as neatly demonstrated
by Zhao et al. in a murine model of ulcerative colitis
where FasL knockdown in DPSCs reduced amelioration
of colitis phenotypes, and that apoptosis was conserved
to Th17 cells (Zhao et al.,, 2012). MSCs additionally
express Fas, a death receptor, which controls the secre-
tion of monocyte chemotactic protein-1 (MCP-1) to
attract T cells and ensure their contact with MSCs (Wang
et al., 2012). Interestingly, it was reported by Plumas
etal. that MSCs induced T cell apoptosis only in activated
T cells but not in resting T cells, suggesting that MSCs
could support T cell survival in the GO quiescent state
(Plumas et al., 2005). This phenomenon was also dem-
onstrated in a number of oral stem cell populations,
including PDLSCs where the addition of PDLSCs to T cell
cultures blocked T cell proliferation by inducing qui-
escence, not apoptosis (Kim et al., 2010). Davies et al.
have also supported this theory, demonstrating that the
addition of OMLP-PCs to suppress T cell-mediated pro-
liferation actually decreases the level of T cell apoptosis
in response to activation below that of the activated
T cell controls (Davies et al., 2012).

When cultured in contact with one another, the
Notch signaling pathway has been implicated in MSC-
mediated immune cell suppression. Jagged 1 on the cell
surface of MSCs can directly interact with its receptor,
Notch on the surface of T cells, leading to NF-«B trans-
location and ultimately a decrease in IL-2 and IFNy

production in the T cells (Shi and Pamer, 2011; Eagar
et al., 2004). Inactivation of TLRs 3 and 4 downregu-
lates Jagged 1 on the MSC cell surface, impeding cell-
cell contact with the T cells and therefore MSC
contact-mediated inhibition of T cell proliferation
(Liotta et al., 2008).

The role of cell-cell contact in mediating MSC effects
may be situation and tissue specific. For example, resident
MSCs can promote epithelial tissue repair after microbial
damage within the gastrointestinal tract through the
secretion of PGE2, but initiation of PGE2 secretion was
dependent on TLR signaling (Brown et al., 2007).

Within human MSCs, suppression of both Th and CTL
proliferation and the associated IFNy production and
cytotoxicity respectively is regulated primarily through
IDO secretion. Whilst MSCs can act directly on T cells, it
has been suggested that this effect is heightened in the
presence of monocytes, with in vitro co-cultures of MSCs
in the absence of monocytes demonstrating a reduced
capacity to suppress the proliferation of T cells (Bernardo
and Fibbe, 2013). Interestingly, differential expression
levels of FasL on the surface of neural crest gingival
stem cells (N-GMSCs) and their mesoderm-derived
equivalents (M-GMSCs) have been used to establish the
mechanism by which N-GMSCs are more immunosup-
pressive than M-GMSCs in T cell mediated suppression
(Xu et al., 2013). OMLP-PCs, also of neural crest origin,
have been reported to demonstrate potent immunosup-
pressive properties (Davies et al., 2012). Taken together,
these findings suggest that more primitive neural crest
stem cell populations may be a superior source of immu-
nosuppressive cells for cell-based therapeutics targeting
aberrant immune systems. Indeed this hypothesis is
supported by the report that PDLSCs are less suppres-
sive than BMMSCs and that this has been attributed
to the partially committed phenotype of PDLSCs (Kim
etal., 2010).

Tregs

Tregs are a subset of Th cells, able to suppress the immune
response and dampen inflammation through the down-
regulation of T cell proliferation. These cells are charac-
terised by their expression of the transcription factor
FoxP3 and can be subclassified into natural Tregs (thymus
derived FoxP3* cells) and adaptive/inducible Tregs
(derived from CD4*CD25FoxP3" T cells circulating in the
periphery). MSCs have been shown to increase the ratio
of inducible Tregs aiding their function in regulating the
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inflammatory environment (Burr et al, 2013). This
effect, through both direct cell contact and the secretion
of TGFB1, PGE2, and in some studies HLA-G5, is mono-
cyte dependent with the removal of monocytes from co-
cultures with MSCs preventing the induction of this Treg
population (English et al., 2009, Maccario et al., 2005,
Melief et al., 2013, Selmani et al., 2008). It has recently
been demonstrated in vitro that induction of M2 macro-
phages from monocytes results in an increased secretion
of CCL18, which induces Tregs in addition to the previ-
ously reported TGFp1 Treg induction pathway (Melief
et al., 2013). These findings have been supported by in
vivo models of colitis and fibrillin-mutated systemic scle-
rosis, demonstrating the central role of macrophages in
inducing Tregs (Akiyama et al., 2012). Here the mecha-
nism of action was shown to be indirect, with infusion
of murine BMMSCs inducing T cell apoptosis, triggering
TGFp1 production by macrophages and thereby the
induction of FoxP3* positive Tregs.

Hemeoxygenase (HO-1) is one of three isoenzymes
involved in the oxidative degradation of haem to bili-
verdin, free iron, and carbon monoxide. Known pri-
marily for its cytoprotective properties, HO-1 has been
reported to play a pivotal role in immune regulation by
promoting immunogenic tolerance. HO-1 is known to be
expressed by DCs and has been demonstrated as necessary
for Treg-mediated immunosuppression (George et al.,
2008). HO-1 expression has recently been demonstrated
in BMMSCs and involved in the generation of Treg cell
subsets (Mougiakakos et al., 2011). Its mode of action has
yet to be confirmed, but it is thought that HO-1 may
deplete haem within the local environment required for
certain enzyme activity. It may also have roles in inhibit-
ing the production of proinflammatory cytokines as well
as reactive oxygen species, whilst promoting the produc-
tion of anti-inflammatory IL-10 (Chauveau et al., 2005,
Remy et al., 2009). Despite the loss of HO-1 expression in
licensed MSC2 cells, immunosuppression remains to be
executed by PGE2. It is therefore hypothesised that
BMMSC-mediated immunosuppression may be multi-
staged, with direct immune dampening at the site of
inflammation and the generation of Tregs for long-term
suppressive effects.

Cytotoxic lymphocytes (CTLs)

The immunosuppressive effects on T cells are not
restricted to CD4* cells. The effects of MSCs on modu-
lating the function of CTLs are well characterised.

The primary role of a CTL is to kill cells producing
foreign antigen or cells infected by viruses and other
intracellular microorganisms.

As discussed above, MSCs can directly inhibit the
maturation of DCs, thereby preventing the presentation
of HLA I-associated alloantigen to the CTLs, a process
required for their activation (Chiesa et al., 2011). This is
one mechanism of indirect MSC-mediated immunosup-
pression. In vitro assays have demonstrated that inhibi-
tion of CTL proliferation induced by the T cell mitogen
PHA does not affect their effector function, with those
activated cells still able to induce a cytotoxic response
(Ramasamy et al., 2008). This demonstrates the poten-
tial for MSCs in the treatment of conditions with a
hyperactive immune system such as GvHD, where a
dampening effect is required without affecting the
functionality of the immune cells.

Recently, the role of IDO in modulating CTL function
has been demonstrated in SLE, an autoimmune disease
associated with abnormal T and B cell function (Wang
etal., 2014). This previously undescribed CD8*-IDO axis
demonstrated that high levels of IFNy secretion by CD8*
T cells resulted in the induction of IDO and thereby
immunosuppression by infused umbilical cord MSCs
(UC-MSCs). These high levels of IFNy, previously
thought to originate from DC or NK cells, contribute
to B cell activation and antibody production, linking to
immunological memory.

MSCs have the capacity to alter the phenotype of
CD8* CTLs to a regulatory phenotype, as demonstrated
for CD4* Th cells (Prevosto et al., 2007). In vivo these
regulatory cells are important in limiting the degree of
self-reaction and controlling the immune response.
These MSC-induced regulatory CD8* cells can inhibit
lymphocyte proliferation in mixed lymphocyte cultures,
inhibit recall to alloantigen and mitogen or CD3 driven
stimulation. They are characterised as CD25* (the «
chain of the IL-2 receptor and a marker of T cell
activation) and CD28" in the majority of cells (>85%).
Regulatory CTLs have a lower level of FoxP3 mRNA
expression than Tregs, however, suggesting different
mechanisms in suppressing lymphocyte proliferation.
This suggests that MSCs may operate two different
immunosuppressive mechanisms dependent on the
ratio of MSCs to immune cells. Soluble factors such
as PGE2 operate at high stromal cell-lymphocyte
frequencies (1:1-1:10), whereas the generation of CD8*
regulatory T cells allows immunosuppressive actions at
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lower frequencies of 1:2000 stromal cell-lymphocyte ra-
tios, thus amplifying the effects of MSCs on blocking T
cell proliferation (Poggi and Zocchi, 2008).

B cells

B cells form an essential part of the adaptive immune
response by providing immunological memory. These
immune cells produce antibodies and closely work
alongside T cells, implicating their involvement in a
number of autoimmune diseases such as MS. Naive B
cells are able to recognise antigen through the B cell
receptor and present a processed version to Th2 cells via
HLA class II. The Th2 cell, which has previously had this
antigen presented to it by an antigen presenting cell,
binds to the B cell and secretes cytokines triggering the
process of B cell proliferation and differentiation into
plasma cells. The plasma cells produce the antigen-
specific antibodies for immunological memory. In
addition to becoming plasma cells, B cells can remain as
memory B cells.

The effect of MSCs on B cells remains controversial.
Current findings indicate that MSCs inhibit the prolifer-
ation of B cells, their differentiation to immunoglobulin
producing cells, and their production of cytokines, with
most of these reports derived from in vitro systems and
in vivo models of multiple sclerosis (De Miguel et al.,
2012). These differing results may be attributed to the
status of the MSCs tested and whether they were
orientated towards a more MSC1 or MSC2 phenotype.
Recent reports indicated that TLR4-primed MSC1 can
enhance B cell proliferation by increasing expression
of the B cell activating factor, BAFE. This factor is crucial
in promoting the survival, proliferation, and differen-
tiation of B lymphocytes (Yan et al., 2014).

MSC-originating soluble factors, released upon
activation by B cells, have been reported to suppress the
proliferation of B cells, with TGFp1, HGF, PGE2, and
IDO all implicated in mediating this role (Corcione
et al., 2006). Antigen-presenting properties of the B
cells appear not to be affected by the MSCs, with no
change in the levels of HLA class II and cell surface
expression of the co-stimulatory molecules CD40,
CD86, and CD80. A downregulation of the chemotaxis
receptors CXCR4 and CXCR5 suggests that MSCs may
impede B cell migration in response to chemokine
release (Corcione et al., 2006).

A recent report by Liu et al. has demonstrated the
inhibitory effect of PDLSCs on B cell proliferation,

apoptosis, chemotaxis, and differentiation into plasma
cells (Liu et al., 2013). As reported by Corcione et al. in
BMMSCs, expression of the co-stimulatory molecules
HLA class II, CD40, CD80, and CD86 on the cell surface
of the B cells was not affected by the presence of the
PDLSCs, suggesting that the suppressed B cells retained
their antigen-presenting function (Corcione et al., 2006).
The chemokines CXCR4, CXCR5, and CCR7 were down-
regulated in B cells postincubation with PDLSCs, and
this was accompanied by decreased responsiveness of
the B cells in attraction towards CXCL12, CXCL13, and
CCL19 (Liu et al., 2013). The authors attribute this effect
of PDLSCs on B cells to interactions between programmed
cell death (PD)-1 and its ligand, PD-L1. This is different
to the effect shown within BMMSCs, where PD-1 inter-
acts with PD-L1 and PD-L2. High levels of PD-L1 on the
surface of PDLSCs is linked to the elevated levels of
IL-17, TNFo, and IFNy within periodontitis tissue, as
evidenced using a minipig model of periodontitis. These
results indicate that PDLSC suppressive effects on B
cells is multifactorial, acting through a contact-dependent
mechanism (PD-1/PD-L1) to suppress the activity of B
cells present within the inflammatory site, whereas
soluble factors suppress the chemotaxis of additional
B cells into the inflammatory area and inhibit B cell
apoptosis (through the secretion of IL-6).

In vivo studies by Rafei et al. suggest this decrease in
plasma cell immunoglobulin production is due to sol-
uble factors released by MSCs affecting the CCL2 and
CCL7 pathways (Rafei et al., 2008). It is suggested that
matrix metalloproteinase (MMP) production by the
MSCs cleaves CCL2 into a variant, which suppresses
signal transducer and activator of transcription (STAT) 3
activation and plasma cell function. However, in some
systems the reverse has been reported, with MSCs sup-
porting the proliferation and differentiation of B cells
(Rasmusson et al., 2007; Traggiai et al., 2008), indi-
cating that we do not yet fully understand the mecha-
nisms and complex interactions between B cells and
adult stem cell populations.

Mediators of immunomodulation

Galectins

This group of molecules belongs to the lectin family and
can be found at the cell surface and sequestered into the
extracellular matrix. Galectins interact with glycans,
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such as N-linked glycans, post-translational modifica-
tions associated with cell membrane receptors and
transporters.

MSC expression of galectins 1, 3, and 8 has been
reported within the literature; galectin-1, a secretable
form, has been implicated in MSC-mediated immuno-
suppression (Gieseke et al., 2010). Within this study,
galectin-1 was demonstrated to have a direct role on the
inhibition of T cell proliferation and production of IFNy,
with knockdown of galectin-1 within MSCs restoring
the proliferation and effector function of T cells. These
findings are substantiated by in vivo studies demon-
strating that injection of BMMSCs and galectin-1 intra-
peritoneally into a mouse model of GvHD increased
survival rate and decreased disease-associated symp-
toms. It has been suggested that galectins may exhibit
an indirect effect on immunosuppression via induction
of Tregs and/or the generation of tolergenic DCs (Baum
et al., 2003; Tlarregui et al., 2009).

TNFo-stimulated gene/protein 6 (TSG-6)

Activated MSC2 cells express and secrete high levels of
this immunomodulatory factor (Lee et al., 2009). As
previously discussed, it is well acknowledged that on
intravenous infusion, MSCs will rapidly be cleared from
the circulation, move to the lungs, and be embolised.
Despite this, MSCs continue to be reported to have
therapeutic paracrine effects through the secretion of
immunomodulatory factors. Lee et al. identified that
MSCs trapped within the lungs after infusion within a
murine model of myocardial infarction significantly
upregulate mRNA levels of TSG-6, a factor not constitu-
tively expressed by MSCs but induced upon receiving
inflammatory signals (Lee et al., 2009). The study dem-
onstrated the paracrine effects of TSG-6 in reducing
inflammation within the heart and protecting the resi-
dent myocardiocytes, an effect lost on infusion of TSG-6
knockdown MSCs. These findings are supported by
results from a rat model of corneal injury (Roddy et al.,
2011). This study suggested that intravenous infusion of
MSCs decreased neutrophil infiltration, the production
of proinflammatory cytokines, and the development of
opacity in the cornea. This was also seen if the MSCs
were infused intraperitoneally. With <10 MSCs detected
within the cornea at day 1 and 3 after either infusion
technique, the data confirm the role of an MSC para-
crine effect and that engraftment of the MSCs is not
necessary for therapeutic benefit to be observed.

Infusion of TSG-6 knockdown MSCs within this model
also confirmed a loss in the effectiveness of the MSCs
(Roddy et al., 2011). Research suggests that TSG-6 may
exert its immune dampening effects via action on innate
immune cells, partially through inhibiting the migration
of neutrophils (Getting et al., 2002). A more recent
study on human MSCs utilised a murine model of
zymogen (derived from the cell walls of yeast) induced
peritonitis to demonstrate the mechanism of action of
TSG-6. Zymogen binds to the TLR2 receptor on the
macrophage cell surface, inducing the NF-xB pathway,
resulting in downstream upregulation of proinflamma-
tory cytokines such as TNFa. This study demonstrated
that TSG-6 interacts directly with macrophages, binding
to their CD44 cell surface receptor and inhibiting this
zymogen-induced NF-kB activation (Shi et al., 2012).
This negative feedback loop on the production of proin-
flammatory cytokines thereby prevents the recruitment
of neutrophils.

Indoleamine 2,3-dioxygenase (IDO)

IDO is a rate-limiting enzyme implicated in tryptophan
degradation. Expression of this immunomodulatory and
antimicrobial enzyme is induced within macrophages,
fibroblasts, and some stem cell populations by exposure
to IFNy and LPS (Ghannam et al., 2010; Hucke et al.,
2004; O’Connor et al., 2009). IDO inhibits T cell prolif-
eration by inducing a tryptophan-depleted environment
not conducive to lymphocyte cell division.

Within human BMMSCs, IDO has been deemed the
major immunomodulatory soluble factor, with experi-
mental evidence supporting inhibition of T cell prolife-
ration by IDO-secreting BMMSCs and restoration of
T cell proliferation on replenishment of tryptophan or the
addition of the IDO antagonist 1-methyl-L-tryptophan
(1-MT) (Meisel et al., 2004; Ryan et al., 2007). IDO
enzyme activity can be measured within the conditioned
media of in vitro stem cell cultures by colorimetric assay.
This simple plate assay allows quantification of the tryp-
tophan metabolite, L-kynurenine within the stem cell
secretome in response to exposure to IFNy or co-culture
with PBMCs/T cells (Protocol 2.3).

In addition to BMMSC s, the expression of IDO has
been noted within several oral stem cell populations,
with OMLP-PCs, GMSCs, and PDLSCs demonstrating
immunosuppressive function through the induction of
IDO in response to IFNy secretion by activated PBMCs
(Davies et al., 2012; Wada et al., 2009; Zhang et al., 2009).
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Protocol 2.3 Quantification of IDO activity by colorimetric
assay.

IDO activity is quantified by measuring the tryptophan
metabolite L-kynurenine within conditioned media derived
from stem cell co-culture with PBMCs or purified T cells
(Davies et al., 2012).

1. One hundred microliters of conditioned media is
combined with 50 uL of 30% (v/v) trichloroacetic acid.

2. Samples are centrifuged at 8000xg for 5 minutes at
room temperature.

3. Astandard curve of pure L-kynurenine (0-100uM) is
generated in unconditioned culture media.

4. Seventy-five uL of the supernatant/standard is plated
into a 96-well microtitre plate and combined with an
equal volume of Ehrlich’s reagent.

5. Absorbance is read using a microplate reader at 492 nm.

6. Concentrations are calculated from the standard curve
using a line of best fit.

In vivo IDO has been reported to be upregulated in
chronic periodontitis within human gingival tissue,
potentially due to increased levels of the proinflamma-
tory cytokines IL-1 and TNFa (known to synergistically
act with IFNy in the induction of IDO) (Babcock and
Carlin, 2000; Nisapakultorn et al., 2009). These results
suggest that IDO induction by resident gingival cells
may act in a protective manner to prevent excessive
immune activation.

Hepatocyte growth factor (HGF)

HGE also known as scatter factor, has been demon-
strated to exhibit immunosuppressive actions against
both innate and adaptive immune cells. HGF has an
anti-inflammatory effect by preventing the migration of
neutrophils and eosinophils into the wound/injury site
and thereby limiting the release of proinflammatory
cytokines and reactive oxygen species (Nakamura and
Mizuno, 2010). The effects of HGF on T cells (Th cells)
have also been documented, favoring the anti-
inflammatory effects of Th2 cells by decreasing the
release of proinflammatory factors from Thl and
increasing the release of the antagonizing anti-
inflammatory factors from Th2 cells (Nakamura and
Mizuno, 2010). Knowledge of this potential in HGF to
skew the immune response towards a more regulatory
phenotype has been exploited in mouse studies using
HGF to treat acute GvHD (Rutella et al., 2006).

This growth factor is of particular interest within the
oral context, as studies have indicated that HGF is
strongly expressed within fibroblasts derived from the
oral mucosa when compared to the skin (Enoch et al.,
2010) and has been linked to the preferential wound
healing response seen within the buccal mucosa,
characterised by a reduced inflammatory phase, rapid
re-epithelialisation, and modeling with minimal scar
formation.

Prostaglandin E2 (PGE2)

PGE2 belongs to the prostanoid family, derived from
arachidonic acid by COX-1, COX-2, and PGE2 synthase
enzymes. PGE2 exhibits immunosuppressive activity
against a number of immune cells, both innate and
adaptive, and has been implicated in the immunomodu-
latory actions of BMMSCs and oral stem cell populations
such as GMSCs (English et al., 2009; Su et al., 2011).
PGE2 acts on the G-coupled E prostanoid receptors
(EP1-4), of which EP2 and EP4 have been associated
with the immunosuppressive actions on T cells (Sakata
et al., 2010).

As described above for HGE, PGE2 preferentially sup-
ports the secretion of Th2 anti-inflammatory cytokines,
whilst inhibiting Th1 action and promoting the produc-
tion and activity of Tregs (Kalinski, 2012; Baratelli
et al., 2005). These effects are both through direct inter-
actions of PGE2 with the T cells and indirectly through
an inhibition of DC maturation and thereby increasing
Th2 presence (von Bergwelt-Baildon et al., 2006).

A symbiotic relationship between IDO and PGE2
appears to regulate the immunosuppressive action of
MSCs. PGE2 has been reported to indirectly stimulate
production of IDO, with IDO then leading to down-
stream activation of G protein coupled receptors
(Penberthy, 2007; Spaggiari et al., 2008).

Human leukocyte antigen-G (HLA-G)

HLA-G is classified as a class I major histocompatibility
complex, existing in seven isoforms, namely, the mem-
brane bound HLA-G1, -G2, -G3, and -G4 and the soluble
HLA-GS5, -G6, and -G7. HLA-GS5 is the most studied
isoform with respect to stem cell-mediated immuno-
modulation. This isoform is found to be upregulated
after treatment with IL-10 but not IFNy in human
BMMSCs (Selmani et al.,, 2008; Selmani et al., 2009).
Interestingly, this increase in HLA-G5 expression and
secretion by BMMSCs is also seen when in close contact
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with allo-stimulated PBMCs, hypothesised to be also
through the secretion of IL-10 by the hematopoietic
cells (Selmani et al., 2009). HLA-G’s immunosuppres-
sive effects are thought to be through the induction of
Tregs when in close contact culture systems and also to
inhibit NK cell-mediated cytolysis of third-party target
cells and their secretion of IFNy (Selmani et al., 2008).

Despite the major focus lying with HLA-G5, HLA-G1,
a membrane-bound isoform, has been found to be
expressed on the cell surface of BMMSCs and has been
reported to be immunosuppressive through inhibition
of DCs (Selmani et al., 2009). Positive expression of
HLA-G on the cell surface of BMMSCs results in an
inhibitory effect against both NK cells and CD8* CTLs
(Siegel et al., 2009). Such modes of actions have led to
studies indicating that increased levels of HLA-G posi-
tively correlate with a decreased risk of graft rejection
(Nasef et al., 2007).

Transforming growth factor Beta 1 (TGFp1)
The immunosuppressive role of membrane-bound and
soluble TGFB1 is well established, with TGFp1 on the
surface of Tregs exerting an inhibitory effect on
responder T cells. TGFP1 secreted by MSCs has known
immunomodulatory functions involving both immune
cells of the adaptive and innate immune systems, pri-
marily interacting with CD4* Th cells and inducing a
Treg phenotype and suppressing the production of cyto-
kines from cytotoxic NK cells. TGFp1 secretion by MSCs
is induced by the presence of CD14* monocytes and
lymphocytes and/or proinflammatory cytokines such as
IFNy (Bernardo and Fibbe, 2013; Rubtsov et al., 2012).
The mode of immune cell stimulation appears to play a
role in how central TGFf1 is in mediating MSC immu-
nosuppression, with some studies reporting that TGFf1
only suppresses T cell proliferation if T cell activation
has been induced by mitogens such as PHA (Rasmusson
et al., 2005).

Interleukin-6 (IL-6)

IL-6 expression is strongly correlated with PGE2. IL-6,
through its inhibitory effect on the maturation of DCs
as well as reverting mature DCs back to their immature
state results in a decreased activation of T cells. This
mode of action is further exerted by decreasing the
action of reactive oxygen species, resulting in an anti-
apoptotic effect on both neutrophils and lymphocytes
(Ghannam et al., 2010).

The role of cell surface adhesion
molecules in MSC-mediated
immunosuppression

CD39/CD73

The inhibitory effects of CD39 and CD73 by Tregs in the
regulation of T cell proliferation and the production of
proinflammatory cytokines are well established. Cell
surface CD39 promotes the conversion of adenosine
triphosphate (ATP) and adenosine diphosphate (ADP)
to the monophosphate form (AMP), which is subse-
quently hydrolysed to adenosine via CD73. Adenosine,
released by damaged cells, is known to accumulate at
injury sites and can directly induce immunosuppression
via a number of receptors, including the A,, adenosine
receptor (Deaglio et al., 2007).

Recently GMSCs were demonstrated to express both
CD73 and CD39 on their cell surface, promoting the
production of adenosine, a mechanism by which the
MSCs were able to inhibit mouse T cell proliferation
(Chen et al., 2013). The authors demonstrated these
inhibitory effects both in vitro and in vivo in a murine
model of collagen-induced arthritis. It was noted that
the GMSCs could both directly immunosuppress
through the production of adenosine and indirectly
through induction of immunosuppressive Tregs via
CD39/CD73 signaling (Chen et al., 2013). This mecha-
nism for immunosuppression has previously been dem-
onstrated within BMMSCs, with cooperation between
the T cells (expressing CD39) and MSCs (expressing
CD73). These effects are beneficial not only in the
induction of immunosuppression but also in wound
healing as adenosine has been implicated in exerting
both anti-inflammatory and antifibrotic effects.

ICAM-1/V-CAM-1

The cell surface receptors ICAM-1/CD54 and vascular
cell adhesion molecule-1 (VCAM-1)/CD106 are known
to play important roles in the activation and extravasa-
tion of T cells. MSCs upregulate both of these cell surface
receptors in response to exposure to activated T cells and
the level of expression on MSCs directly correlates with
their immunosuppressive activity (Ren et al., 2010).
Upregulation of these cell surface receptors is linked
with exposure to proinflammatory cytokines such as
IFNy, TNFa and IL-1. These findings suggest an impor-
tant mechanism in cell-cell contact-mediated immu-
nosuppression, supported by the report that increased
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expression of ICAM-1 and VCAM-1 on MSCs enhances
adherence of the cells to Th17 cells, allowing effective
suppression of Th17 cell function and differentiation
(Ghannam et al., 2010).

Extracellular vesicles
and immunomodulation

Exosomes (10-100nm) and microvesicles (100-1000nm)
are secreted from the majority of living cells and have
been reported to carry immunomodulatory factors,
ranging from proteins to microRNAs encased within a
phospholipid bilayer (Thery et al., 2009). The definition
of these vesicles appears to be flexible within the litera-
ture due to the relative infancy of research into these
entities. In light of this, the International Society for
Extracellular Vesicles has suggested the use of the term
extracellular vesicles (EVs) to encompass all types of vesi-
cles present within the extracellular space, including
both microvesicles and exosomes. The true difference
between these vesicles, apart from their size, remains to
be fully characterised.

These small entities are directly involved in cell-cell
communication and in the transfer of cellular material
from one cell to another. EVs have been proposed to
signal via binding to cell surface receptors and by fusion
or internalisation by the receiving cell (Temchura et al.,
2008). EVs can be taken up by local target cells or travel
to distant sites within the body via the blood system
or other bodily fluids. EVs have become of particular
interest again recently as a potential mechanism of
how the paracrine effects of MSCs are exerted in vivo.

Within animal models, EVs have been demonstrated
to have therapeutic potential in conditions such as acute
kidney injury and myocardial ischemia (Katsuda et al.,
2013). These properties appear to be mediated at least
in part by mRNA cargo, as RNase treatment of the
EVs to inactivate the contained mRNAs impeded their
therapeutic benefit (Gatti et al., 2011). EVs derived from
numerous cell sources have been demonstrated to mod-
ulate cells of both the innate and adaptive systems,
including B cell-mediated tumor suppression, proapop-
totic activity in CTLs, differentiation of monocytes in
DCs, and induction of Tregs (Taylor et al., 2011).

Knowledge into the potential for EV-mediated
therapies remains sparse and is a relatively new topic
in regenerative medicine. It is thought that they may

represent a more defined therapy than using the
cells themselves, and that they offer the advantage of
being able to deliver target molecules intracellularly. In
addition to this, EVs can avoid the lung barrier, a major
obstacle for the systemic administration of MSCs
(Katsuda et al., 2013). Preliminary data indicate that
MSCs may transfer their immunosuppressive properties
to their secreted EVs, with MSC EVs demonstrated
to inhibit mitogen-induced PBMC proliferation in vitro
(Yeo et al., 2013).

MSC EV-mediated immunomodulation has been
reported to be through a direct interaction with mono-
cytes through their TLR4 receptor (Zhang et al., 2014).
In this study the MSC EVs contained the TLR4 ligand,
FN1, which on binding to the monocytes induces intra-
cellular TLR signaling via MYD88 within the monocyte.
These monocytes differentiated into M2 macrophages
associated with the secretion of IL-10 and were able
to induce Treg polarisation. Further analysis using an
in vivo model of allogeneic skin graft rejection demon-
strated that these effects were only apparent in animals
with an activated immune system, with no induction of
Tregs in animals that did not receive skin grafts (Zhang
et al.,, 2014).

Evidence that MSC EVs, like the MSCs themselves,
will only suppress the activity of activated cells removes
the risk of MSCs compromising the normal immune-
surveillance functions of a healthy immunity and there-
fore may also be a suitable therapeutic for GVHD, where
a hyperactive immune system is evident. In a recent
study, MSC-derived EVs were derived for the treatment
of GvHD (Kordelas et al., 2014). The EVs at the point of
purification contained high levels of the antiinflamma-
tory cytokines IL-10, TGFp1, and HLA-G and demon-
strated immunosuppressive activity against PBMCs and
NK cells in in vitro mixed lymphocyte cultures. These
EVs were systemically infused into a GvHD patient.
After the third infusion, the patient’s PBMCs demon-
strated a repressed production of IL-1p, TNFa, and IFNy,
indicating that the infused MSC EVs may have damp-
ened the inflammatory reactivity of the patient’s PBMCs.
This was accompanied by a reduction in GvHD-associated
symptoms including diarrhea and mucosal and cuta-
neous GvHD.

For this to be translated into a mainstream clinical
application, the isolation and purification of EVs must
become cost and time effective (currently, isolation of
sufficient quantities of EVs requires large-scale culturing
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of the cells from which the EVs are to be isolated and
ultracentrifugation to purify them), with a higher
degree of purity required. These issues are starting
to be addressed, with current research investigating
the potential immortalisation of human MSCs using the
myc oncogene in providing a sustainable stem cell
population for the production of immunomodulatory
EVs (Chen et al., 2011).

The relevance of species in determining
immunomodulatory mechanisms
Animal models are still of crucial value in evaluating
and translating in vitro experimental findings to an
in vivo system. It is important to note, however, that
human and murine MSCs exhibit considerably different
properties and mechanisms of action in terms of immu-
nomodulation, and this should be taken into consi-
deration when choosing appropriate model systems and
evaluating in vivo results for extrapolation towards
clinical testing.
Murine  BMMSCs
BMMSCs, with in vitro expansion resulting in transfor-

expand slower than human

mation of the cells to a malignant state, associated with
increased telomerase activity and proliferative rate, an
altered cellular morphology, abnormal karyotype, and
the ability to form tumors in vivo. It is therefore impor-
tant to consider this altered phenotype in studies uti-
lizing in vitro expanded murine MSCs and their distinct
phenotypic and genotypic characteristics with their
human counterparts. Human MSCs have not been
demonstrated to undergo malignant transformation
after long-term in vitro culture; however, their potential
change in phenotype with ageing has been previously
discussed within this review (Bernardo and Fibbe, 2013).

Distinct differences in the effector soluble factors
implicated in suppression of T cell proliferation within
these species have also been noted, with IDO important
for human MSCs and nitric oxide primarily employed
in murine MSCs (Bernardo and Fibbe, 2013). Within
human MSCs, proinflammatory cytokines induce IDO
expression, whereas in mice inducible nitric oxide
synthase (iNOS) is upregulated. Interestingly it was
reported that within the rhesus monkey, IDO is the
immunomodulatory molecule of choice. Regardless of
species, the effects downstream of these molecules
are similar, with both IDO and iNOS resulting in
the induction of T cell chemokines to induce
immunosuppression.

Homing

Initial studies demonstrated that systemically and
locally infused MSCs maintain the ability to home to
sites of injury and cancer, most likely due to localised
inflammatory mediators (Rojas et al., 2005; Ortiz et al.,
2003; Kidd et al., 2009). MSCs express the necessary
receptors for a number of growth factors including
platelet-derived growth factor and insulin-like growth
factor 1, in addition to chemokine receptors such as
CCR2, CCR3, CCR4, and CCL5 to recognise specific
mediators released in high concentrations after initia-
tion of the inflammatory cascade (Ponte et al., 2007).
This inherent capacity to home has also been demon-
strated with in situ MSC mobilisation, as reported by
an increase in circulating MSCs in response to bone
fracture (Alm et al., 2010).

Among the chemokines central to MSC homing is
stromal cell-derived factor 1 (SDF-1). Low levels of the
SDF-1 receptor, CXCR4, are constitutively expressed on
the cell surface of BMMSCs; however, upon stimulation,
this expression level is upregulated. Data suggest that
BMMSCs store high levels of CXCR4 intracellularly,
ready to be translocated to the cell surface upon chemo-
kine stimulation (Wynn et al., 2004). Furthermore,
BMMSCs express numerous integrins on their cell sur-
face, including a4 and f1 important in mediating cell-cell
and cell-extracellular matrix interactions by binding to
VCAM-1 and the V-region of fibronectin, respectively.

Despite their inherent capacity to home to the site of
injury, both preclinical animal models and clinical trials
have demonstrated very little if any engraftment of
MSCs postinfusion, with less than 1% actually reaching
their target tissue (Isakova et al., 2007). Despite this, the
therapeutic effect is evident, with no correlation bet-
ween engraftment and therapeutic efficacy, undoubtedly
confirming the importance of MSC-originating trophic
factors.

MSCs as modulators of the bacterial
environment

Numerous immunosuppressive soluble factors described
throughout this review also exhibit antibacterial actions,
and therefore it is not surprising that the antibacterial
properties of MSCs are starting to be reported. Evidence
currently is limited, but both IDO and the cathelicidin,
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LL-37, have been reported to play roles in MSC-
mediated antibacterial responses (Meisel et al., 2011;
Krasnodembskaya et al., 2010). LL-37 can directly bind
LPS and inhibit LPS-induced cellular responses. This
protein can be further processed into smaller peptides
with enhanced antimicrobial activity. LL-37, synthe-
sised by BMMSC s, has been demonstrated to act in an
antimicrobial manner towards both Gram-positive and
Gram-negative bacteria; working in a bacterial dose-
dependent manner within both in vitro assays and
in a murine model of E. coli-induced pneumonia
(Krasnodembskaya et al., 2010). This study demon-
strated that the infusion of MSCs reduced bacterial
growth and enhanced clearance. This novel study has
provided mechanistic insight into how MSCs can con-
trol bacterial infections as previously shown in different
models of induced sepsis (Nemeth et al., 2009, Gonzalez-
Rey et al., 2009).

IDO, through its ability to remove tryptophan from
the environment, has been demonstrated to be antibac-
terial in response to tryptophan-sensitive bacteria such
as B streptococci, enterococci, and Staphylococcus aureus. The
antimicrobial effects of IDO are illustrated by studies
demonstrating the protection against Staphylococcus
aureus bacterial infection in human heart valves and
vascular allografts by IDO induction (Saito et al., 2008).

As discussed previously, IDO is strongly induced
within BMMSCs and some oral stem cell populations
such as OMLP-PCs and DPSCs by IFNy. This effect is
enhanced by the presence of TNFa and IL-1, both of
which are upregulated in chronic periodontitis (Graves
and Cochran, 2003). It has been suggested that IDO
induction by resident cells within gingival tissue in
response to this cocktail of proinflammatory cytokines
may prevent an excessive immune response mounting
(Konermann et al., 2012).

Clinical applications of MSCs

To date, our primary information regarding the use of
adult stem cells for the treatment of immune-related
disorders is derived from clinical trials utilizing BMMSCs.
According to the NIH website, http://clinicaltrials.gov,
as of June 2014 there are 401 registered clinical trials
utilizing “mesenchymal stem/stromal cells”. The majority
of these trials are focused on exploiting the immuno-
modulatory or trophic properties of these cells, rather

than their differentiation potential, earning MSCs
the term injury drugstore (Caplan and Correa, 2011).
Currently only four clinical trials are registered for
the use of dental stem cells in the treatment of peri-
odontal tissue regeneration, revitalisation of necrotic
pulp in immature permanent teeth, and in alveolar
bone tissue engineering. As we move towards the
development of novel therapeutics utilizing newly
characterised oral stem cell populations, valuable
lessons can be learned from the MSC therapeutics
currently being trialed.

MSCs have been evaluated for a number of diseases
with immune involvement ranging from inflammatory
to autoimmune disorders. In addition to their immuno-
regulatory therapeutic effects, these cells have been
demonstrated to positively affect tissue repair and
regeneration both directly and through indirect effects
on the tissue microenvironment. Much of the knowledge
we have gained regarding the role of MSCs in tissue
repair has been gleaned from preclinical models (Wei
etal., 2013). Within the clinical arena, MSC therapy has
shown beneficial effects in liver cirrhosis and liver
failure patients (Peng et al., 2011; Kharaziha et al.,
2009) as well as in periodontal tissue defect repair and
diabetic limb ischaemia (Yamada et al., 2006; Lu et al.,
2011). These multifaceted effects of MSCs are discussed
below with, for the purposes of this review, focus placed
on GvHD, multiple sclerosis as an autoimmune disease,
and colitis as an inflammatory disease.

Graft versus host disease

As previously discussed, GVHD is a complication associ-
ated with hematopoietic stem cell transplantation,
where donor T cells attack the recipient’s organs. This
is a disease primarily affecting the skin, oral mucosa,
liver, and gut. Although generally considered a T cell-
mediated disease, NK cell and macrophage involve-
ment has been reported. Further indications towards
an innate component in the pathophysiology of GvHD
have also recently been reported through reaction with
microbial peptides.

First-line treatment is steroids, but in the case of ste-
roid-refractory GvHD, MSC systemic infusion has been
successfully trialed. Le Blanc et al. (2004) first reported
in 2004 that intravenous infusion of allogeneic MSCs
may represent a novel therapeutic for the treatment
of severe steroid-refractory acute GvHD. The exact
mechanism of MSCs in the treatment of GvHD remains
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unknown; however, it is thought that the cells exert
their therapeutic effects through skewing of the immune
cell repertoire to a more tolerogenic phenotype (Zhao
et al.,, 2015). Evidence of tissue repair due to MSC
therapy is anecdotal, however. Ringdén et al. reported a
pilot study where an MSC-treated patient with GvHD of
the gut demonstrated reversal of perforated colon
(Ringden et al., 2007).

Multiple sclerosis (MS)

MS is a debilitating immune-related disease of the
central nervous system (CNS) characterised by the
presence of immune cell infiltrated lesions leading to
demyelination, inflammation, and axonal damage.
The potential for MSCs in the treatment of MS has in
the main come from murine studies using an experi-
mental autoimmune encephalomyelitis (EAE) model
for MS. Utilizing this model, Zappia et al. reported that
systemic infusion of MSCs could decrease the severity
of EAE, associated with a decrease in demyelination,
T cell and macrophage infiltration, and enhanced
functional recovery (Zappia et al., 2005). Supporting
in vitro experiments demonstrated that MSCs secrete
an antagonist form of CCL2 (known to have a central
role in regulating immune cell infiltration within the
CNS), reducing the secretion of IL-17 from Th cells.
Furthermore, this study suggested that MSCs could
also inhibit the recruitment of Th17 cells to the CNS
(Park et al., 2005). Zappia also suggested that MSC
infusions could induce T cell anergy, arresting Th cells
in the GO/G1 phase of the cell cycle, a phenomenon
that could only be partially restored by the addition of
exogenous IL-2 (Zappia et al., 2005). These findings
corroborate the hypothesis that MSCs improve MS
effects via an immunomodulatory function. Hypotheses
have also been put forward to indicate the potential
for MSCs to exert a therapeutic effect via bystander
effects on the fate and differentiation of endogenous
stem cell populations at the site of the lesion to
promote remyelination (Reviewed by Rivera and
Aigner, 2012).

The utilisation of MSCs for the treatment of MS is
now in clinical trials. Published studies are at this
time limited but appear to confirm the potential for
MSCs in the treatment of autoimmune disorders
such as MS and the need to move towards placebo-
controlled trials to assess the therapeutic potential of
MSC infusion.

Colitis

Murine models of experimental colitis have demon-
strated that symptoms could be reversed by the
intraperitoneal injection of MSCs due to a decrease in
proinflammatory Th1l-derived cytokines (such as IL-2,
TNFa and IFNY), a switch to a Th2 phenotype associated
with increased IL-10 secretion, and the induction of
Tregs (Gonzalez et al., 2009). GMSCs have been reported
to decrease the inflammatory response in experimental
colitis via these mechanisms, resulting in both clinical
and histopathological symptoms of the disease (Zhang
et al.,, 2009). This effect has also been demonstrated
with systemic infusion of MSCs. Injection of BMMSCs
through the tail vein in a rat model of dextran sulphate
sodium-induced colitis resulted in a reduction in weight
loss, colon shortening, and microscopic injuries. At the
mRNA level, MSCs significantly reduced the expression
of TNFa, IL-1f, and COX2, confirming an anti-
inflammatory effect as well as healing of the mucosal
injuries (Tanaka et al., 2008). Direct injection of
BMMSCs into the colonic submucosa was also found to
accelerate healing of the intestinal tissue, associated
with MSC-mediated secretion of vascular endothelial
growth factor and TGFp1 (Hayashi et al., 2008).

The role of the innate immune system and the
protective effects of adipose-derived MSCs (ADMSCs)
have also been demonstrated in reversing the effects of
experimental colitis. ADMSCs induced an immunosup-
pressive macrophage phenotype associated with the
production of IL-10 and an ability to suppress the
activity of T cells as well as other macrophages. Reports
suggest that induction of this regulatory macrophage
phenotype is through the upregulation of COX2 and
secretion of PGE2 by the ADMSCs (Anderson et al.,
2013). Furthermore, systemic infusion of these macro-
phages exposed to ADMSCs or their conditioned media
results in a reversal of colitis symptoms and protection
from sepsis by reducing the infiltration of inflammatory
cells and downregulating proinflammatory mediators
in vivo (Anderson et al., 2013).

Summary

This chapter brings together the current knowledge
regarding the immunomodulatory properties of adult
stem cell populations. Stem cells derived from multiple
adult tissues, including those from the oral cavity,
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have defined immunosuppressive characteristics that
are regulated by the microenvironment and key
paracrine signals. Here, the mechanisms of action in
exerting key effects on different immune cell subsets
have been discussed, with the potential to exploit this
for the development of novel cell and soluble factor-
based therapeutics in the treatment of immune-related
disorders.
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CHAPTER 3

Research advances in tissue regeneration
by dental pulp stem cells

Rachel J. Waddington and Alastair J. Sloan
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Mesenchymal stem cells (MSCs) are now fully recognised
as the principle cell population ultimately responsible
for the synthesis of the collagenous connective tissue,
including dentine and bone. Within the dental pulp
these MSCs have been reported to represent between
1% and 9% of the total cell population, depending on
the marker used for their identification and population
doubling in culture (Gronthos et al., 2002; Lizier et al.,
2012). This is noticeably higher than estimates of MSCs
in bone marrow, which represent 0.01% of the total
bone marrow mononuclear cells (Jones et al., 2002).
Dental pulp MSCs are heterogeneous in nature, partly
due to the prediction that they fall into a hierarchical
order of cell types that is seen in so many other
connective tissues. The “true” or “mother” adult stem
cells infrequently divide, but when signalled to do so,
they will divide asymmetrically to give rise to a renewed
mother stem cell and a daughter transit amplifying pro-
genitor cell. Transit amplifying (TA) progenitor cell is a
befitting description since these cells subsequently
become cells that undergo rapid continued cell division
to amplify the progenitor population to produce more
mature progeny cells in transition from the stem cell
to the differentiated cell (Figure 3.1). The long-lived
mother cell is proposed to maintain its slow diving
nature, where it is suggested to be beneficial in adult
tissue for minimising possible DNA replication muta-
tions in the genome (Reya et al., 2001; Riquelme et al.,
2008). Cells expanded in culture are therefore highly
likely to contain a predominance of TA cells. TA cells
derived from MSCs have been shown to be multipotent
in that they are able to differentiate into cells capable of

synthesising a range of collagenous-based connective
tissue structures. However, most excitement in relation
to the clinical use of MSCs from dental pulp has focused
on their ability to regenerate dentine, pulp, and bone-
like tissues. Some researchers have also demonstrated
some success in effecting their differentiation down
myoblastic and neuronal lineages in synthesising
muscle-like and nervous tissue, respectively, for use in
craniofacial reconstruction.

Embryological origins of the stem
cell pool in adult dental pulp

A fundamental difference between the cell populations
of the dental pulp and bone marrows is that dental pulp
is a non-haematopoietic tissue and, unlike bone marrow,
it does not contain haematopoietic stem cells that
function in mediating long-term repopulation of all
blood-cell lineages. In addition, the embryological
development of the dental pulp can also be considered
to lead to a different profile of mesenchymal stem cells
surviving into the adult tissue. The classical viewpoint
is that the mesoderm, one of the three primary
(embryonic) germ layers formed during gastrulation,
ultimately provides the stem cell populations for the
formation of the mesenchymal connective tissues.
However, it is now well established that cells of the
dental pulp also contain neural crest stem cells (NCCs)
that derive from the external ectoderm. Early during
embryogenesis NCCs from the neural tube migrate
along relatively extensive distances to the ventral side of

Tissue Engineering and Regeneration in Dentistry: Current Strategies, First Edition. Edited by Rachel J. Waddington and Alastair J. Sloan.
© 2017 John Wiley & Sons, Ltd. Published 2017 by John Wiley & Sons, Ltd.

50



Research advances in tissue regeneration by dental pulp stem cells 51
M "
| Slow cell division I// . | Mother stem cell
e
N | I
Rapid cell division Daughter cell
o l/ rd
o s >
9 .l‘J =4
K ’ 0 Transit amplifying cell 5]
g 3
Q ! 2
g s " e
5 ®e o o o E
QL - S [-_— e 2
S T o . 4 4 e Small colony  |'g
S - & = .'- - = - - .._forming efficiency | £
o 4 ¢ | [y \ \ [9)
f: YIRS NN o
jJl
g \\\\\\\\\\\\\\\\
[a) | |
U T A A | A A A A A
= / P 000 0D . [ JRE IR DN ARK DR DmM NEY B Differentiated cell
Figure 3.1 Hierarchy model of stem cell differentiation. The mother stem cell is able to divide for self-renewal to replace itself or
give rise to transit amplifying cells, which eventually give rise to the committed progenitors. The model hypothesis is that early
transit amplifying cells rapidly divide to produce large colonies. As cell division continues, proliferative rates decrease and only
small progenitor cell colonies are able to form. This is associated with a reduction in multipotentiality as the cells become
committed to a specific unipotential lineage and finally differentiate to produce a large number of terminally differentiated,
nonmitotic cells. (Adapted from Chan et al., 2004.)
the head, producing the discrete swellings of the bran- the dental and periodontal tissues (Chai et al., 2000;

chial arches. The first branchial arch contributes to the
development of the proximal portion of the maxilla,
the entire mandible, and the tooth structure within.
During these early stages of embryogenesis, these NCCs
are proposed to undergo an epithelial to mesenchymal
which,
through complex mesenchymal-epithelial cross-talk

transition to form ectomesenchymal cells

with the oral epithelium, give rise to the condensed
dental mesenchyme capable of forming the dental pulp,
dentine, and the periodontal supporting tissues of
periodontal ligament, cementum, and bone.

The migration of the NCCs along specific migratory
routes has been extensively investigated in the mouse
(Miletich and Sharpe, 2004). As the NCCs migrate
through the body, these cells appear to develop a
biological diversity such that NCCs entering the first
branchial arch either prepossess or acquire positional
identity so that molecular signals and interaction with
the oral epithelium induce only the formation of the
craniofacial structures. Advancements in molecular
biology have enabled the use of the Cre recombinase/lac
Z reporter system to indelibly label the transient expres-
sion of Wntl in NCCs prior to migration from the central
nervous system, which can then be lineage-tracked to
examine the destiny of the neural crest cells in forming

Janebodin et al.,, 2011). These studies have demon-
strated that NCCs contribute only to the formation of
mesenchymal tissues, including the dentine and dental
papilla. They do not appear to contribute to the cell pop-
ulations of other ectodermally derived cells of the
enamel organ responsible for the formation of enamel.
These studies have also shown that as tooth development
progresses, the percentage of NCCs decreases, although
it is not clear if this is as a consequence of apoptosis
or higher proliferation of neighbouring non-NCCs.
Additionally, as the mature dental pulp forms, the NCC
population becomes progressively restricted in terms of
its multipotency (Tucker and Sharpe 1999). Nonetheless,
an NCC population is retained within the postnatal
dental pulp, which makes an attractive source of cells
for tissue engineering of connective tissues and

nervous system.

MSCs in primary dentinogenesis
and dentine repair

During tooth development ectomesenchymal cells at
the periphery of the developing dental papillae interface
with the inner enamel epithelia cells, separated by a
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continuous basement membrane. Through complex
reciprocal mesenchymal-epithelial signalling pathways,
together with compositional and structural modification
of the basement membrane, these preodontoblast cells
sequentially withdraw from the cell cycle and overtly
differentiate into odontoblasts (Ruch 1998) capable of
synthesising first predentine, the matrix of which is
remodelled to allow for deposition of mineralised den-
tine. Significantly, the mature odontoblast polarises and
develops a cell body, rich in organelles, adopting a basal
position of the cells lining the basement membrane.
With the formation of primary dentine, the cell body
retreats pulpally, away from the inner enamel epithe-
lium producing a long cellular process, extending the
entire width of the predentine and the dentine and is
responsible for producing the “tubular” structure of the
primary tissue. These odontoblasts remain viable within
the adult tooth and protect the pulp by localised upreg-
ulation of dentine synthesis, called reactionary dentine,
in response to mild caries or pathological trauma (Lesot
et al., 1993). However, significant injury to the pulp
may lead to odontoblast death. In this scenario, a
population of dental pulp stem cells (DPSCs) resident
within the pulpal tissue are recruited to the site of tissue
injury, where they proliferate and subsequently dif-
ferentiate into odontoblast-like cells that secrete a
reparative dentine matrix representing either an atu-
bular amorphous mineralised matrix or sometimes a
semi-tubular mineralised matrix with globular and
interglobular structures.

Tissue engineering of dentine aims to recapitulate the
embroyonic events of tooth development to produce a
tubular dentine structure, and this has partially been
achieved in in vivo transplantation studies (see below).
In vitro studies have been more successful in the syn-
thesis of mineralised matrix more akin to reparative
dentine, confirmed through the expression of dentine
siaolphosphoprotein gene. Within the dentine pulp
complex, reparative dentinogenesis is regulated by var-
ious growth factors known to play a role in recruitment
and functional control of dental pulp stem cells. Those
growth factors believed to be responsible for pulpal stem
cell control during repair are members of the transform-
ing growth factor beta (TGF-f1) superfamily including
BMPs, in addition to platelet-derived growth factor
(PDGF), and insulin-like growth factor (IGF) (Tziafas
etal., 2001; Iohara et al., 2004; Kim et al., 2010). Several
studies have suggested that BMP-7 TGF-p1 and -p3 may

mediate dentine matrix secretion in a 3D organotypic
culture system (Sloan and Smith, 1999; Sloan et al.,
2000). Also crucial from a clinical translational aspect,
but currently poorly understood, is the response of the
DPSCs to the cells and proinflammatory cytokines as
part of the inflammatory response following pulpal
injury. Cytokines generated as part of the inflammatory
response are proposed to contribute to the initiation of
the reparative phase of wound healing, as established
for tissue wound healing in general (Boleman et al.,
2012). If prolonged or inappropriate, the inflammatory
response may adversely affect the function of such
growth factors (e.g., BMP-7), which become insuffi-
cient to induce dentine formation within the inflamed
pulp compared with healthy tissue (Rutherford and
Gu, 2000).

SHEDSs, SCAPs, and DPSC

MSCs were first isolated from the dental pulp of adult
teeth by Gronthos and Shi and coworkers (Gronthos
et al., 2000, 2002; Shi and Gronthos, 2003). Isolated by
digestion with collagenase, the DPSCs were capable of
forming colonies with different density, growth rates,
size, and morphology suggesting that clonal variation
may exist. Some clones, but not all are capable of high
proliferation even after extended culture (Gronthos
et al.,, 2002). Clonal variation has been further con-
firmed by recent studies indicating that expression of
MSC cell surface markers varies greatly between clones
and expression levels change both up and down during
extended culture (Harrington et al., 2014). DPSCs and
selected clonal cell lines have successfully been differ-
entiated to form adipogenic, chondrogenic, myogenic,
neurogenic, and osteogenic lineages as determined by
the detection of tissue-specific transcription or matrix
markers at either the mRNA gene level or the protein
level (Table 3.1) (Gronthos et al.,, 2002; Laino et al.,
2005; Zhang et al., 2006; d’Aquino et al., 2007).

In vivo studies have suggested that DPSCs are more
lineage restricted compared to bone marrow—derived
MSCs (BMMSCs). When transplanted into the dorsal
surface of immunocompromised mice, BMMSCs pro-
duced bone-like tissue, with osteocytes evident, whilst
DPSC produced dentine-like tissue with cytoplasmic
processes extending into the matrix interfacing with a
vascularised pulplike material (Gronthos et al., 2000).
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Table 3.1 Multipotentiality towards the formation of mesenchymal connective tissues is a principle characterisation for defining
an MSC. Dental pulp stem cells (DPSCs), stem cells from human exfoliated teeth (SHEDs), and stem cells from apical papilla
(SCAPs) have all demonstrated variable multipotential characteristics as determined by the appearance of cell surface markers,
transcription factors, deposition of extracellular matrix proteins, minerals and fatty acids, and cell morphology, characterising

a specified differentiation pathway. Ideally, characterisation of lineage commitment and the differentiated cell should utilise

a triplicate of markers tracing the differentiation process. (Modified information from Huang et al., 2009.)

Differentiated Cell Differentiation Marker

MSC Derivation

Osteoblast Transcription factors RUNX2, Osterix, matrix proteins, osteonectin, bone sialoprotein, DPSCs
osteocalcin; alkaline phosphatase (not bone specific); histological staining of calcium mineral SHEDs
deposition with alizarin red or von Kossa SCAPs

Adipocyte Peroxisome proliferator-activated receptor gamma (PPAR-y) lipoprotein lipase, fatty acid binding DPSCs
protein 4 (FABP4), adipocyte CCAAT/enhancer binding protein alpha (C/EBPa), adiponectin; SHEDs
histological staining of intracellular lipid globules with oil red O or LipidTOX™ SCAPs

Chondrocytes Type Il collagen, aggrecan, Sox9; histological staining of high glycosaminoglycan content with DPSCs
toluidine blue or safranin-O SHEDs

Myoblast Expression of transcription factors MyoD1, myogenin, PAX7; formation of fused multinucleated, DPSCs
myocin heavy chain positive, myotubles SHEDs

Neuronal Synapsin, synatophysin, neurofilament 1, MAP-2; histological observation of neurosphere-like DPSCs
bodies SHEDs

SCAPs

Odontoblast Osteoblast marker plus DSPP of dentine sialoprotein; formation of a dentinal tubule in vivo. DPSCs

SHEDs
SCAPs

The additional presence of hydroxyapatite/tricalcium
phosphate or dentine matrix, leads to similar results
(Batouli et al., 2003). Compared to BMMSCs, DPSCs
appear to be more restricted in their ability for multipo-
tency, with the heterogeneous MSC populations prefer-
ring to differentiate to cells capable of forming dentine and
pulp. This may relate to functional adaptation of the cells
in the mature tissue, where cells in dental tissues are only
required to synthesise reparative dentine and remodel
pulp in response to trauma, whilst bony tissues require an
MSC population for continual remodelling. Strategies to
increase multipotency involve refinement of the culture
media to stimulate the less restricted cell populations or
reprogramming of the DSPCs to induce pluripotent stem
cells by forced expression of embryonic genes such as
Oct4 (Pou5fl), Sox2, cMyc, and Klf4 (see Chapter 1).

An alternative approach to increase multipotency has
been to isolate MSCs from less aged teeth (Figure 3.2).
Studies examining stem cells from human exfoliated teeth
(SHEDs), suggested that these teeth do indeed contain a
more immature MSC population compared with DPSCs.
SHEDs are highly proliferative and clonogenic, readily
forming into colonies. They also demonstrated greater
potentiality in differentiating more readily into a variety

of cell types compared with DPSCs (Miura et al., 2003).
Increased expression of nestin may suggest an increased
presence of neural crest cells (Miura et al., 2003). I vivo,
SHEDs still show greater commitment to the formation of
a mineralised tissue resembling dentine (Luisi et al., 2007;
Wei et al., 2007) following transplantation into mice. By
virtue of their greater potentiality of the non-selected
MSC populations, SHEDs have been promoted by some
researchers as ideal for tissue banking with potential
use in a wide range of cell-based therapies.

Researchers have also isolated “stem cells from apical
papilla” of developing teeth (SCAPs) (Sonoyama et al.,
2008) and the immature papilla root—-forming stage of
rat incisors (Lei et al., 2011). Isolated from an embryonic-
like tissue of the developing root, the MSC pool is
responsible for the formation of root dentine, dental
papilla, cementum, and alveolar bone. SCAPs have a
higher proliferation rate compared to DSPCs (Sonoyama
et al., 2008) and readily differentiate down osteogenic,
adipogenic, chondrogenic, and neurogenic lineages.
However, as for SHEDs and DPSCs, they retain a
preference to differentiate into odontoblasts when trans-
planted into immunocompromised mice (Sonoyama
et al., 2008), and preliminary evidence suggests that
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Figure 3.2 Resorbing deciduous tooth providing MSC source for
SHEDs (A). The developing roots of the tooth below provide a
potential source for SCAPs (B), which may be harvested during
tooth eruption prior to closure of the root apices.

these cells are more effective in making primary dentine
with increased odontoblast polarisation and tubular
structure. Conversely, MSCs from DPSCs are more
capable of differentiating into odontoblast-like cells
capable of making tertiary reparative dentine, which has
a less tubular and more amorphous structure compared
with primary dentine.

Classical markers of a mesenchymal
stem cell?

A clear issue within stem cell research is their charac-
terisation. For the literature relating to just DPSCs alone,
different methodologies are used for isolation, culture

expansion, and characterisation of mesenchymal stem
cells. The presence of different cell populations means
that caution should be made when directly comparing
the various studies. An attempt was suggested in the
year 2006 by the Mesenchymal and Tissue Stem Cell
Committee of the International Society for Cellular
Therapy, who proposed “minimal criteria” to define
mesenchymal stem cells (Dominici et al., 2006). They
proposed three criteria to define human mesenchymal
stem cells used in laboratory-based investigations,
although they recognised that standards may need revi-
sion as new data arise, and the criteria may not apply in
non-human systems. The first criterion is that MSCs
must be plastic adherent when being maintained with
standard culture conditions in tissue culture flasks,
which is a property well described in the literature
(Colter et al., 2000). The second criterion states that
greater than 95% MSCs should express specific surface
antigens: CD73 (an ecto 5" nucleotidase), CD90 (Thy-1),
and CD105 (endoglin). In addition, cells should be less
than 2% positive for haematopoietic antigens CD45
(pan-leukocyte marker), CD34 (endothelial cells and
primitive haematopoietic progenitors), CD14 or CD11b
(both for monocytes and macrophages), CD79« or CD19
(B-cell markers), and HLA class II (although human
leukocyte antigen can be expressed by mesenchymal
stem cells when stimulated with interferon gamma).
However, weaknesses in using this triplicate marker col-
lection are now emerging with studies demonstrating
the expression of CD73, CD90, and CD105 on mature
fibroblastic cells (Brohem et al., 2013). CD105 is also
known as endoglin or TGF-f receptor III. TGF-f signal-
ling plays an important role from the very early stages of
bone and dentine repair and throughout tissue healing
period (Dimitriou, 2005). CD105 and CD73 are pro-
posed to be involved in several MSC functions, but both
are also present in endothelial lineage cells. CD90 has
also been described to be involved in the adhesion of
monocytes and leukocytes. Moreover, CD90 demon-
strates a consistent expression in humans, but it is
described as absent in sheep and goat, and two isoforms
(Thyl.1 and Thyl.2, varying by one amino acid) have
been observed in mice. As a word of warning here, the
absence or low detection of the marker may relate to
nature of the antibody used.

For the third and final criterion, MSCs must, as a
minimum demonstrate tripotentiality, capable of differ-
entiating into osteoblasts, chondroblasts, and adipocytes,
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using in vitro differentiating conditions (Protocol 3.4)
or commercially available kits. The demonstration of
differentiation is fairly basicin its requirement. Osteoblast
differentiation is demonstrated using alizarin red or von
Kossa staining to detect mineralisation; chondroblast
differentiation is shown by alcian blue staining for glyco-
proteins or immunohistochemical detection of collagen
type II; oil red O staining for lipids demonstrates adipo-
cyte differentiation. Many studies provide much further
characterisation with the identification of specific tran-
scription factors or matrix proteins defining the respec-
tive cell differentiation pathways (Table 3.1). Ideally, this
should be performed to demonstrate expression at gene
level of the mRNA and followed through to confirm
translation and synthesis of the protein.

Alternative markers for mesenchymal
stem cells

Other cell surface antigens are available and their use
in evaluating the presence of a mesenchymal stem cell
present in dental pulp and other tissue sources, such
as bone marrow and adipose tissue, have been well
reported in the literature (Table 3.2). Initial studies
heavily relied on the presence of Stro-1, a trypsin-resis-
tant cell surface receptor, to characterise MSCs in dental
pulp. However, Stro-1 positive cells are absent from
adipose tissue, despite studies indicating that MSCs are
found in relative abundance in this tissue (Kern et al.,
2006). Studies in bone marrow have subsequently sug-
gested that Sto-1 positive cells represent only a subpop-
ulation of cells capable of osteogenic differentiation.
Conscious that the adult MSC population derive from
the ectomesenchymal tissue enriched by neural crest
cells, the detection of cells positive for low affinity nerve
growth factor receptor (LNGFR), also known as P75 or
CD271, have been successful in detecting a subpopula-
tion in dental pulp (Waddington et al., 2009). In
BMMSCs, LNGEFR is observed to be lost during culture
expansion (Jones et al., 2002), which may indicate that
either the inductive signals for its continued expression
are lost or that other LNGFR MSC stem cell populations
proliferate at a greater rate to become the predominant
MSC population. Similar restraints may be applied
when using other embryonic stem cell markers such as
Oct4, Nanog, Twist, Snail, and Sox2 to characterise the
MSC population.

The search for a marker for MSCs has thus
proved troublesome, but it has also been successful in
establishing the heterogeneous nature of MSCs in
dental pulp. That cells fall into a hierarchical structure
(Figure 3.1) is now proposed for a number of stem cells
derived from various tissue sources and may account
for the observed heterogeneity. The model describes
that those transit amplifying cells that closely derive
from the mother stem cell demonstrate the greatest
potential to form large colonies with high proliferation
rates and the highest multipotentiality, capable of dif-
ferentiating into multiple cell lineages. As the transit
amplifying cells continue to expand and divide, cells
are proposed to decrease in their proliferative potential,
forming smaller colonies. At the same time the transit
amplifying cells are proposed to become more lineage
restricted, demonstrating quadri-potentiality through
to tri-, bi-, and ultimately unipotentiality. The model
allows for the proliferation of transit amplifying cells,
giving rise to large numbers of terminally differentiated
cells with no proliferative capacity. As the transit ampli-
fying cells proliferate and alter their potentiality, the
profile of cell surface markers would be expected to
change to meet the new biological function of the cell.
The model also helps explain the potential to lose cell
surface markers, especially embryonic markers, during
culture expansion.

Recognising that stem cells are heterogeneous in
nature, the use of cell markers is better employed for
understanding the biological activity of the cell and
predicting its subsequent activity, allowing selection
of cells to meet a therapeutic need. Consequently, a
long list of cell surface markers is now available that
characterises the function of the cell (Table 3.2,
reviewed by Docheva et al., 2008). Growth factors
such as FGF (fibroblast growth factor), PDGE IGE
TGF-p, and EGF (epidermal growth factor) have all
been identified as necessary for regulating colony
formation, self-renewal, and early stages of cell com-
mitment (Kuznetsov, 1997). The presence of the
corresponding receptor on the surface of the MSC
would be prerequisite for functional activity. Important
cell-matrix receptors are the integrins, which collec-
tively affect cellular processes including cell spreading,
migration, proliferation differentiation, and apoptosis.
The expression of a5p1 has been shown to be prefer-
entially expressed on primitive cells where they are
proposed to play a role in the constrained localisation
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Table 3.2 Protein markers used to characterise mesenchymal stem cells. MSCs are now regarded as heterogeneous in nature;
therefore, there is no one unifying mesenchymal stem cell marker as markers appear or disappear depending upon their
proliferation rate and differentiation potentiality.

MSC Source

Marker

Purported Function

Classical mesenchymal
markers

Signal transduction
molecules
Cytoskeletal molecules
Telomere regulator
Growth factor
receptors

Chemokine receptors
Cytokine receptors
Cell matrix receptors

Cell-cell receptors

Cell adhesion
Immuno-modulatory

Transcription factors

STRO-1, CD73 membrane bound ecto-5'-nucleotisidase, CD90 Thy1,
CD105 endoglin, CD271 Low affinity nerve growth factor, CD146
MCAM

SH2, SH3, SH4, Stat-3

Smooth muscle a Actin, vimentin
hTERT, hTR

EGFR, BFGFR, IGFR, PDGFR, TGF-BRI, and RII

CCR1, CCR2, CCR4, CCR6, CCR7, CCRY, CCR10, CXR1, CXCR2,
CXCR4, CXCR5, CXCR6, CX3CR1, CXCL12, HGFR (c-met)
IL-1R, IL-3R, IL-4R, IL-6R, IL-7R, IFNYR and TNFI, and IIR

Integrin subunit a1, a2, a3, a5, ab, aV, B1 (CD29), B3, 5, CD44

Notch receptors and their ligands Jagged-1, Jagged-2, DLL-1, DLL-3,
DLL-4

CD34, CD106 (VCAM), CD166 (ALCAM)

HLA-A, HLA-B, HLA-C, HLA-DR, HLA-I, HLA-DP, HLA-DQ; TLRs 1, 2, 3, 4,
5, 6, 9; soluble factors indoleamine 2,3-dioxygenase (IDO); IL-6, IL-10
E2F2, PTTG1, TWIST-1, LDB2, Oct4, Oct4A, Nanog, Sox2, Slug, Snai1

Activated by protein tyrosine kinases

Maintains telomere length of rapidly
dividing cells

Important for self-renewal and lineage
commitment

Pivotal role in homing, migration, and
engraftment of MSCs

Migration via increased expression of
chemokines

Important for cell attachment and cell
survival

Cell-cell communication and control of
multiple cell differentiation processes

T cell inhibition, antigen presentation,
cytokine production
Cell growth and survival; positive

regulator of cell maturation

of the MSC within its niche through its binding
to fibronectin (Jones and Watt 1993). Chemokine
receptors play a pivotal role in MSC homing, migra-
tion, and engraftment to wound repair sites. Cytokine
receptors allow MSCs to respond to proinflammatory
cytokines, for example, IL-1p and TNFa, stimulating
MSCs to produce further cytokines and chemokines
for autocrine and paracrine signalling to provide
trophic support in the early stages of tissue regener-
ation. The presence of cell surface receptors of the
immunoglobulin superfamily, such as ICAM-1 and -2,
VCAM-1, and ALCAM, have been identified on MSCs
where they facilitate an array of cell-cell interactions
with immune and endothelial cells and potentially
play a role in binding T cells and playing an immune-
modulatory role. Following priming with IFN gamma,
MSCs increase their expression of major histocompatibility
complex (MHC) class 2 molecules, although low levels
of MHC class 1 are constitutively expressed at low levels
by MSCs (see Chapter 2).

Using MSC markers to identify
potential stem cell niches

The mother stem cell sits within a stem cell niche
where several physical and chemical factors within
the micro-environment provide trophic support to
maintain the stem cell characteristics. Unfortunately,
the location of the stem cell niches has proved difficult
to definitively identify. The original identification of
STRO-1 positive MSCs, with high colony forming
efficiency, from dental pulp also found the presence of
vascular cell markers, CD146 and a smooth muscle
actin, and pericyte antigen 3G5 in the same cell
population (Shi and Gronthos, 2003; Miura et al.,
2003). This lead to the proposal that stem cells resided
in a perivascular niche for stem/progenitor cells within
pulp. Activation of the stem cell niche following
wounding has also indicated the presence of stem cell
niches in other areas of the dental pulp. This has been
achieved by the in vivo monitoring of members of the
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Notch signalling family that are proposed to regulate
stem cell fate specification and are activated in
response to injury. Following a series of pulp capping
experiments in mice and in situ hybridization, the
upregulation of Notch expression has respectively
identified potential niches in the subodontoblast layer
near the wound site and in pulp stroma surrounded by
coronal odontoblasts (Lovschall et al., 2005, 2007).
The upregulation of Rgs5, a marker for pericytes, and
coexpressing with Notch 3, additionally confirmed
the importance of stem cell niches in perivascular
structures (Lovschall et al., 2007). A characteristic of
the mother cell is its slow cell division, and by the
administration of a pulse of the thymidine homo-
logue, BrdU, to prenatal animals, studies have indi-
cated the presence of a slow-cycling putative stem or
progenitor population that resides centrally in the
postnatal dental pulp (Ishikawa et al., 2010). Of note,
these studies have shown the presence of a dense
label-retaining cell population, presumed to be DPSCs,
which were identified throughout the dental pulp 2
weeks postnatally. The number of labelled cells subse-
quently decreased to reach a plateau low by 4 weeks,
and these cells were mainly located in the central
pulp, associated with the blood vessel. Interestingly,
this population of cells did not always colocalise with
STRO-1 or the vascular cell marker CD146, indicating
differential expression of markers even within a
stem cell niche. A more granular BrdU-staining cell
population is also described as the presumed transit
amplifying (TA) cells, which increase in number
throughout the pulpal tissue as it develops postnatally.
Injury and transplantation studies have led to the
proposal that these TA cells are the first to differentiate
into new odontoblast-like cells following cavity-
induced injury. The DPSC population numbers remain
static within the tissue and are assumed to actively
proliferate to play a crucial role in the pulpal reorgan-
isation of the healing tissue, following endogenous
stimuli in cooperation with the TA cells as part of the
wound healing process. Although requiring further
definitive evidence, this hypothesis is strengthened by
previous studies monitoring ex vivo BrdU uptake by
proliferative cells responding to injury, that have sug-
gested that the progenitor/stem cell niches reside in
the perivascular regions of the pulpal cavity, from
where they migrated to the site of injury (Tecles et al.,
2005), possibly as replacement of the TA cells.

In vivo analysis of MSCs
in dental pulp

In moving towards a translational goal, a number of
studies have transplanted MSCs from dental pulp into
immunocompromised mice and tissue defects. On the
whole, these studies are looking towards the utilisation
of DPSCs in cell-based therapies or in the organ genera-
tion of the tooth. As highlighted above, DPSCs or SHEDs
have been transplanted either subcutaneously in immu-
nocompromised mice (Gronthos et al., 2000, 2002, Seo
et al.,, 2004, Huang et al., 2009) or seeded into rat renal
capsules, which offer an immunocompromised capacity
(Yu et al., 2007). In general, cells are seeded into either
collagen sponges or using a hydroxyapatite/tricalcium
phosphate to provide a scaffold and to help provide an
osteoconductive-like environment. For both models the
regeneration of a dentine-like tissue was observed, with
evidence of odontoblast processes producing a tubular
structure and the formation of a dentine-pulp complex.
The host environment receiving the transplanted cells
will be a major consideration in the success of these
experiments. As discussed above, tooth development
critically relies on the interaction of the ectomesenchy-
mal cells with the oral epithelial cells in instructing their
differentiation into polarised odontoblast cells, forming
cells with a long cytoplasmic process traversing the
entire width of dentine matrix and a cell body contain-
ing the nucleus and rich endoplasmic reticulum at
the dentine-pulp interface. Post-development of the
tooth bud, the ectomesenchymal cells are regarded to
command the instructive signalling influence in direct-
ing tooth shape and development, whilst the signals of
the epithelium provide a permissive signalling role.
When cells are transplanted into mice, the availability of
mesenchymal-epithelial interaction with cells within
the dorsal surface or renal capsule has likely facilitated
odontoblast formation, mirroring embryonic tooth
developmental events. The observation that BMMSCs
transplanted into the same sites develop into a bone-like
tissue suggests that the DPSCs have retained some of
this instructive power acquired in initiating the process
of tooth development. When DPSCs or SHEDs are
seeded into bone defects, the cells differentiate into
bone-like tissue (Zheng et al., 2009; d’Aquino et al.,
2009; Alkaisi et al., 2013).

Cell transplantation experiments into dorsal and renal
surfaces provide not only for epithelial-mesenchymal
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interactions when required, but also a wound healing
environment to promote tissue regeneration. The early
events of the inflammatory phase result in the initiation
of the clotting cascade, with the release of various
soluble factors such as chemokines and cytokines,
which facilitate migration of cells to the healing site.
Angiogenesis will be initiated together with an influx of
neutrophils and macrophages, all contributing to the
ever-changing signalling environment. However, for cell
transplantation into areas such as the renal capsule,
immunocompromised animals are required, and an
absence of T and B lymphocytes and NK cells will alter
the immune response. Alternatively, cells can be trans-
planted into critical size defects made in bone tissue in
animal models. Whilst these experiments do not require
immunocompromised animals and thus repair mecha-
nisms involve signalling from lymphocytes, these models
invariably lead to the formation of a bone-like reparative
tissue due to the absence of epithelial-mesenchymal
interactions. It is also worth bearing in mind here the
limitations or restrictions for data retrieval using any cell
transplantation models. Whilst in in vivo experimental
models all cells are in situ, the added complexity and the
difficult task of extracting molecular mechanistic data
justifies our equal reliance on in vitro studies for providing
biological data to fully understand regulatory processes.

In vitro analysis of MSCs in dental pulp

A plethora of studies have examined dental pulp stem
cells in vitro. Unfortunately, there is no one stan-
dardised protocol for the isolation of these cells, which
has made for a literature reporting varied cell responses.
Cells may be obtained from culture of pulp tissue
explants or by the dissociation of the cells by digestion
of the extracellular matrix components with trypsin
or collagenase dispase. The former method has been
developed on the principle that MSCs are adherent to
plastic. Methodological studies have compared DPSC
cultures established following enzymatic digestion from
the extracellular matrix and by direct outgrowth from
pulpal tissue explants (Bakopoulou et al., 2011) and
determined that enzymatic digestion generated a cell
population which was richer in STRO-1 and CD34,
possibly as a consequence of the release of stem cells
from the perivascular niche (Gronthos et al., 2000).
The enzymatically released cells displayed an enhanced

mineralisation capacity, laying down an osteodentin-
like matrix determined through the expression of den-
tine sialoprotein, indicating a more valuable MSC
population for investigating dentinal repair processes.
Whist regarded as a necessary step, enzymatic treatment
of cells presents issues with removal of cell surface
receptors, or the increased presence of matrix degrada-
tion components potentially influencing cell signalling
networks and hence the short- or long-term cellular
behaviour of the MSC. Release of cells from dental pulp
tissue therefore utilised mild enzymatic conditions
involving collagenase and dispase for periods up to
1 hour (Protocol 3.1).

Whilst cells released by enzymatic procedures do
demonstrate the “classical” stem cell markers, they are
likely to be heterogeneous in nature, representing all
the different cells present within the hierarchical struc-
ture (Figure 3.1), with differences in proliferation rates
and differentiation potentiality. Differentiated pulpal
fibroblasts of MSC origin and therefore plastic adherent
would also be expected to be present. A variety of
methods have been adopted in an attempt to select for
specific cell surface markers to produce an “enriched”
cell population (Figure 3.3).

The high expression of 1 integrins in primitive cells
has been exploited through the preferential adherence
to fibronectin-coated wells, selecting those cells which
adhere within the first 20 minutes from seeding
(Waddington et al., 2009; Jones and Watt, 1993) (Protocol
3.2). An MSC side population, selected through their
failure to incorporate the DNA binding dye Hoechst
33342 due to low cell cycling has also been characterised
from dental pulp (Iohara et al., 2006).

Using cell sorting, such as fluorescent activated or
magnetic activated cell sorting, MSCs enriched for
particular cell surface receptors have been have been
isolated and characterised (Gronthos et al., 2011). Early
studies by Shi and Gronthos (2003) derived STRO-1
positive DPSCs, which also possessed vascular antigens
known to be expressed on endothelial cells such as
CD146 and the pericyte antigen 3G5, localising these
cells to a perivascular niche. While a high percentage of
DPSCs expressed these markers, comparative studies
indicated that only a minor population of STRO-1
positive cells from BMMSC were found to be positive
for 3G5, suggested different cellular phenotypes repre-
senting different perivascular cell populations, although
both populations were capable of differentiation into
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1.

Protocol 3.1 Enzymatic release of dental pulp progenitor cells.

Prepare antibiotic serum-free medium: «MEM (with ribonucleosides, deoxyribonucleosides), 100 units/mL penicillin, 1 pg/mL
streptomycin sulphate and 0.25 pg/mL amphotericin.

. Obtain caries-free teeth; growing incisors of 4 week-old rats or mice; 3rd molars or 1st/2nd premolars human teeth with

appropriate ethics.

. Sterilise by soaking in 70% ethanol; remove soft tissue from outer surface using a sterilised scalpel.
. For rodent teeth, split longitudinally using a scalpel.
. For human teeth cut a groove in the centre of three areas (mesial, distal, and occlusal) with a rotary diamond edged bone saw;

fracture along grooves using a chisel and hammer on a dissection board.

. Remove pulp and maintain hydration by placing into «MEM (pre-supplemented with DNA and RNA) plus antibiotics.
. Mince pulp tissue on a glass slide in small amount of media and transfer into 5 mL bijoux tubes containing 1 mL of 4 pug/uL

collagenase/dispase.

. Incubate pulpal tissue for 1 h, with regular agitation every 20 min, to increase cell dissociation. Ensure that pulpal tissues from

individual teeth are prepared separately.

. Pass digested pulpal tissue through a 70 pm mesh cell strainer and collect single cell suspension in a 50 mL Falcon tube.
10.
11.
12.

Pass a further 10 mL medium through the cell strainer to ensure all cells are collected.

Centrifuge cells at 1,800 rpm for 5 min and resuspend in 1 mL medium.

Take 10 pL aliquot of cell suspension and add 0.4% trypan blue stain; count vital and nonvital cells using a haemocytometer
by light microscopy.

Magnetic activated cell sorting (MACS)

»
- Magnetic separation
% of marker +ve cells
®
1. MACS selection for MSC »

marker onto antibody coated ‘*
magnetic beads *‘
"i »
.

»
»
- ]
P o
' |
Single ceell suspension 2. Incubate with fluorescent
of 2x10° cells in serum conjugated antibody for MSC Fluorescent activated cell sorting (FACS)
free media marker. FACS for fluorescently 90
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Figure 3.3 Application of FACS and MACS in the selection of side populations such as STRO-1, CD146, or CD34-positive cells.
Cells can be dual labelled for the selection of cells, although neither method will provide the sole isolation of cells carrying both
markers. Alternatively, the procedure can be repeated for the further selection of an MSC-positive cell within the isolated side
population. FACS can also be used to characterise the presence of MSC markers. For detailed protocols, reader is best referred to
manufacturer’s instructions.
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1 mM Mg?.

culture media containing no serum.

media. Leave cells to adhere at 37°C, 5% CO, for 20 min.

at 37°C, 5% CO,, changing the media every 2 days.

9. Plot cumulative PD against cumulative days in culture.

Protocol 3.2 Fibronectin adhesion selection of B1 integrins expressing immature MSCs.
1. Prepare 10 pg/mL fibronectin (human plasma) in 0.1 M phosphate-buffered saline (PBS), pH 7.4 containing 1 mM Ca?** and

2. Prepare culture media: aMEM (with ribonucleosides and deoxyribonucleosides), 20% heat-inactivated foetal calf serum, 4 mM
L-glutamine, 100 pM L-ascorbate 2-phosphate and antibiotics/antimycotics. Also prepare approximately 50 mL of the same

3. Precoat wells of 6 well plates with fibronectin (1 mL/well) and leave overnight.
4. Remove excess fibronectin solution and seed each well with 4,000 cells/cm? isolated in protocol 1 in 1 mL serum-free culture

5. Remove nonadherent cells (save as nonadherent cells may be of interest) and add 2 mL fresh serum culture medium. Incubate

6. During culture, monitor cell appearance using an inverted light microscope at x10 magnification. Record daily the number of
cells and colonies with >32 cells. Record the colony efficiency as the number of colonies on day x / 24 hr total cell count.

7. By day 12, isolated colonies should be identifiable. Cultures may be continued to allow cells to continue to expand as merged
heterogeneous MSC population, or colonies may be isolated following Protocol 3.3.

8. At each passage count total cell numbers for each culture vessel. Calculate population doublings (PD) across each passage:

PD=(log,, [cell count at time of passage] - log,, [cell count originally seeded intoculture vessel ]) /log, (2)

osteoblast-like cells producing a mineralised matrix. The
positive selection for STRO-1 identified a population
able to differentiate into an odontoblast-like phenotype,
whilst negative cells showed a more fibroblast-like
phenotype (Yang et al., 2007). In contract, selection of
DPSCs for CD105+/CD31-/CD146- cells identitied a
cellular subfraction with enhanced potential for rege-
neration of the pulp tissue with enhanced vascular and
neuronal potential (Nakashima and Iohara, 2011).
Although c-kit and CD34 are regarded as markers
for haematopoietic cells, DPSCs have been sorted for
c-kit+/CD34+/CD45- cell population, which was highly
clonigenic and in appropriate culture conditions differ-
entiated into osteoblasts (Laino et al., 2005, 2006). The
jury is still out for deliberations as to whether selection
of side populations is advantageous for use in tissue
engineering therapies. Recent studies have suggested
that selection for STRO-1 was able to differentiate into
an osteoblast phenotype similar to the non-selected cells
(Yang et al., 2007).

Selection based on one marker may still yield a hetero-
geneous MSC population with variable clonal populations
demonstrating variable proliferation rates and multi-
potentiality. The approach can, however, provide impor-
tant data in elucidating the nature of the various MSC
populations present in dental pulp and the importance of
the various side populations in dentine repair process.

The study of clonal cell lines versus
heterogeneous populations

Clonal isolation of MSC populations has been important
in elucidating the heterogeneity of the MSC population
present in dental pulp. Within these studies clonal cell
lines have been established from a single cell isolated
from the tissue matrix (Protocol 3.3). Early studies by
Gronthos et al. (2000) demonstrated that only approxi-
mately 20% of single cell-derived DPSC colonies/clones
were able to proliferate beyond 20 population doublings.
Further, the odontogenic potential of 12 individual
single-colony-derived DPSC strains demonstrated that
two-thirds of clones generated abundant ectopic dentin
in vivo, while only a limited amount of dentin was
detected in the remaining one-third (Gronthos et al.,
2002), thus suggesting that DPSCs have subset popula-
tions that differ in their ability for odontogenesis due to
different proliferative capacities and developmental
potential. More recent analysis has demonstrated that
the colony-forming efficiency for DPSCs was 12 times
greater than the colony-forming efficiency for BMMSCs
(Harrington et al., 2014). This perhaps concurs with the
higher stem cell population present in dental pulp;
however, DPSCs formed smaller colonies with <1.5x10?
cells at day 12 compared with BMMSC colonies that
averaged 3.3 x10? cells. Moreover, only 10% of DPSC
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Protocol 3.3 Isolation of clonal colonies following low
density seeding onto fibronectin-coated plates.

1. Identify the colony under an inverted light microscope
and with a marker pen draw an identification position
on the underside of the plate. Smear petroleum jelly
around one edge of a sterile cloning ring. Cutting a
1 mL pipette tip to obtain the collar as a cylindrical tube
works equally well. Place over the colony jelly edge to
plate to form a watertight seal.

2. Dissociate cells in the cloning ring with 100 pL accutase
or trypsin, 5 min (37°C, 5% CO,). Transfer each colony
into one well of a 98-well plate and maintain cells in
5% CO,, 37°C.

3. When cells are 80% confluent, passage cells. Wash cells
with 0.1 M PBS, pH 7.4 before treating with 2 mL
accutase, 37°C, 5 min or until cells become detached.
Inactivate accutase by addition of equal volume of
serum containing culture medium. Recover cells by
centrifuging at 1800 rpm, 5min. Keep cells recovered
from individual wells separate.

4. Resuspend cells in culture medium and plate cells from
1 well of a 98-well plate into 1 well of a 48-well plate.
Continue to culture expand by passaging into increasing
well/flask size to T75.

clones were successfully propagated to over 40
population doublings, with high and low proliferative
clones identifiable. By comparison, approximately 50%
BMMSC clones were successfully expanded to beyond
40 population doublings and demonstrated a more
consistently higher growth rate. Bone marrow clones
demonstrated consistent tri-potentiality, whilst dental
pulp clones were more bi- or uni-potential in forming a
diffuse mineralised matrix. Of note for those clones that
were successfully expanded in culture, the expression
of the more immature MSC markers Snail and Nanog
were maintained, although markers such as VCAM1
(CD106), MCAM (CD 145), and Msx2 did fluctuate
greatly during the culture period. This perhaps indicates
the sensitivity of MSCs to their niche environment; cell
density and nutrient/growth factor concentration in the
serum supplemented culture medium can greatly vary
during a culture passage period, and this can greatly
influence the levels of expression of cell surface recep-
tors and transcription factors. If wishing to quantify
such markers by methods such as qPCR, then rigorous
standardised culture and sampling protocols need to be
reported to allow repetition of results.

However, microarray analysis of clonal populations
has led to initial identification of common gene expres-
sion signatures associated with high growth and high
multipotential MSC populations, highlighting high
expression of transcription factors with critical roles in
cell growth and survival such as E2F2, PTTG1, Twist-1,
and transcriptional cofactor LDB2 (Menicanin et al.,
2010). For tissue engineering purposes, the isolation of
high proliferative MSCs may be advantageous for
culture expansion when used in cell-based therapies.
Likewise, these may also be the cell population to target
when using bioactive matrices to stimulate the resident
MSC towards repair. However, which high proliferative
clones provide for the ideal cells in producing functional
reparative tissue has yet to be elucidated.

A high proportion of in vitro and in vivo transplanta-
tion studies utilise heterogeneous cell populations of
MSCs. Cells would therefore be expected to contain
high and low proliferative populations with variable
differentiation capacity. However, it is perhaps these cell
populations that provide the most consistent results in
terms of demonstrating initial high proliferation rates
and tri-potentiality. This is perhaps because all required
cell populations are present, including the mother stem
cell, transit amplifying cells, and pulpal fibroblasts. In
addition, MSCs could be providing a direct functional
role in the direct synthesis of matrix or an indirect role
in providing trophic support to the stem cell niche and
its development. However, if these cells are to be used
clinically, expansion in vitro is a prerequisite in order to
achieve sufficient cell numbers. Most studies use early
passage cells probably in part because of issue with
culture expansion. Studies describe loss of stemness,
loss of differentiation capacity, and a slowing of the pro-
liferation rate, purportedly due to cell senescence. It is
interesting to note that clonal cell lines can also report a
decline in proliferation rate, but with continued culture,
higher proliferation rates have been restored (Harrington
et al., 2014). However, whether expanding a heteroge-
neous population or a clonal cell line, prolonged prolit-
eration could induce genetic changes that may affect
clinical safety. Minimal studies are available in this area,
although successful expansion has been obtained for
cells taken from explant culture, where culture for 6
months duration did not affect morphology, expression
of MSC markers’ differentiation capacity, or karyotypic
change, even after cryopreservation. However, cell
expansion was noted to decrease with extended culture,
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Protocol 3.4 Differentiation protocols to determine multipotency in the characterisation of MSCs.

Confirm cells are free from mycoplasma using mycoplasma detection kit (e.g., VenorGeM, Cambio, Cambridge, UK). Treat positive
cells with 10 pg/mL Ciprofloxin antibiotic until test negative.

Osteogenesis

1.

Seed cells at 4x103/cm? in 6-well culture plates and culture in MEM (with ribonucleasides and deoxyribonucleosides), 10%
fetal bovine serum (FBS) (from an approved source), 100 pM L-ascorbic acid 2-phosphate, 10 pM dexamethasone, 10 mM
B-glycerophosphate, 1% antibiotic-antimycotic. Change media every 2-3 days. Include cells cultured in absence of
dexamethasone and B-glycerophosphate as a control.

. Culture cells at 37°C, 5% CO,. Deposition of a mineralised matrix can take between 21 and 35 days.
. To assess mineral deposition, wash cells twice adjusted with PBS; fix with 10% formaldehyde for 30 min; wash twice with

ddH,0; incubate with 2% w/v alizarin red S (pH 4.2, adjusted with 0.5% ammonium hydroxide)/ddH,0 for 30 min with gentle
agitation. Wash cells thrice with ddH,0O. Visualise cells under light microscope.

. To quantify alizarin red stain, treat stained cells with 800 uL 10% acetic acid for 30 min with constant agitation; scrape cell layer

and collect with acetic acid into an Eppendorf; vortex briefly; heat at 85°C, 10 min, then cool on ice; centrifuge at 17,000 g for
15 min; add 500 pL of supernatant to 10% ammoniumhydroxide. After 5 min measure absorbance at 425 nm.

. Cells can also be analysed at any time point for gene expression of osteogenic genes RUNX2, Osterix, and bone-specific

proteins bone sialoprotein and osteocalcin by qPCR.

. Cells can also be cultured on 32 mm #1 glass round cover slips for immuno-detection of bone-specific protein synthesised into

the matrix, confirming qPCR results.

Adipogenesis

1.

Seed cells at 3 x 10%cm? in 8-well chamber slides and culture in eMEM, 10% FBS, 100 pM L-ascorbic acid 2-phosphate, 1%
antibiotics-antimycotics (basal media) at 37°C, 5% CO, until virtually 100% confluent (NB cells need to be tightly packed);
replace media with adipogenic induction media (basal media supplemented with 10 pg/mL insulin, 1 pM dexamethasone, 100
pM indomethacin, 100 pM 3-isobutyl-1-methylxanthine [IBMX]) for 3 days, then incubate cells with adipogenic maintenance
medium (basal media supplemented with 10 pg/mL insulin) for a further 24 h. Repeat culture in induction and maintenance
cycles for a total of 28 days. Prepare fresh media and change media every 2 days.

. Visualise adipocyte differentiation using LipidTOX™ fluorescent neutral lipid stain as per manufacturer’s instruction

(Thermofisher). Wash cells thrice with PBS. Remove chamber portion from slide and mount using a fluorescent mounting
medium with DAPI. Visualise under fluorescent microscope.

. Cells can also be analysed at any time point for gene expression of adipogenic genes PPARy, lipoprotein lipase, FABP4, C/EBPa,

and adiponectin using qPCR techniques.

Chondrogenesis

1.

Pellet a single-cell suspension at 1,500 rpm in sterile Eppendorf at a concentration of 5 x 10° cells per tube in 1 mL of aMEM,
10% FBS, 100 uM L-ascorbic acid 2-phosphate, 1% antibiotics-antimycotics; incubate overnight, 37°C, 5% CO,; replace media
with chondrogenic induction media (¢eMEM, 10% FBS, 50 pg/mL L-ascorbate, 1x insulin, transferrin, and selenium (ITS), 5 ng/
mL transforming growth factor beta 1 (TGF-B1). Change media every 2 days for up to 24 days.

. Fix pellet with 4% formaldehyde for 24 h; carefully remove the pellet from Eppendorf and wrap in tissue paper; dehydrate the

pellet through increasing concentration of ethanol and then paraffin-embed and cut 5 pm sections. Deparaffinise sections with
xylene and rehydrate through a series of decreasing ethanol concentrations.

. Stain with haematoxylin and eosin to observe cell architecture. Visualise under light microscope.
. Stain for cartilage matrix mucins with Safranin-O. Stain sections first with 0.001% (w/v) Fast green solution in H,0 for 5 min

and wash 1% (v/v) acetic acid. Stain sections with 0.1% (w/v) Safranin-O in H,O for 5 min. Wash sections with xylene and
mount using DPX mounting solution. Visualise under light microscope.

. Cells can also be analysed at any time point for presence of Type Il collagen, aggrecan, and Sox9 within the matrix using

immunocytochemistry techniques.
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presumably as mature cells reached senescence to leave
the continued culture of more immature MSCs or
transit amplifying cells more recently derived from the
mother stem cell (Lizier et al., 2012). As yet, studies
have not looked directly at the impact of long-term
culture of DPSCs on other age-related characteristics
such as telomere length, morphological changes, and
increase in actin stress fibres.

Consideration of the micro-
environment during analysis of MISCs

As for MSCs from other tissues, DPSC behaviour is sus-
ceptible to the physicochemical nature of the environ-
ment, such as oxygen tension and oxidative-reductive
balance; pH; ionic concentration of ions such as calcium,
sodium, and potassium (in generating membrane poten-
tial and localised electric fields, and in influencing cell
signalling); and stiffness of the culture surface (including
protein matrices in 2D and 3D culture) in imposing
compressive and tensile strain on the cell, thereby
influencing mechano-transduction and cell signalling.
Studies have identified changes in MSC behaviour as a
consequence of changes in oxygen tension, which are
observed as part of the wound healing process.

Early events during wound repair can lead to a
transient period of hypoxia as a consequence of vaso-
constriction of the capillaries to decrease bleeding.
Hypoxia stimulates neovascularisation along with growth
factors present in the clotting tissue, although subsequent
normalisation of oxygen tension accelerates vascular
growth. In necrotising tissue, the hypoxic status is inten-
sified as a result of continued pathological insult and
stymied angiogenesis. In vitro studies have indicated
increased colony formation and proliferation by DPSCs,
including an expansion of the STRO-1 positive cells,
when cultured in 3%-5% oxygen compared to the
normal culture condition of 21% (lida et al., 2010;
Sakdee et al., 2009). When these cells are cultured in
mineralising conditions, increased osteo/odontogenic
differentiation has been reported (Lei et al., 2011).
Hypoxic conditions increase the expression of the hyp-
oxia-inducible transcription factor la (HIF-la), which
regulates over 100 genes, including those associated
with angiogenesis and inflammation (Aranha et al.,
2010). It is of note that whilst this gene is upregulated
in both DPSCs and pulpal fibroblasts, it is only the

conditioned media derived from the differentiated cells
that are able to stimulate angiogenesis in vitro, indicating
different responses dependent upon the differentiation
status of the cell. Whilst not an aim of these studies,
the control of oxygen tension may provide a route
for culture expansion of DPSCs. Definitive evidence is
required before translation for clinical practice.

The culture media, which vary with respect to their
ionic concentration of salts, amino acids, and vitamin
supplementation, can influence cellular behaviour,
particularly with respect to cellular expansion. Lizier
et al. (2012) have produced a comparative study and
demonstrated that alpha minimum essential medium
(eMEM) provided an optimised culture media. Cell
expansion rapidly reduced with time when cultured in
Dulbecco’s modified Eagle’s medium (low glucose),
with cells failing to proceed beyond the seventh passage,
although further supplementation with F12 was able
to produce growth curves similar to those recorded for
DPSC cultured in aMEM.

Epigenetics and posttranslational
regulation of DPSC behaviour

An emerging and likely important area for research
is the control of stem cell gene expression or cellular
phenotype by factors that externally modify the DNA
or influence mRNA activity to turn genes on or off.
Epigenetic regulation involves changes to the DNA
structure such as enzymatic modification of the cytosine
nucleotide base to silence promoter sequences or
covalent modification of specified lysine residues on
histone tails to bring about changes in the chromatin
structure to expose or hide specific genes. Modification
can be achieved by methylation, acetylation, phos-
phylation, and ubiquitination. There is increasing recog-
nition that epigenetic mechanisms are involved in the
dynamic activation or repression of genes during devel-
opmental processes leading right through to terminal
differentiation. This is best exemplified following the
differentiation of ES cells into the three germ layers,
which is accompanied by an increased number of com-
monly methylated DNA regions (Isagawa et al., 2011).
In MSCs histone modification is proposed to play a role
in determining differentiation potentiality and lineage
specification (Collas, 2010; Noer et al., 2009). Studies
comparing histone methyltransferases in MSCs derived
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from the dental pulp and the dental follicle have indi-
cated differential signature patterns which have been
proposed to be responsible for the higher expression of
pluripotency associated genes, such as Oct4, Nanog, and
Sox2 in DPSCs and the repression of dentine sialophos-
phoprotein and dentine matrix 1 in dental follicle MSCs.
The application of histone deacetylase inhibitors has
been shown to increase differentiation potential of pri-
mary dental pulp cells towards cells producing miner-
alised matrix associated proteins, with the study
highlighting the potential use of such agents in pro-
moting reparative dentine formation (Duncan et al.,
2013). Inflammation in human dental pulp is proposed
to be associated with reduced methylation of the pro-
moter region of the IFNy gene and has been used to
explain the increased expression of IFNy in inflamed
pulps (Cardoso et al., 2010). At present, studies in this
area are few and far between, and confirmation of these
observations and hypotheses are still necessary. Moreover,
as the number of histone modification enzymes identified
approaches 80-plus, the number of permutations for
covalent modification for just the main histone proteins,
H3, H4, H2A, and H2B is extremely high, emphasising
the complexity in the control mechanisms.
Post-translational modification can also play a role in
modifying the functionality of a regulatory protein. An
example is the ubiquitination of neural crest specifiers
such as Twist, Snail, and Snai2 proteins, which are pro-
posed to regulate the formation of neural crest stem
cells, epithelial mesenchymal transition, and migration
of the cells from the neuronal tube (Prasad et al., 2012).
Ubiquitination targets the protein for proteasomal deg-
radation, the activation of which may account for their
loss from adult stem cells, other than those that retain
a neural crest phenotype. The regulation of other
embryonic regulatory transcription factors such as
SoxE (e.g., Sox9) can also be brought about by either
phosphylation or SUMOylation (Small Ubiquitin-like
Modifier; does not target protein for degradation),
which affect their subcellular localisation, DNA binding,
protein-protein interaction, and transcriptional activity
(Haung et al., 2011; Gill 2004; Prasad et al., 2012). An
increasing list of microRNAs (miRNAs) is also emerging
in the literature. miRNAs regulate levels of protein
synthesis by repressing mRNA translation or by mRNA
cleavage (Mukhopadhyay et al., 2011). These include
miR-19a and miR-19b which have been proposed
significant roles in neural crest development where in

silico analysis predicts targets for TGF-p and Wnt
signalling pathways (Mukhopadhyay et al., 2011).
Studies on DPSCs are at time of writing limited, but
have indicated that mir885-5p, mir586, and mir32 are
expressed during differentiation of DPSC to odontoblast
cells (Huang et al., 2011).

Pulpal repair and regeneration

The pulp tissue has a rich vasculature and neural plexus,
so for pulp regeneration, angiogenesis and reinnervation
are critical steps (Nakashima and Akamine, 2005). MSCs
have been shown to secrete soluble cytokines/growth
factors that function in a paracrine fashion, mediating
repair and regeneration of a tissue through stimulation of
angiogenesis, neurogenesis, and enhanced cell survivial
(Kassis et al., 2011). Isolated subpopulations of DPSCs
have been demonstrated as viable cell sources for cell-
based therapy of angiogenesis and reinnervation and
thus, potentially, pulp regeneration. CD31-side population
(SP) cells and CD105* cells isolated from dental pulp
induce angiogenesis and neurogenesis in rat cerebral
ischemia, mediated by the release of neurotrophic factors
such as VEGE and promote migration and differentiation
of the endogenous neuronal progenitor cells to accelerate
functional recovery (Sugiyama et al., 2011).

Regeneration of part of a pulp (following pulpal
exposure or partial pulpectomy) may provide a realistic
translational pathway whereby pulp progenitor cells on
an appropriate scaffold or engineered pulp tissue are
transplanted into the exposed pulp tissue. Canine autol-
ogous CD31- SP cells have been transplanted into a
cavity of an amputated pulp following seeding on a col-
lagen scaffold. Results demonstrated that the cavity on
the amputated pulp was filled with a newly formed pulp
tissue with a well-developed vasculature and innerva-
tion (Iohara et al., 2009). The majority of the trans-
planted CD31- SP cells were observed around the newly
formed capillaries and expressed the relevant angio-
genic and neurotrophic factors, suggesting positive
effects of these trophic effects on neovascularization
(Iohara et al., 2009). Interestingly, after transplantation
of CD31* SP cells, fewer capillaries and reduced
regenerated tissue were observed in the cavity on the
amputated pulp compared with transplantation of
CD31- SP cells, suggesting different potentiality of sub-
populations of isolated DPSCs.
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Complete pulp regeneration provides a far greater
challenge, and transplantation of DPSCs is required.
However, following such transplantation these cells
need to survive in the pulpectomized root canals before
revascularization can be initiated and where nutrition
and oxygen may be in limited supply to maintain cell
viability. It would seem unlikely that transplanted
DPSCs alone can mediate regeneration of a whole
pulp. As highlighted above, subpopulations of DPSCs,
SP including the CD105* cells or CD31~ SP cells, have
been shown to have more regenerative potential and
are capable of inducing angiogenesis and reinnervation.
Recruitment of MCSs from the surrounding tissues
and remaining vasculature in response to migration or
homing factors secreted by transplanted DPSCs may
facilitate pulp regeneration. One such factor may be
SDF-1, a chemokine for CXCR4-positive stem cells.
DPSC subpopulations CD31~ SP cells and CD105" cells
are CXCR4 positive and are responsive to SDF-1 (Iohara
etal., 2011; Nakashima et al., 2009). SDF-1 transplanted
with DPSCs may provide the ideal signals for homing
and proliferation of endogenous stem cells originating
from surrounding dental tissues and associated
vasculature.

A further challenge surrounds the choice of scaffold
to carry the cells for transplantation. Any scaffold has
to be biocompatible, with high bioactivity to integrate
trophic factors secreted by the DPSC populations.
The scaffold must also be biodegradable, thus
releasing trophic factors and being replaced by newly
regenerated tissue. More challenging is that any scaf-
fold must not stimulate odontoblast differentiation or
lead to secretion of a mineralizing matrix within the
root canal except at the periphery where the scaffold/
regenerated tissue is in contact with the dentinal wall
of the pulp cavity.

Pulp regeneration has been demonstrated by using
this approach of DPSC transplantation along with cell
homing factors and a collagen scaffold in an experi-
mental pulpectomised dog model (Iohara et al., 2011;
Ishizaka et al., 2012). Current data suggest that a pulp-
like loose connective tissue containing a vasculature
and nerve fibres forms in the pulp cavity following
transplantation of pulp CD31- SP cells or CD105* cells.
Odontoblast-like cells were also observed, attached to
the dentinal of the root canal. When a total or mixed
DPSC population was transplanted into pulpectomised
root canals, significantly less regenerated tissue was

observed, and this tissue appeared to undergo less
specific mineralization.

Whilst the above studies are encouraging, is DPSC
implantation likely to see clinical translation for pulp
regeneration? Can regeneration of the pulp be mediated
without the need for DPSC transplantation and rely
solely on endogenous cells? Regeneration of pulp-like
tissue by cell homing and without the requirement for
cell transplantation has been reported. Delivery of bFGF
and VEGF to endodontically treated human teeth
implanted into a mouse dorsum resulted in a recellular-
ized and revascularized connective tissue that integrated
into the root canal walls (Kim et al., 2010).

Concluding remarks

The rapid expansion of published work regarding DPSCs
over the past 14 years clearly suggests that these are a
population of cells that have potential therapeutic use in
translational medicine beyond that of regenerative end-
odontics and dental tissue repair. Several commercial
companies now bank these cells for personalised medi-
cine; however, as further research is undertaken with
these cells, it is apparent that there are significant gaps
in our knowledge regarding their full characterisation,
biological function, and commitment. Is clonal expan-
sion required or should we be utilising a heterogeneic
population of cells? What determines the behaviour of
different clonal populations? How do these cells behave
in more complex extracellular matrix environments?
How can these cells be more efficiently expanded in
culture for clinical use without loss of potentiality?
These are all questions needing to be addressed if these
cells are to be used in in any clinical setting. If we are to
develop regenerative therapies for dental medicine,
then understanding the function of these cells in their
own environments, how that environment influences
their behaviour, and which population of DPSCs we are
influencing is critical to clinical translation.
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Our ever-increasing knowledge and understanding
of the cellular processes of bone repair and regeneration
has allowed modern dentistry to come a long way,
especially for the specialities of periodontology, implan-
tology, and oral maxillofacial surgery. The greatest
achievement is perhaps seen in the placement of
implants into the maxilla or mandible driven by
effective osseointegration. Success is judged on lon-
gevity of the implant, quality of the prosthesis, preser-
vation of the supporting biological tissues in a state of
health or some arbitrary weighted balance between all
three. Success rates of 93%-98% in providing a 10-15-
year lifespan of functionality and patient satisfaction
have regularly been quoted in the literature (Roccuzzo
et al., 2010; Busenlechner et al., 2014). However, this
perceived high success rate is probably because the clini-
cian will only place an implant if a patient has sufficient
residual bone, with a high proportion of quality dense
cortical bone to provide good integration and biome-
chanical support, and is systemically healthy to predict
longevity (Ayson et al., 2009; Diz et al., 2013). Thus,
research within the discipline of bone engineering is
still vast in meeting a number of clinical challenges for
improving clinical outcomes.

Regeneration of large bone volume

Edentulism very often leads to the loss of mandible jaw
bone within a year of the loss of the tooth, leading to
debilitation that has a major impact on oral and general
heath (Emami et al., 2013). A gradual lowering of the

maxillary sinus and an associated loss of bone volume
are also often encountered. Bone tissue regeneration
is therefore required in clinical procedures such as
maxillary sinus floor lift, lateral alveolar augmentation
to increase the width of the mandible, and vertical
alveolar augmentation to increase the height of the
mandible. In addition, bone tissue engineering is
required in the replacement of large bone tissue lost
due to trauma or tumour resection or in aiding
osteogenic distraction processes not only within the
craniofacial region, but also the rest of the body (Oryan
et al., 2014). For almost all of these procedures, bone
autografts still represent the “gold standard” due to
their potent osseoinductive activity. Bone grafts contain
a reservoir of cells involved in the repair process,
including mesenchymal stem cells (MSCs), but also a
“cocktail” of growth factors embedded within an extra-
cellular matrix (ECM). These are released during the
wound healing process, providing efficient signalling
cues to stimulate progenitor cell recruitment and
induce osteogenesis. However, harvesting of sufficient
tissue and donor site morbidity provides a significant
negative clinical side effect. Allografts require the
harvest of tissue from a donor (usually cadaveric
material), but mediocre osseoinductive properties do
not compensate for issues relating to supply and
immunological responses experienced on implantation
(Shatfiei et al., 2009). Xenografts, representing trans-
plant of cells and tissue components from animal bone
mainly from porcine and bovine origin, have proven
less successful due to the hosts” increased potential for
immunological rejection (Oryan et al., 2013).
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Hence, a big challenge for current research is the
search for an alternative that will provide equal osseoin-
ductive power of autografts. Demineralised bone matrix
derived from allografts, treated to remove the mineral
component, often lose osseoinductive potential, with
the necessary sterilisation procedure cited as the cause
(Sharp et al., 2005). Scaffolds that function as a carrier
for a single growth factor have been proposed in
encouraging migration, proliferation, and differentiation
of the resident host cells, but costly supraphysiologic
microgram concentrations of growth factors are
required for clinical use (Erben et al., 2014). It is now
well recognised that the short biological half-life of
the growth factor due to proteolytic degradation in
the wound healing site and tissue-selectivity of growth
factors, alongside the potential toxicity of the high levels
required, represent limitations that currently hamper
the full potential of growth factor therapy for clinical
success (Rose and Oreffo, 2002). Scaffolds containing
adult stem cells have as yet also failed to fully translate
into routine use (Erben et al., 2014; Husain et al., 2014).
It is now recognised that harvest of MSCs from tissue
samples results in a heterogeneous population of cells
that represent a variety of subset populations with dif-
fering regenerative potentials. The profile of the MSC
subsets varies between donor and tissue source, and
extensive research has focussed on cell selection, along
with manufacturing processes for cell expansion, in
maintaining cell survival and the MSC phenotype and
increasing cell viability within the transplanted scaffold
(Husain et al., 2014; Razzouk and Schoor, 2012).

Accelerating bone regeneration

Within dentistry there is also a need for the regene-
ration of small bone volumes. For small periodontal
defects and where there is a need to improve primary
implant stability, resorbable substitutes such as glass/
ceramic biomaterials, inorganic bone particles, and
collagen sponges have provided reasonable success as
osteoconductive scaffolds to support bone formation.
However, there is also a desire from both the patient
and the clinician to accelerate the osseointegration pro-
cess to achieve primary stability of the implant sooner.
Benefits are to reduce chair time by shortening the
implant procedures, possibly allowing for earlier
placement and widening loading options for implants
(for instance, improving one-stage implant procedures;
Alvarez-Camino et al., 2013). In addition, accelerating

osseointgration rates would reduce infection risk, which
is higher during early stages of wound repair prior to the
deposition of a mineralised tissue. An extensive number
of implant surfaces have been proposed where factors
such as surface roughness, surface energy, and/or chem-
istry have all been proposed to directly influence cell
activity (Waddington and Sloan, 2012). Unfortunately,
due to the wide variety of surface modifications in
existence and the methods for determining osseointe-
gration, it has proven difficult to determine the optimal
surface conditions, and many of the results are contra-
dictory (Waddington and Sloan, 2012). Many only
demonstrate increased bone implant contact with asso-
ciated increase in removal torque, rather than confirm-
ing acceleration of the wound healing events on a
temporal scale. On this premise, rough surface implants
appear to yield better osseointegration endpoints com-
pared with smooth surfaces, but evidence is not conclu-
sive in terms of accelerating the bone healing process.
Small changes in the chemistry, geometry, width, depth,
or orientation of surface topography can significantly
affect cellular behaviour, and much in vitro data is
contradictory. Roughened surfaces may therefore be
limited to providing better anchorage and hence earlier
apparent stability of the implant in the bone. Surfaces
may also be made bioactive through the augmentation
of specific proteins such as growth factors, but the
effects may be confined to the bone healing occurring
at the actual implant surface rather than at more distal
locations. However, despite contradictions, a consensus
opinion is that research that develops biological,
chemical, and mechanical changes at the interface
between implants could still make an important con-
tribution in improving healing outcomes (Lewallen
et al., 2015).

Improving predictability

Another clinical challenge is to improve the predict-
ability of success for patients in all dental, maxillofacial,
and orthopaedic procedures. While good metabolic
control of these diseases can lead to successful outcomes,
poor control negatively affects osseointegration and
bone healing. Systemic conditions such as type 1 and
type 2 diabetes mellitus, osteoporosis, and ageing impair
bone healing. This impairment has partially been attrib-
uted to a reduced ability in MSC maturation to form
bone-synthesizing osteoblasts due to an altered and
inefficient signaling environment. Delay in bone healing
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leaves the site more prone to infection and hence unsuc-
cessful clinical outcome. Smoking and certain forms of
systemic medication, such as nonsteroidal anti-
inflammatory drugs (Pountos et al., 2012; Streitzel
et al., 2007; Hinode et al., 2006) and long-term immu-
nosuppressive therapy (Ayson et al., 2009), may be con-
sidered a risk factor, and our lack of knowledge at the
cellular level in this area presents a challenge in predict-
ing success or failure. The translational aim for research
in this area will thus be to restore the inefficient signal-

ling environment and hence the bone healing process.

Cellular and molecular events
of bone healing

Bone repair is usually an efficient process involving a
complex cascade of biological events that involve a
multitude of intracellular and extracellular molecular
signalling mechanisms, coordinated by several different
cell types. If successful, bone regenerates to form a
mechanically stable osseous structure with complete
restoration of function. The process can, however, be
delayed by preexisting diseases such as diabetes, osteo-
porosis, and general age, which impacts on the signal-
ling events, affecting both revascularisation and the
deposition of a mineralised matrix (Armas and Recker,
2012; Borrelli et al., 2012). Rapid bone healing is often
the goal for bone healing in craniofacial tissues, and this
is ideally achieved by primary bone healing involving
predominantly intramembranous ossification where
revascularised and bone synthesis facilitate the repair
process. Primary bone healing can, however, only be
accomplished by rigid fixation of the fractured bone sur-
faces, as provided in close fit placement of implants,
tight packing of the healing site with scaffolds or bone
grafts, or with external stabilising fixators to reduce
micromotion. Excessive micromotion leads to secondary
bone healing, which involves a double process of chon-
drogenesis through endochondral ossification in regions
near the fracture site periosteum (enhanced by soft tis-
sues around the fracture site) and intramembranous
ossification in other sites. Secondary bone formation
thus involves the additional synthesis of a fibrous and
avascular cartilaginous callus stabilising the healing site,
which is then resorbed by the action of osteoclasts
and endothelial cells to be eventually replaced by
vascularised bone.

Although MSCs are critical to the bone repair process
in synthesising bone, the process involves signalling
interplay with platelets, haemopoietic cells, and endo-
thelial cells. The process of bone repair is now often
broadly divided as a sequence of several stages, namely,
haematoma formation stimulating an inflammatory
phase, a reparative phase ultimately leading to the
formation of woven bone either by direct ossification or
via a cartilage intermediary stage, and finally a remodel-
ling stage whereby the relatively weak and disordered
woven bone is slowly removed by osteoclasts and
replaced by new stronger lamella bone deposited by
osteoblasts. It is this last stage that allows bone healing
to be unique in the body in producing a tissue struc-
turally and functionally equivalent to the bone it is
replacing. An understanding of the molecular biology
governing these events, defining the role of the various
cell types and the signalling molecules in initiating and
controlling the cellular process, is important in our
therapeutic manipulation of MSCs for several clinical
requirements: (1) promoting a rapid repair process, (2)
regenerating large bone volume within critical size
defects unable to heal naturally, and (3) allowing resto-
ration of the signalling milieu where bone healing is
compromised (Table 4.1).

Haematoma formation

and the inflammatory phase

The bone healing cascade is initiated by tissue damage.
In particular, vascular endothelial damage results in
activation of the complement cascade to stem bleeding
and promote the accumulation of platelets. Activation of
the platelets releases o granules containing bioactive
factors. The presence of “foreign” biomaterial, such as an
implant surface, also has the potential to activate plate-
lets (Kikuchi et al., 2005). Through the involvement of
plasma fibrinogen and thrombin, the platelets aggregate
within a stable fibrin clot to provide a provisional matrix.
The platelets also represent an important source of
signalling factors such as platelet-derived growth
factor (PDGF), transforming growth factor pl and p2
(TGF-B1 and —p2), histamines, and serotonin, triggering
chemotactic signalling initially for neutrophils and
subsequently for monocytes, lymphocytes, and later,
MSCs or osteoprogenitor cells (detailed further by
Kuzyk and Schemitsch, 2011). The infiltration of the
neutrophils and lymphocytes (T cells) is associated with
an increase in inflammatory mediators, including the
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Table 4.1 The temporal stages of natural bone healing, providing optimal signalling cues directing cellular migration, proliferation,
and differentiation leading to efficient bone regeneration of a fully functional tissue.

Inflammatory Stage

Reparative Stage (Days 3-50)

Late Remodelling

(Days 1-3) (2-9 months)
Signalling IL-1, IL-6, IL-8, BMP-2, BMP-4, IGF | BMP-2, BMP-4, RANKL, OPG, M-CSF,
milieu TNFa, M-CSF, and Il, FGF, VEGF, BMP-7, IGF I and Il BMP-2, BMP-4, BMP-7,
GM-CSF, TGF-B31, angiopoietin, TGF-B1, 2 and 3, IGF I and I, TGF-B1, 2
PDGF, FGF, TGF-B1, 2 and 3 FGF, Wnt and 3, FGF, Wnt
histamines and
serotonin
Contributing Platelets, g Endothelial cells, Differentiating MSCs, pericytes,
cells < lymphocytes, g MSCs, pericytes osteoblasts .  Osteoblasts, osteoclasts, w
g neutrophils, ; a g endothelial cells g
& macrophages, 'C:) Q ; <
E osteoclasts < 'g g o
Functional ; Fibrin clot, g Collagen, Collagen, BSP, g Continual synthesis and 5
ECM osteopontin é osteopontin, osteonectin, transition of osteoid -
components Y dermatan sulphate chondroitin components into
conjugated decorin sulphate mineralised bone matrix
and biglycan, conjugated decorin
BAG-75, DMP-1, and biglycan,
vitronectin, specific osteocalcin,
MMPs specific MMPs
proinflammatory cytokines interleukin (IL)-1, IL-6, bone matrix and released by osteoclast activity. Together

IL-8, tumour necrosis factor (TNF)a and macrophage
colony stimulating factor (M-CSF). Although these
inflammatory cytokines have a chemotactic influence
for further recruitment of inflammatory cells, thus
amplitying further inflammatory signalling events, these
factors have all been proposed to be necessary for initi-
ating bone repair. For instance, knockout of TNFu in
mice exhibits impaired intramembranous ossification
(Gerstenfeld et al., 2001), and TNFa has additionally
been shown to promote MSC migration, induce chon-
drocyte apoptosis, and stimulate osteoclast differentiation
and function (Barnes et al., 1999). These proinflammatory
cytokines have hence been further attributed to the
initiation of ECM synthesis and angiogenesis.
Angiogenesis and the reestablishment of a good
vascular supply is a prerequisite condition for normal
bone repair in order to restore oxygen tension, neutral
pH, and nutrient supply ready for intramembranous
ossification during the reparative phase of healing and
during the replacement of cartilage by bone matrix dur-
ing endochondreal ossification. An important mitogen
regulating revascularisation is vascular endothelial
growth factor (VEGF), which is stored in the mineralised

with PDGF and basic fibroblast growth factor (bFGF),
secreted by macrophages, monocytes, MSCs, and later
by osteoblasts and chondrocytes, as well as angiopoietin
released by endothelial cells, these factors stimulate bud-
ding of new endothelial cells from preexisting capillaries
for new vessel development (Al-Aql et al., 2008). The
ingress of new vessels is facilitated by the degradation of
the provisional fibrin matrix (or the cartilage matrix dur-
ing endochondral ossification), by the release from the
endothelial cells of matrix metalloproteinases.

Overall, the fibrin network provides a network for
the migration of a range of cells, including endothelial
cells, immune cells, and MSCs, to produce a transient
granulation tissue. Strong evidence suggests that osteo-
pontin synthesised by macrophages coats the surface of
small, particulate, mineralised tissue debris (for example
that generated as part of surgical procedures during
implant placement) and may act as an opsonin to facili-
tate adhesion and phagocytosis by macrophages
(McKee et al., 2011; Andrews et al., 2012). Disruption
to the vascular supply results in hypoxia, acidosis (due
to anaerobic cell metabolism), and reduced nutrient
supply. Localised to the bone fracture surface, osteocytes
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die leaving nonvital matrix, which is subsequently
degraded by activated osteoclasts. Sclerostin is specifically
produced by osteocytes, which is an antagonist of the
osteoinductive Wnt-p-catanin signalling pathway; thus,
its reduction by apoptosing osteocytes contributes to the
stimuli for osteoblast and hence bone formation. The
ECM of bone is known to contain a reservoir of growth
factors, such as bone morphogenetic proteins (BMPs),
VEGE insulin-like growth factors (IGF), and TGF-B,
bound within it (Frolik et al., 1988; Hauschka et al., 1986;
Taipale and Keski-Oja, 1997). The action of the osteoclasts
degrading the fractured bone surface is proposed to
release these bioactive proteins, initiating optimal bone
reparative processes at these sites (Schonherr and
Hausser, 2000; Ramirez and Rifkin, 2003).

Reparative phase

Growth factors PDGF and TGF-f1, 2, and 3 present in the
provisional fibrin matrix have all been attributed
prominent roles associated with the migratory and prolif-
erative responses of the MSCs to the wound healing site.
Inflammatory cytokines, particularly TNFa, also appear to
assist the process. The MSCs are recruited from the bone
marrow tissue located in the cancellous bone and the peri-
osteum. A further major source of MSCs is the pericytes,
resident cells associated with the endothelial cells of capil-
laries and veins and brought to the wound healing site as
part of the process of angiogenesis. During intramembra-
nous ossification, high levels of growth factor, such as
TGF-p and BMP-2, induce osteogenic differentiation of
MSCs, which is characterised by the upregulation of tran-
scription factors RUNX2 and Osterix. Other osteoinductive
factors include the Wnt family of ligands, which bind to
cell surface receptors (composed of members of the
frizzled gene family (Fz) and low-density lipoprotein
receptor-related proteins 5 and 6, leading to activation of
the canonical p-catenin pathway and osteogenic genes.
The importance of Wnt signalling in osteogenesis has been
clearly demonstrated by its activation by lithium chloride
or strontium, resulting in enhanced bone formation in vivo
(Clement-Lacroix et al., 2005; Yang et al., 2011). The pro-
visional granulation matrix is replaced by an unminer-
alised collagenous matrix, termed osteoid, concomitant
with angiogenesis and the formation of a Haversian canal
system. An essential role of the osteoid is to prevent
premature mineralisation prior to the laying down of a
collagen-rich scaffold and successful replacement of an
efficient vascular network.

Several noncollagenous proteins that have been shown
to be synthesised early on during osteoblast differentia-
tion have the potential to inhibit crystal growth, including
vitronectin (Rohanizadeh et al., 1998), osteopontin
(McKee et al., 2011), bone acidic glycoprotein-75
(BAG-75) (Chen et al., 1992), dentine matrix protein 1
(Gorski, 2011), and the dermatan sulphate-conjugated
forms of decorin and biglycan (equivalent to those nor-
mally found in nonmineralised tissues such as skin;
Waddington et al., 2003). Osteopontin also has a cell
binding RGD sequence facilitating the attachment of
MSCs/osteoblasts to the bone healing surface (McKee
etal., 2011), whilst BAG-75 has also been shown to block
the resorptive activity of osteoclasts (Sato et al., 1992). On
completion of the osteoid network, the matrix continues
to be remodelled with the removal of these inhibitors of
mineralisation and the synthesis of noncollagenous pro-
teins by osteoblasts, which facilitate the deposition of
amorphous calcium phosphate and subsequently
hydroxyapatite along the collagen fibril framework to
synthesise bone. The mineralisation stage can be charac-
terised through the appearance in the matrix of bone
sialoprotein, chondroitin sulphate-conjugated forms of
decorin and biglycan, osteonectin, and osteocalcin. Some
osteoblasts become entrapped within the mineralised
matrix to form osteocytes, which communicate with one
another via a network of cell processes. Alternatively,
osteoblasts undergo apoptosis to halt the further synthesis
of bone. Critically, growth factors become embedded in
the matrix to be released when the bone matrix is resorbed
again as part of the remodelling process.

Where endochondral ossification is the route of
repair, cartilage is first laid down and MSCs are commit-
ted to the chondrocyte lineage, characterised by the
expression of the transcription factor SOX9 and the syn-
thesis of a type II collagen-rich matrix. The tissue is
avascular and changes in the embedded chondrocytes
initiate a signalling cascade, which leads to chondrocyte
hypertrophy, tissue invasion by blood vessels from
neighbouring bone tissue, and the replacement of the
cartilage tissue with woven bone.

Late remodelling of woven bone

The woven bone forms rapidly over an approximate
3-week period. The collagen fibres vary in size and follow
a random spatial arrangement with reduced provision for
the deposition of hydroxyapatite crystals. Mechanically,
the bone is much weaker than the lamellar bone types,
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where the collagen fibres are much thicker, more highly
mineralised, and are orientated to form planes of lamellae
that are readily discernable by scanning electron micros-
copy. Occurring within discrete bone multicellular units
of approximately 200 pm in diameter, the remodelling
process requires the activation of osteoclasts for the
removal of bone (Einhorn, 2005; Kwong and Harris,
2008). This generally noninflammatory process is tightly
controlled by the MSCs and osteoblasts that synthesise
cytokines RANKL and M-CSE facilitating the recruit-
ment, differentiation, and fusion of monocytic cells into
activated osteoclasts capable of degrading the bone matrix
(Edwards and Mundy, 2011). Osteoblasts also halt the
process by the synthesis of osteoprotegrin (OPG), which
acts as a soluble decoy preventing the binding of RANKL
to is cell surface receptor, RANK, on the osteoclast surface.
MSCs of pericytic origin and from the marrow spaces
subsequently differentiate to produce osteoblasts that
replace the lost bone, synthesising first osteoid and then a
mineralised bone matrix, similar to the sequence of
events witnessed during the reparative stage. This late
remodelling process is much slower than the reparative
stage, taking from 6 months to up to 4 years to com-
pletely replace the woven bone, depending upon the
size of the defect (Kwong and Harris, 2008). The
formation of the lamella bone is the desired endpoint.
Primary bone healing involving intramembranous
ossification can be divided into gap healing and contact
healing. The latter requires direct apposition of the frac-
ture ends and lamella bone is able to grow directly across
the fracture line. However, for most tissue engineering
approaches requiring regeneration of large volumes of
bone, contact healing is unlikely to occur, even if the site
is packed with bone autograph. Through gap healing (fol-
lowing the sequence of events described above), bone
repair is initiated not only on the bone fracture site but
also with scatfolds or on implant surfaces. The design of
these scatfolds is often to achieve a surface for the attach-
ment of the MSCs that is osteoconductive, or additionally
osteoinductive, in enhancing the bone healing process.

Current methods for measuring
bone healing

Recognising that bone healing is a continuum of these
biological events, assessment should ideally consider
a number of stages in order to chronicle the process.

Since early stages of the bone repair process lay the
foundation for these sequential events, time points
of analysis should, as a minimum, capture initial
stages characterising cellular infiltration and cellular
responses through to woven bone formation.
However, woven bone formation is not the final
endpoint in the production of functional bone.
Consequently, continued analysis through to the later
stages of bone remodelling is desirable, although not
always practiced. Basic analyses invariably follow
tissue formation histologically. Histological analyses
(see Protocol 4.1 for detail) require the tissue to be
fixed, involving protein cross-linking with parafor-
maldehyde and subsequent demineralisation with
formic acid for 24-48 hours. For a gentler approach,
tissue samples should be demineralised with EDTA
over 4-7 days and, to minimise shrinkage of soft
tissues such as bone marrow, hand processing using
methyl salicylate may be employed for better
preservation of the marrow-hard tissue interface
(Protocol 4.2). Tissue samples are then processed for
wax embedding and cut using a microtome to pro-
duce approximately 5-pm sections that can be readily
stained and viewed by light microscopy. Haematoxylin
and Eosin are routinely used to distinguish osseous
structures from granulation tissue. Staining with
Safranin-O or Fast green will allow identification of
cartilage tissue (Protocol 4.1).

Histomorphometric analysis

The 3D architecture of reparative tissue generated
will be highly heterogeneous and the wound healing
site is unlikely to be geometrically symmetrical.
Decisions relating to sectioning of the tissue are there-
fore paramount. Sectioning of the tissue either in a
longitudinal plane or as a cross-section is highly
unlikely to capture all potential tissue heterogeneity
(reviewed by Gerstenfeld et al., 2005; Allen and Burr,
2014). As an example, this may be demonstrated
by the sectioning of bone healing tissue around a
titanium implant. Sectioning may be coronal or sag-
ittal, along the length of the implant, and bone
healing would be differently influenced by the cor-
tical bone of the lingual and buccal bone plate or the
cancellous bone within the alveolar crestal region.
Continued sectioning along either plane would there-
fore see differences between sections. Likewise, cross-
sectioning would provide tissue sections that may be
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Protocol 4.1 Histological staining procedures for measuring bone healing in vivo.

All stains and reagents are best obtained pre-prepared from commercial sources.

1. Dissect out osseous material containing the healing tissue. If containing implants, slowly and carefully remove to preserve
surrounding tissue.

2. Using a bone saw, cut the tissue into 2-mm sections, noting orientation and positional location of healing tissue relevant to
the original tissue dissection.

3. Chemically fix the tissue to preserve the biological architecture with 10 mL/cm? 10% neutral buffered formalin (osmotically
balanced to minimise shrinkage and swelling) at room temperature for 24 h.

4. Demineralise tissue sections in 10% formic acid for 72 h. If better tissue preservation of antibody epitopes is required,
demineralise in 10% EDTA for 1 week. Change demineralising solution daily.

5. If required, confirm demineralisation by assaying demineralising solution for calcium. By dropwise addition of ammonium
hydroxide, adjust the pH of 5 mL demineralising solution to neutral, measured using pH paper. Add 5 mL saturated
ammonium oxalate, shake well, and allow to stand for 30 min at room temperature. Formation of precipitate indicates the
presence of high levels of calcium in solution.

6. For processing of tissue it is best to use an automated processer now found in most pathology laboratories. Place tissue
sections in biopsy cassette. Orientate tissue sections correctly so that when the tissue is sectioned the healing tissue is viewed
to achieve the optimal plane as a cross, sagittal, or longitudinal section (see histomorphometric analysis). Use tissue paper to
help position the tissue specimen in the cassette.

7. Process the tissue sample by first dehydrating. Incubate through a series of 70%, 90%, and 100% ethanol soaks for
approximately 2 h each, followed by a further soak for 2 h in xylene.

8. Wax embed the tissue by impregnating with molten paraffin wax and allowing to cool to form the tissue “block.”

9. Trim one surface of the wax block close to the tissue section and cool the surface for 10 min in an ice block. Cut 5-pm sections
of the tissue sample using a microtome and mount the sections on poly-L-lysine coated glass slides (provides better adherence
for repeated incubation required for techniques such as immunohistochemistry) before drying in an oven at 65°C overnight.
Store at room temperature.

10. Prior to histological staining or immunohistochemistry, remove wax. Incubate twice in xylene for 30 min each (best achieved if
slides are first heated to 65°C in an oven). Rehydrate by incubating through 100%, 90%, 70% ethanol and a final water rinse
for 10 min each.

Haematoxylin and eosin (H&E) staining: Remove excess liquid from around the section on the slide by dabbing with tissue
paper. Stain the section first with 400 pL haematoxylin solution for 10 min (stains the nucleus of cells blue). Gently rinse with tap
water, “blue” in Scott's tap water and “differentiate” in 1% acid alcohol. After a further rinse in tap water, remove excess liquid
and stain with 400 pL eosin solution for 30 sec (stains cytoplasmic components red).

Alizarin red staining: Although sections have been demineralised, residual calcium in mineralised tissue areas can still be stained
with Alizarin red. Blot excess liquid from rehydrated sections. Stain with 0.1% w/v Alizarin red, adjusted to pH 5.5 with
ammonium hydroxide, for approximately 5 min. Gently rinse slides with tap water.

Safranin-O staining: Stains for cartilage matrix mucins. Stain sections first with 0.001% (w/v) Fast green solution in H,0 for
5 min and wash thoroughly with 1% (v/v) acetic acid. Stain sections with 0.1% (w/) safranin-O in H,0 for 5 min. Gently rinse
with tap water.

Toluidine blue staining: Binds to the negatively charged sulphate groups within the glycosaminoglycan chains and thus stains
effectively for the cartilage proteoglycan aggrecan. Stain with 0.04% (w/v) toluidine blue, 200 mM sodium acetate buffer for
5 min and immediately wash using tap water.

For all stained sections: Dehydrate section in absolute ethanol for 2 x 5-min rinses followed by 2 x 10-min rinses in xylene.
Mount cover slips onto the sections using a DPX mounting medium.
View under a light microscope and capture images using a digital camera with appropriate software.

more uniform in the sequential planes immediately
above and below, but sectioning of the tissue may not
be perpendicular to the implant surface, producing an
elipsoid sample area lengthening or shortening the
plane of analysis, thereby affecting the conclusions

made. To minimise these features when acquiring
histomorphometric data, values such as total osseous
tissue, void area, area of cartilage, and area of fibrous or
granulation tissue are better expressed as a percentage
of the total healing tissue.
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Protocol 4.2 Hand processing of tissue sections to minimise
shrinkage of soft bone marrow material.

1. Prepare formalin-fixed, EDTA-demineralised tissue
sections. Transfer into individual biopsy cassettes and
process through the respective graded chemicals,
contained in a large beaker, at room temperature, as
follows.

2. Place tissue section into 50% ethanol for 2 h, 70%
ethanol for 2 h, and 95% ethanol overnight; three
incubations in fresh 100% ethanol for 2 h each, 100%
ethanol overnight, and finally one further incubation in
100% ethanol for 1 h.

3. Incubate 1 h in methyl salicylate, and incubate for a
further 1 h in refreshed methyl salicylate.

4. Incubate for one wash in 0.5% necloidine in methyl
salicylate and then two further incubations in 1%
necloidine in methyl salicylate for 1 h each.

5. Embed the tissue by hand by incubating in molten
paraffin wax at 60°C for 1 h. Replenish the molten wax
on two further occasions, 1 h each infusion period.
Replace the wax once more and leave overnight at
60°C. Allow the wax to solidify into the process wax
block using specified moulds.

Cellular analysis and immunocytochemistry
Cellular analysis can also be performed on histological
sections. Approximate information regarding bone
formation and bone resorption can be obtained by
counts of osteoblasts lining the bone surfaces on
Haematoxylin and Eosin stained sections (Protocol 4.1),
or of multinucleated osteoclasts that have been stained
with Naphthol AS-MX Phosphate substrate in the
presence of tartrate-buffered solution to detect tartrate-
resistant acid phosphatase (TRAP), detecting the active
cell (Protocol 4.3). Counts are best expressed per unit
of area, either within newly synthesised trabecular
bone or within late remodelled bone. Analysis can also
extend to provide an approximation of new blood
vessel formation as a measure of angiogenesis using
endothelial cell markers, such as CD31/PECAM-1 or
von Willebrand factor.

However, for many of the cell counts obtained for his-
tological stained sections, such as with Haematoxylin and
Eosin, problems can be encountered in distinguishing bet-
ween cell types and their differentiation status. Additional
identification can be achieved by immunocytochemical
localisation using specific antibodies against cell surface

Protocol 4.3 TRAP (tartrate-resistant acid phosphatase)
staining for osteoclasts in tissue sections.

1. Prepare formalin fixed, demineralized, paraffin-
embedded tissue 5-pum sections on poly-L-lysine coated
or frosted glass slides as described in Protocol 4.1. Note
that the tissue must be demineralised with EDTA
because acid demineralisation can inhibit the enzymatic
activity detected in the staining process.

2. Rehydrate and deparaffinise sections by rinsing twice
with xylene and then through a series of 100%, 90%,
70% ethanol and 2 rinses in water (10 min for each
rinse).

3. Prepare the tartrate-containing incubation buffer by
dissolving 9.2 g anhydrous sodium acetate, 11.4 g
tartaric acid, and 2.8 mL glacial acetic acid in 970 mL of
double distilled water. pH to between 4.7 and 5.0 with
either sodium hydroxide or glacial acetic acid as
required. Adjust volume to 1 L.

4. Dissolve 20 mg naphthol AS-MS phosphate substrate in
1 mL ethylene glycol monoethyl ether (can store for 1
week at 4°C).

5. Freshly prepare the TRAP staining solution; warm to
37°C 200 mL of the tartrate incubation buffer and mix
with the 1 mL of naphthol AS-MS phosphate substrate
solution and 120 mg Fast Red Violet LB salt.

6. Incubate the section in the TRAP staining solution for 30
min at 37°4C or until colour development is visible. This
is best achieved in Coplan jars.

7. Counterstain with 0.001% (w/v) Fast green solution in
water for 30 sec and rinse quickly in distilled water.

Acid phosphatase activity appears as purplish to dark
red granules in the cell cytoplasma. TRAP-positive
osteoclasts can be distinguished as multinucleated giant
cells. Mononuclear preosteoclasts and macrophages can
also stain positive for TRAP.

markers to distinguish a specific cell or the stage of bone
synthesis (Protocol 4.4). Using this technique, the migra-
tion of MSCs, neutrophils, macrophages, and their persis-
tence in the healing tissue can be longitudinally
monitored (Table 4.2). The duration of bone synthesis
can be described via the cellular expression of bone matrix
proteins (Colombo et al., 2011). Due to heterogeneity
within the tissue section, the technique is semiquanti-
tative, whereby the counts are obtained of positively
expressing cells within several (minimum of five) random
fields within an entire section, for at least three serial sec-
tions. The information derived by the immuno-detection



Protocol 4.4 Immunocytochmistry for detection of cellular synthesis of osteogenic markers as a semiquantitiative measurement
of bone healing.

1. Carefully dissect osseous tissue blocks for 3-5 time points relating to the presumed inflammatory stage (1-3 weeks) and the
reparative stage (1-4 months).

2. If necessary, remove nonsectionable biomaterials, such as metallic implants. Take care not to damage adjacent biological
tissue. Cut tissue blocks of 2-5 mm length and width.

3. Fix tissue blocks in 10% neutral buffered formalin for 24 h; demineralise in 10% formic acid for 48 h; dehydrate through
70%, 90%, and 100% alcohols and clear with xylene prior to embedding in paraffin wax; cut 5-pm sections with a
microtome; mount onto poly-L-lysine coated glass slides (for additional adhesion) and dry overnight at 60°C.

4. For histological examination, deparaffinise with xylene for 10 min; rinse with industrial methylated spirit for 5 min; wash in tap
water for 5 min; stain sections with haematoxylin and eosin for 5 min; mount glass coverslip using DPX glue; view using a
light microscope at 40x magnification; obtain x300 dpi digital images (TIFF) using imaging software.

5. For immunocytochemical analysis, deparafinise and rehydrate sections as above; quench endogenous peroxidase activity by
incubating sections in 3% H,0, for 10 min.

6. Incubate sections with the appropriate 1°antibody, diluted in 1% fetal bovine serum (in Tris buffered saline) for 1 h (determine
initial antibody dilution from manufacturer’s recommendation, but optimise dilution factor to obtain an ideal staining level
without suspician of nonspecific binding of the antibodies). As negative controls, substitute the 1° antibody with a
nonimmunogenic IgG control antibody (Sigma Aldrich, UK) (used at the same dilution as the 1° antibody) and/or exclude the
1° antibody. If available, preincubate the 1° antibody with a blocking peptide used to generate the antibodies for 30 min prior
to incubation with the section to block antibody epitope interaction and confirm specific antibody interation.

7. Visualise immunoreactivity using the Vectorstain Universal Elite ABC kit (Vector Laboratories, Peterborough, UK) and the DAB
peroxidase kit (Vector Laboratories UK) or equivalent; counterstain with 0.1% methyl green for 1 min, with excess stain removed by
excessive rinsing with tap water. Soak sections in xylene for 5 min and mount for viewing by light microscopy at x20 magnification.

8. For detection of cell surface proteins and their ligands it may be necessary to retrieve the antigen by treatment with 24 pg/mL
proteinase K for 10 min prior to quenching of endogenous peroxidase activity.

Semiquantitative image analysis:

9. Using image analysis package, a minimum of five random view areas of 50 pm? are randomly placed over the image (see
enclosed figure).
10. Counts of positively staining cells within and on the borders of squares are recorded; cell counts are averaged from a minimum
of three images from the same tissue block.
11. To increase statistical validity, cell counts should be averaged with other tissue blocks obtained from the same and
experimental repeat sampling sources; note intensity of staining cannot be recorded since level of staining can vary between
sections depending upon length of incubation with substrate.

Example of cellular osteo-pontin synthesis detected in healing bone stained black by immunocytochemistry.
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Table 4.2 Protein markers for measuring bone healing.

Stro-1 Detection of infiltrating mesenchymal
progenitor cells

F4/80 Detection of infiltrating macrophages/
eosinophils

CD14 Detection of infiltrating monocytes

Neutrophil elastase
IL-1, IL-6, TNFa, TGF-B

Detection of neutrophil infiltration

Measurement of the inflammatory

response and duration

PCNA Measurement of cellular proliferation
(not cell specific)

CD31, von Willebrand Detection of endothelial cells and

factor angiogenesis

Osteopontin Assessment of duration of very early

reparative stage

Assessment of duration of mid

reparative phase

Assessment of for deposition of woven

bone

Bone sialoprotein

Osteocalcin

of specific cells is particularly valuable in elucidating
potential cellular mechanisms for observed delay in
bone healing (Colombo et al., 2011).

Nondestructive imaging

Whilst histological staining and immunocytochem-
istry provide much detailed data, these techniques are
destructive in nature, invariably requiring the sacrifice
of animals at several time points during the healing
process. Ethical issues and experimental costs result in
statistical assessments performed on data with a
minimum 7 value. Nondestructive data can be obtained
through analysis by radiographic imaging and computed
tomography (reviewed by Zhao et al., 2013). The range
of imaging data available is more limited to an
assessment of mineralised tissue deposition, but a more
continued assessment with a greater number of time
points is feasible for anaesthetised animals. Carefully
calibrated and optimised image analysis for both meth-
odologies can give a quantitative measurement of bone
implant contact, total bone volume, and bone mineral
density. Computed tomography can provide data rele-
vant to trabecular and cortical bone volume within a
3D field of analysis. The data obtained can be used to
support observed biomechanical assessments measuring
the strength of the forming bone, as determined by
insertion torque, removal torque, and resonance fre-
quency analysis related to implant length (Gerstenfeld

et al., 2005). Biomechanical data in isolation can
lead to limited interpretation of the underlying bone
repair events.

Role of biomaterials in promoting
bone healing

The interaction of cells with a biomaterial, even those
described as inert, can affect the behaviour of MSCs.
A wealth of peer-reviewed literature has highlighted
a combination of factors, including surface topography/
roughness, energy, chemistry, and crystallinity, as
playing a role in directing bone cell biology, bone
formation, and overall implant fixation (Ellingsen
et al., 2006; Le Guéhennec et al., 2007). However, dif-
ferences in surface preparation techniques have led to
subtle differences in these interdependent factors and
resulted in confusion in our understanding of the pre-
cise mechanisms underlying how cellular behaviour
is influenced on such surfaces. When a biomaterial is
placed into a wound healing site (or within in vitro
culture conditions), the surface of the biomaterial is
immediately coated with proteins derived from the
extracellular fluids of the developing haematoma (or
the serum supplemented into culture medium). These
proteins would include fibronectin and vitronectin,
with cell adherent properties, and growth factors such
as PDGF, FGF, and TGF-f, which stimulate the cell
wound healing responses. Protein composition and
architecture will be influenced by factors such as
roughness, hydrophobicity/hydrophilicity, and oxide
layer formation. The physiochemical properties could
also induce conformational changes in the tertiary pro-
tein structure and exposure of specific binding ligands
on the protein surface. Differences in the architectural
arrangement of the adherent proteins will direct the
formation of integrin-based cell focal adhesion points,
regulating cytoskeletal arrangement and cellular mor-
phology, which, via signalling cascades such as ERK,
FAK, and MAPK, in turn affect cell signalling in
response to growth factors within the pericellular envi-
ronment (Sjostrom et al., 2009; Lavenus et al., 2011).
possess a
ability to influence cell migration, proliferation, and

Consequently, biomaterials substantial
differentiation potential of MSCs. In addition, the
material substrate is capable of altering the cellular

expression of integrins, which has been eloquently
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demonstrated for the culture of cells on plastic,
titanium, and calcium phosphate surfaces (Colombo
et al., 2012).

Surface roughness

Surface roughness is generally regarded as a major
influence on MSC behaviour. The influence of increased
implant surface roughness at the nano- and micron-
scales have been extensively studied, with the proposal
that increased surface roughness can influence protein
adsorption and cellular responses, in favour of improved
bone implant contact and greater implant stability
(Wennerberg and Albrektsson, 2009; Anselme et al.,
2010). However, certain contradictions in the literature
still remain as to how surfaces with contrasting rough-
ness precisely influence cell behaviour. That said, there
is general agreement that the degree of roughness
and the geometry of the surface are major influential
factors, with cells on smooth surfaces exhibiting more
spherical or spindle-shaped, flattened morphologies
and a well-organised cytoskeleton with clearly defined
focal adhesion points (Colombo et a/ 2012; Daw et al.,
2013). Similar morphology has been identified on sur-
faces with a regular nano-scale roughness (15-30 nm)
(Sjostrom et al., 2009; Lavenus et al., 2011), and it
has been proposed that this cell morphology correlates
well to cells with high osteogenic potential.

In contrast, further increases in surface roughness of
>100 nm induce cytoskeletal disorganisation, resulting
in more irregular and polygonal cellular morphologies,
particularly at levels >2 pm (Sjostrom et al., 2009;
Wennerberg and Albrektsson, 2009; Lavenus et al.,
2011). Such high roughness levels further influence
other cellular functions, such as extending the cell pro-
liferation period (Ter Brugge et al., 2002; Colombo et al.,
2012), in addition to decreasing adherence, spreading,
and enhancing osteogenic differentiation/activity on
roughened surfaces (Wennerberg and Albrektsson,
2009; Daw et al., 2013). Of note, these findings are in line
with the consensus of opinion that cell proliferation,
differentiation, and maturation are, in principle, inde-
pendent, as actively dividing MSCs do not appear to
enter differentiation/maturation pathways, while cells
close to functional maturity do not divide (Song et al.,
2006). These reports also highlight the existence of
an optimal surface roughness range that dictates the
extent of cellular activities, such as adherence, spreading,
proliferation, and differentiation, on implant surfaces.

However, despite such relatively consistent trends
between surface roughness and cellular behaviour,
the optimal surface roughness range that induces these
effects is yet to be established, as many published papers
present inadequate surface characterisation, whilst
roughness parameters can vary depending on the
method of analysis, such as atomic force microscopy,
confocal laser scattering, or contact profilometry,
reinforcing the need for the standardisation of
measurement and evaluation techniques (Nagassa
et al., 2008; Wennerberg and Albrektsson, 2009).

Nonetheless, such findings have led to implant
surfaces with hierarchical structures being advocated,
which combine both nano- and micron-scale features to
preferentially induce alterations in cell-surface interac-
tion and cell behaviour at the nano-scale, and improved
implant fixation and biomechanical stability at the
micron-scale (Gittens et al., 2011; Daw et al., 2013).
Alternatively, whilst ultra-rough surfaces may not pro-
vide a surface completely conducive to ostogenesis,
nano-patterning does appear to provide the potential
to stimulate MSCs to produce bone mineral in vitro, in
the absence of osteogenic supplements (Dalby et al.,
2007, 2014). Such nano-etched surfaces are proposed to
guide cell alignment, which has the potential to yield a
more uniform direction for the collagen fibrils synthe-
sised in the osteoid and hence provide a higher organi-
sation of the mineral deposited in the woven bone, with
higher initial mechanical strength (Dalby et al., 2007,
2014). Within the context of nano-texturing, smooth
faceted “dome” patterning and sharp edged “hut”
patterning do not appear to influence cell behaviour dif-
ferently (Dolatshahi-Pirouz et al., 2010), suggesting that
it is more the depth of valley to peak that dictates the
osteogenic differentiation of MSCs.

3D scaffold support

When considering the natural healing process, the
haematoma, granulation tissue, and the osteoid all
support the cells within a 3D ECM structure. These
natural matrix scaffolds provide a spatial arrangement
for facilitating cell focal contacts and the delivery of
growth factors to cell surface receptors. Cells form
transient focal contacts with multiple surfaces within
this 3D environment, which has been proposed to enable
better migration, proliferation, and controlled secretion
of the osteoid matrix components by mimicking
the natural tissue environment (Fraley et al., 2010).
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Table 4.3 Key research considerations in the design of therapeutic approaches for the repair and regeneration of bone. Similar

issues are relevant for cell-based and acellular-based therapies.

Scaffold Design

Protection of cells from excessive biomechanical and shear forces

that would be detrimental to cell viability.

Adequate nutritional and oxygen supply

Biodegradability for release of bioactive factors or replacement by
newly formed bone tissue

Development of smart biomaterials for recapitulating the natural

repair process

Enhancement of Signalling Cues

Ensuring adequate angiogenesis

Tempered stimulation of cell proliferation that is not counterproductive
to cell differentiation or tumour genesis

Provision of cell survival factors

Delivery of nontoxic levels of growth factors

Temporal provision of differentiation cues—tracking of cell behaviour
Better understanding of the role of stem cell niches in delivering
function, and the promotion of cell maturation

Influence on the Wound Healing Environment

e Prevention of an inappropriate immune response leading to
prolongation of the inflammatory stage to impairing bone repair
Prevention of rejection or hypersensitivity reactions of cellular
transplants or acellular interventions

Encompassing immune suppression, immunological tolerance, and
immune privilege

Reducing fibrosis and scar formation

Delivery of MSCs

e Appropriate chemotactic cues for cell infiltration as necessary
Defined and stringent culture expansion conditions for cell expansion
Genotypic and phenotypic changes

Cell heterogeneity and cell selection/sorting

¢ Damage caused by mass transport injection of cells into scaffolds
Redistribution of cells outside of the scaffold-cell tracking

Hence, it has been long established that cells behave very
differently in 3D cultures, compared with 2D monolayer
cultures. The development of biomaterials for tissue
engineering purposes endeavors to reproduce this 3D
environment via a plethora of synthetic, semisynthetic,
or naturally derived scaffolds, existing as hydrogels and
more mechanically rigid foams and porous scaffolds
(Khan et al., 2008; Kosuge et al., 2013). Current research
has yet to identify the ideal biomaterial scaffold(s) for
bone tissue engineering. Mechanical properties and
surface stiffness will further direct cell behaviour and,
similar to implant surfaces, the biomaterials will absorb
proteins from the healing wound site (Sachlos and
Czernuszka, 2003).

The aim of this chapter is not to review the various
methods for synthesizing the array of biomaterials cur-
rently available but to outline the justifying principles
behind biomaterial constructs (Table 4.3). One method
used for scaffold production is to mimic the natural
fibrous structures of collagen in the ECM. Natural
collagen scaffolds have been generated in vitro, and
electrospinning techniques have recreated fibres with
diameter size in the range of 50-500 nm, matching
those of collagen in vivo. However, recapitulating the
natural environment has currently led to the genera-
tion of scaffold with “best fit”, probably because
research has not provided a definitive answer as to

how the various scaffolds mechanistically influence
cell behaviour and their osteogenic potential (Mafi
et al., 2012). A general aim is to allow the cells to pen-
etrate the scaffold. When assessing scaffolds, pore sizes
in the order of hundreds of microns have the potential
to lead to cells stretching along the wall of the pore,
adopting a flat and curved morphology, undoubtedly
affecting differentiation potential. Larger pores allow
for better nutrient diffusion and space for ECM deposi-
tion. However, the cells cannot bridge between surfaces
and thus line the biomaterial with focal adhesion
contact remaining in one plane, akin to cell morphology
in monolayer cultures. Most scaffolds are designed
to be degraded with time, to be replaced by the newly
synthesised natural bone, but questions still remain as
to the optimal speed for biomaterial degradation, while
still providing a functional role in supporting cellular
activity.

MSC-based therapies

One approach for bone regeneration currently under
research is stem cell-based therapies, involving the
seeding of MSC populations into scaffolds. The trans-
plantation of MSCs offers the replenishment of an
MSC population, where surrounding bone quality and
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quantity is inadequate for the rapid regeneration of
bone. MSCs have been sourced from autologous and
allogenic preparations of tissues, including bone
marrow, dental pulp, periodontal ligament, adipose
tissue, and umbilical cord (Grayson et al., 2015). Stem
cell therapy is now emerging as a potential therapeutic
proposition, with the establishment of a high number of
commercial companies offering cell isolation, expansion,
and banking services. Consequently, the high therapeutic
expectations for stem cell therapy have nicely forced
the development of processes that concur with good
manufacturing practice (GMP) guidelines (Sensebé
et al., 2013). However, despite a significant amount
of published research in this area, a large number of

challenges remain.

Cell expansion

A major challenge for stem cell therapy is to obtain
sufficient numbers of cells to achieve bone healing
(reviewed by Razzouk and Schoor, 2012). The number
of cells is, of course, dependent upon the volume of
bone regeneration required. It has been suggested
that transplantation of a minimum of 1,500 MSCs/
cm? is required (Hernigou et al., 2005). Within bone
marrow, MSC populations represent only 0.001%—
0.01% of total nucleated cells (Pittenger et al., 1999),
indicating that once MSCs have been isolated, cells
will subsequently require expansion in culture. MSCs
within dental pulp tissues are present at higher con-
centrations, representing approximately 1% of total
cell population (Gronthos et al., 2002; Lizier et al.,
2012), but retrieval of small tissue samples limits the
overall cell number supply. Moreover, as patient
donor age increases, the number of MSCs and their
(Fehrer and
Lepperdinger, 2005; Asumda, 2013). Furthermore,

regenerative capabilities decrease
although in vitro culture allows for the expansion of
MSCs through successive passages, excessive MSC
culture expansion is associated with decreased prolif-
eration and a gradual loss of stem cell characteristics
and differentiation potential as a consequence of telo-
mere shortening and the onset of cellular senescence
(Roobrouck et al., 2008). Several studies have sug-
gested that culture expansion should not exceed five
passages (Banfi et al.,, 2000; Bonab et al., 2006),
although evidence suggests that dental pulp stem cells
can be expanded slightly beyond this (Gronthos et al.,
2002, Harrington et al., 2014).

Following GMP guidelines, the culture medium
should be clinically safe. High serum concentrations
of 10%-20% are often required for effective cell prolif-
eration, but serum source needs to be carefully selected
for safety whilst not compromising on preserving stem
cell characteristics and function. Further, due to safety
and disease transmittance issues surrounding the use of
animal serum, alternatives to animal serum have now
been developed for cell therapy development under
GMP for clinical application, namely, defined growth
factors (i.e., “synthetic” serum replacements and
natural human blood—derived products (Kinzebach and
Bieback, 2013). Minor changes to culture conditions
can also greatly influence cell behaviour. For example,
changes in oxygen tension leading to a more hypoxic
culture environment can increase cell proliferation
(Sakdee et al., 2009; Iida et al., 2010). Following passage
and during subsequent culture, MSCs will synthesise
an extracellular niche that has the potential to alter cel-
lular signalling and expression of cell surface markers
(Harrington et al., 2014). Thus, inconsistencies in the
frequency of media changes and subculture can result in
the harvest of MSCs with unknown phenotypic differ-
ences, affecting differentiation potential (Sharma et al.,
2014). In addition, genomic instability during culture
expansion is a much-discussed factor, with the potential
of spontaneous immortalisation and malignant trans-
formations and major safety issues for transplantation.
The process leading to chromosomal instability is poorly
understood, complicated by a lack of knowledge rele-
vant to cellular control at epigenetic and proteomic
levels (Ferreira et al., 2012).

Cell selection and cell survival

Research questions still remain relating to the role of
the transplanted MSC within the wound healing site.
The number of cells surviving transplantation is cur-
rently indeterminate, although it is accepted that reten-
tion is relatively poor. Mass injection of the cells into the
scaffold and unfavourable biomechanics acting on the
cells in poorly defined scaffolds could lead to extensive
loss of transplanted cells. Of the cells surviving, it is
still not known how many of the transplanted cells
fully differentiate to form bone synthesising osteoblasts.
MSC populations may provide only “supportive osteo-
genic cells” that function in the synthesis of trophic
factors to aid in the osteogenic process. The transplan-
tation of cells into the wound healing site would be
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influenced by the signalling factors of the inflammatory
stage, which in turn would affect the expression of
trophic factors by the MSCs. How the signalling envi-
ronment is altered is unknown. Are the signals pro-
duced by either the transplanted MSCs or the host cells
in the wound environment adequate to stimulate angio-
genesis and osteoblast differentiation? Moreover, MSCs
represent a heterogeneous population with both MSCs
of high proliferative capacity and MSCs that are more
lineage restricted in terms of their regenerative capacity
(see Chapter 3). Which MSC population has the greatest
osteogenic potential is also unclear and begs the
question whether a specific cell population or popula-
tions can be selected to provide a more rapid healing
response. Subpopulations rich for a particular cell pro-
tein marker have been identified as providing a better
osteogenic potential, such as CD105* Thy  cells from
mouse foetal bone (Chan et al., 2009) and nestin*
(Méndez-Ferrer et al.,, 2010) and Msx1* cells (Park
et al., 2012) from bone marrow, which appear to show
a preference for bone formation. However, it is
recognised that within each of these populations,
further MSC heterogeneity is evident. This represents
the beginning of significant research undertaken in this
area, although it is still unclear if in isolating these sub-
populations, other supporting or ancillary cells are dis-
carded that are required to provide trophic support for
events such as resolving the inflammatory phase or pro-
moting angiogenesis, a prerequisite for bone healing.

Cell tracking

In order to address these questions, many new
approaches to cell imaging and tracking are currently
under development. It is now possible to commercially
obtain transgenic mice that constitutively express the
green fluorescent protein (GFP) under the direction of
promoter sequences to, for example, ubiquitin C and
p-actin. From these GFP-cells, subpopulations enriched
for a nominated cell surface marker can be obtained,
providing a better understanding of their function and
dynamics obtained by study in vivo following cell trans-
plantation, in vitro as monolayer cell cultures or in 3D
scaffolds, or by using ex vivo organ culture models
(Sloan et al., 2013). In such model systems, the image
signal of GFP-cells is continually present even after
cell proliferation, which offers a great advantage for
long-term tracking of cells compared with other cell
labelling methods, such as loading cells with Q dots.

These cells are usually monitored using confocal
microscopy, which can provide information regarding
cell migration, particularly in response to a wound
healing event. Loss of signals in cells loaded with
Q dots, however, can give information regarding cel-
lular proliferation, monitored using imaging systems
such as second-harmonic generation microscopy. Gene
reporter systems, attached to promoter sequences
for osteogenic markers, such as Osterix, osteopontin,
osteocalcin, and type I collagen, are able to provide
event-specific information about the rate of MSC
osteogenic differentiation towards osteoblasts. Alkaline
phosphatase has also historically been proposed as a
marker of osteoblast differentiation, but caution
should be taken when using as a sole marker since
high alkaline phosphatase activity is also noted in some
MSCs, particularly iPS cells (Bassaneze et al., 2013;
Zhang et al., 2014a). A variety of gene reporter sys-
tems have been utilised, including luciferase or red
fluorescent protein (de Almeida et al., 2011).

Currently, noninvasive, real-time, and longitudinal
imaging is available to track bone marrow stromal cells
in dermal wound healing models. Some of these tech-
niques have been successful in imaging to a depth of
1 mm. Techniques that have been established with
detailed methodological protocols for microscopy tech-
niques, including optical coherence tomography, mul-
tiphoton microscopy, two-photon excited fluorescence,
second-harmonic generation microscopy, and coherent
anti-Stokes Raman scattering (CARS). These tech-
niques appear to possess promising applications for
in vitro and ex vivo studies. Certain techniques, such as
CARS, have been successfully employed in detecting
nonlabelled cells and in identifying molecular vibra-
tion of chemical bonds in signature proteins or DNA
(Masia et al., 2013). The limited penetration of these
techniques through tissues may currently limit similar
use of noninvasive techniques for monitoring bone
healing in vivo. Repeated opening the wound to reveal
the healing bone would affect the natural continuum
of the process, and thus, analysis using these tech-
niques may for the immediate future require tissue
sample collection over specified time points to coincide
with the key events of bone wound repair. Their
advantage, however, is that they have the capacity
to provide data for multiple biomarkers relating to
cell behaviour, ECM/osteoid formation, and mineral
deposition within a single tissue specimen.
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Bioactive factors for promoting bone
repair and regeneration

An alternative approach to enhancing bone repair
processes is through incorporation of bioactive proteins
into natural and synthetic scaffolds (Cartmell, 2009).
Numerous scaffolds for the purpose of the delivery of
growth factors have been described in the published lit-
erature, and in general their principle aim is to
encourage the migration of MSCs and stimulate their
proliferation and subsequent osteogenic differentiation.
Initial studies investigated exogenous application of
single growth factors, with TGF-f1 and the BMPs
commanding significant research in line with their
prominent roles in regulating the osteogenic pathway.
TGF-p1 has been proposed in cellular functions in the
recruitment and proliferation of MSCs, pre-osteoblasts,
chondrocytes, and osteoblasts in wound healing sites
(Liebermann et al., 2002; Janssens et al., 2005) and it
has been used with partial success for enhancing osseo-
integration (Smith, 1995). It has also been shown to
increase cellular expression of BMP-2 by MSCs, thereby
initiating osteoblast differentiation and enhancing col-
lagen production and bone matrix synthesis (Bostrom,
1998). Recognised as potent osseoinductive factors,
BMP-2 and BMP-7 have been shown in preclinical trials
to stimulate bone formation (reviewed by Ali and Brazil,
2014; Sanchez-Dufthues et al., 2015) and have been
clinically approved as a therapy for nonunion fractures.
In vivo studies, where BMP-2 is impregnated into col-
lagen scaffolds or absorbed onto implant surfaces, have
demonstrated accelerated bone repair during osseointe-
gration and vertical augmentation of the alveolar ridge
(Wikesjo et al., 2008; Lee et al., 2010; Wang et al., 2012).
However, one of the biggest drawbacks for the
therapeutic use of recombinant growth factors is that
massive supra-physiological microgram and sometimes
milligram concentrations and/or multiple doses are
required to elicit a biological response (Kofron and
Laurencin, 2006). It is also well recognised that growth
factors are unstable and exhibit a short half-life in
wound healing sites, due to extracellular proteolytic
degradation in the wound healing site. Further, the
high initial concentrations of growth factor can lead to
cytotoxicity issues, with clinical studies describing the
potential for ectopic bone formation in adjacent tissues,
local bone resorption, and osteolysis due to inappro-
priate signalling by the BMPs.

Autologous bone grafts remain the gold standard bio-
active matrix for augmenting bone repair. Within this
natural tissue, growth factors are present in the nano-
molar range, a concentration many thousand times less
than that required for current therapeutic approaches
that utilise the delivery of endogenous single-growth
factors (Garcia-Gareta et al., 2015). Although morbidity
at the donor site represents a major disadvantage, we
can take lessons from the high efficiency of autologous
bone grafts as a naturally successful augmentation
therapy. The most significant observation is that growth
factors do not work efficiently as single supplementa-
tions to promote osteogenesis. Studies have indicated
that greater synergistic effects are achieved by the
combined application of growth factors such as
recombinant human forms of BMP-2 with BMP-7, FGF,
IGE or VEGF (Wang et al., 2012; Lee et al., 2015).
Combinations of TGF-p1 with IGF-1 and PDGF with
IGF-1 have also shown a positive effect on the efficiency
of bone repair (Lamberg et al., 2009). Platelet-rich
plasma has been clinically advocated in the promotion
of bone healing of maxillofacial bone defects and in
orthopaedics (Rodriguez et al.,, 2014). Prepared from
blood plasma to produce a concentrated source of plate-
lets, it naturally contains the near optimal concentration
of growth factors including PDGE TGF-f1, and VEGE
Significantly, these are the growth factor required to
initiate the early stages of the wound healing process,
such as the promotion of angiogenesis, chemotaxis,
cell proliferation, and the deposition of a collagenous
granulation or osteoid matrix. Mixed success has been
observed in reporting the efficacy of platelet-rich
plasma, but this may be as a consequence of the prepa-
ration methods leading to changes in the composition of
the growth factor “cocktail” (Kushida et al., 2014).

Recapitulating the natural scenario

The bone matrix itself is a natural reservoir of growth
factors. Osteoclastic activity during the inflammatory
stage of wound healing is proposed to lead to the release
of matrix-bound growth factors, stimulating osteogenesis.
Low concentrations of growth factors, such as TGF-f1,
have been extracted from mineralised bone using
chemical treatments, such as calcium hydroxide and
EDTA (Smith et al., 2011). Significantly, the release of
growth factors from the bone matrix results in a bone
surface with increased osteogenic potential. Similarly, the
demineralisation of bone tissue has been shown to
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increase the osseoinductive power compared with bone
allografts, providing a more accessible reservoir for growth
factors (Drososa et al., 2007). Demineralised bone matrix
products have received approval for clinical use by the
Food and Drug Administration, although these products
often lose osseoinductive potential due to prerequisite
rigorous processing and terminal sterilisation to prevent
disease transmission or an immunological response
(Russell and Block, 1999). Continuing this theme, den-
tine matrix has also been shown to be a rich reservoir of
growth factors with osteogenic potential (Graham et al.,
2006). A recent in vivo study has also demonstrated that
demineralised dentine matrix considerably stimulates
bone repair in a rabbit critical-size defect and rat tooth
socket models (Gomes et al., 2008; Reis-Filho et al., 2012).
Moreover, these results also indicate that demineralised
dentine matrix is able to ameliorate delayed diabetic bone
healing, probably by restoring the signalling environment
(Gomes et al., 2008). Of note, commercially available
deproteinised bone tissue grafts, which supposedly only
contain osseoconductive bone mineral elements, some-
times embedded within porcine collagen matrix, have
also been suggested to be osseoinductive in nature, due
to the residual presence of bioactive proteins identifiable
following their preparation (Schwartz et al., 2000).
These natural bioactive scaffolds described above are
all able to facilitate osseogenesis by the provision of
growth factors at physiologically relevant nanogram
concentrations. However, there is increasing recognition
in the literature that specific proteins, not assigned as
growth factors but present within the ECM, can modu-
late growth factor delivery and either directly or indi-
rectly influence signal transduction networks within
cells (Chen et al., 2004). Biglycan and decorin have been
shown to bind to growth factors and cytokines, including
TGF-B1 (Kresse and Schonherr, 2001; Baker et al., 2009)
and BMP-2 (Mochida et al., 2006). In regulating growth
factor activity, both decorin and biglycan have been pro-
posed to play major roles in sequestering growth factors
to the matrix, protecting them from proteolysis, extend-
ing their extracellular half-life, and regulating release
to the cell (Baker et al., 2009). Biglycan has also been
proposed to exert a direct signalling role, and in vitro
studies have demonstrated that biglycan enhances
BMP-2-induced osteoblast differentiation, by direct inter-
action with cell surface receptors (Mochida et al., 2006).
Biglycan has particularly been implicated in the induction
of MSC proliferative and during early cell differentiation

(Waddington et al., 2003), whilst decorin has also been
ascribed direct cell signalling roles to promote endothe-
lial adhesion and motility (Fiedler et al., 2008).

Delivery systems

In an alternative approach to reduce the delivery of supra-
physiological doses of growth factors, recent research has
also focused on the development of biomaterial systems
that regulate release and at the same time provide growth
factor protection from the extracellular environment.
Growth factors such as TGF-f1, BMP-2, BMP-4, PDGE
VEGE IGF-1 (Ferreira et al., 2013), and Wnt3a (Popelut
et al., 2010) have been encapsulated into liposomes,
microspheres, films, scaffolds, and hydrogels (Lochmann
et al., 2010; Ferreira et al., 2013; Farokhi et al., 2013; Lu
et al., 2014; Reyes et al., 2014). The slow release of the
growth factors protects these bioactives from environ-
mental proteolysis, extending their half-life and enabling
delivery at subtoxic and physiologically effective levels.
Dual-release encapsulation systems have also been
reported, where recombinant VEGF/TGF-f3 are rapidly
released from larger P LGA microparticles, whilst BMP-2
is slowly released from smaller manufactured P LGA
microparticles (Smith et al., 2014). Such dual delivery sys-
tems enable growth factors to act synergistically, thereby
enhancing the extent of bone formation versus individual
growth factor responses (Lu et al., 2014). Thus, the timed
release of growth factors can recapitulate better and
preferentially stimulate normal bone healing cascades,
promoting essential angiogenesis and cell proliferation
prior to inducing osteoblast differentiation. Polymer-
protein conjugates have also recently been designed to
be bioresponsive, allowing for the controlled release of a
range of growth factors through a process of polymer-
masking-unmasking protein therapy (PUMPT; Duncan
and Vicent, 2013). Current success has been achieved in
the conjugation of recombinant EGF to a biodegradable
dextrin polymer for application in the treatment of dermal
wound sites (Hardwicke et al., 2010). The principle of
therapeutic action is mediated through growth factor
released from the conjugate via the localised action of
a-amylase, causing dextrin polymer degradation and the
release of the bioactive protein. The degree of dextrin
polymer cross-linking can be tailored, so that degradation
rates can be optimised to best suit the conjugated protein,
their susceptibility to degradation, cellular targets, and
mechanisms of action, and the clinical environments
into which the conjugates are delivered.
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Bioelectrical stimulation of bone
repair processes

In contrast to exogenous growth factor and other more
traditional pharmaceutical approaches to bone repair,
there has also been a long-standing interest in the
concept of electrically stimulating bone healing (Aaron
et al.,, 2004; Griffin and Bayat, 2011; Griffin et al.,
2011). The rationale behind this approach is that
during wounding, electric fields are disturbed due to
ion fluxes across leaky cell membranes or disrupted
tissue barriers, interfering with normal regenerative
mechanisms. A number of electrical signalling modal-
ities have been assessed as stimulators of cellular
activity in vitro and in vivo, including direct currents,
inductive fields, capacitive coupling, biphasic electrical
currents, and pulsed electromagnetic fields (PEMFs;
2011; 2013).
Consequently, the application of exogenous electrical

Griffin and Bayat, Balint et al.,
fields at physiologically relevant voltages and/or
frequencies enhances impaired repair processes, via
the stimulation of signals responsible for cellular pro-
liferation, migration, and differentiation, leading to
repair and regeneration. Indeed, although the precise
mechanisms underlying these stimulatory effects
remain to be fully understood, exogenously applied
electrical fields have been shown to play critical roles
in wound healing, leading to positive effects on repair
in numerous tissues, including skin, cornea, and the
central nervous system (Tator et al., 2012; Zhao et al.,
2012; Kawasaki et al., 2014).

Specifically relating to bone repair, directed bioelec-
tric strategies have been proposed to aid the treatment
of delayed union or nonunion fractures, periodontal
repair, and during bone-implant osseointegration, either
alone or when used in conjunction with more conven-
tional therapies (Dimitriou and Babis, 2007; Griffin and
Bayat, 2011; Griffin et al., 2011; Tomofuji et al., 2013).
Research suggests that applied electrical fields influence
both mineralisation and angiogenesis during bone
repair. In vitro studies have shown that bioelectrical
stimulation acts as a guidance cue for the migration of
bone marrow-derived MSCs (Zhao et al.,, 2011), in
addition to stimulating the proliferation, differentiation,
and ECM synthetic capabilities of osteoprogenitor cells
and osteoblasts, leading to enhanced mineral deposition
through increased intracellular calcium levels and cal-
modulin signalling, ERK/p38 MAPK signalling, and the

production of pro-osteogenic growth factors such as
TGF-B1 and BMPs (Tsai et al., 2009; Balint et al., 2013;
Griffin et al.,, 2013; Clark et al., 2014). The positive
effects of electrical stimulation on angiogenesis include
the reorientation, elongation, and migration of endo-
thelial cells, secondary to the release of angiogenic
factors, such as VEGF IL-8, and bFGF and related
receptor signalling pathways (Kim et al., 2006, Dimitriou
and Babis, 2007). Studies also suggest that applied
electrical fields can increase osteoclast apoptosis and
decrease osteoclastogenesis and overall bone resorption,
in an intensity-dependent manner (Chang et al., 2005,
2006). However, despite these positive responses, sev-
eral other in vitro studies have reported inconsistent cell
proliferation and differentiation findings following cel-
lular exposure to electrical and electromagnetic fields
(Schwartz et al., 2008; Jansen et al., 2010); although
such conflicting reports may be a consequence of differ-
ences in the cell types employed, their respective stages
of maturation and the characteristics of the bioelectric
fields applied.

2D models for analysis

Much of the research undertaken to evaluate the
effects and mechanisms by which the bioelectrical
stimulation of osteogenesis is promoted has been based
upon 2D in vitro osteogenic culture models (Tsai et al.,
2009; Griffin et al., 2013; Clark et al., 2014) and in vivo
animal model evaluation (Mills and Simpson, 2012).
However, due to major differences in the clinical
situations being targeted, experimental designs, the
respective signal sources and parameters applied, and
the underlying cellular mechanisms of action, it is
extremely difficult to compare the advantages and
disadvantages of each different electrical signalling
modality currently available. Similarly, a further
challenge has been the ability to extrapolate in vitro
model findings to those of in vivo animal model studies
and subsequently to clinical studies. This has been due
to the limitations of the in vitro/in vivo models used,
further confounded by the variability in the optimal
durations of stimulation and subsequent responses
to each electrical field, related to the respective ampli-
tudes, frequencies, and cycles parameters adminis-
tered. Therefore, the optimal dosing regimens for each
electric treatment modality and the underlying mech-
anisms of action for the positive clinical responses
reported remain poorly understood.
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3D models of analysis

In order to better understand the bioelectric regulation
and stimulation of bone repair processes, newer 3D
models for the in vitro assessment of both endogenous
and exogenously applied electric field effects on bone
healing have been developed. These are based on
human-derived cells and capture the 3D nature of cell-
cell/cell-matrix interactions, as well as soluble factors
and physical factors that exist and mediate the complex
and highly regulated process of bone repair in vivo.
Therefore, such model development increasingly inte-
grates these factors to create an engineered cellular
construct with near-native tissue properties, which
overcomes the limitations of 2D monolayer cell cul-
tures. Such approaches consequently provide superior
in vitro mimics to in vivo conditions with relevant 3D fea-
tures, allowing more control of the system than can be
achieved in vivo and providing options for reproducible
and viable experimental conclusions. These include
studies that have developed a 3D bone tissue construct
model of osteoblast healing, ultimately to serve as a pre-
clinical experimental screening platform for studying
the electrophysiological regulation of bone healing.
This model involves human MSC differentiation into
osteoblasts on porous silk fibroin scaffolds, with cel-
lular, electrophysiological, and biomechanical responses
examined during bone regeneration following bioelec-
trical stimulation (Sundelacruz et al., 2013). Other 3D
models have included the design of artificial extracel-
lular matrices (aECMs), containing type I collagen and
glycosaminoglycans, such as chondroitin sulphate or a
high-sulphated hyaluronan derivative, formulated as
coatings on 3D poly(caprolactone-co-lactide) scaffolds
(Hess et al., 2012). Through the manipulation of the
microenvironment within aECMs, this approach was
able to identify that pulsed electric field delivery did not
influence cell proliferation but enhanced osteogenic
differentiation in aECMs containing sulphated hyaluro-
nan or when osteogenic supplements were available.
Alternatively, bioelectrical stimulation of human osteo-
blasts on different 3D calcium phosphate/collagen
scatfolds has also been established for the assessment of
effectiveness of electroinductive implants, in terms of
their ability to promote (Grunert et al., 2014). Therefore,
these models aid our understanding of the bone
regeneration processes and the development of more
relevant and effective biomaterial and tissue-engineered
therapies for bone repair.

In vivo models of analysis

However, despite recent advances in 3D in vitro model
system development, as bone repair in animal models
may not be entirely representative of healing events
and the clinical scenarios we wish to treat in humans,
the design of animal models that adequately replicate
human bone repair has been far more challenging.
Indeed, it has been suggested that despite the varied
in vivo fracture models currently available in numerous
animal species, these may not adequately reflect the
anatomy, physiology, biochemistry, healing, or biome-
chanical nature of these parameters in humans (Mills
and Simpson, 2012). Similar conclusions have also
been made on the validity of existing experimental
models for bone regeneration in oral and maxillofacial
surgery, in terms of the need for more appropriate and
standardised models dedicated to specific clinical condi-
tions, which would greatly improve the consistency
and reliability of in vivo study findings (Gomes and
Fernandes, 2011; Mardas et al., 2014).

Piezoelectic materials

Nonetheless, despite issues with in vitro/in vivo model
validity and the identification of the optimal condi-
tions necessary for the successful translation of bio-
electrical approaches to the clinical treatment of bone
defects in patients, research in this field has led to
significant advances in the development of piezoelec-
tric materials for tissue regeneration applications
(Rajabi et al., 2015; Ribeiro et al., 2015). Piezoelectric
materials are smart materials capable of generating
electrical activity in response to minute deformations,
such as the asymmetric shift of ions or charges that
induce changes in electric polarisation and subsequent
electric generation. For tissue engineering applica-
tions, piezoelectric materials allow the delivery of
an electric stimulus via their introduction into scaf-
folds, which induce cellular responses required for
tissue repair, such as proliferation, migration, and
differentiation. Various piezoelectric materials have
been employed for tissue repair purposes, particularly
in relation to bone healing. Indeed, numerous piezoc-
eramics (e.g., barium titanate and potassium sodium
niobate—containing materials), piezopolymers (e.g.,
poly[vinylidenefluoride-co-trifluoroethylene] [PVDE-
TrFE], polypyrrole, and polyaniline—containing scaffolds),
carbon nanotubes, and more established biomaterials
with piezo-related properties (e.g., type I collagen),
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have been shown in numerous studies to promote
bone repair in vitro and in vivo (Shao et al., 2011; Cui
et al., 2012; Ciofani et al., 2013; Liu et al., 2013; Hu
et al., 2014; Zhang et al., 2014b). Similarly, piezoelec-
tric and nanotechnology developments have further
enhanced cellular responses and titanium implant
osseointegration, through the coupling of electrocon-
ducive titanium surfaces topographies with electrical
stimulation (Gittens et al., 2013; Nozaki et al., 2014;
Shim et al., 2014).

Influence of loading
and biomechanical forces

One important factor that significantly influences bone
repair is the mechanical environment within which
MSCs, osteoprogenitor cells, and osteoblasts reside.
The induction of mechanical forces and the overall
physical properties of the local tissue environment are
critical in dictating stem cell fate and cellular functions,
which subsequently regulate normal bone tissue
homeostasis and overall bone quality/strength (Hao
etal.,, 2015; Wang and Chen, 2013). The ECM provides
the mechanical stability, which subsequently serves as
a regulator of cellular activities, such as proliferation,
migration, and differentiation, via the transduction of
biomechanical cues through cell surface receptor—-ECM
interactions and/or the induction of growth factor
release from cells within the local environment and
the subsequent induction of cell signalling cascades
(Ko and McCullough, 2001). From a clinical dentistry
viewpoint, the dental tissue environment is regarded
as being highly mechanoactive, being exposed to load-
derived, tensile, compressive, and torsional forces
and intestinal flow—derived, shear stresses, of varying
magnitudes and frequencies. Indeed, bone-related
treatment strategies involving orthodontic tooth
movement, implant surgery, and craniofacial proce-
dures rely upon such bone tissue modalities and
adaptations to mechanical loads to promote favour-
able clinical outcomes (Meeran, 2012; Duyck and
Vandamme, 2014). Consequently, there is immense
interest in assessing the effects of applied mechanical
forces on bone cell signalling and behaviour, in order
to understand and identify the optimal mechanical
load conditions necessary to manipulate cellular
functions towards enhanced bone repair.

2D models for analysis

Bone cell responses to mechanical loading depend upon
whether the loading modality is tensile, compressive,
or shear in nature. This is in addition to the specific
parameters of the applied loads, such as strain, stress,
static versus dynamic, frequency, cycle number, and
resting periods. Hence, in order to evaluate cellular
responses to these various mechanical load conditions
experimentally, it would appear rational that loads be
applied under conditions that replicate bone tissue
repair processes in vivo. As it is difficult to fully assess
and elucidate the precise cellular and molecular events
underlying mechanotransduction using in vivo models,
due to the added complexity surrounding the presence
of multiple cell types in bone and at various stages of
differentiation, this becomes a particularly prudent
consideration. Consequently, much of the research
undertaken to evaluate the effects and mechanisms by
which mechanical loads influence osteogenesis has
been performed using 2D and 3D in vitro osteogenic
culture model systems, which aim to replicate the forces
found within bone microenvironments whilst allowing
the mechanotransductive mechanisms involved to be
delineated more readily (Delaine-Smith et al., 2015). It
is generally accepted that 2D monolayer mechanical
load models have paved the way to our initial under-
standing of cellular responses to specifically applied
parameters and the mechanotransduction signalling
pathways involved, as exogenous mechanical stimuli
can be routinely applied directly to cultures using low-
magnitude/high-frequency loading rigs, the application
of fluid shear by maintaining cell culture plates and
flasks on rocking platforms, or the application of strain
via a vacuum-drive, FlexCell system, or four-point,
bending models (Zhou et al., 2010; Uzer et al., 2012;
Tucker et al., 2014). However, 2D mechanotransduction
culture systems are acknowledged to have many
drawbacks associated with their relevance to the bone
microenvironment.

3D models of analysis

Aided by advances in biomaterials and tissue engi-
neering, a host of 3D bone cell culture/scaffold material
models have been developed with superior properties to
2D cultures, providing a more realistic spatial environ-
ment for cells to offer behavioural cues and form bone
tissue architectures more reminiscent of those in vivo,
although they may be subjected to the same mechanical
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load modalities as with the 2D cultures. Numerous bio-
materials have been used for the seeding of MSCs and
mature osteoblasts for the assessment of mechano-
transductive responsiveness to various external loading
modalities in 3D culture, including type I collagen,
type I collagen-glycosaminoglycan, hydroxyapatite, tri-
calcium phosphate, ceramics, and polyurethane (Jaasma
and O’Brien, 2008; Dumas et al., 2009; Kim et al., 2012;
Sittichockechaiwut et al., 2009). Further studies have
introduced these 3D constructs into various bioreactor
systems capable of introducing mechanical loads to the
constructs within (Kimelman-Bleich et al., 2011; Bouet
etal., 2015; Hoffmann et al., 2015), whilst an alternative
strategy has been to assess mechanoresponsiveness
utilising various multicellular 3D explant approaches,
including rat bone marrow explants, porcine/bovine
trabecular bone explant, and rabbit cancellous bone
explant culture models for the assessment of mechanical
load responses (Gurkan et al., 2011; Ming et al., 2013;
Birmingham et al., 2015).

Based on these initial 3D model validation successes,
further more sophisticated 3D coculture systems have
also been developed, which more closely resemble and
replicate the in vivo bone microenvironment, which can
be employed to study the responses and interactions of
several cell types to the loads applied. These particularly
include the introduction of a novel osteoblast-osteocyte
coculture system, using seeded osteocytes and osteo-
blasts in a type I collagen scaffold at a ratio mimicking
the in vivo bone environment (Vazquez et al., 2014). As
osteocytes are the principle mechanosensors in bone,
this model for the first time has permitted the elucida-
tion of osteocyte-controlled, osteoblastic bone formation
to be collectively assessed in response to mechanical
loading. The findings of such 3D studies have greatly
expanded the original work using 2D culture model sys-
tems, although further studies are still required to estab-
lish the precise mechanotransduction pathways initiated
in 3D systems, which remain unclear compared to our
understanding of events in 2D environments.

Concluding remarks

Significant advancements have been made in recent
years in basic and applied stem cell biology, biomaterials
and implant developments, nanotechnology, bioreactor
design, tissue engineering, and in technologies enabling

the exogenous electrical and mechanical stimulation
of bone repair and regeneration processes, it is evident
that such strategies offer huge potential for the future
treatment of clinical conditions associated with cranio-
facial bone loss, where issues with existing therapies
have led to the search for alternative cellular and acel-
lular approaches to bone repair enhancement. Within
the varied treatment strategies currently under investi-
gation, MSCs are pivotal to the success of these treat-
ments, either by the enhancement of bone healing
through the restoration of normal endogenous MSC
molecular signalling events and bone repair responses,
or via the delivery of exogenously-derived MSCs to
contribute to bone repair processes where endogenous
MSC responses are impaired or inadequate for the
replacement of larger craniofacial defects. However,
despite advances in key areas, fundamental questions
and challenges still remain. This is particularly true in
terms of the research areas where our knowledge
remains insufficient, partly due to inconsistencies in
experimental approaches leading to variable findings
and conclusions preventing the confirmation of
optimal treatment parameters for the promotion of
bone repair. Such scenarios are confounded by issues
surrounding the validity of certain in vitro and in vivo
experimental models, which has hindered the attain-
ment of consistent and reliable findings, thereby lim-
iting successful therapy translation towards clinical
application. Nonetheless, addressing these existing
inadequacies in preclinical research methodologies will
undoubtedly help facilitate the progression of these
potentially viable treatment options through transla-
tional development and ultimately, to their exploita-
tion for improved clinical outcomes in craniofacial
bone repair.
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The development of alternative treatment modalities
for the management of significant dental tissue disease
or trauma, such as caries, dentinal fractures, periodontal
disease or obtaining biological evidence to support
current clinical treatment regimes is hampered by the
limitations of laboratory model systems currently avail-
able for the study of dental tissue repair. At present this
routinely involves the use of animal models (in vivo) or
simpler in vitro models to investigate the dentine,
periodontal ligament (PDL), and bone repair process.
The problems associated with in vitro (oversimplified
representation of the multicellular complex using a
single-cell system or, at the most, two cell types in the
case of co-cultures and 3D organoid cultures) models
do not account for the important cellular interactions
that occur in vivo and they are unable to recapitulate
the spatial arrangement of cells in vivo and as such can
be severely limiting. In addition, it does not take into
account any possible altered cell behaviour when cells
are cultured on two dimensions on tissue culture
plastic or glass that may limit the relevance of the data
obtained.

In vivo experimentation is always the gold standard in
elucidating tissue regenerative processes that occur dur-
ing dental tissue and bone repair, or tissue responses to
new interventions. However, such animal models have
significant cost implications and usually require large
numbers of animals for each study, which impacts on
the ethical standing of such studies. It can be difficult
to obtain clear data in these in vivo experiments due
to systemic influences, which make investigation of

specific cellular and tissue responses difficult. Ex vivo
culture models have been developed to overcome these
issues and to study a wide variety of developmental,
physiological, and pathological conditions. These ex vivo
models have the advantage over simple cell culture pro-
tocols in that the cells and tissue are cultured in the
same spatial arrangement as would be found in the in
vivo situation, and unlike whole animal studies, the
systemic influences, which often hinder in vivo work,
are removed. This has led to the development of a
number of ex vivo models (Sloan et al., 1998; Sloan and
Smith, 1999; Dhopatkar et al., 2005 Ong et al., 2013;
Roberts et al., 2013). Such ex vivo culture systems are
not uncommon and find use within the tissue engi-
neering and regenerative medicine community. These
models allow cells to be cultured in the spatial arrange-
ment they would be found in vivo but enable multiple
experiments to be performed using the tissue from a
single animal providing an ideal system for investigating
specific biological processes, as well as a promising
alternative to in vivo testing of novel clinical therapeu-
tics (Turner et al., 2002; Graichen et al., 2005). The
organ culture of cartilage has facilitated the under-
standing of cartilage repair (Graichen et al., 2005) and
with respect to mineralised tissues the development of a
tooth slice ex vivo culture system (Sloan et al., 1998;
Sloan and Smith, 1999; Magloire et al., 1996) has
greatly enhanced the understanding of dental tissue
repair processes.

An important application of such models is in the
development and understanding of clinical dental
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techniques, the effect of new tissue repair therapies, and
the effect of new bioactive agents (such as antimicrobial
agents or anti-inflammatory agents). Many popular
composite placement techniques, particularly in rela-
tion to operatively exposed dentine, are not evidence
based and defy common sense. These are mainly “hang
overs” from previous amalgam placement techniques.
An important example of such confusion in contempo-
rary clinical dentistry is the dilemma of “bonding” or
“basing” composite restorations. Following a technique
used with amalgam placement, many practitioners
choose to place a “base” cement under a composite res-
toration to “protect” operatively exposed dentin at the
expense of the mechanical properties of the completed
restoration. However, a growing number of practi-
tioners choose not to use a “base” cement and instead
simply “bond” the composite in place without using a
cement base. There isno real reliable evidence, biological
or clinical, to support the merit of either technique.
Therefore, patients are potentially exposed to risk. Clear
elucidation of the biological effects of such materials via
appropriate model systems is required for proper inves-
tigation. The opportunity also exists to explore the
development and selection of materials, which can drive
dental tissue repair via studying material/dentine inter-
actions in appropriate dentine/pulp complex models.
The ultimate aim of such an approach is to improve
treatment outcomes for patients and retain tooth
viability.

Models for dental tissue regeneration

In vivo, the mineralised dentine, the odontoblast cells,
and the pulpal soft connective tissue are considered a
cooperative functional complex. Various attempts have
been made to culture odontoblasts and other cells of the
pulp in vitro (Nakashima et al., 1991; Bégue-Kirn et al.,
1992, 1994), but these and other previous attempts to
culture odontoblasts in vitro have demonstrated the
need to maintain direct contact between those cells
and the dentine to preserve the cell’s phenotypic
morphology (Munksgaard et al., 1978; Heywood and
Appleton, 1984). The importance of the dentine, espe-
cially the bioactive proteins contained within it, was
clearly demonstrated by the successful culture of mouse
dental papillae with a dentine matrix extract (Begue-
Kirn et al., 1992, 1994). Contact between the papillae

Figure 5.1 Histological appearance of a rodent tooth slice
cultured for 14 days demonstrating maintenance of cell and
tissue architecture and viability. Pulpal cells (p) and the
odontoblast cell layer (od) remain viable during culture.

and the dentine matrix extract led to differentiation of
an odontoblast cell population from the papillae cells
that were in contact with the dentine extract. These
cells were also able to synthesise a new dentine matrix.
In those culture systems, the papillae was embedded in
a semisolid agar-based medium prior to being cultured
at the liquid-gas interface, and it was this successful
organ culture method that was modified to develop a
culture model system for the mature dentine-pulp
complex.

The culture of the dentine-pulp complex of 28-day-old
male Wister rat incisor teeth (Sloan et al., 1998) when
embedded in a semisolid agar-based medium and
cultured in Trowel-type cultures at the liquid-gas inter-
face allowed for culture of the tissue successfully for up
to 14 days with maintenance of the tissue architecture
of the entire tissue complex during culture period
(Figure 5.1). An in vitro model of human dental tissue
repair has also been developed, whereby thick tooth
slices have been cultured in liquid media (Magloire
etal., 1996; Melin et al., 2000). Such tissue organotypic
culture models now facilitate the investigation of
dentinogenesis and tissue repair mechanisms, as the
odontoblasts can be examined within the normal envi-
ronment of the dentine-pulp complex, but in the
absence of the normal inflammatory processes that
occur in vivo. This tooth slice culture system (Protocol
5.1) has been pivotal in understanding the bioactive
nature of the dentine matrix and the role of TGF-f1,
BMP-7, and other growth factors in directing reparative
events in dental tissue repair (Sloan and Smith, 1999;
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10.
11.

12.

Protocol 5.1 Rodent tooth slice culture.

. Prepare supplemented culture media: Dulbecco’s modified Eagle’s medium (DMEM, with ribonucleosides,

deoxyribonucleosides), supplemented with 10% heat-inactivated fetal calf serum, 0.15 mg/mL vitamin C, 200 mmol/L
L-glutamine and 1,000 U/mL penicillin G sodium, 10 pg/mL streptomycin sulfate, and 25 pg/mL amphotericin B.

. Extract upper and lower incisors of sacrificed 28-day-old male Wistar rats, removing soft tissue and bone from outer surface

using a sterile scalpel.

. Temporarily store the incisors in prepared culture media prior to sectioning.
. Using a diamond-edged rotary bone saw, cut 2-mm-thick transverse sections and transfer into a 12-well plate in 2 mL

supplemented DMEM at 37°C, 5% CO, for 4 days, changing the media every 24 h.

. Wash tooth slices in phosphate-buffered saline (PBS), then transfer tooth slices to a fresh sterile washing media at 37°C.
. Prepare embedding medium consisting of 4 mL of supplemented DMEM culture media and 5 mL of sterile 1% low melting

point agar and warm to 45°C until molten. Place 100 pL of embedding media into individual wells of a 96-well plate. Place
one tooth slice into each well and allow the embedding medium to gel by gently cooling to room temperature in a tissue
culture hood.

. When semisolid, remove embedded slices from the wells and transfer to a sterile 0.8-um pore-sized Millipore filter and float

the filter at the liquid-gas interface (surface) of supplemented media in a 24-well dish, creating a Trowel-type culture. The
floating filter can be supported with the aid of a plastic support.

. Slices are cultured at 37°C in a humidified incubator in an atmosphere of 5% CO, in air, in DMEM culture medium containing

all supplements. Medium is changed every 48 h. Mandibles can be cultured in 12-or 24-well plates in 2 mL of culture media.
They may also be cultured in larger 6-well plates or 35-mm culture dishes, where 4 mL of culture can be used.

. After the desired culture time point is reached (e.g., 72 h), fix tooth slices in 2 mL of 10% (w/v) neutral-buffered formalin at

room temperature in the dark for 24 h.

Following fixation, tooth slices are demineralised in 10% (w/v) formic acid at room temperature in the dark for up to 72 h.
Manually dehydrate slices through a series of 50%, 70%, 95%, and 100% alcohols, followed by xylene, prior to embedding
vertically in paraffin wax.

Cut 5-pum sections and stain sections with haematoxylin/eosin (H&E) and view under a light microscope to capture images for

histomorphometry.

square box).

13. Cell numbers can be counted using image analysis software or by manually counting cells in a given area (e.g., 50 pm x 50 pm

Sloan et al., 2000; Melin et al., 2000). Since the first
publications in the late 1990s, this tooth slice culture
system has been further developed for use as a repro-
ducible method for assessing biocompatibility and cyto-
toxicity of novel and existing dental materials (Murray
et al., 2000) and advancing the field of regenerative
endodontics. It has also been essential as an experi-
mental system to investigate the effects of fluoride on
dentine extracellular matrix (ECM) alterations and
subsequent mineralisation (Moseley et al., 2003a,
2003b; Waddington et al., 2004). It is now accepted that
the ECM plays a critical role in mediating the induction
of odontoblast differentiation during tooth development
(reviewed by Smith and Lesot, 2001; Smith et al., 2012)
and also mediates similar processes in dental tissue
repair in the mature tooth.

After injury, the process of reparative dentinogenesis
leads to the differentiation of a new generation of odon-
toblast-like cells, which are recruited and differentiated

from a progenitor cell population from within the pulp.
These newly differentiated cells secrete a tertiary dentin
matrix, and many of these events recapitulate, to
a certain extent, those seen during tooth development
(Smith and Lesot, 2001). The dentine matrix contains
a reservoir of bioactive growth factors that can mediate
these processes, and the functional roles of members of
the TGF-p super-family in reparative dentinogenesis
suggests a possible role in novel therapeutic mediators
or tissue engineering solutions to dental regeneration.
During dental disease or trauma, tissue damage and
inflammation at sites of injury may compromise the
ability of the pulpal ECM to mediate reparative events,
and there may be advantages to providing a suitable
matrix to encourage cell migration and differentiation at
such sites. Recent studies using the tooth slice ex vivo
culture system and a similar human tooth slice system
(using 500-pm-thick longitudinal sections of extracted
human teeth) have demonstrated the ability of the
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bioactive growth factors BMP-7 and TGF-B1 when
added to the slices in solution, or when contained
within alginate hydrogels, to induce odontoblast-like
cell differentiation within the dentin-pulp complex,
with subsequent upregulation of dentine matrix secre-
tion (Sloan and Smith, 1999; Sloan et al., 2000; Dobie
et al., 2002). Our knowledge of dentine regeneration
has improved significantly in recent times. For example,
it was previously thought that pulp capping (application
of a calcium hydroxide-based material to exposed
dental pulp tissue) could stimulate “dentine bridge”
formation, secretion of new calcified tissue. The nature
of this process was unclear and it was thought that
“irritation” of the dental pulp by calcium hydroxide—
containing cements caused recruitment of calcium ions
from pulpal vasculature to help generate this calcified
barrier. Using information gleaned from in vitro tooth
development models (Begue-Kirn et al., 1992, 1994)
and 3D tooth slice tissue culture models (including from
human tissue), we now know that the increased pH of
certain pulp capping agents results in the liberation of
bioactive molecules, such as TGF-B, amongst others,
sequestered within dentin, and/or recruitment of dental
pulp stem cells, which lead to the formation of new
dentin or dentinlike material (Graham et al., 2006;
Tomson et al., 2007; Smith et al., 2012).

Tissue culture models for periodontal
disease and bone destruction

Novel models are required to mimic and advance our
understanding of inflammatory bone destruction during
periodontal disease, as well as provide adequate and
reproducible clinical systems to investigate biological
effects of new therapeutics. Currently, in vivo models
using significant numbers of rodents and primates,
along with in vitro cell culture systems using rodent cells
and genetic knockout mice models are used to investi-
gate inflammatory disease, inflammatory mediated
bone loss, and periodontal disease in particular. Bone
destruction is modelled and investigated using the
in vivo rodent and primate models of experimental peri-
odontitis. The understanding of the role of proinflam-
matory cytokines and bone loss has been modelled
extensively using a primate ligature model to induce
periodontitis and injections of various cytokines deliv-
ered to examine their influence of osteoclastogenesis

and bone resorption (Assuma et al.,, 1998). This well-
established system of inducing clinical periodontitis has
provided evidence of how administration of IL-1a accel-
erates ligature bone resorption in rats (Koide et al.,
1995). Other studies have used similarly well-established
murine models of bone resorption, which is induced by
delivery of high doses of bacterial lipopolysaccharide
(LPS) (Chiang et al., 1999). It is clear that the practice of
infecting and/or immunizing rodents and primates with
potential periodontal pathogens has been a useful tool
to investigate disease progression, inflammatory cell
activity, and tissue destruction.

The different in vivo models available are used to
investigate certain aspects of periodontal disease pro-
gression and associated bone loss. For example, the
rat feeding model is particularly useful when examin-
ing aspects of bacterial behaviour that promote colonisa-
tion and the initiation of periodontal disease (Graves
et al., 2008). The mouse oral gavage model allows
administration of human strains of bacteria in a viscous
suspension to induce reproducible alveolar bone loss.
The use of Aggregatibacter actinomycetemcomitans (feeding
model) and Porphyromonas gingivalis (in oral gavage) to
induce proinflammatory cytokine production and bone
resorption in rats and mice has also been reported (Baker
et al.,, 2001; Graves et al., 2008), and such models have
been useful in understanding the role of immune cells in
the progression of disease (Kawai et al., 2000). Similar
studies have also been performed in nonhuman pri-
mates (Persson et al., 1994) and with experimental peri-
odontitis in a humanised diabetic SCID mouse model
(Graves et al., 2008). Coupled with these specific exam-
ples are the numerous genetic knockout mice that are
used to investigate roles for various cytokines and recep-
tors in inflammatory diseases. Studies using such in vivo
models are numerous (Taubman and Kawai, 2001) and
have been used over many years. Even though such
animal models have limitations, they are still considered
superior to in vitro or clinical studies for addressing
mechanistic questions, and all are currently used in
preference to other models. Current studies investi-
gating the efficacy of the proresolving lipid molecules for
resolving periodontal inflammation use the in vivo
induced experimental models of periodontitis described
above. Studies using the P gingivalis induced experi-
mental rabbit model have demonstrated that the resolvin
RVE1 prevents inflammation and bone loss in these ani-
mals when applied topically (Hasturk et al., 2006, 2007).
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The same rabbit model has also been used to investigate
the efficacy of lipoxins to resolve periodontal inflam-
mation and associated bone loss (Serhan, 2004). Similar
studies using rats where LPS has been used to induce
periodontitis also suggests that polyunsaturated fatty
acid derivatives inhibit disease progression (Vardar
et al., 2005). In addition to these studies, it has also been
suggested that overexpression of the 15-LOX type I
lipoxygenase pathway in transgenic rabbits reduces the
inflammatory phenotype in periodontitis (Van Dyke,
2008). Looking at both of the in vivo models to under-
stand molecular and cellular progression of the disease
or to trial new actives, it is clear that the cost of running
such experiments, the difficulty in obtaining clear data,
and the ethical implications regarding the number of
animals that must be used to look at the many variables
associated with such experiments (time points, dose
points, ‘n’ numbers) suggests that we should be looking
at using more novel, laboratory-based systems in our
investigations and as high-throughput testing systems.
This means we require more appropriate laboratory-
based systems to assess new actives prior to trials for
novel treatments in a living system.

Although there are many in vitro studies of the effects
of cytokines or proresolving molecules on osteoclast
differentiation, results from such studies can be far
removed from the in vivo situation as cell-cell interac-
tion between differing cell types may influence behav-
iour. The use of in vitro assays for rodent primary
alveolar bone cells (Roberts et al., 2008) and PDL cells
allows us to investigate the behaviour of specific cells
and reduces the number of animals being used for
experimentation. However, these cells are difficult to
extract and culture due to the very small area of tissue
being dissected, along with the difficulty in obtaining a
sufficient quantity of cells for culture.

Several ex vivo culture models have been developed to
study a wide variety of developmental, physiological,
and pathological conditions. The development and use
of such models not only provides the ability to carefully
manipulate cells and tissue to fully understand the
biological response, but also addresses the importance of
the three Rs (refinement, reduction, and replacement)
in animal studies as they significantly reduce the
number of animals required for in vivo experimentation.
The organ culture of cartilage has facilitated the under-
standing of cartilage repair and determination of defects
(Graichen et al.,, 2005) and has potential for use in

toxicological research and drug activity (Turner et al.,
2002). Based on the successful culture of rodent tooth
slices, further development of a mandibular slice culture
system (Smith et al., 2010) to investigate periodontal
inflammation and bone destruction has facilitated the
development of an ex vivo culture that supports the
differentiation, proliferation, and activity of fibroblasts,
osteoblasts, osteoclasts, and immune system cells within
cultured slices of mouse mandible (Taylor et al., 2008).

The system utilises murine hemi-mandibles from 12-
week-old male CD1 mice. Similar cultures can also be
created from mandible slices from 4-week-old Wistar
rats (Protocol 5.2). As with the tooth slice culture
model, here 2-mm-thick slices of rodent mandible are
cultured in Trowel-type cultures at the liquid-gas inter-
face, which, as betore, allows the culture of cells and
tissue in situ, providing a natural tissue environment
to allow cells to be successfully cultured in 3D for up to
14 days. Although some reduction in cell numbers has
been reported, there is good viability and architecture of
the cells and tissues within the mandible slice during all
culture periods (Figure 5.2), and no significant alter-
ations in the numbers of dividing cells suggests viability
is not significantly compromised by extended culture.
Expression of bone matrix proteins, including bone sia-
loprotein and osteopontin, are maintained during
culture with no significant alterations in expression
within the cells and tissue of the PDL or surrounding
alveolar bone (Sloan et al., 2013). Importantly, the
system supports the culture of osteoclasts present
within the tissue slice, specifically within the PDL.
Although the number of tartrate resistant form of acid
phosphatase (TRAP) positive osteoclasts was small,
numbers did not significantly decrease with extended
culture. It was also demonstrated that an inflammatory
response can be invoked in the system, when stimu-
lated appropriately with bacterial LPS or proinflamma-
tory cytokines (e.g., IL-1p, TNFa). Such stimulation
leads to increases in osteoclast cell numbers within the
slice and ultimately loss of tissue architecture and via-
bility of ligament fibroblasts (Figure 5.3). Decreases in
bone sialoprotein expression also appeared to be LPS
dependent. Increases in monocytes and neutrophils
within the system and the synthesis and secretion of
inflammatory cytokines by resident cells in response to
LPS and proinflammatory cytokine stimulation have
also been noted, and such cytokine responses have also
shown to have been mediated by the addition of
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Protocol 5.2 Mandible slice culture.

Transport and washing media: DMEM, supplemented with 200 mM L-glutamine, 1% penicillin/streptomycin solution
(containing 10,000 units penicillin and 10 mg/mL streptomycin) is used for all culture procedures.

Embedding media: A semisolid agarose gel composed of 4 mL DMEM containing all the supplements as above and 5 mL sterile
1% low melting point agar (type VIl agarose)

Culture media: DMEM containing all the supplements as above, with 10% heat inactivated fetal calf serum and 0.15 mg/mL
ascorbic acid

1. Carefully dissect mandibles from freshly sacrificed 10-12-week-old male CD-1 mice or 28-day-old male Wistar rats and remove
all soft tissue (mucosal tissue, muscle) using sterile scalpel and dissection tools. Once free of all soft tissue, place in sterile
transport medium.

2. Cut dissected mandibles on a diamond edged rotary bone saw, using washing media as a coolant and a segmented blade
(which reduces tearing of tissue at hard/soft tissue interface).

3. First, remove the ramus, coronoid process, and lower molar teeth with the bone saw and discard to create a planar surface.
This is achieved by holding the mandible at the incisor end and applying soft pressure to the bone saw to remove the condyle
and molars. Holding the incisor end of the mandible, section the remainder of the mandible into transverse slices of between
1 and 1.5 mm thickness. Store freshly cut slices in sterile washing medium.

4. Wash mandible slices several times in washing medium at 37°C.

5. Warm the embedding medium at 45°C until molten and place 100 pL into individual wells of a 96-well plate. One mandible
slice is placed into each well and the embedding medium is allowed to gel by gently cooling to room temperature in the tissue
culture hood.

6. When semisolid, remove embedded slices from the wells and transfer to a sterile 0.8-um pore-sized Millipore filter. Place the
filter at the liquid-gas interface of 2 mL supplemented DMEM in a 12- or 24-well plate creating a Trowel-type culture. A plastic
support can be used to facilitate floating of the filter on the surface of the culture medium.

7. Slices are cultured at 37°C in a humidified incubator in an atmosphere of 5% CO, in air, in DMEM culture medium containing
all supplements. Medium is changed every 48 h. Mandibles can be cultured in 12-or 24-well plates in 2 mL of culture media.
They may also be cultured in larger 6-well plates or 35-mm culture dishes, where 4 mL of culture can be used.

8. Immediately postculture, fix mandibles in 10% (w/v) neutral buffered formalin for 24 h and then demineralise in 10% formic
acid (v/v). When demineralising mandible slices, tissues are placed in a universal tube and 10 mL of acid added. Tubes are
placed on a shaker and demineralised over a 48-72 h period with acid changed daily.

9. Following demineralisation, process slices for routine histological examination by thorough dehydration through a graded
series of alcohols (50%, 70%, 95%, 100%), follow with xylene, and finally embed in paraffin wax. Cut sections of tissue at
5 um for staining with haematoxylin and eosin.

10. It is possible to cryopreserve the slices of tissue following culture for cryo-sectioning if that method is preferred. Again, 5-pm
sections should be prepared using the cryostat.

Figure 5.2 A culture rat mandible slice after 14 days in culture. Cells and tissues of the alveolar bone (b), periodontal ligament
(pdl), and pulp (p) show good viability following culture.
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Figure 5.3 Loss of cell viability and tissue structure of the
periodontal ligament in a culture mandible slice following
stimulation with bacterial lipopolysaccharide.

anti-inflammatory cytokines. The model therefore pro-
vides a 3D organotypic tissue slice system, which can be
carefully manipulated to induce local inflammatory
cytokine-mediated cell responses and thus the potential
to understand how the complex multicellular tissue
responds to such insults.

The system also provides an environment that sup-
ports insertion/transplantation of osteoclasts and cells
of the innate immune system into the PDL tissue by
microinjection, and allows for differentiation into oste-
oclasts. These transplanted cells can be observed through
long-term culture by tracer fluorescence labelling. Here,
preosteoclasts, isolated via nonadherence to tissue
culture plastic following bone marrow aspirates and
overnight stimulation with M-CSF, were labelled with a
cell tracker dye and 100 cells injected into the ligament
of a murine mandible slice using a small-gauge needle.
Cultures were maintained for 14 and 21 days in media
supplemented with RANKL and M-CSE Following
culture, TRAP-positive multinuclear cells could be iden-
tified in areas within the mandible slice that correlated
with red tracer fluorescence in the same sections exam-
ined with fluorescence microscopy. The microinjec-
tion of preosteoclasts within this ex vivo system may
provide a viable model for generating a localised
inflammatory response using cells and tissue from the
same species and also, if required, the same animal
source. Regeneration or engineering of tissues within

compromised or inflamed areas is challenging, and
being able to recreate such an environment benefits not
only investigations into novel treatment modalities for
inflammatory mediated diseases such as periodontal
disease, but also the development of new methods to
engineer and regenerate tissues in situ.

Appropriate culture systems
for pulpal infection

The unique nature of the pulpal extracellular matrix is
of particular importance when considering models of
pulpal infection and disease, as it provides a specific sur-
face for bacterial attachment and acts as a reservoir of
growth nutrients. Two-dimensional monolayer culture
experiments are often inadequate for endodontic
research models, so in vivo models are often favoured.
Additionally, researchers advocate the use of these
models to allow for both development of pathogenesis
models and effectiveness of new materials, agents, and
surgical procedures. In vivo systems usually involve sur-
gical exposure of the dental pulp and inoculation with
infective material. This material may be in the form of
dental plaque or a bacterial species isolated from the
oral cavity and cultured in vitro (Friedman et al., 1997;
Balto et al., 2002; Tawil et al., 2009; Yildrim et al., 2011).
One such model has been presented using baboons
(Cleaton-Jones et al., 2004), where occlusal cavities
were cut in all 16 primary molars of the animals in order
to expose the pulp. They were then covered with human
dentine with advanced caries to infect the pulps or inoc-
ulated directly with Streptococcus mutans grown in vitro.
The infective material was sealed into the exposed pulp
for 14 days before the animals were sacrificed and pulpal
histology examined. Although there are a number of
primate studies into pulpitis, it is more common for in
vivo models to utilise dogs and mice (Ribeiro Sobrinho
et al., 2002), and similar studies using beagle dogs
induce pulpal infection through inoculation of surgi-
cally exposed pulp with supragingival plaque. The use
of in vivo models for the testing of endodontic antimicro-
bial and filling materials is also widespread. These may
be carried out on animals that have not been experi-
mentally infected and are used to assess the effect of the
filling material on the success of the restoration
(Wadlivaara et al., 2012). However, there are also models
that have been developed where experimental pulpitis
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1.

Protocol 5.3 Quantifying cell counts and bacteria on an ex vivo rat tooth co-culture infection model.

Prepare supplemented culture media: DMEM, with ribonucleosides, deoxyribonucleosides, supplemented with 10% heat
inactivated fetal calf serum, 0.15 mg/mL vitamin C, 200 mmol/L L-glutamine and 1,000 U/mL penicillin G sodium, 10 pg/mL
streptomycin sulfate, and 25 pg/mL amphotericin B.

. Extract upper and lower incisors of sacrificed 28-day-old male Wistar rats, removing soft tissue and bone from outer surface

using a sterile scalpel.

. Temporarily store the incisors in prepared culture media prior to sectioning.
. Using a diamond-edged rotary bone saw, cut 2-mm-thick transverse sections and transfer into a 12-well plate in 2 mL

supplemented DMEM at 37°C, 5% CO, for 4 days, changing the media every 24 h.

. Wash tooth slices in PBS then transfer tooth slices to a fresh sterile 12-well plate with 2 mL of supplemented media without

antibiotics and incubate for a further 24 h.

. Inoculate bacteria of interest (e.g., S. anginosus, S. constellatus, E. faecalis) in Brain Heart Infusion (BHI) broth and incubate at

37°C, 5% CO, until the log growth phase is reached (e.g., 4 h).

. Dilute broth culture to 10? colony-forming units (CFUs)/mL (based on optical density measurements and colony counts).
. For fluorescence visualisation of bacteria, add 20 pL of 1% fluorescein diacetate (FDA) in acetone per milliliter of bacterial

9. Pass bacterial suspension through a 0.22-um filter unit.

5% CO,.

temperature in the dark for 24 h.

in paraffin wax.

cells in a given area (e.g., 50 pm x 50 pm square box).

suspension and incubate in the dark for 30 minutes at 37°C, 5% CO,.

10. Resuspend bacteria captured on the filter unit in supplemented media without antibiotics and with 10% BHI.
11. Culture tooth slices in media containing bacteria or sterile supplemented media with 10% BHI as controls in the dark at 37°C,

12. After desired time point is reached (e.g., 24 h) fix tooth slices in 2 mL of 10% (w/v) neutral-buffered formalin at room

13. Demineralise in 10% (w/v) formic acid at room temperature in the dark for 72 h.
14. Dehydrate slices through a series of 50%, 70%, 95%, and 100% alcohols, followed by xylene, prior to embedding vertically

15. Cut 5 pm sections and visualise under a fluorescent microscope using a FITC filter to quantify fluorescent bacteria.
Alternatively, stain sections with haematoxylin/eosin (H&E) and view under a light microscope to quantify cell numbers.

16. Fluorescent bacteria can be quantified by percentage area coverage using image analysis software (e.g., Image), COMSTAT)
and by applying appropriate thresholds. Cell numbers can be counted using image analysis software or by manually counting

is induced prior to treatment with the material being
tested (Otani et al., 2011). Despite the severity of such
studies, conclusions drawn often do not advance the
understanding of the pathological processes involved in
pulpitis, and demonstrate only that exposure to infec-
tive materials produces abscesses and pulp hyperaemia.

Alternative models employ in vitro methods using
pulpal fibroblast cells grown in 2D monolayer culture
on tissue plastic but are an oversimplified representa-
tion of the clinical situation. In addition to lacking the
characteristics of the extracellular matrix, they also fail
to consider the multicellular dentine-pulp complex and,
as has been mentioned previously in this chapter, the
interactions that occur in vivo between cells.

In an attempt to overcome the limitations assoc-
iated with these different approaches, a number of
ex vivo model systems have been introduced, the aim
of which is to provide a robust, clinically relevant,

laboratory-based model system. As many of the in vivo
studies investigate only the local responses of the tissues
and not those of the systemic inflammatory response, it
is reasonable that they could be replaced by an ex vivo
tooth slice model. The culture conditions of the tooth
slice culture model of Sloan and colleagues (1998) have
been modified so that it allows successful culture of both
mammalian cells/tissues and Streptococcus anginosus spp.
and Enterococcus faecalis, bacteria that are implicated in
purulent pulpal infections. By culturing the tooth slices
in a culture medium consisting of DMEM and 10%
Brain Heart Infusion broth, bacteria can be inoculated
onto the tooth slice prior to culture for up to 48 hours
(Protocol 5.3). This unique mix of bacterial culture
broth and a standard tissue culture medium demon-
strated bacterial growth was maintained under mam-
malian cell culture conditions and enabled the co-culture
of Streptococcus anginosus group (SAG) bacteria on tooth
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Figure 5.4 Attachment of Streptococcus anginosus group bacteria to a tooth slice following 24 hours in culture. Histological staining
(a) indicates small microcolonies of bacteria adhering to and invading the tissue (arrows), and this is confirmed through observa-

tion of fluorescein diacetate positively stained bacteria (b).

slice sections to provide an ex vivo model of pulpal infec-
tion (Roberts et al., 2013). Histological analysis demon-
strated that tooth slices cultured with SAG bacteria
showed small concentrated areas of bacterial attach-
ment (Figure 5.4). Incubation of the bacteria prior to
inoculation with fluorescein diacetate allowed for
further examination of bacterial attachment to the tis-
sues during culture (Figure 5.4). Green fluorescence
staining of the bacteria confirmed bacterial attachment
to the tooth slice during culture and corresponded with
areas of bacteria observed through histological staining.
These focal points of attachment were seen to increase
in size as the period of incubation with the bacteria was
extended, suggesting that, following attachment to the
pulp tissue, SAG bacteria were able to divide and repro-
duce. It is also likely that planktonic bacteria in the
medium were able to attach to those bacteria already
fixed onto the pulpal matrix, as progressive attachment
of Streptococci bacteria has been extensively reported.
Streptococci bacteria have also been previously shown to
express multiple adhesins that allow them to attach to
other microbial species and host cells. This model is use-
ful for investigating the importance of the ability of SAG
bacteria to attach directly to the pulp tissue, which may
be the mechanism by which further invasion by other
bacteria is mediated. Certain species of bacteria may not
directly adhere to the pulpal matrix but are able to
attach to the adhesins on the surface of the SAG bacteria.

The model has also demonstrated potential use for
investigating host cell/tissue responses to invading
bacteria. The small, focussed colonisation of bacteria on
the tooth slice seen in the histological examination and

fluorescein diacetate staining of the SAG-infected tooth
slices appeared to be associated with a breakdown of the
pulpal matrix. This loss of matrix was observed as an
absence of staining between fibroblasts in the histolog-
ical sections and was particularly pronounced in the
areas immediately surrounding the bacterial infection
sites. Such areas of matrix loss suggested that the
attached bacteria were having a localised effect on the
surrounding tissues. This matrix loss was not observed
in nonbacterial control cultures, and it has been postu-
lated that this may be a direct result of the bacterial
attachment and growth disrupting the matrix or, more
likely, an indirect effect caused by soluble factors such as
enzymes that are produced by the attached bacteria and
secreted into the surrounding area (Jacobs and
Stobberingh, 1995). It has also been possible to quantify
host cell viability during the culture period, and a direct
effect on viable cell numbers within cultured tissues
caused by SAG infection was noted, with cell counts
showing that there was a significant decrease in num-
bers of viable pulpal cells during culture. In addition,
real-time polymerase chain reaction demonstrated an
increase in proinflammatory cytokine production as a
result of SAG inoculation (Roberts et al., 2013; Natarajan
etal., 2013), which indicates that cells within the model
respond to the introduction of SAG bacteria into the
system (Protocol 5.4). This ex vivo pulpal infection model
therefore can be considered to accurately represent
events that occur in vivo. This is significant when consid-
ering a model to use for testing new antimicrobial or
anti-inflammatory treatments. These cytokines are
often produced in vivo by cells such as macrophages and
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Protocol 5.4 Assessing gene expression of an ex vivo rat tooth co-culture infection model.

1.

Perform steps 1-3 in Protocol 5.3.

2. Using a diamond-edged rotary bone saw, cut 4-mm-thick transverse sections and transfer into a 12-well plate in 2 mL

supplemented DMEM at 37°C, 5% CO, for 4 d, changing the media every 24 h.

3. Wash tooth slices in PBS then transfer tooth slices to a fresh sterile 12-well plate with 2 mL of supplemented media without
antibiotics and incubate for a further 24 h.

4. Inoculate bacteria of interest (e.g., S. anginosus, S. constellatus, E. faecalis) in Brain Heart Infusion (BHI) broth and incubate at
37°C, 5% CO, until the log growth phase is reached (e.g., 4 h).

5. Dilute broth culture to 10® CFUs/mL (based on optical density measurements and colony counts).

6. Add this to supplemented media without antibiotics to produce a final concentration of 10% BHI and 10? CFUs/mL of bacteria.

7. Culture tooth slices in media containing bacteria or sterile supplemented media with 10% BHI as controls at 37°C, 5% CO,.

8. After desired time point is reached (e.g., 24 h), transfer tooth slices to sterile PBS in a fresh 12-well plate.

9. Using a needle and syringe, extirpate the pulp by flushing PBS through the pulpal chamber.

10. Transfer the pulp into appropriate solutions for downstream RNA extraction (e.g., Qiagen kits or Trizol methods).

T-lymphocytes, but due to the lack of a circulatory
system in this model they are most likely to be produced
by the pulpal fibroblasts themselves, in addition to any
immune cells residing within the pulp at the time of
culture. The ability to quantify the damage caused to
cells in the tooth slice as a result of incubation with SAG
bacteria, along with the ability to investigate bacterial
adherence to pulpal matrix, provides a model for the
study of pulpal infection in a carefully controlled system.
The success of creating a culture environment where
clinical bacterial isolates can be co-cultured on living
mammalian tissues provides an exciting template for
further development to investigate periodontal path-
ogen behaviour on living periodontal tissue cells on the
full mandible slice culture system.

Modelling of dental pulp stem cell
behaviour in 3D systems

Mesenchymal progenitor cells (MPCs), multipotent cells
from which connective tissues arise, are currently the
focus of intense scientific interest from the standpoint of
medicine and tissue

regenerative engineering.

Harnessing the MSC population to initiate repair has
types,
including teeth, bone, and the cardiovascular system
(Richardson et al., 2010; Huang et al., 2010; Hilfiker
et al.,, 2011). There have been many investigations

wide-ranging implications in many tissue

directed at characterising the behaviour of these cells,
particularly the ways in which a multipotent population
of cells is maintained in fully differentiated tissues, and

how this population can be isolated and directed to
differentiate into complex tissues and organs (Arthur
et al., 2009; reviewed in Chapter 3). In vivo models used
to investigate the potential of MPCs for tissue engi-
neering often involve the implantation of progenitor
cell-impregnated matrices into animals, primarily rats,
mice, and rabbits. The explants are then removed after
the animals are sacrificed and the amount of cell
differentiation or ectopic tissue development assessed—
this is considered to be the “gold standard” approach.
Other models of MPC differentiation involve defect-
repair models, in which animals are subjected to an
injury, which is then treated by injecting of progenitor
cells and/or the insertion of an explant. Overall, this is
not a satisfactory scientific approach to understanding
the mechanisms of mesenchymal progenitor cell biology
and their role in tissue engineering. I vivo experimenta-
tion is widely applied because the surrounding ECM in
which MPCs reside is considered critical in the mainte-
nance of their multipotency and in regulating their
recruitment and differentiation (Abdallah and Kassem,
2009). Thus, the 2D monolayer cultures could be consid-
ered an oversimplification. The understanding of how a
complex 3D tissue environment is involved in the main-
tenance of MPCs in a quiescent progenitor cell state, and
at the same time are primed to respond to tissue damage,
is crucial to the development of new tissue regeneration
treatment modalities. At present, these critical cell/
that
function are not clearly understood, and there remains a

matrix interactions influence progenitor cell
need for better cellular model systems that enable

careful and systematic examination of MPC niches.
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In addition, the possibility for developing more physio-
logically relevant 3D model systems for use in in vitro
high-content screening highlights exciting opportunities.

In the context of clinical translation, the ex vivo man-
dible slice organ culture model systems described in this
chapter have great application in the area of biomate-
rial testing. When considering the ability of a given
material or population of cells to drive pulpal repair or
regeneration, it is advantageous to expose them directly
to intact dental pulp tissue, thereby directly modelling
both cellular and acellular approaches to oral tissue
engineering.

To take a recent example, Colombo and colleagues
(2015) used the ex vivo mandible slice model to observe
the interactions of an enriched population of green
fluorescent protein (GFP) expressing rat dental pulp-
derived progenitor cells (DPPCs) with the dentine-pulp
complex. GFP DPPCs were clonally isolated from “green
rats” that ubiquitously express GFP under the control
of a chicken B-actin promoter, using the fibronectin-
adhesion method. These cells, which were characterised as
belonging to a mesenchymal lineage through biomarker
expression and population kinetics, continually express
GFP throughout culture, allowing them to be tracked in
real time, without fixation. This enriched population of
GFP DPPCs was injected using a 35-gauge microneedle
into the incisor pulp of rat mandible organ culture slices.
Over 7 days, injected cells were observed at several time
points to spread out, colonise the cut surfaces of the
dentine, and begin to exhibit significant changes in
morphology, aligning and becoming elongated. By
utilizing the rat mandible organ culture model, the
movement and interactions of a characterised DPPC
population in their native 3D extracellular matrix envi-
ronment have been observed. Such model systems have
the potential to elucidate the mechanisms by which
specific populations of cells involved in the repair and
regeneration of the dentine-pulp complex migrate and
differentiate in situ, informing various strategies in
regenerative endodontics and oral tissue engineering.
Whilst this report is preliminary, it is exciting to specu-
late that this dynamic organ culture model, where
delivery of MPCs can be tracked in terms of their migra-
tion and differentiation, may prove to be useful in
further exploring MPC biology and function and to
address questions that conventional 2D in vitro culture
systems cannot. This is specifically important regarding
the influence of the ECM and growth factors on

”

maintaining “stem-ness,” and determining cell-lineage
fates and cell responses to tissue injury.

Similarly, this organ culture approach has been used
to observe the interactions between intact pulp tissues
and a bioactive tissue engineering scaffold system,
allowing the interactions of both primary odontoblasts
and other pulp cells with injectable multidomain pep-
tide hydrogels (MDPs) to be observed. Moore and col-
leagues (2015) injected an MDP hydrogel containing
both an RGDS cell adhesion sequence and an MMP-2
vulnerable cleavage site into both the odontoblast space
and central pulp of the rat mandible slice model. These
scaffolds were delivered by 35-gauge microneedle in a
continuous column through the entire 2-mm height of
the mandible slice incisor pulp, so as to maximise
contact with the relevant pulpal area in a 3-dimensional
sense. Over 10 days, standard histological techniques
revealed that odontoblasts in contact with the injected
scaffold were preserved in terms of their appropriate
histological architecture and secretory activity, depos-
iting DSPP into the MDP scaffold, which also showed
early signs of partial mineralisation. By contrast, MDP
scaffolds injected centrally into the pulp showed partial
degradation, with MMP-2 expression at early time
points and remodelling, with pulp extracellular matrix
markers expressed by invading pulp cells. In controls
where either the injection of phosphate-buffered saline
or an endodontic file physically ablated comparable por-
tions of the odontoblast layer, widespread pulp cell
death was observed, possibly due to alterations in the
mechanical support structure of the pulp tissue, which
were prevented by the application of the MDP scaffold.
Thus, important observations were made about the
nature of the reactions of two distinct pulpal regions to
the MDP scaffold system. Further information regarding
the potential importance of the mechanical support
provided by the anatomical arrangement of the dentine-
pulp complex on pulp vitality was also gleaned, due to
the complexity of this model system over more tradi-
tional systems involving the in vitro culture of isolated
cell populations.

The use of organ culture model systems has therefore
opened up a number of exciting possibilities for transla-
tional research in pulp repair/regeneration by granting
the ability to closely observe the interactions of relatively
intact pulp tissue with both enriched dental pulp
progenitor cell populations and a sophisticated tissue
engineering scaffold system. While ex vivo organ culture
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systems will most likely not serve as perfect alternatives
to the traditional in vivo experiments associated with
translating bioactive materials into clinical practice, they
may serve an important role as less costly alternatives,
allowing the delivery and observation of potentially
regenerative cell populations and matrices into complex
native tissue environments.

Acknowledgements

Several of the studies discussed within this chapter were
supported by research grants from the NC3Rs, MRC,
EPSRC, and Heath and Social Care Wales.

References

ABDALLAH, B. M., & KASSEM, M. 2009. The use of mesen-
chymal (skeletal) stem cells for treatment of degenerative
diseases: current status and future perspectives. J Cell Physiol,
218(1), 9-12.

ARTHUR, A., ZANNETTINO, A., & GRONTHOS, S. 2009. The
therapeutic applications of multipotential mesenchymal/
stromal stem cells in skeletal tissue repair. J Cell Physiol,218(2),
237-45.

ASSUMA, R., OATES, T., COCHRAN, D. AMAR, S. &
GRAVES, D. 1998. IL-1 and TNF antagonists inhibit the
inflammatory response and bone loss in experimental peri-
odontitis. J Immunol, 160, 403-9.

BAKER, P. J.,, GARNEAU, J., HOWE, L., & ROOPENIAN, D. C.
2001. T-cell contributions to alveolar bone loss in response to
oral infection with Porphyromonas gingivalis. Acta Odontol
Scand, 59, 222-5.

BALTO. H., WHITE, R., MUELLER, R., & STASHENKO, P. 2002.
A mouse model of inflammatory root resorption induced by
pulpal infection. Oral Surg Oral Med Oral Pathol Oral Radiol
Endod, 93(4), 461-8.

BEGUE-KIRN, C., SMITH, A.J., RUCH, J. V., et al. 1992. Effects
of dentin proteins, transforming growth factor beta 1 (TGF
beta 1) and bone morphogenetic protein 2 (BMP2) on the
differentiation of odontoblast in vitro. Int J Dev Biol, 36,
491-503.

BEGUE-KIRN, C., SMITH, A. J., LORIOT, M., KUPFERLE, C.,
RUCH, J. V., & LESOT, H. 1994. Comparative analysis of
TGF-fs, BMPs, IGF1, msxs, fibronectin, osteonectin and
bone sialoprotein gene expression during normal and in
vitro-induced odontoblast differentiation. Int J Dev Biol, 38,
405-20.

CHIANG, C., KYRITSIS, G., GRAVES, D., & AMAR, S. 1999.
Interleukin-1 and tumor necrosis factor activities partially
account for calvarial bone resorption induced by local injec-
tion of lipopolysaccharide. Infect Immun, 67, 4231-6.

CLEATON-JONES, P., DUGGAL, M., PARAK, R., WILLIAMS,
S., & SETZER, S. 2004. Pulpitis induction in baboon primary
teeth using carious dentine or Streptococcus mutans SADJ,
59(3), 119-22.

COLOMBO, J. S., HOWARD-JONES, R. A., YOUNG, E I,
WADDINGTON, R. J., ERRINGTON, R. J., & SLOAN, A. J.
2015. A 3D ex vivo mandible slice system for longitudinal
culturing of transplanted dental pulp progenitor cells.
Cytometry A, 87(10), 921-8.

DHOPATKAR, A. A., SLOAN, A. J., ROCK, W. P, COOPER, P.
R., SMITH, & A. J. 2005. A novel in vitro culture model to
investigate the reaction of the dentine-pulp complex to
orthodontic force. J Orthod, 32, 122-32.

DOBIE, K., SMITH, G., SLOAN, A. J.,, & SMITH, A. J. 2002.
Effects of alginate hydrogels and TGF-f1 on human dental
pulp repair in vitro. Conn Tiss Res, 43, 381-6.

FRIEDMAN, S., TORNECK, C. D.,, KOMOROWSKI, R.,
OUZOUNIAN, Z., SYRTASH, P., & KAUFMAN, A. 1997. In
vivo model for assessing the functional efficacy of end-
odontic filling materials and techniques. J Endod,23(9),
557-61.

GRAHAM, L., COOPER, P. R., CASSIDY, N., NOR, J. E., SLOAN,
A.J., & SMITH, A. J. 2006. The effect of calcium hydroxide
on solubilisation of bio-active dentine matrix components.
Biomaterials, 27(14), 2865-73.

GRAICHEN, H., AL-SHAMARI, D., HINTERWIMMER, S., VON
EISENHART-ROTHE, R., VOGL, T., & ECKSTEIN, E. 2005.
Accuracy of quantitative magnetic resonance imaging in the
detection of ex vivo focal cartilage defects. Am Rheum Dis, 64,
1120-5.

GRAVES, D. T.,, FINE, D., TENG YEN-TUNG, A., VAN DYKE,
T. E., & HAJISHENGALLIS, G. 2008. The use of rodent
models to investigate host-bacteria interactions related to
periodontal diseases. J Clin Periodontol, 35(2), 89-105.

HASTURK, H., KANTARCI, A., GOGUET-SURMENIAN, E.,
BLACKWOOD, A., ANDRY, C., SERHAN, C. N., & VAN
DYKE, T. E. 2007. Resolvin E1 regulates inflammation at the
cellular and tissue level and restores tissue homeostasis
in vivo. J Immunol,179, 7021-9.

HASTURK, H., KANTARCI, A., OHIRA, T., ARITA, M.,
EBRAHIMI, N., CHIANG, N., PETASIS, N. A., LEVY, B. D.,
SERHAN, C.N., & VAN DYKE, T. E. 2006. RvE1 protects from
local inflammation and osteoclast-mediated bone destruction
in periodontitis. FASEB J, 20, 401-3.

HEYWOOD, B. R., & APPLETON, J. 1984. The ultrastructure of
the rat incisor odontoblast in organ culture. Archs Oral Biol,
29, 327-9.

HILFIKER, A., KASPER, C., HASS, R., & HAVERICH, A. 2011.
Mesenchymal stem cells and progenitor cells in connective
tissue engineering and regenerative medicine: is there a
future for transplantation? Langenbeck’s Archives of Surgery,
396(4), 489-97.

HUANG, G. T., YAMAZA, T., SHEA, L. D., DJOUAD, E, KUHN,
N. Z.,, TUAN, R. S., & SHI, S. 2010. Stem/progenitor cell-
mediated de novo regeneration of dental pulp with newly



108 Chapter 5

deposited continuous layer of dentin in an in vivo model.
Tissue Engin Part A, 16(2), 605-15.

JACOBS, J. A, & STOBBERINGH, E. E. 1995. Hydrolytic
enzymes of Streptococcus anginosus, Streptococcus constellatus and
Streptococcus intermedius in relation to infection. Eur J Clin
Microbiol Infect Dis, 14(9), 818-20.

KAWAI, T. EISEN-LEV, R., SEKI, M., EASTCOTT, J. W,
WILSON, M. E., & TAUBMAN, M. A. 2000. Requirement of
B7 costimulation for Thl-mediated inflammatory bone
resorption in experimental periodontal disease. J Immunol,164,
2102-9.

KOIDE, M., SUDA, S., SAITOH, S., OFUJI, Y., SUZUKI, T.,
YOSHIE, H. TAKAI, M., ONO, Y., TANIGUCHIL Y, &
HARA, K. 1995. In vivo administration of IL-1 beta acceler-
ates silk ligature induced alveolar bone resorption in rats. J
Oral Path Med, 24, 420-34.

MAGLOIRE, H., JOFFRE, A., & BLEICHER, F. 1996. An in vitro
model of human dental pulp repair. J Dent Res, 75, 1971-8.
MELIN, M., JOFFRE-ROMEAS, A., FARGES, J. C., COUBLE,
M. L., MAGLOIRE, H., & BLEICHER, FE. 2000. Effects of
TGFbetal on dental pulp cells in cultured human tooth slices.

J Dent Res,79(9), 1689-96.

MOORE, A. N., PEREZ, S. C., HARTGERINK, J. D., D’'SOUZA,
R.N., & COLOMBO, J. C. 2015. Ex vivo modeling of multido-
main peptide hydrogels with intact dental pulp. J Dent Res,
94(12), 1773-81.

MOSELEY, R., SLOAN, A. J.,, WADDINGTON, R. J.,, SMITH,
A.J., HALL, R. C.,, & EMBERY, G. 2003a. The influence of
fluoride on the cellular morphology and synthetic activity of
the rat dentine-pulp complex in vitro. Archs Oral Biol, 48,
39-46.

MOSELEY, R.,, WADDINGTON, R. J., SLOAN, A. J.,, SMITH,
A.J., HALL, R. C., & EMBERY, G. 2003b. The influence of
fluoride exposure on dentin mineralisation using an in vitro
organ culture method. Calcif Tiss Int, 73, 470-5.

MUNKSGAARD, E. C., RICHARDSON, W. S. I, & BUTLER,
W. T. 1978. Biosynthesis of phosphoprotein by rat incisor
odontoblast in in vitro culture. Archs Oral Biol, 23, 583-7.

MURRAY, P. E., LUMLEY, P. J,, ROSS, H. F, & SMITH, A. J.
2000. Tooth slice organ culture for cytotoxicity assessment of
dental materials. Biomaterials, 21, 1711.

NAKASHIMA, M. 1991. Establishment of primary cultures of
pulp cells from bovine permanent incisors. Archs Oral Biol, 36,
655-63.

NATARAJAN, N., ROBERTS, J.,, SLOAN, A. J., LYNCH, C.,
MAILLARD, J. Y., & DENYER, S. P. 2013. Characterisation of
pulpal response to Streptococcus anginosus group bacterial
supernatant J Dent Res, 92(Spec Iss B), 88.

ONG, S. L., GRAVANTE, G., METCALFE, M. S., & DENNISON,
A. R. 2013. History, ethics, advantages and limitations
of experimental models for hepatic ablation. World
J Gastroenterol, 19(2), 147-54.

OTANI, K., SUGAYA, T., TOMITA, M., HASEGAWA, Y., MIYAJ], H.,
TENKUMO, T., TANAKA, S., MOTOK], Y., TAKANAWA, Y., &

KAWANAMI, M. 2011. Healing of experimental apical
periodontitis after apicoectomy using different sealing mate-
rials on the resected root end. Dent Mater J, 30(4), 485-92.

PERSSON, G. R. ENGEL, D.,, WHITNEY, C., DARVEAU, R.,
WEINBERG, A., BRUNSVOLD, M., & PAGE, R. C. 1994.
Immunization against Porphyromonas gingivalis inhibits
progression of experimental periodontitis in nonhuman
primates. Infect Immun, 62, 1026-31.

RIBEIRO SOBRINHO, A. P, DE MELO MAILTOS, S. M., FARIAS,
L. M., DE CARVALHO, M. A., NICOLL J. R., DE UZEDA, M.,
& VIEIRA, L. Q. 2002. Cytokine production in response to
endodontic infection in germ-free mice. Oral Microbiol
Immunol, 17(6), 344-53.

RICHARDSON, S. M., HOYLAND, J. A, MOBASHERI, R.,
CSAKI, C., SHAKIBAEI, M., & MOBASHERI, A. 2010.
Mesenchymal stem cells in regenerative medicine: opportu-
nities and challenges for articular cartilage and intervertebral
disc tissue engineering. J Cell Physiol, 222(1), 23-32.

ROBERTS, H. C., MOSELEY, R., SLOAN, A. J., YOUDE, S. J.,
STRINGER, B. M. J, & WADDINGTON, R. J. 2008.
Lipopolysaccharide alters decorin and biglycan synthesis in
alveolar bone osteoblasts: consequences for bone repair dur-
ing periodontal disease. Eur J Oral Sci, 116, 207.

ROBERTS, J. L., MAILLARD, J. Y., WADDINGTON, R. J.,
DENYER, S. P, LYNCH, C. D, & SLOAN, A. J. 2013.
Development of an ex vivo coculture system to model pulpal
infection by Streptococcus anginosus group bacteria. J Endod,
39(1), 49-55.

SERHAN, C. N. 2004. Clues for new therapeutics in osteopo-
rosis and periodontal disease: new roles for lipoxygenases?
Expert Opin Ther Targets, 8, 643-52.

SLOAN, A.J., SHELTON, R. M., HANN, A. C.,, MOXHAM, B. J.,
& SMITH, A. J. 1998. An in vitro approach for the study of
dentinogenesis by organ culture of the dentine-pulp complex
from rat incisor teeth. Arch Oral Biol, 43, 421-30.

SLOAN, A.J., & SMITH, A. J. 1999. Stimulation of the dentine-
pulp complex of rat incisor teeth by transforming growth
factor-beta isoforms 1-3 in vitro. Arch Oral Biol, 44, 149-56.

SLOAN, A. J.,, RUTHERFORD, R. B., & SMITH, A. J. 2000. In
vitro stimulation of the dentine-pulp complex by BMP-7.
Archs Oral Biol, 45, 173-7.

SLOAN, A. J., TAYLOR, S. Y, SMITH, E. L., ROBERTS, J. L.,
CHEN, L., WE], X. Q., & WADDINGTON, R. J. 2013. A novel
ex vivo culture model for inflammatory bone destruction.
J Dent Res, 92(8), 728-34.

SMITH, A. J., & LESOT, H. 2001. Induction and regulation of
crown dentinogenesis embryonic events as a template for
dental tissue repair. Crit Rev Oral Biol Med, 12, 425-37.

SMITH, A.J., SCHEVEN, B. A., TAKAHASHI, Y., FERRACANE,
J. L., SHELTON, R. M., & COOPER, P. R. 2012. Dentine as a
bioactive extracellular matrix. Arch Oral Biol, 57(2), 109-21.

SMITH, E. L., LOCKE, M., WADDINGTON, R. J., & SLOAN, A.
J. 2010. An ex vivo rodent mandible culture model for bone
repair. Tissue Eng Part C Methods, 16(6), 1287-96.



Tissue culture models and approaches for dental tissue regeneration 109

TAUBMANN, M., & KAWAI, T. 2001. Involvement of
T-lymphocytes in periodontal disease and in direct and
indirect bone resorption. Crit Rev Oral Biol Med,12, 125-35.

TAWIL, P. Z.,, TROPE, M., CURRAN, A. E., CAPLAN, D. J.,
KIRAKOZOVA, A., DUGGAN, D. J., & TEIXEIRA, F. B. 2009.
Periapical microsurgery: an in vivo evaluation of endodontic
root-end filling materials. J Endod, 35(3), 357-62.

TAYLOR, S. Y., SMITH, E. L., WADDINGTON, R. J., WEIL X. Q.,
& SLOAN, A. J. 2008. Development of an ex vivo mandible
model of local inflammation. J Dent Res, 87 (Spec Iss C), 0302.

TOMSON, P. L., GROVER, L. M., LUMLEY, P. J,, SLOAN, A. J.,
SMITH, A. J., & COOPER, P. R. 2007. Dissolution of bio-
active dentine matrix components by mineral trioxide
aggregate. J Dent, 35(8), 636-42.

TURNER, D. J., HOYLE, S. L., SNEWIN, V. A., GARES, M. P,
BROWN, L. N., & YOUNG, D. B. 2002. An ex vivo culture
model for screening drug activity against in vivo phenotypes
of Mycobacterium tuberculosis. Microbiology, 148, 2929-35.

VAN DYKE, T. E. 2008. The management of inflammation in
periodontal disease. J Periodontol, 79, 1601-8.

VARDAR, S. BUDUNELI, E. BAYLAS, H. BERDELI, A. H.,
BUDUNELI N., & ATILLA, G. 2005. Individual and combined
effects of selective cyclooxygenase-2 inhibitor and omega-3
fatty acid on endotoxin-induced periodontitis in rats.
J Periodontol, 76, 99.

WADDINGTON, R. J.,, MOSELEY, R., SMITH, A. J., SLOAN,
A. J., & EMBERY, G. 2004. Fluroide-induced changes to
proteoglycan structure synthesised within the dentine-pulp
complex in vitro. Biochem Biophys Acta, 1689, 142-51.

WALIVAARA, A., ABRAHAMSSON, P, ISAKSSON, S.,
SALATA, L. A., SENNERBY, L., & DAHLIN, C. 2012. Periapical
tissue response after use of intermediate restorative material,
gutta-percha, reinforced zinc oxide cement, and mineral
trioxide aggregate as retrograde root-end filling materials: a
histologic study in dogs. J Oral Maxillofac Surg, 70(9),
2041-7.

YILDRIM, S., CAN, A., ARICAN, M., EMBREE, M. C., & MAO,
J. J. 2011. Characterization of dental pulp defect and repair
in a canine model. Am J Dent, 24(6), 331-5.



CHAPTER 6

Industrial translation requirements
for manufacture of stem cell-derived
and tissue-engineered products

Ivan Wall'?, David de Silva Thompson', Carlotta Peticone!, and Roman Perez?

! University College London, London, United Kingdom

2 Institute of Tissue Regeneration Engineering (ITREN), Dankook University, Cheonan, Republic of Korea

The emerging regenerative medicine field has significant
potential to change health care delivery in the 21st
century. A great deal of fundamental work has already
delivered proof of concept that tissue engineering and
stem cell-derived products can benefit patients with dis-
eases that conventional medicine cannot treat. There
are limitations, however. Primarily, stem cell culture
methods and tissue engineering approaches typically
adopted in biology labs are not scalable, yet scalability is
key to ensuring commercial manufacturing success and
delivery to clinic.

Biochemical engineering adopts the strapline “trans-
lating discovery into reality,” drawing on the fact that
phenomenal biologic discoveries require industrial
translation in order to deliver a consistently high-quality
product using scalable and standardised manufacturing
tools. More often than not, discovery science is not scal-
able and so to ensure patients benefit from scientific
advances, consideration for manufacturability needs to
be considered as early as possible in the product
development cycle. This is particularly true for stem cell-
based and tissue engineering therapies, which as living
products are susceptible to change caused by the impact
of manufacturing processes. This chapter will consider
the challenges for manufacturing and potential solutions
to deliver new tissue-engineered products to the clinic.

The penicillin story...and beyond

An early example of how industrial translation made
critical improvements to scalable production and
provided near-unlimited access to a medicine is the
development of penicillin. Despite penicillin being dis-
covered growing on a petri dish at St Mary’s Hospital,
London, UK, in 1928, the discovery science for pro-
ducing penicillin was not scalable. Consequently, more
soldiers died in World War II due to infected wounds
than were killed directly on the battlefield. Penicillin
was not available in the necessary quantities to treat all
injured soldiers who required it, and so nurses would
collect urine from soldiers who had been treated to
harvest nonmetabolised penicillin. Later, in the 1950s
and 1960s, key industrial process steps were developed
that led to the scalable manufacture of large batches of
penicillin, and the manufacturing process transitioned
from petri dishes to large stainless steel vessels with
advanced downstream purification and formulation.
From the 1970s onwards, similar development hur-
dles were successfully overcome for other biologic prod-
ucts such as monoclonal antibodies and recombinant
therapeutic proteins. In the 21st century, we face the
same challenges, this time for stem cell-derived and
tissue-engineered products. Again, we start at the lab
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scale, typically growing cells and tissue constructs in
small T-flasks and multiwell plates. However, we now
face a different type of challenge insomuch as human
cells as a product are living rather than chemical-based
compounds or protein-based molecular agents. As a
living product, all stages of the manufacturing pathway
can impact the cell and potentially change important
characteristics that define product potency.

What is manufacturing scale?

Manufacturing scale is the appropriate scale to generate
the desired amount of clinical-grade product in a cost-
effective way. Unfortunately, there is no single defined
process to achieve this. There is a big distinction bet-
ween autologous and allogeneic therapies with respect
to manufacturing and quality control requirements
(Figure 6.1). It will also depend on multiple other
factors such as the type of cells to be used (e.g., adult
multipotent versus pluripotent cells) and the disease
indication to be treated, and therefore the number of
cells required to treat that indication. Many different

Autologous

Allogeneic

‘

Drug product
One manufacturing run=one patient treated

QcC
Higher proportion of manufacturing costs

Master cell bank | %=
Working cell bank

I o ||

Drug product
One manufacturing run=many patients treated
QC
Significantly lower proportion of manufacturing costs

clinical indications are currently being investigated
with respect to application of cell therapy (including
tissue engineering), and the cell quantities required
range from 10° cells per dose for macular degeneration
to potentially 10° cells per dose for liver disease and
graft versus host disease (clinicaltrials.gov). For tissue
engineering to produce dental tissue, the cell quantities
needed are less well defined, as they will depend largely
on the size of the defect and nature of the biomaterial
scaffold used.

The types of cell culture technology used to acquire
the necessary cell numbers will change as production
scale increases (Figure 6.2). For smaller scale production
and autologous therapies, T-flasks (including multilay-
ered flasks) alone may be suitable for cell product man-
ufacture if preparing a relatively small number (~10%) of
cells. For larger quantities (e.g., lots of ~10'° cells),
hyperflasks and cell factories may have greater applica-
tion. For larger lot sizes, translation to alternative
platform technologies, such as hollow fiber bioreactors
or microcarrier-based cell culture in stirred tank biore-
actors are predicted to be the most sustainable tech-
nology platforms for standardised manufacture of large

Figure 6.1 Autologous versus allogeneic
manufacture affects the scale and the
impact on quality control (QC)
requirements and relative cost
proportion of the whole manufacturing
process. For the cartoon left, there
would be three manufacturing “runs”
for the autologous therapy and
individual QC associated with each. Yet
for the allogeneic therapy, potentially
only one manufacturing run to
produce multiple doses of drug
substance. Typically, for a batch of cells
derived for allogeneic therapy, the cost
of performing QC analysis will be
significantly lower than for autologous
therapy. (Adapted from Brandenberger
etal., 2011.)
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Bioreactor type \

Design/Properties

Two-Dimensional

Tissue culture
flask

)

Polystyrene flask with optimized
base surface for enhanced cell
attachment. Canted neck offers
improved access to cell monolayer.
Sizes available vary from 25 cm? to
225cm?.

Three-Dimensional

Hollow
fibre

Media
in

Small tube-like filters within a
cartridge which have medium
pumped through to cells growing in
the intercapillary space or
surrounding it. A semipermeable
membrane allows selective transfer
from the flowing media to the
cellular compartment; modelled
around the mammalian circulatory
system.

Rotating wall

-]
e o 0
(=]

Ooot

A rotating 3D chamber keeps cells
suspended in near free-fall,
simulating microgravity conditions.
These low-shear-stress bioreactors
provide a well-mixed environment
for cell growth as well as efficient
gas transfer.

Stirred tank

Fully controlled stirred-tank
bioreactors provide control of the
culture environment, essential for
effective reproducible stem cell
cultivation. They can be adapted to
different type of bioprocesses and
accommodated to different 3D cell
culture strategies.

Wave

Wave motion

Single-use bioreactor for use with
nonadherent cell culture.
Mechanically agitated to
homogenously provide nutrients
and oxygen, either by a rocking
or shaking platform.

Perfusion

Growth

Chamber

To enhance stem cell metabolism and
further improve culture performance,
different operation modes can be
adopted, such as perfusion system.

Figure 6.2 Bioreactor technologies and their utility in cell culture at different scales.
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quantities of cell material (Simaria et al.,, 2014).
However, the reality of achieving this scale of cell
expansion, whilst retaining desired cell characteristics,
is still to be seen. It is likely that automation of processes
will play a significant part, due to removal of operator
bias and process variability inherent in manual
processing (Brindley et al., 2013).

Requirements for manufacture

One of the reasons that manufacture is deemed to be
inadequate using bench-scale technologies such as
T-flasks hinges on the fact that bench-scale cell culture
methods are typically manually intensive and not stan-
dardised. On this basis, the cell product itself will poten-
tially exhibit high variability, as product attributes are
dictated both by input materials (including the start cell
population, culture reagents, etc.) and upstream manu-
facturing processes. To develop a commercially feasible
product, a quality target product profile (QTPP) needs to
be defined that characterises the nature of the product
in terms of physical and functional characteristics.
Defining a QTPP helps to ensure that whatever manu-
facturing process changes are made, the target product
still meets a minimum specification. This is important
because cells can be very sensitive to changes in
processing platforms, and if the product characteristics
change out of specification, then the product will be
unusable.

Traditionally, cells used for dental and maxillofacial
tissue engineering have been characterised in manual
T-flasks processes in static culture conditions. To meet
manufacturing demands of protocol standardisation,
in-process control, and reduced risk of contamination,
all of which are critical to ensure the best chance of
commercial success, it will be necessary to translate
these manual T-flasks processes to controlled bioreactor
systems. Understanding the target product and defining
the QTPP will ensure that the cell product specification
is within limits after translation. Bioreactor technol-
ogies that benefit from control systems and monitoring
capabilities will therefore be important for manufacture
of clinical-grade material. In the case of generating hard
tissue, such as bone for dental and maxillofacial surgery,
a significant benefit is that bioreactors would not need
to approach the 10s to 1000s of liters scale used for
manufacture of biologics such as recombinant proteins

and monoclonal antibodies. They would, however,
need to enable perfusion of cell-seeded scaffold struc-
tures to promote adequate mass transfer throughout
the entire scaffold, as nutrient gradients lead to incon-
sistent cell growth and differentiation (Volkmer et al.,
2008) (see Protocol 6.1, as well as Protocols 3.4 and 4.4
in Chapters 3 and 4, respectively, for methodological
protocols).

An argument for bioreactors

Bioreactors have been subject to extensive investiga-
tion for bone tissue engineering. By enabling control of
oxygen and nutrient supply to cells within scaffolds in
the bioreactor, specific environmental conditions can
be achieved and maintained (Chao et al., 2007). This is
critical for producing cells in a way that minimises the
impact of the process environment on product vari-
ability as much as is possible. Gradients in nutrients
and metabolites that accumulate in static T-flasks cre-
ate microenvironment fluctuations that exacerbate the
intrinsic biologic variability in the source cell material.
There are many benefits of using bioreactors in this
respect. First, bioreactors generally allow for incorpo-
ration of monitoring capabilities, so that key physico-
chemical parameters (temperature, O,, CO,, pH) can be
measured in process by sensors, or at least allow for
sampling by the operator to make off-line measure-
ments. Second, and closely linked, is the ability to
incorporate control technologies. These can enable
feedback or feed-forward control of the cell culture
through programmable responsiveness to internal dis-
turbances (e.g., nutrient depletion, endogenous pro-
tein secretion, etc.) (Kirouac and Zandstra, 2008). For
example, a fed-batch stem cell culture process could be
designed such that a change in lactate or pH levels
detected by the sensor invokes delivery of a defined
unit of fresh nutrients. A third significant advantage
is the (mostly) reduced need for manual operations
during the culture, as these are a major source of
failure in cell culture processes due to contamination
risk and intra-/inter-operator variability in manual
processing. Even subtle differences in pipetting of cell
material (rate of flow and number of passes in the
pipette) or other minor deviations from the standard
operating procedure can culminate in phenotype drift
and loss of characteristics, especially with increasing
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time in culture; such would be the case when expand-
ing larger quantities of cells for allogeneic cell therapy.

Typically, for dental or maxillofacial treatments, the
cells will be autologous and used for precision medicine
applications tailored to the unique requirements of the
individual patient. Therefore, sustained long-term cell
expansion will likely not be required, since the cell
source will not have to be expanded to produce hun-
dreds or thousands of treatments per lot. However,
consideration of how best to incorporate cells with
delivery materials (e.g., biomaterial scaffolds) should be
considered early in the process, to meet the unique
physical dimension specifications of the individual
patient defect.

Bioreactors for cell therapy

There are many types of bioreactors that can be applied
to the manufacture of cells for dental tissue engineering.
When compared with static cell culture processes, it
would appear that choosing stirred or perfusion systems
that create a homogeneous environment and allow

control over critical process parameters would be simple.
However, choosing the best bioreactor technology from
multiple alternatives is tricky as there are so many differ-
ent platforms (Table 6.1, modified from Rodrigues et al.,
2011). There are also potential compromises due to
hydrodynamic shear stress experienced by cells at high
media flow rates. Certainly in the case of suspension-
adapted cells used in the production of biologics, hydro-
dynamic shear has been typically reported to be a severe
limitation (Garcia-Briones and Chalmers, 1994). For
expanding cells in stirred systems, the vortices created at
the tips of rotating impellers can create bubbles that are
damaging to cell membranes (Papoutsakis, 1991; Garcia-
Briones and Chalmers, 1992). The geometry, position,
and rotation speed of the impeller are all factors, and
other instrumentation such as sensors, probes, spargers,
and baffles also disturb flow patterns and can potentially
cause damage (Gilbertson et al., 2006). Therefore,
understanding the impact of hydrodynamic shear on the
cell product and the limits of feasibility in terms of
maximal agitation or flow rates can greatly improve
manufacturing success by ensuring critical levels of
hydrodynamic shear stress are not breached.

Table 6.1 Bioreactor comparisons. Modified from Rodrigues et al. (2011).

Bioreactor Type Advantages

Disadvantages

Stirred
suspension with microcarriers

Easily monitored and controlled
Simple operation protocol

Low cost

Roller bottles

WAVE
Bioreactor ™
manufacture and easier to validate.

Hollow-fibre Cells subjected to low levels of shear stress

Rotating wall Efficient gas transfer
Cells subjected to low levels of shear stress
Continuous removal of toxic metabolites

High cell yields achieved

Parallel plate

Fixed and
fluidised bed

Compatible with 3D scaffolding

structure

Homogenous culture conditions and can be used

Disposable technology that minimises cleaning
requirement. Therefore more suitable for GMP

Cellular interactions exhibit comparability to in vivo

Cells subjected to hydrodynamic stress due to agitation
Cell/microcarrier agglomeration may occur

Complex monitoring and control required

Technology suited for anchorage cell cultures
Concentration gradients minimised; however, still persist
Relative difficulty in monitoring and sampling

Capital expenditure considerably high

Monitoring and control not simple

Difficult to scale up technology

Concentration gradients formed and therefore
heterogeneous environment

Complex system that is not easy to scale up

Effect of removing secreted factors not fully
characterised

Hydrodynamic effects of vessel structure unknown
Scaling up is challenging

Shear stress may damage cells

Concentration gradients of nutrients and metabolites
(fixed bed)
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Bioreactors that typically exploit large surface area
(e.g., via microcarriers or hollow fibres for cell expan-
sion processes, or biomaterial scaffolds for tissue engi-
neering) can also limit the negative impact of multiple
rounds of enzymatic detachment during serial passaging
of cells by allowing a longer single expansion phase to
achieve high density (Majd et al., 2011) for subsequent
production of engineered tissue.

Bioreactors for controlling hard
tissue formation

By controlling the rate of flow of nutrient-rich media,
development of osteogenic cell characteristics can be
improved beyond simple biochemical signaling alone
(Marolt et al., 2010). As well as improving mass trans-
port, mechanical stimulation by fluid flow shear stress
can activate mechano-transduction pathways by pro-
ducing tension at the site of integrin binding to extracel-
lular matrix (ECM) ligands (Lee et al., 2008). The
integrin-mediated signaling induces downstream
activation of ERK1/2 and consequent upregulation of
osteogenic gene expression (Weyts et al., 2002; Kapur
et al., 2003). Perfusion bioreactor systems consistently
yield improved osteogenic induction and maturation in
mesenchymal cells (Frohlich et al., 2010; Grayson et al.,

2008; Sikavitsas et al., 2003).

Process considerations

Understanding the relationship between process condi-
tions and the final product is important for reducing risk
of the product not meeting specification (Ratcliffe et al.,

Uncontrolled
factors

KPIV

Key process input
variables

Process

Inherent statistical
variation

2011). For a single process or unit operation during
manufacture of a cell/tissue-engineered product, there
will be multiple different variables in terms of input
material (cells, media, growth factors, or serum). Other
factors such as operator variability, physicochemical
parameters (gradients in nutrients, metabolites, pH,
oxygen, etc.) all contribute. Some factors can be
controlled (e.g., standardised operator training, auto-
mation, etc.), but there are still uncontrolled variables
(e.g., variability in biologic material). There will also be
inherent statistical variation within the process simply
because of the nature of the material you are working
with and the fact that there will always be some varia-
tion in what is measured. Consequently, the output will
be the product of all these different types of variability
(Figure 6.3).

Critical process parameters in tissue engineering
manufacturing refer to the process conditions that, if
not controlled, can result in a deviation of the product
away from its approved specification. These can gener-
ally be considered as factors determining the quality of
the input material and key parameters to be monitored
throughout the manufacturing process.

Input material

Tissue engineering typically combines cells with a bio-
material scaffold, supplemented with biologic molecules
that can elicit specific biological responses. All these
factors represent critical input components.

Cell source

The first critical step will be identifying a suitable cell
source to deliver a robust product. Many different
candidate cell populations have been identified for

Figure 6.3 Diagram representing, in its
simplest form, the inputs to a unit
operation that affect the output product.
(From Ratcliffe et al., 2011. Reprinted
with permission from Oxford

University Press.)
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dental and craniofacial tissue engineering, as dis-
cussed in the accompanying chapters (Inanc and
Elcin, 2011). A second consideration is whether
autologous or allogeneic material will be used.
Autologous cells are advantageous in terms of immu-
nocompatibility, yet there are limitations with respect
to yield and quality of cells obtained from a biopsy
(Sensebe et al.,, 2011). The interpatient variability in
cell material can make manufacturing challenging,
because standardised processing and a one-size-fits-all
approach will not take into account differences in cell
quality that could result in different growth rates, loss
of predicted function, and varying sensitivity to pro-
cess conditions. With autologous samples, it is also
more difficult to predict whether target product spec-
ifications will be met. More emphasis is needed to
create in-process measurement systems to ensure
products will meet specification with reduced risk of
failure. Additionally, isolating autologous stem cells
requires a source of easily accessible cells, preferably
without the need for surgery or at least using mini-
mally invasive techniques. On the other hand, alloge-
neic therapy using cells from a universal donor could
lead to off-the-shelf availability. However, the main
drawback with allogeneic tissue is the risk of immune
rejection. All things considered, the current preferred
choice of source material for dental tissue engineering
applications is tissue-specific adult stem cell material
from an autologous source (Lymperi et al.,, 2013;
Inanc and Elcin, 2011).

The most easily accessible sources of dental-specific
stem cells are those from the adult dental pulp and
the periodontal ligament (Lymperi et al., 2013), as
discussed in Chapters 1, 3, and 7. Dental stem cells
from deciduous teeth, SHEDs, are also easily acces-
sible; however, only recently has the practice of iso-
lating and banking them for potential therapeutic
exploitation been established, while DFSCs (dental
follicle stem cells) and SCAPs (stem cells from apical
papilla) can only be isolated if the third molar is
present (Lymperi et al.,, 2013). Alternative sources
of mesenchymal cells, such as the bone marrow or
even oral mucosa, may also have utility for dental
tissue engineering applications
2008).
population must first be effectively isolated, purified,

(Bluteau et al.,

Regardless of cell source, the selected

and characterised, and needs to be free of any
contaminants.

Scaffold and signaling molecules

Scaffolds are temporary matrixes that mimic the 3D
tissue environment onto which cells are able to attach,
proliferate, and differentiate (Hollister, 2005). These are
designed to be biocompatible, presenting specific
physical and chemical cues to direct cell fate and to
migrate throughout the scaffold. Among the physical
cues, surface chemistry, topography, or stiffness are
known to play a key role in controlling cell fate (Perez
et al., 2013). Furthermore, the scaffolds should present
a highly porous structure with interconnected pores
to allow proper cell penetration and tissue ingrowth
and thus enhance the overall regenerating process
(Karageorgiou and Kaplan, 2005). While these parame-
ters are directed to control the cell fate, the composition
and porosity of the scaffolds dictate the degradability,
which should be tuned to match the generation of new
tissue in the site of implantation (Alsberg et al., 2003).
Regarding their composition, scaffolds are mainly com-
posed of polymeric and ceramic materials as well as
combinations of these two. Typical examples of poly-
meric scaffolds are the degradable polylactic and poly-
caprolactone scaffolds, whereas calcium phosphate and
silica-based materials are examples of their ceramic
counterparts (Perez et al., 2013). The versatility of the
materials and the increasing numbers of processing
techniques, such as electrospinning, 3D printing, salt
leaching, or emulsions, allow the production of differ-
ent scaffold architectures and morphologies such as
nanofibres, microspheres, or 3D plotted scaffolds that
may be tuned to match the physical properties of the
host tissue (Hollister, 2005).

Besides the physical cues, chemical cues are thought
to be an attractive system to control the cell fate through
chemical signaling (Perez et al., 2013). This can mainly
be achieved through the tethering of molecules on the
surface of the scaffold, or by directly incorporating
biological molecules in the bulk or surface of the scat-
fold (Perez et al., 2013). Surface tethering is mainly
based on the surface modification of scatfolds to expose
proteins or their active motifs (e.g., peptides) on the
surface. These motifs and proteins are generally
designed to allow enhanced cell adhesion through inte-
grin recognition, although these can also be designed to
enhance cell proliferation or differentiation (Perez
et al., 2013). On the other hand, chemical cues may
also be delivered in the form of molecules from the
scaffold into the cell receptors in order to induce specific
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cell behavior. For instance, growth factors, drugs, or
genes can easily be incorporated in the bulk or the sur-
face of the scaffolds to allow a safe and controlled
delivery. Depending on the types of molecules incorpo-
rated, these can mainly play a role in controlling cell
fate or decreasing inflammation/infection after implan-
tation. Whilst the number of growth factors is very vast
and will depend on the target tissue (e.g., fibroblast
growth factors or transforming growth factors, among
other growth factor families), chemical drugs have
shown similar functions regardless of the tissue, mainly
decreasing inflammation (e.g., ibuprofen), infection
(e.g., gentamicin), or even being able to increase cell
differentiation and regeneration (e.g., dexamethasone)
(Perez et al., 2013). Recently, ions with therapeutic
properties have also been considered a very promising
route to direct cell fate or to decrease infection at the
site of the defect. For instance, ions such as cobalt and
copper have been shown to increase angiogenesis,
whereas zinc has been shown to decrease bacterial
infection (Mourino et al., 2012). The release of these
signaling molecules and ions is therefore of great impor-
tance, and designing the scaffolds to allow their delivery
at specific time points in a controllable fashion is also
likely to be critical.

Finally, the aforementioned characteristics should be
in harmony with an efficient and easy fabrication of
the material in a cost-effective manner. Of great impor-
tance is matrixes that are easy to sterilise and that can
be easily implanted in the operating theater. In the
presence of biologically active molecules, these processes
need to be controlled to maintain the molecules biolog-
ically active whilst being fully purified to avoid side
effects. Furthermore, the production process should be
reproducible and validated (Hutmacher, 2001).

Manufacturing process

Once the input materials have been selected, a robust
manufacturing platform needs to be established. Most
tissue-engineered products are manufactured at the
bench scale, using manual rather than automated
methods (Wendt et al., 2009). As sterility plays a key
role throughout the manufacturing process, all opera-
tions need to be performed under aseptic conditions.
Therefore, transition to automated cell-culture plat-
forms would significantly reduce the risk of contamina-
tion compared to manual handling. Automation also
ensures the establishment of a closed, reproducible, and

operator-independent system, thus creating potential
for large-scale manufacturing (Wendt et al., 2009).

In tissue engineering manufacturing, the first compo-
sitional step requires homogenous seeding of cells onto
the 3D scaffold (Wendt et al., 2009). Traditional methods
of manually applying cells on top of the scaffold under
static conditions are severely limited due to lack of
reproducibility and nonuniform distribution of cells
throughout the scaffold. Dynamic cell seeding in a bio-
reactor has consistently proven a more successful and,
importantly for commercial manufacture, cost-effective
alternative, leading to more homogenous and stan-
dardised cell distribution (Wendt et al., 2009). Several
bioreactor configurations can be adopted such as spinner
flask, rotating wall, and perfusion bioreactors. As an
example, since the formation of a bio-tooth requires
interactions between multiple cell types, the ratio bet-
ween epithelial and mesenchymal stem cells (Bluteau
et al., 2008), the seeding sequence (Honda et al., 2007),
and cell distribution and compartmentalisation within
the scaffold are of pivotal importance.

Once the cells are attached to the scaffold, the
operating parameters need to be carefully monitored
throughout the production phase. The culture media
and any additional growth or differentiation factors
need to be tested for sterility and ideally should be non-
animal derived. Also, the feeding gas mixture and vessel
temperature need to be set, monitored, and controlled.
Dynamic culture conditions are critical for maintaining
3D engineered tissues. If a uniformly seeded scatfold is
then cultivated under static conditions, cells will mainly
accumulate at the periphery of the construct, while a
necrotic core will form at the center (Partap et al., 2010).
Thus, bioreactors play a key role in maintaining mass
transfer, in the form of nutrient supply and waste
removal throughout the entire construct.

From a commercial manufacturing perspective,
understanding and controlling the engineering environ-
ment is critical, and process operating parameters typ-
ical of any mammalian cell culture that need to be
monitored include pH, temperature, pressure, flow rate
(and associated shear stress), dissolved oxygen and
carbon dioxide, and metabolite levels in the media.
However, for engineering human tissues that are more
complex and physically sensitive products compared
with mammalian cell cultures traditionally used in fer-
mentation processes to make monoclonal antibodies,
other more complex measurements need to be made.
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Parameters such as cell morphology or phenotype,
secreted ECM composition and, in the case of stem cells,
potency need to be linked to manufacturing conditions
that affect them. For example, hydrodynamic shear
stress can stimulate cell differentiation (Brindley et al.,
2011). Particularly for dental tissue engineering, it is
important to monitor the composition and distribution
of secreted ECM through the biomaterial scaffold
throughout the culturing period (Wendt et al., 2009),
due to the fundamental role of correct deposition and
distribution of acellular matrix components in recapitu-
lating odontogenesis.

Monitoring the consequence
of culture expansion

As previously discussed, the derivation of a tissue-
engineered product has required the development of cell
culture technology leading to the production of large cell
numbers from a small piece of tissue providing the
cell source. As highlighted in Chapter 3, these cells are
likely to represent a heterogeneous population of cells
relative to their mesenchymal stem cell (MSC) characte-
ristics. Consequently, MSCs with high and low prolifera-
tive potential are likely to be present in the same culture,
and continued and extensive proliferation of transit
amplifying cells will lead to the loss of multipotentiality
towards a bi- or unipotent cell. Continued culture may
also lead to the development of cell senescence. The
change in the characteristics of the MSC population is also
highly dependent upon the culture conditions, including
fluctuations in oxygen tension, nutrient supply, and pH.
Cellular senescence describes a deteriorative process
in which mitotic activity of cells decreases, although
cells may still survive (Campisi and d’Adda di Fagagna,
2007). Cellular senescence may also be known as
cellular aging or replicative senescence. The reduced
proliferative activity of senescent cells is essentially irre-
versible and often associated with several senescent
markers that collectively can indicate the presence
of this cell status in at least some of the cell population.
Measurement of the proliferative activity and MSC char-
acteristics can be performed through the measurement
of colony-forming efficiency and population doublings
(see Protocol 6.1). Senescent cells generally fail to form
colonies, and population doublings fall to below 0.5
when determined over a week. However, formation of

small colonies is also a feature of MSCs that are becoming
unipotent. However, it is also now well accepted that
there is an inverse relationship where cell proliferation
is decreased during maturation of the osteoblast pheno-
type and synthesis of bone (Malaval et al., 1999), and
thus reduced proliferative activity does not necessarily
indicate cellular senescence. Here, cellular morphology
and size may also be used to assess differentiation status,
with differentiated osteoblasts exhibiting a more
rounded cell with branched morphology (Sjostrom
et al., 2009). In addition, increased cell size is also asso-
ciated with cellular senescence (Campisi and d’Adda di
Fagagna, 2007). Continued culture may see the reestab-
lishment within the culture of MSCs with higher prolif-
erative activity, higher in the hierarchical structure of
the MSC population (see Chapter 3 for fuller expla-
nation). Equally, senescent-inducing stimuli are poten-
tially oncogenic, and cancer cells can develop if they
acquire mutations that facilitate avoidance of the effect
of telomere-dependent senescence.

Establishment of differentiation of MSCs towards
osteoblast activity can be established through detection
of the appropriate differentiation markers at gene and
protein level (see Protocols 3.4 and 4.4 for suggested
methodological protocols). Cellular senescence can be
further inferred through analysis of cells for a broad
range of senescent markers, many of which can be
analysed through various techniques involving anal-
ysis of genes, DNA, and enzymatic activity (see Protocol
6.2 for suggested approaches). A signiticant feature of
senescent cells is the reduction in the telomere length.
Located at the termini of chromosomes, telomeres are
proposed protect them from degradation or fusion by
DNA-repair processes. Shortening of the telomeres
leads to malfunction, triggering classical DNA damage
response. Human telomeres range from 10 to 15 kb in
length, a size that does not indicate cellular senescence
(Campsi and d’Adda di Fagagna, 2007). Cellular senes-
cence leads to growth arrest, which can be measured
through changes in the expression levels of several cell
cycle proteins. Due to the interplay of many of these
regulatory factors and signalling pathways, assess-
ments should necessarily focus on a broad range of
factors. Other classical features of senescent cells are
their resistance to chemically induced apoptosis and
the increase in the lysosomal beta-galactosidase in
senescent cells, both of which can be measured using
commercially available kits.
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1. Colony-forming efficiency

for formation will identify fast-forming colonies.

colonies increases dramatically.

camera.

(Malaval et al., 1999, Sj6strém et al., 2009).

Protocol 6.1 Determination of proliferative activity and differentiation status of MSCs.

o Seed cells into 6-well culture plates at a density between 4000 and 2000 cells/cm?, dependent upon proliferative activity

of cells. If colonies are large and merge together after 4 days, reduce seeding density. Culture in media used previously.
Count colonies at 6, 12, and 14 days. For better viewing, fix cells with 3.7% formaldehyde, wash with PBS (phosphate-
buffered saline) and stain with 1% rhodanile blue. Count colonies of greater than 32 cells using a light microscope and
calculate as a proportion of the original cell number seeded.

Count colonies of 32 cells or more; recording cells less than or more than 2 mm in diameter along with the number of days

Abortive colonies can be determined by counting 2-3 cells, 4-7 cells, 6-15 cells, and 16-31 cells (Jones and Watt, 1993).
As cells age or become terminally differentiated, the colony-forming efficiency decreases and the number of abortive

2. Determining the population doublings of cells

e At each passage count the number of viable cells. If necessary, detach cells with Accutase solution (Sigma-Aldrich) following
manufacturer’s instruction. To a 10-uL aliquot of cell suspension add 30 pL of 0.4% trypan blue stain. Count cells using a
Haemocytometer by light microscopy. Calculate the population doubling (PD) using the formula

PD=(log10[total cell count obtained]-log10[total cell count reseeded]) / log10(2).

e Determine the PD at several passages and plot the cumulative PD against cumulative time in culture. Senescence is proposed
to be achieved when PD <0.5/week. The proliferation of terminally differentiated osteoblasts is also reduced.

¢ Note that PDs can only be qualitatively compared. Statistical comparison is not possible as each PD is determined for a single
population and the date of the culture passage is usually different for each cell population. Multiple PDs can be plotted on
the same graph to demonstrate a repeated cumulative PD growth curve.

3. Determination of cell size throughout proliferative lifespan

¢ Take series of images of the cells throughout their proliferative lifespan using phase contrast microscope attached to a digital

¢ Using Image J, outline the peripheral borders and perimeter of the cell and calculate their surface area.
¢ Enlargement of cell area is a possible indication of cell aging. The induction of a branched cell morphology with large focal
adhesions and organised actin cytoskelton has been correlated to cells with increased potential for osteogenic differentiation

Final product: critical quality
attributes

In manufacturing terms, the product does not just refer
to the cells or engineered tissue construct that has been
created in the lab. It includes everything that will be
implanted into the patient. So as an example, for mes-
enchymal stromal cells suspended in saline solution and
delivered via site-specific injection, the final product
includes the saline used for delivery. This is important
because critical quality attributes (CQAs) need to take
account of potential effects of the delivery vehicle or
excipient used in the final formulation, and for a living
cell product there can be no negative interactions that
will compromise safety or effectiveness of the final

product. CQAs cover four areas: safety, purity, identity,
and potency (see Table 6.2). Development of new cell
therapy products, including engineered tissue con-
structs, needs to be guided by an understanding of the
product QTPP, including strategies to measure CQAs
and define acceptable limits of detection of those mea-
surements. This is particularly important where mul-
tiple batches of allogeneic cells will be generated as a
universal cell therapy for many patients, as each batch
needs to meet a predefined standard for product release.

CQAs are not always an appropriate way of defining
products due to inherent heterogeneity, particularly
across multiple autologous samples. Differences in start
material quantity and quality mean that there needs to
be a degree in flexibility in processing to accommodate
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Protocol 6.2 Markers for determination of senescence of MSCs.

1. p-galactosidase (p-gal) activity

Senescence-associated beta-galactosidase (SA-B-gal or SABG) is a hypothetical hydrolase enzyme that actively hydrolyses
B-galactosides only in senescent cells. B-galactosidase activity can readily be detected using a Senescence Cell Histochemical Kit
(e.g., Sigma-Aldrich). The assay is based on a histochemical stain for p-galactosidase activity at pH 6. A number of alternative
protocols are provided in the literature (Debacg-Chainiaux et al., 2009; Lee et al., 2006).

2. Telomere length

Reduction in the length of telomeres is associated with senescence. First, whole genomic DNA is isolated from the cells using
a commercial kit. DNA yields are measured by absorbance at 260 nm. Based on Southern blot techniques, protocols are
available to describe the process from first principles (Kimura et al., 2010). Alternatively, kits are available to determine
telomere length from whole genomic DNA (for example, Telo TAGGG Telomere Length Assay Kit, Roche, UK). The principle
behind both methods relies on the digestion of genomic DNA using a combination of 6 base restriction endonucleases that
reduces genomic DNA size to less than 800 bp. Telomeric DNA is not digested due to the lack of restriction enzyme
recognition sites within TTAGGG tandem telomeric repeats. Permanent records of the Southern blots are obtained following
exposure to x-ray film. Using a scanning densitometer, obtain a digitized image. Mean TRF (telomere restrictive fragment)
lengths can be determined using image analysis programmes such as Image J or Image Quant by first measuring pixel OD
(adjusted for background readings) versus DNA migration distance. Macro programmes can be created using image analysis
to calculate mean TRF length =X (OD)/Z(OD/MW,), where OD is the optical density signal at position i and MW, is the TRF
length at that position (graphically described in protocols by Kimura et al., 2010).

. Increased resistance to chemical-induced apoptosis

Many cells (but not all) develop a resistance to apoptosis and certain apoptotic signals. Apoptosis may be induced by chemicals
such as ceramide, DMSO, or increased oxidative stress (hydrogen peroxide) and measured by detection of increased activity of
Caspase 3 activity using an immunocytochemical assay (Gown and Willingham, 2002). Fix cells with 2% paraformaldehyde and
permeabilised with 3% triton. Block for nonspecific binding of antibodies with 1% bovine serum albumin for 1 h; incubate
with rabbit anti-rat cleaved Caspase 3 ASP175 (New England Biolabs; diluted 1:400 in 1% BSA, TBS) overnight at 4°C. Wash
cells three times for 5 min with 0.5% Tween 20 in TBS, and then incubate in the dark with goat anti-rabbit FITC (Santa Cruz)
for 1 h at 4°C. Wash again with 0.5% Tween 20 in TBS and treat for 1 h with bisbenzimide nuclear counterstain, prior to
viewing using fluorescent microscopy.

. Altered gene expression

Cell senescence is often associated with the repression of genes that facilitate cell-cycle progression such as cFOS, cyclin A,
cyclin B, and proliferating cell nuclear antigen and increase in the expression level of genes of known cell-cycle inhibitors, such
as the cyclin-dependent kinas inhibitor p21 (also referred to as CDKN1a, P21Cip1, Waf1, or SD11), p16 (also referred as
CDKN2a or p16INK4a), and transcriptional regulators p53. Levels can be detected by quantitative PCR techniques. Due to the
complex interplay of genes/proteins in regulating the cell cycle processes, analysis should investigate a broad spectrum of genes
for better interpretation of results. Changes in gene expression do not always relate to growth arrest, and no one marker
identifies a senescent state (Campisi and d’Adda di Fagagna, 2007).

these differences. Therefore, critical process parameters
need to be understood and a window of operation
defined that is permissible for deriving a product that
may have some variability.

In terms of safety, probably the main source of con-
cern for autologous therapy is the presence of contami-
nating microbes introduced in the raw materials or,
more typically, by human operators during manual

processing. It is also necessary to remove as much
residual input material from the process as possible,
such as serum components, recombinant growth factors,
or harvesting agents such as trypsin.

For identity and potency, the size, integrity, and
physical properties of the final construct should also be
tested (Lee et al., 2010). Furthermore, postimplantation
potency and stability should be predicted, as cells are
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Table 6.2 Critical quality attributes and their meanings.

Critical Quality Description
Attribute

Safety Ensure the material being transplanted is free from
contaminating microbes or genetic instability. The
latter is particularly important for pluripotent stem
cell-derived products and other cell material
expanded for extended duration. Moving towards
animal-free media to prevent transmission of
xenogenic material is desirable.

Closely linked to safety, it is important to remove
residual harvesting agents and other input
materials from the manufacturing process that are
not a desired part of the product. It is also
important to understand what level of purity is
acceptable for the final product.

The physical measurable attributes of the cell or
tissue-engineered product define its identity. These
include product-specific integral proteins such as
cell-surface epitopes or transcription factors. They
can include other markers that can be measured
using “omics” approaches. Ideally for industrial
application, they will be rapid, reliable, and simple
measurement tools.

The biologic activity and magnitude of such
activity is referred to as potency. For a tissue-
engineered construct the potency may simply be
the capacity to fill a defect and provide mechanical
strength, whereas for an MSC-based product, the
mode of action is often not clear and potency
therefore more challenging to define.

Purity

Identity

Potency

likely to migrate out of the scaffold once in the host
tissue and due to likely changes in cell/matrix interac-
tions upon resorption of the degradable scaffold (Lee
et al., 2010). However, all these tests are difficult and
timely to perform, and multiple assays may be required
to characterise the product and gain a solid under-
standing of product attributes. The establishment of a
robust and reliable set of tests should occur early in
product development.

Conclusions

Translation of lab science to industrial manufacturing

platforms is required if dental tissue engineering is to
meet widespread clinical demand and achieve commercial

success. Application of bioreactor technologies is not
a new paradigm, but defining manufacturing para-
meters that are then controlled in response to moni-
toring will help to ensure that robust products can be
delivered to the patients who need them. Furthermore,
defining final product attributes early in the deve-
lopment cycle will ensure that commercial success is
most likely achieved, by identifying failures earlier in
the cycle.
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The periodontium is composed of the tissues supporting
and investing the tooth. It is a complex organ, consisting
of soft and mineralised connective tissues that include the
gingiva, periodontal ligament, cementum, and alveolar
bone, as well as an external epithelial covering. It is bet-
ween these components that significant interactions occur
during the healing process. Periodontal defects resulting
from periodontal disease exhibit significant extracellular
matrix destruction of alveolar bone, periodontal ligament,
and gingiva. Furthermore, the root cementum becomes
contaminated by exposure to the oral environment.

It has been recognised for some time that the unique
anatomy and composition of the periodontium make
periodontal wound healing a more complex process
than general soft tissue healing because of the require-
ment for interaction between hard and soft connective
tissues, as well as epithelium (Melcher, 1976). Indeed,
at least six tissue types are involved in the repair of a
periodontal lesion: the gingival epithelium, gingival
connective tissue, periodontal ligament, cementum,
alveolar bone, and all the associated vasculature.
Nowhere else in the body are epithelium and miner-
alised and nonmineralised connective tissues juxta-
posed in such close anatomic and functional proximity.

Principles of periodontal wound
healing and regeneration

One of the major goals of periodontal therapy is to
encourage regeneration of tissues that have been
destroyed as a result of periodontal disease. Periodontal

regeneration is defined as the reproduction or reconsti-
tution of a lost or injured part so that form and function
of these structures are restored. However, despite the
best that current therapies can offer, the ultimate
response of the periodontium depends upon the tissues
and cells that participate in the healing process.
Periodontal regeneration requires new attachment to
the root surface, a process that involves the regenera-
tion of principal fibres and the insertion of these fibres
into newly formed cementum on a root surface that has
been previously exposed to periodontal pathogens.

It has been shown that cells derived from both
gingival connective tissues and alveolar bone lack the
ability to form new periodontal attachment (Karring
et al., 1980; Nyman et al., 1980), commonly resulting
in extensive resorption of root surfaces or ankylosis.
On the other hand, if preference is given to repopula-
tion of the root surface by periodontal ligament
cells, new connective tissue attachment, including
new cementum with inserting collagen fibres, can be
formed (Nyman et al., 1982). However, achieving con-
ditions that allow selective repopulation by periodontal
ligament cells is difficult to obtain clinically. Following
surgical flap procedures, the epithelial cells of the
gingival tissues proliferate and migrate at a faster rate
than the cells of the underlying connective tissue. This
enables them to rapidly establish coverage of the
exposed root surface, forming a “long junctional
epithelium”, which precludes any significant regener-
ation of the periodontal attachment apparatus (Caton
et al., 1980).
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At a cellular level, in order for periodontal regenera-
tion to occur, progenitor periodontal ligament cells
must migrate to the denuded root surface, attach to it,
proliferate, and mature into an organised and functional
fibrous attachment apparatus that inserts into newly
formed cementum. Likewise, progenitor bone cells must
also migrate, proliferate, and mature in conjunction
with the regenerating periodontal ligament. Hence, the
concept of periodontal regeneration is based on the
principle that remaining healthy cells, and/or cells
attracted to the healing site, have the potential to pro-
mote regeneration. In this context, there is a require-
ment for precisely coordinated spatial and temporal
events that ensure that the appropriate cells are avail-
able within the correct periodontal compartment in
order for regeneration to occur. This is difficult to
achieve clinically, and hence a tissue engineering
approach, whereby the spatial and temporal coordination
of different tissue compartments are manipulated in vitro
prior to insertion in vivo, is an attractive strategy for pro-
moting periodontal regeneration.

Overview of past and current clinical
periodontal regeneration techniques

The work of Pritchard (1957) provided early evidence
that regeneration was not only theoretically possible but
also clinically achievable in “ideal” periodontal defects.
This work showed that regeneration of the periodon-
tium in the apical aspects of three-wall intrabony defects
could be obtained following subgingival debridement
through a surgical approach. Regeneration was not
achieved in all cases, but this provided the “proof of
principle” evidence that if the conditions were optimal,
then healing outcomes other than repair could be
obtained. Since then, a great deal of research has focused
on establishing a clinical technique to achieve these
optimal conditions in a variety of clinical situations, not
just three-wall defects.

Root surface conditioning

The rationale for root surface conditioning was based on
the assumption that a root surface exposed to
periodontal pathogens is contaminated with endotoxin
and other bacterial components. Therefore, in order to
allow reattachment of cells, it was hypothesised that the
surface needs to be prepared so as to both remove the

contaminants and provide an appropriate environment
for cell recolonisation. This preparation has involved the
use of a variety of chemical/biological agents, with the
rationale being that exposure of the collagen fibrils in
the root surface dentine would encourage attachment
and differentiation of adjacent mesenchymal cells, and
subsequently result in new attachment formation. The
agents used have included citric acid, tetracycline,
EDTA, or attachment proteins such as fibronectin
(Mariotti 2003). Trials of these root conditioning agents
in humans, however, have not shown any significant
improvement in clinical attachment levels compared to
surgical treatment alone, and have often been associ-
ated with root resorption or ankylosis (Mariotti 2003).
Therefore, it can be concluded that the clinical practice
of root surface conditioning is not supported by the
available literature. Indeed, even if this practice was
shown to be effective, it would only facilitate reattach-
ment of periodontal fibres to the root surface, and hence
falls short of achieving regeneration of the original ori-
entation of the periodontium.

Bone grafting materials

Bone grafting materials have been used to replace the
alveolar bone lost within the periodontal defect, with
the rationale being that this would facilitate new attach-
ment formation to the adjacent root surface. Based on
the source of the graft, bone grafting materials can be
classified into four categories: autogenous (derived from
the same individual), allogenic (derived from a different
member of the same species), xenografts (derived from
a different species), and alloplastic (synthetic products).

The literature is conflicting on the ability of these
grafting materials to promote periodontal regeneration.
A review of the use of bone grafting materials in
intrabony and furcation defects found that bone grafts
increased clinical attachment level and reduced probing
depths compared to surgical open flap debridement. For
furcation defects, the authors concluded that some
benefit could be obtained in mandibular Class 2 furca-
tions, but the lack of consistency among these studies
meant that no clear consensus was obtained. Different
types of grafting materials produced a similar range of
results (Reynolds et al., 2003).

This potential improvement in clinical parameters
in some situations, however, does not necessarily
reflect true regeneration. The only method to assess
whether regeneration has occurred is via histological



126  Chapter 7

examination, with conflicting findings reported in the
literature as to whether this actually occurs following
the use of bone grafting materials. Some studies report
the generation of new attachment onto the root surface
(Hiatt et al., 1978), whereas others illustrate repair via a
long junctional epithelium (Dragoo and Kaldahl, 1983).
The general consensus, however, is that bone grafting
materials are ineffective at facilitating complete regener-
ation (Reynolds et al., 2003). Indeed, focusing solely on
bone regeneration at the expense of the cementum and
periodontal ligament is biologically unsound and hence
is unlikely to result in periodontal regeneration.

Guided tissue regeneration (GTR)
Guided tissue regeneration uses biocompatible barrier
membranes to enable selective cellular recolonisation of
periodontal defects. The principle involves the use of a
barrier membrane to exclude tissues that are unable to
promote periodontal regeneration, such as the rapidly
proliferative epithelium that grows along the root sur-
face and the gingival connective tissues that fill the
periodontal defect. Instead, this technique facilitates the
repopulation of the defect with cells that have the ability
to reestablish the periodontal attachment apparatus,
namely those from the periodontal ligament and alve-
olar bone (Figure 7.1). The concept of GTR is supported
by histological evidence of periodontal regeneration fol-
lowing the use of this technique (Gottlow et al., 1986).
The membranes used can be either nonresorbable or
resorbable, but due to decreased postoperative compli-
cations and reduced number of surgical procedures,
resorbable membranes have become more popular.
Resorbable membranes come in a variety of materials,

Figure 7.1 Diagrammatic representation of guided
tissue regeneration principle involving the use of
a barrier membrane to create space and facilitate
the selective repopulation of the defect with
periodontal ligament cells and osteoblasts at the
expense of epithelial cells and gingival fibroblasts.

with the most common being collagen and copolymers
of polylactic/polyglycolic acid.

The benefit of using GTR over the conventional use of
open flap debridement has been reviewed in the litera-
ture, and the findings support the use of GTR in two
clinical situations, Type I mandibular furcations (Jepsen
et al.,, 2002) and intrabony defects (Needleman et al.,
2006). However, although GTR is conceptually sound,
the clinical results are unreliable and predictable regen-
eration is elusive in most periodontal defects, with the
possible exception of a few “ideal” situations, such as
narrow three-wall defects. These ideal clinical scenarios
are not frequently encountered in clinical practice.

Growth factors and biologically active
regenerative materials

The rationale for the application of growth factors to the
periodontal defect is based on their ability to influence
key cellular functions such as proliferation, migration,
and differentiation. However, their use is not wide-
spread in periodontal regenerative medicine, due to
problems with dosage, rapid metabolic clearance, appro-
priate delivery and carrier systems, and cost (Trombelli
and Farina, 2008). The most widely studied biologically
active material that has been in widespread clinical use
is enamel matrix derivative.

Enamel matrix derivative (EMD)
(EMPs) are secreted by
ameloblasts and play a role in the regulation and

Enamel matrix proteins

growth of hydroxyapatite crystals that comprise enamel
(Hammarstrom, 1997). In addition to their well-
documented role in enamel biomineralisation, EMPs are

Barrier membrane

Excluded gingival tissue

Space for regenerative PROCESS
Alveolar bone

Periodontal ligament
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considered to be involved in epithelial-mesenchymal
interactions at the developing root surface. EMPs exposed
on the root surface by the breakdown of Hertwig’s epi-
thelial root sheath are thought to play a role in the
differentiation of mesenchymal tissues and subsequent
formation of the attachment apparatus of the periodon-
tium (Hammarstrom, 1997). The principle behind the
use of EMPs in regenerative approaches is therefore that
of biomimetics, or mimicking natural biology.

EMP is
(Straumann, Basel, Switzerland). This is an injectable

available commercially as Emdogain
gel solution comprising EMD, water, and a carrier,
propylene glycol alginate. The EMD is a cocktail pri-
marily consisting of amelogenin, but it also contains
other enamel proteins, such as ameloblastin, amelotin,
tuftelin, and enamelin, and is formulated from tooth
pouches of porcine origin.

Histological evidence of regeneration following EMD
application has been obtained from animal trials,
including the treatment of surgically created buccal
dehiscence defects in monkeys (Hammarstrom et al.,
1997). In humans, histological evidence of regeneration
has also been obtained from case reports (Heijl, 1997)
and corroborated by clinical outcomes in other studies
(Sculean et al., 1999; Heden and Wennstrom, 2006). The
findings of large-scale randomised controlled trials and
systematic reviews indicate that applications are princi-
pally limited to intrabony defects and Grade 2 furcations
(Giannobile and Somerman, 2003; Esposito et al.,
2005). When compared to GTR, there were no statisti-
cally significant differences between the two treatment
approaches with respect to key clinical outcomes, espe-
cially clinical attachment levels (Sculean et al., 1999).

Platelet-derived growth factor (PDGF)

Platelet-derived growth factor has the potential to
enhance wound healing due to its efficient chemotactic
and mitotic effect on mesenchymal stem cells.
Recombinant forms have recently been utilised in
periodontal regenerative therapies in the treatment of
intrabony and furcation defects (Darby and Morris,
2013). A recent systematic review found that the use of
recombinant human platelet-derived growth factor BB
(rhPDGEF-BB) led to greater clinical attachment level
gain of~ 1 mm compared to an osteoconductive control,
B-tricalcium phosphate. Furthermore, the use of rhP-
DGEF-BB led to greater percentage bone fill of~40%
compared to the control (Darby and Morris, 2013).

However, there are relatively few clinical studies that
have examined the use of PDGF in periodontal regener-
ation, and hence the effectiveness of PDGF needs to be
confirmed in further studies.

P-15

P-15 is a 15-amino-acid peptide that mimics the cell
binding part of the al chain of Type I collagen, which
has been shown to have the capacity to enhance the
rate and the extent of attachment and migration of
periodontal cells on root surfaces (Lallier et al., 2003).
Clinical results indicate that the commercially available
combination of P-15 and a bovine-derived hydroxyapa-
tite matrix (ABM) (PEPGEN P-15, Dentsply Friadent,
Mannheim, Germany) results in a significant improve-
ment of clinical and radiographic parameters when
compared with either open flap debridement (Yukna
et al., 1998) or ABM alone (Yukna et al., 2000) in the
treatment of intrabony defects. Although these results
were shown to be maintained for at least 3 years in a
case report (Yukna et al., 2002), the effectiveness of
P-15/ABM in promoting periodontal regeneration
needs to be confirmed by large-cohort, controlled trials.

Platelet-rich plasma (PRP)

Platelet rich plasma is a platelet concentrate that con-
tains a number of different growth factors, including
PDGE TGF-p, and IGE which have been shown to exert
a positive effect on periodontal wound healing. PRP has
the advantage of being able to be prepared chairside,
and safety issues are minimal as autologous material is
being used. There are no randomised controlled clinical
trials evaluating the clinical effect of PRP alone in
periodontal regeneration. However, the use of PRP
combined with several types of grafts for the treatment
of intrabony defects resulted in contradictory results
ranging from a significant enhancement of clinical
attachment gain (Hanna et al., 2004; Okuda et al., 2005)
to no effect (Demir et al., 2007; Yassibag-Berkman et al.,
2007). No additional benefit of PRP has been shown
when combined with a graft and GTR, compared with
the use of only a graft and GTR in intrabony defects
(Dori et al., 2007). The discrepancy in clinical outcomes
using PRP may be partly due to differences in the
methods used to obtain the PRP preparations, which
may in turn affect the content of platelets and
inflammatory cytokines, as well as lead to contamina-
tion of the platelet preparation with leucocytes and
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erythrocytes (Weibrich et al., 2003). The use of PRP
does not result in adverse healing events following sur-
gery, and there are some reports that suggest that PRP
may lead to more rapid healing, less postoperative pain,
and less membrane exposure (Dori et al., 2007).
Although it has been shown that PRP may exert a
positive adjunctive effect when used in combination with
graft materials (but not with GTR) for the treatment of
intrabony defects, recent systematic reviews suggest that
there is limited evidence for the use of platelet-rich plasma
or other platelet concentrates as adjuncts in periodontal
regeneration (Panda et al., 2014; Del Fabbro, 2011).

Summary of clinical performance

of current techniques

Although GTR and EMD have been shown to be effec-

tive in regenerating a limited range of periodontal

defects, such as three-wall intrabony defects and Class 2

furcations, currently available clinical techniques are

generally unpredictable and cannot be utilised in the
vast majority of periodontal defects.
The reasons for failure for most regenerative tech-

niques have been outlined by Bartold et al. (2000):

e inability to control the formation of a long junctional
epithelium;

e inability to adequately seal the healing site from the
oral environment and prevent infection;

e inability to maintain the wound as a closed rather
than open system;

e restriction of regeneration to the bone compartment
whilst ignoring regenerative processes required for
cementogenesis and fibrous attachment;

¢ inability to define precisely the growth and diffe-
rentiation factors needed for regeneration;

e the possibility that growth factors may not be suffi-
ciently discriminative in their ability to induce regen-
eration, and thus the induction of particular
transcription factors as an earlier event of cell stimu-
lation may be warranted; and

e infection of the implanted membrane or regenerative
material postoperatively.

Periodontal tissue engineering

Tissue engineering involves using techniques for the
fabrication of tissues outside the body for implantation
into the body to regenerate the lost biological function

Cells

Blood
supply
Scaffold Instructive
messages

Figure 7.2 Diagrammatic representation of the key compo-
nents of a tissue-engineered construct: cells, scaffold,
instructive messages, and blood supply.

of a given tissue. The requirements for tissue engi-
neering are the presence of adequate numbers of
responsive progenitor cells, the appropriate levels and
sequencing of regulatory signals, and a suitable carrier
or scaffold (Bartold et al., 2000). For successful
periodontal regeneration via tissue engineering, the
engineered tissues should have sufficient biomechanical
strength, architectural properties, and space-maintain-
ing ability. The engineered construct has to maintain
space for in-growth of alveolar bone, but it also has to
be exclusionary with respect to the epithelial tissues to
prevent the formation of a long junctional epithelium.
A key requirement is to facilitate the special and
temporal coordination of the wound healing process in
order to allow formation of new periodontal attachment
consisting of periodontal ligament fibres perpendicu-
larly inserted into newly formed cementum on the root
surface. A critical but sometimes overlooked prerequi-
site is the need to ensure a viable blood supply to the
newly formed tissues (Figure 7.2).

Cells

A key requirement of cells for use in tissue engineering
approaches is that they have sufficient plasticity in order
to be guided by the surrounding instructive environ-
ment to form the cellular and extracellular components
of the required tissues. Undifferentiated progenitor or
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stem cells are ideal for periodontal tissue engineering
applications as they can be manipulated to contribute to
the formation of the various soft and hard tissues
necessary to regenerate the periodontium. Stem cells
are characterised by the ability to differentiate into mul-
tiple cell lineages as well as by their self-renewal poten-
tial, whereas progenitor cells are descendants of stem
cells with a more committed differentiation status and
the tendency to be found locally within target tissues.

Progenitor cells in the periodontium

and their differentiation

It has been widely hypothesised for many years that
periodontal regeneration would be more practically
achieved if the properties of progenitor or stem cells
could be harnessed. However, for a long time, the origin
and ontogeny of these progenitor cells remained largely
unknown. A series of experiments carried out in the
1980s began to provide insight into the source and fate
of progenitior cells in the periodontium.

Cell kinetic experiments (McCulloch et al.,, 1987;
McCulloch and Melcher, 1983b) showed that perio-
dontal ligament fibroblast populations represent a
steady-state renewal system, with the number of new
cells generated by mitosis equal to the number of cells
lost through apoptosis and migration (McCulloch and
Melcher, 1983a; Schellens et al., 1982). This capacity for
self-renewal, which is further evidenced by the rapid
turnover of the periodontal ligament, supports the
notion of progenitor/stem cell populations. Furthermore,
a significant number of periodontal cells do not enter
the cell cycle (McCulloch and Melcher, 1983c), suggest-
ing that these cells may act in a similar manner to quies-
cent, self-renewable, and multipotent hematopoietic
stem cells (Uchida et al., 1993).

The exact relationship between progenitor cells in
regenerating tissues and normally functioning (steady-
state) tissues is not clear. Studies performed in normal
(McCulloch, 1985),
wounded mouse periodontal ligament (Gould et al.,

mouse periodontal ligament
1980), normal rat gingiva (Pender et al., 1988), and
inflamed monkey gingiva (Nemeth et al., 1993) identi-
fied a common paravascular location for fibroblast pro-
genitors. These cells exhibited some of the classical
cytological features of stem cells, including small size,
responsiveness to stimulating factors, and slow cycle
time (Gould et al., 1980; McCulloch, 1985; McCulloch

and Melcher, 1983a).

Experimental approaches that used cell kinetic
(McCulloch et al., 1987) and cell culture methods
(Melcher et al., 1986) showed that periodontal ligament
cell populations in adult rodents are derived from cells
residing in both the periodontal ligament and endosteal
spaces, suggesting that considerable mixing of cell popu-
lations occurs in periodontal tissues. It has been demon-
strated that mesenchymal cells from the dental follicle
can differentiate into cementoblasts and form cementum,
then subsequently detach from the cementum surface
and contribute towards early periodontal fibroblast pop-
ulations (Cho and Garant, 1989). Other possible sources
of osteoblast and cementoblast precursors are the endos-
teal spaces of alveolar bone from which cells have been
observed to adopt a paravascular location in the
periodontal ligament of mice (McCulloch et al., 1987).

Collectively, from these early studies, it was apparent
that cells with the characteristics of progenitor cells are
located in the periodontal ligament, primarily in paravas-
cular sites or in vascular channels of the alveolar bone. It
was suggested that these cells may retain their multipo-
tency throughout life, and may periodically divide and
differentiate to assure periodontal homeostasis and con-
tribute towards periodontal turnover and remodelling.

The use of PDL cells in vivo for periodontal
regeneration

In principle, evidence for the viability of using trans-
planted PDL cells to support periodontal regeneration was
first demonstrated in 1998 in an animal study that showed
that autologous cultured periodontal cells can support
regeneration in vivo (Lang et al., 1998). Subsequent
studies have confirmed that PDL cells have the ability to
facilitate regeneration in animal models. Isaka and col-
leagues (2001) placed PDL cells in a surgically created
defect in an autologous dog model and found that they
were capable of the formation of new cementum but had
a limited influence on alveolar bone formation.

Similarly, it was shown that seeding PDL cells in
autologous blood coagulum under a Teflon membrane
promoted regeneration of surgically created furcation
and fenestration defects in dogs (Dogan et al., 2002,
2003). Although these studies chiefly examined bone
formation, not cementum and hence “true regenera-
tion”, this again provided an indication that PDL cells do
have a regenerative capacity.

Autologous periodontal ligament—derived cells have
also been combined with collagen sponges and resulted
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in superior regeneration compared to nonseeded scaf-
folds in surgically created defects in a beagle dog model
(Nakahara et al., 2004). The sites treated with the cell-
seeded sponges had uniform new cementum formation,
whereas the control sites only showed scattered
cementum deposits. This suggests that the PDL cell-
seeded approach promoted not only bone formation but
new cementum and hence regeneration.

More recently, it has been shown that transplanted
PDL cells have superior periodontal regenerative prop-
erties compared to other cells of periodontal origin,
namely gingival fibroblasts and alveolar bone osteo-
blasts (Dan et al., 2014). In a study utilising a rat defect
model, PDL cells showed superior ability to promote
cementogenesis and periodontal fibre attachment com-
pared to alveolar bone osteoblasts, while gingival fibro-
blasts inhibited bone formation (Dan et al., 2014).

The literature therefore supports the principle that
cultured PDL cells applied in a scaffold or gel can facili-
tate periodontal regeneration. However, it must be
noted that complete periodontal regeneration is often
unobtainable, and adverse outcomes such as ankylosis
have been shown to occur. This indicates that although
theoretically possible, approaches to regeneration have
so far lacked the sophistication to become sufficiently
predictable for mainstream clinical practice. It is possible
that the key to regeneration lies in the ability to isolate
those cells residing within the PDL that possess stem cell
properties.

Stem cells

Stem cells are defined by two characteristics: (a) the
ability for indefinite self-renewal to give rise to more
stem cells; and (b) the ability to differentiate into a
variety of specialised daughter cells to perform specific
functions. Stem cells can be broadly divided into two
broad categories, embryonic stem cells and adult stem
cells, and further classified according to their origin and
differentiation potential.

Human embryonic stem cells, derived from the inner
cell mass of blastocysts, are pluripotent cells capable of
differentiating into cells of all three germ layers—ecto-
derm, mesoderm, and endoderm. Human embryonic
stem cell research has, however, been associated with
major ethical concerns, which has resulted in increasing
focus on adult stem cells. Adult stem cells are found in
the majority of fetal and adult tissues and are thought to
play roles in long-term tissue maintenance and/or repair

by replacing cells that are either injured or lost. They are
generally multipotent stem cells that can form a limited
number of cell types. Two common examples are hema-
topoietic and mesenchymal stem cells (MSCs). As the
periodontium is mesenchymal in origin, MSCs have
been studied in periodontal regeneration research.

Extraoral mesenchymal stem cells

and periodontal regeneration

Several preclinical trials have shown that bone marrow—
derived MSCs (BMMSCs) have the capacity to promote
periodontal regeneration through enhanced generation
of cementum, periodontal ligament, alveolar bone, and
neovascularisation. The implantation of BMMSCs has
been shown to promote cementum and alveolar bone
regeneration in furcation defects in dogs (Kawaguchi
et al., 2004; Li et al, 2009). Cell labelling showed that
the implanted cells directly contributed to the
regenerated periodontal tissues, showing that BMMSCs
differentiated into cementoblasts, periodontal ligament
fibroblasts,
(Hasegawa et al., 2006). Subsequently, a human clinical

and alveolar bone osteoblasts in vivo

case report showed that autologous BMMSCs combined
with PRP resulted in a reduction in intrabony defect
depth and resolution of bleeding (Yamada et al., 2006).

Aside from bone marrow, adipose tissue is another
commonly utilised extraoral source of MSCs. Adipose-
derived stromal cells mixed with PRP have been shown
to promote regeneration of periodontal ligament-like
structures along with alveolar bone in rats (Tobita et al.,
2008). These observations suggest that adipose-derived
stromal cells may be another useful source for future
clinical cell-based therapy for periodontal tissue engi-
neering, which may be obtained via relatively noninva-
sive lipoaspirates that have lower morbidity than bone
aspirates. Nevertheless, the difficulty associated with the
sourcing of extraoral MSCs for use in the clinical setting
has led to the exploration of dental-tissue-derived MSC
populations that may be more simply obtained chair-
side, as well as having superior potential to differentiate
into the local periodontal tissues.

Mesenchymal stem cells in dental

and periodontal tissues

The first human dental stem cells were isolated from
dental pulp tissue of extracted third molar teeth and
were characterised relative to BMMSCs (Gronthos et al.,
2000). Since then, populations of stem cells have been
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identified in the pulp tissue of exfoliated deciduous
teeth, the apical papilla of human teeth, the dental
follicle of human third molar teeth, and the periodontal
ligament (Lin et al., 2008). Periodontal ligament stem
cells (PDLSCs) have been shown to give rise to adherent
clonogenic clusters resembling fibroblasts, and have
been shown to be capable of developing into adipocytes,
osteoblasts, and cementoblast-like cells in vitro, as well
as producing cementum- and periodontal ligament-like
tissues in vivo (Seo et al., 2004). Recent studies have also
shown their ability to differentiate into neuronal pre-
cursors (Techawattanawisal et al., 2007). PDLSCs also
express an array of cementoblast and osteoblast markers
as well as the perivascular-associated markers, STRO-1
and CD146 antigens (Trubiani et al., 2005).

A recent systematic review identified a total of 17
studies that have been conducted to assess the regener-
ative capacity of PDLSCs in a range of periodontal
defects in various animal models and one human clinical
study (Bright et al., 2014). It was found that 70.5% of
studies showed a statistically significant improvement in
histological parameters associated with periodontal
regeneration, including new bone, cementum, and
connective tissue formation with the use of PDLSCs.
PDLSCs appear to have a greater capacity to generate
dental associated structures in comparison to other
MSC-like cells, making them highly amenable for use in
periodontal regeneration. The one human clinical study
carried out to date (a case series of three patients) (Feng
et al., 2010) concluded that the use of autologous
PDLSCs in cell-based surgical treatment for periodontitis
may be effective in promoting regeneration.

Induced pluripotent stem cells (iPSCs)

Induced pluripotent stem cells are a population of plu-
ripotent stem cells that resemble embryonic stem cells
and are generated from somatic cells through the
induced expression of key transcription factors such
as Oct4, Sox2, C-Myc and Klf4 (Takahashi and
Yamanaka, 2006). This generation of iPSCs represented
a fundamental shift in understanding of cell differen-
tiation because it demonstrated that cell differentiation
can be reversed, meaning that differentiation is not the
one-way process it was once believed to be. Interest in
iPSCs centres around their close similarity to embryonic
stem cells and their capacity to differentiate into all
three germ layers in vitro (Takahashi and Yamanaka,
2006). The finding that iPSCs are very similar to

embryonic stem cells led to the notion that iPSCs could
function as a more easily accessible source of pluripo-
tent stem cells for use in patient therapies, as generation
of iPSCs does not require the use of an embryo. It has
been suggested that iPSCs could be used to generate
patient-specific stem cells for a wide variety of regener-
ative medicine applications.

Since their discovery, iPSCs have been generated
from a wide range of tissues, including those of dental
origin. To date iPSCs have been generated from multiple
dental tissues, including adult and deciduous teeth
pulps, oral mucosa, third molar mesenchymal stromal
cells, gingival fibroblasts, and periodontal ligament
fibroblasts (Oda et al., 2010; Tamaoki et al., 2010; Yan
et al., 2010; Wada et al 2011). iPSCs have been utilised
for periodontal regeneration in a mouse periodontal
fenestration defect model (Duan et al., 2011). iPSCs,
combined with EMD and a silk scaffold and implanted
into a fenestration defect, were shown to promote the
formation of new cementum, alveolar bone, and normal
periodontal ligament (Duan et al., 2011). However, the
direct use of iPSCs is associated with an increased risk of
teratoma formation, and a safer approach is considered
to be the use of cells differentiated from iPSCs. To this
end, MSCs differentiated from iPSCs have also been uti-
lised in a rat periodontal defect model, and have been
shown to promote periodontal regeneration (Hynes
etal, 2013).

Issues with iPSCs and MSCs for periodontal
regeneration

Considerable research has been performed to assess the
capacity of dental derived MSC-like cell populations to
enhance periodontal regeneration, and there are some
promising results being obtained. Whilst varying levels
of regenerative potential are exhibited by the various
MSC-like populations, PDLSCs are by far the most
studied cell population and are showing good potential
for use in periodontal regeneration; however, a limiting
factor to their clinical use is that tooth extraction is
required in order to obtain the PDLSCs. Hence, research
is ongoing into more easily accessible stem cell popula-
tions, one of which is iPSCs. While the early results
regarding the use of iPSCs in periodontal regeneration
look promising, significantly more work is required
in this area. There are also major concerns that need to
be addressed regarding the effect genetic manipulation
has had on iPSCs and the potential of these cells to
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form tumours. There are also questions surrounding
the ability to control the differentiation of iPSCs once
implanted, as iPSCs have the capacity to differentiate
into any cell type of the body, and it is necessary to
ensure that the cells differentiate into the desired cell
types.

Another important consideration in relation to the
use of cellular therapy is the need to deliver the cells in
the correct spatial and temporal orientation in order to
regenerate the complex architecture of the periodon-
tium. To this end, the combination with an appropriate
scaffold that will ensure that the correct cell type is
delivered and retained within the appropriate part of
the defect is important. In this context, the use of a
tissue-engineering construct, whereby the appropriate
cell type is incorporated into a three-dimensional carrier
scaffold, is an important consideration.

Cell sheet technology

A novel technique for harvesting and delivering cells in
tissue engineering approaches involves the use of cell
sheets (Matsuura et al., 2014). Cell sheet construction
involves the use of a temperature-sensitive polymer
biomaterial, poly N-isopropylacrylamide (PIPA Am),
in the cell culturing process. Once cell confluence is
reached, the cells are harvested as an intact cell sheet by
decreasing the temperature, which leads to the detach-
ment from the temperature-sensitive substrate. Unlike
traditional cell harvesting, which utilises enzymatic
approaches to fragment the extracellular matrix in order
to release the cells, this cell sheet method allows har-
vesting of a complete sheet of cellular material with an
intact extracellular matrix and cell-cell junctions.

Cell sheet fabrication has been reported from various
cell types, including fibroblasts, endothelial cells, hepa-
tocytes, macrophages, and retinal pigmented epithelial
cells (Shimizu et al., 2004; Tsuda et al., 2007). Indeed,
cell sheet technology has been applied to different tissue
engineering applications, including utilising corneal epi-
thelial cell sheets for the preparation of a transplantable
cornea and constructing myocardial tissues using multi-
layered cardiomyocyte cell sheets (Sawa and Miyagawa,
2013; Zavala et al., 2013; Shimizu et al., 2004).
Subsequently, cell sheets have been shown to facilitate
periodontal regeneration in a number of animal studies
using dogs, rats, and mice (Wang et al., 2014). Because
of the delicate and fragile nature of the cell sheet, this
technology also requires a supportive membrane or

scaffold to facilitate its manipulation and implantation
into the defect site. Current advances have focused on
the use of cell sheets in conjunction with 3D biphasic
scaffold engineering technology to promote simulta-
neous regeneration for different adjacent tissue types
(Vaquette et al., 2012). The critical issue of utilising a
scaffold that provides appropriate support to cell sheets
to ensure predictable harvesting, delivery, and stabilisa-
tion within the defect will be addressed later in this
chapter.

Regulatory growth factor
and differentiation factors

Platelet-derived growth factor (PDGF)

and insulin-like growth factor-1 (IGF-1)
Platelet-derived growth factor is a dimeric molecule
produced by a variety of cells and tissues, including
fibroblasts and osteoblasts (Antoniades et al., 1991;
Hauschka et al.,, 1988). PDGF is mitogenic for various
cells of mesenchymal origin, such as glial, smooth
muscle, and bone cells, as well as fibroblasts (Antoniades
and Owen, 1982; Ross et al., 1986; Stiles, 1983).

In fibroblastic systems, the primary effect of PDGF is
that of a mitogen. It initiates cell division by acting as a
competence factor, thus making the cell competent for
division (Pledger et al., 1977). A progression factor, such
as IGF-1 or dexamethasone, is then necessary to induce
mitosis (Lynch et al., 1989a). PDGE however, also acts
as a paracrine factor by stimulating certain cells to pro-
duce their own progression growth factors (Clemmons
and Van Wyk, 1985). Several investigators have demon-
strated the potent mitogenic effect of PDGF on gingival
and periodontal ligament fibroblasts (Bartold and
Raben, 1996; Haase et al., 1998; Oates et al., 1993).

Insulin growth factors I and II are closely related
growth factors with biochemical and functional similar-
ities to insulin (Daughaday and Rotwein, 1989; Rall
et al., 1987). They are synthesised by multiple tissues,
including liver, smooth muscle, and placenta (Caffesse
and Quinones, 1993). IGF-I has been shown to be che-
motactic for cells derived from the periodontal ligament,
and it has strong effects on periodontal ligament mito-
genesis and protein synthesis in vitro (Haase et al., 1998;
Matsuda et al., 1992).

It has been recognised that PDGF and IGF-I might
promote periodontal regeneration as they have the
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potential to potentiate growth of multiple tissues.
Consequently, combinations of PDGF and IGF-I have
been tested clinically in order to assess their ability to
promote periodontal regeneration (Lynch et al., 1989a;
Lynch et al., 1991; Lynch et al., 1989b; Rutherford et al.,
1992). It was shown that a combination of purified
PDGF and recombinant IGF-I can stimulate periodontal
regeneration in dogs, including new cementum
formation (Lynch et al.,, 1989b). Subsequently, similar
results were obtained with a combination of recombinant
PDGF-BB and IGF-I in periodontitis defects in beagle
dogs (Lynch et al., 1991) and in ligature-induced peri-
odontitis defects in the cynomolgus monkey (Rutherford
et al., 1992). These studies showed that the half-life for
release of the growth factors from the carrier was rapid
(within 3-4 hours). Since these factors are rapidly
cleared or bound, the successful use of a single-dose
application suggests that the mechanism for regenerat-
ing tissues occurs via stimulation of a cascade of events
that result in multiple tissue formation and integration.
Subsequently, a number of studies have shown that
PDGF, used either with dexamethasone or IGF-I, and
with or without guided tissue regeneration with ePTFE
membranes, stimulates periodontal regeneration (Cho
et al., 1995; Giannobile et al., 1994; Giannobile et al.,
1996; Howell et al., 1997; Park et al., 1995; Rutherford
et al.,, 1993).

These studies were the basis of a currently available
commercial product that contains PDGF and tricalcium
phosphate (GEM 21); the results of clinical trials using
this product are discussed earlier in this chapter.
However, the less than optimal results obtained by this
approach suggest that additional work is required to
fully harness the potential of PDGF in periodontal
regeneration.

Fibroblast growth factor 2 (FGF-2)

Fibroblast growth factor is a polypeptide that consists of
approximately 150-200 amino acid residues. FGF stim-
ulates undifferentiated mesenchymal cells to differen-
tiate and proliferate, and can also induce angiogenesis
(Murakami, 2011). The effect of topical application of
recombinant human basic fibroblast growth factor
(rhFGF-2) on periodontal regeneration in furcation
defects has been investigated in beagle dogs (Murakami
et al., 2003). Histological analysis showed that sites
treated with rhFGF-2 resulted in periodontal regenera-
tion with new cementum, new alveolar bone, and new

Sharpey’s fibres with functional new periodontal
ligament (Murakami et al., 2003).

However, in a randomised controlled double blind
human clinical study, no statistically significant differ-
ences were found in clinical attachment level (CAL)
gain and alveolar bone gain in FGF-2 treated subjects.
There was, however, a significant difference in alveolar
bone height between the two groups after 36 weeks,
suggesting FGF-2 could have a long-term effect in stim-
ulating bone regeneration in intrabony periodontal
defects (Kitamura et al., 2008).

Bone morphogenetic proteins (BMPs)

Bone morphogenetic proteins (BMPs) constitute a large
family of regulatory factors that are structurally related
members of the TGF-p superfamily (Wozney, 1992).
They are characterised by their ability to initiate de novo
endochondral bone formation by committing undiffer-
entiated pluripotent cells to differentiate into cartilage-
and bone-forming cells (Reddi and Cunningham, 1993;
Wozney, 1992). BMPs exert multiple effects on bone by
acting as mitogens on undifferentiated mesenchymal
cells and osteoblast precursors, inducing the expression
of the osteoblast phenotype (e.g., increasing alkaline
phosphatase [ALP] activity in bone cells) and acting as
chemoattractants for mesenchymal cells and monocytes
as well as binding to the extracellular matrix (Paralkar
et al., 1990).

BMPs are known to stimulate stem cells to differen-
tiate into osteoblasts and chondroblasts. Most of the
research in periodontology has focused on three BMPs
for their capability to enhance periodontal regeneration:
BMP-2, BMP-3, and BMP-7 (Kao et al, 2009).
Demineralised freeze-dried bone allograft preparations
contain BMPs that enhance periodontal and bone
regeneration; however, it has been shown that the
concentration in these bone preparations is low.
Therefore, currently commercially available BMP prod-
ucts (containing BMP-2 and BMP-7) utilise proteins
that are prepared using recombinant DNA technology
(Schwartz et al., 1998). These recombinant proteins are
then combined with a collagen matrix. In animal
studies, recombinant human BMP-2 (rhBMP-2) has
been shown to enhance new cementum, alveolar bone,
and periodontal ligament formation; however, in this
study the authors reported areas of root resorption and
ankylosis (Sigurdsson et al., 1995). Compared to
rhBMP-2, thBMP-7 did not show increased ankylosis or
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root resorption, as demonstrated in a study utilising
critical-sized surgically created defects in beagle dogs.
(Giannobile et al., 1998). The use of BMPs in periodontal
regeneration requires further validation, especially in
regards to adverse outcomes including resorption and
ankyloses. Another significant consideration is the cost
associated with using these recombinant proteins.

Growth/differentiation factor 5 (GDF-5)
Growth/differentiation factor 5 is another member of
the TGF-B/BMP superfamily that shares 40%-50% pro-
tein sequence homology with BMP-2 and BMP-7
(Hotten et al., 1994). GDF-5 plays critical roles in mes-
enchymal cell differentiation and in the morphogenesis
of skeletal, tendon, and ligament tissues (Dines et al.,
2007). A recent systematic review assessed the available
literature that utilised GDF-5 for periodontal regenera-
tion (Lee and Wikesjo, 2014). Eleven animal studies
utilising a dog model, as well as two human studies,
were identified. Several materials, namely, absorb-
able collagen sponge, p-tricalcium phosphate, and a
poly(lactic-co-glycolic) acid were evaluated as candi-
date carriers for GDF-5 using various doses and
healing intervals. Significantly enhanced periodontal
regeneration was demonstrated including cementum,
periodontal ligament and alveolar bone, with limited, if
any, adverse effects. These studies suggest that GDF-5
may be a promising candidate for promoting periodontal
regeneration.

Issues associated with the use of growth
and differentiation factors

There are several limitations involved in the use of
growth factors. There is considerable difficulty with
determining exactly what function each growth factor
performs and its precise influence on different cell
types in a complex in vivo environment. Even if the
factors can be isolated and function perfectly under-
stood, delivery of these to the appropriate cells in
the right concentrations at the ideal time during
development/regeneration is a problem constrained by
numerous practical considerations. There is also the
difficulty common to all periodontal regenerative pro-
cedures, which is the inability to obtain primary sur-
gical closure and allow the growth factor to have an
influence in a sterile, closed environment. Therefore,
it is important to combine growth factors with an
appropriate carrier scaffold, as well as responsive cells

(if required), in order to maximise the favourable prop-
erties of these bioactive molecules.

Scaffolds

Key scaffold characteristics

The fundamental concept underlying tissue engineering
is to combine a scaffold with living cells and/or biologi-
cally active molecules to form a “tissue engineering con-
struct”, which promotes the repair and/or regeneration
of tissues (Bartold et al., 2000; Bartold et al., 2006). The
scaffold is expected to perform various functions,
including the support of cell colonisation, migration,
growth, and differentiation. The design of these scaffolds
also needs to consider physico-chemical properties,
morphology, and degradation kinetics. The external size
and shape of the construct are of importance, particu-
larly if the construct is customised for an individual
patient. Most importantly, clinically successful con-
structs should stimulate and support both the onset and
the continuance of tissue in-growth as well as subsequent
remodelling and maturation by providing optimal stiff-
ness and external and internal geometrical orientation.
Scaffolds must provide sufficient initial mechanical
strength and stiffness to substitute for the loss of
mechanical function of the diseased, damaged, or
missing tissue. Continuous cell and tissue remodelling is
important for achieving stable biomechanical conditions
and vascularisation at the host site. In addition to these
essentials of mechanics and geometry, a suitable con-
struct will (a) possess a three-dimensional and highly
porous interconnected pore network with surface prop-
erties that are optimised for the attachment, migration,
proliferation, and differentiation of cell types of interest
and enable flow transport of nutrients and metabolic
waste; and (b) be biocompatible and biodegradable with
a controllable rate to complement cell/tissue growth and
maturation (Hutmacher and Cool, 2007). It is essential
to understand and control the scaffold degradation pro-
cess in order to achieve successful tissue formation,
remodelling, and maturation at the defect site.

Initially, it was believed that scaffolds should be
degraded as the tissue is growing. Yet, tissue in-growth
and maturation differ temporally from tissue to tissue,
and simply achieving tissue in-growth does not neces-
sarily equate to tissue maturation and remodelling.
Indeed, many scaffold-based strategies have failed in the
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past as the scaffold degradation was more rapid than
tissue remodelling and/or maturation. It is now recog-
nised that the onset of degradation should only occur
after the regenerated tissue within the scaffold has
remodelled at least once in the natural remodelling
cycle. Thus, it is important that the scaffold remain
intact as the tissue matures within the scaffold, with
(Woodruff and

bulk degradation occurring later

Hutmacher, 2010).

Scaffolds and carriers for periodontal
tissue engineering

There are different scaffold materials that could be used
as a carrier for cells in tissue engineering (Figure 7.3).
Generally, they could be divided into natural (for

example, collagen, gelatin, and chitosan) and synthetic
scaffolds (for example, p-tricalcium phosphate, poly-
glycolic acid, and polycarpolactone), and also could be
classified into resorbable and nonresorbable scaffolds
(Bartold et al., 2006; Shue et al., 2012).

Three-dimensional electrospun nanofibrous scaf-
folds are receiving widespread interest in bone and
cartilage regeneration, and have also been utilised for
periodontal regeneration (Li et al.,, 2014). Studies
have shown good attachment and proliferation of
periodontal ligament cells on electrospun gelatin scaf-
folds (Zhang et al., 2009) and a variety of multilayered
electrospun polymeric membranes and scaffolds
(Inanc et al., 2009; Bottino et al., 2011; Vaquette
etal., 2012).

(]

(d)

Figure 7.3 Scanning electron microscope images of periodontal ligament fibroblasts grown on (a) hydroxyapatite-tricalcium
phosphate (HA-TCP), (b) polytetrafluoroethlylene (PTFE), (c) demineralised bone xenograft, and (d) gelatin sponge.
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Advanced tissue-engineered construct
design with multiphasic scaffolds
A multiphasic scaffold can be defined by the variation
within the architecture (porosity, pore organisation,
etc.) and/or the chemical composition of the resulting
construct, which usually recapitulates to some extent
the structural organisation and/or the cellular and
biochemical composition of the native tissue. Multiphasic
scaffolds aimed at imparting biomimetic functionality to
tissue-engineered bone and soft tissue grafts have been
recognised for some time as having significant potential
to enable clinical translation in the field of orthopaedic
tissue engineering, and are more recently emerging in
the field of periodontal tissue regeneration. Multiphasic
scaffolds represent an attractive option for facilitating
periodontal regeneration because of the requirement to
temporally and spatially control the interaction between
multiple soft and hard tissues. Recently, the use of
multiphasic scaffolds for periodontal tissue engineering
purposes has been employed by several groups.
Carlo-Reis and colleagues (2011) developed a semi-
rigid PLGA (polylactide-co-glycolide acid)/CaP (calcium
phosphate) bilayered biomaterial construct with a con-
tinuous outer barrier membrane obtained by solvent
casting and an inner topographically complex and porous
component fabricated by solvent casting sugar leaching.
The scaffold was tested in Class II furcation defects in
dogs and was shown to promote cementum, bone, and
periodontal ligament fibre insertion. This bilayered con-
struct approach represents a modification of the tradi-
tional “guided tissue regeneration”, whereby the
construct acts as both a barrier and an enhanced space
maintainer. Despite these promising results, the authors
noted that the periodontium was not fully regenerated in
the most coronal regions of the defect. They hypothe-
sised that the space maintenance properties of the bilay-
ered construct were decreased over time as the scaffold
was gradually degraded. Indeed, at 120 days postimplan-
tation, no traces of the polymeric material were found.
This study highlights the importance of appropriate
material selection and demonstrates that a polymer
undergoing a slow in vivo degradation might be more
suited for periodontal regeneration. The approach pro-
posed by Carlo-Reis and colleagues relies solely on the
regenerative performance of the host progenitors residing
in the vicinity of the damaged area, and it can be hypoth-
esised that the combination with exogenous progenitor
cells could enhance the regenerative process.

Another interesting approach involves the use of
polycaprolactone (PCL)-polyglycolic acid constructs
for controlling fibre orientation and facilitating morpho-
genesis of the periodontal tissue complexes (Park et al.,
2010, 2012). This approach utilised multicompartmental
scaffold architecture using computational scaffold design
and manufacturing by 3D printing. When combined
with BMP-7 transfected gingival cells, newly formed tis-
sues demonstrated the interfacial generation of parallel-
and obliquely oriented fibres that formed human tooth
dentin-ligament-bone complexes in an in vivo ectopic
mouse periodontal regeneration model (Park et al.,
2010). Subsequently, biomimetic fibre-guiding scaffolds
using similar 3D wax/solvent casting methods combined
with BMP-7 transduced PDL cells were tested in an athy-
mic rat periodontal defect model, and resulted in perpen-
dicularly oriented micro-channels that provided guidance
for periodontal fibre orientation at the root-ligament
interface (Park et al., 2012). The authors advocated the
manufacture of individualised multiphasic scaffolds via
computational design and 3D printing (Park et al., 2013).

A biphasic tissue-engineered construct has also been
utilised, which comprises an elecrospun membrane for
the delivery of a periodontal cell sheet attached to a
three-dimensional porous scaffold for bone regenera-
tion (Figure 7.4) (Vaquette et al., 2012). The periodontal
compartment was composed of a solution electrospun
PCL membrane for the purpose of facilitating the
delivery of PDL cell sheets and improving the stability
and the application of the cell sheets onto the dentine
root surface. This study showed that the PCL memb-
rane provided additional anchorage to the cell sheets,
which resulted in enhanced adhesion and stability.
In vitro, it was shown that the bone compartment
supported cell growth and mineralisation, and the
periodontal component was suitable for supporting
multiple PDL cell sheets. When applied onto a dentine
block and implanted in a subcutaneous animal model,
cementum deposition was seen on the surface of the
dentine. This approach demonstrated that a biphasic
scaffold combined with cell sheet technology could be
beneficial for periodontal regeneration. The concept
was further developed by enhancing the osteocond-
uctive nature of the bone compartment by coating with
a layer of calcium phosphate, as well as utilising a
periodontal compartment possessing a larger pore size
that could enhance the integration of PDL tissue with
the newly formed alveolar bone (Costa et al., 2014).



Periodontal tissue engineering 137

CeHsheetontobof- i
PCL scaffold ;

(o)

(d)

Figure 7.4 Biphasic scaffold (a) demonstrating excellent integration between periodontal ligament and bone compartments
(b). Tissue-engineered construct with a periodontal ligament cell sheet placed on periodontal side of biphasic PCL scaffold

(c), ready for insertion into periodontal defect (d).

Another approach has been to utilise PCL-HA (90:10
wt%) scaffolds, which were fabricated using three-
dimensional printing in three phases: 100-pm micro-
channels in Phase A designed for cementum/dentine
interface, 600-pm microchannels in Phase B designed
for the PDL, and 300-pm microchannels in Phase C
2014).
Recombinant human amelogenin, connective tissue

designed for alveolar bone (Lee et al.,
growth factor, and bone morphogenetic protein-2 were
delivered in Phases A, B, and C, respectively. Upon
4-week in vitro incubation with either dental pulp stem/
progenitor cells, PDL stem/progenitor cells, or alveolar
bone stem/progenitor cells, distinctive tissue pheno-
types were formed in each compartment. The strategy
used for the regeneration of multiphase periodontal

tissues in this study involved the spatiotemporal
delivery of multiple proteins. Using this method, it was
shown that a single stem/progenitor cell population
appeared to differentiate into putative cementum, PDL,
and alveolar bone complex by using the scaffold’s bio-
physical properties, combined with spatially released
bioactive cues.

Tissue-engineered decellularised matrices
and periodontal regeneration

The use of decellularised matrices as a biologic scaffold
is gaining increasing attention in regenerative medi-
cine. The rationale of using this approach is to produce
three-dimensional scaffolds that mimic natural tis-
sue’s composition, microstructure, and biological and
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mechanical properties. The aim is to enhance the
recruitment of host progenitor cells into these scaffolds
and induce them to differentiate into the target tissue
cell phenotype. Decellularised matrices can be obtained
by decellularising native tissues or organs, or by
removing the cellular components of tissue-engineered
constructs (Hoshiba et al., 2010). In a recent study, it
was demonstrated that periodontal cell sheets placed
on melt electrospun PCL membranes can be decellular-
ised by bidirectional perfusion with NH,OH/Triton X-100
and DNase solutions. The decellularised cell sheets dem-
onstrated an intact extracellular matrix, retained growth
factors, and had the capacity to support the proliferation
of allogenic PDL cells (Farag et al., 2014). Indeed, decel-
lularised matrices have been obtained from various
tissues and organs, such as heart valves, blood vessels,
small intestinal submucosa (SIS), lung, trachea, skin,
nerves, and cornea (reviewed in Hoshiba et al., 2010). It
has also been demonstrated that the decellularisation
process not only results in preservation of the ECM
microstructure, but retention of biologically active com-
ponents, such as the growth factors, is also achievable
(Badylak, 2007). Importantly, tissue-engineered decel-
lularised scaffolds did not elicit an immune response
when implanted in vivo (Bloch et al., 2011).

Blood supply: Vascularisation
and endothelial progenitors

Vascularisation is an important part of any regeneration
approach in order to avoid tissue necrosis, and the use
of prevascularised tissue engineered scaffolds is receiving
increasing attention in regenerative medicine (Baldwin
et al., 2014). In the context of periodontal tissue engi-
neering, Nagai and colleagues (2009) used a tissue engi-
neering construct of human PDL fibroblasts (HPDLFs)
co-cultured with or without human umbilical vein
endothelial cells (HUVECs). The HUVECs were found to
form capillary-like structures when co-cultured with
the HPDLFs. These cultures demonstrated longer
survival, higher ALP activity, and lower osteocalcin pro-
duction than the HDPLF cultures alone. These findings
suggest that the incorporation of endothelial progeni-
tors into tissue-engineered constructs may be beneficial
in maintaining adequate vascularisation, which would
in turn improve regenerative outcomes.

Gene therapy

One way to overcome the issue of the short half-life of
growth factors and ensure a sustained local release is to
deliver cells capable of producing the growth factor in situ
within the periodontal defect. This can be achieved by
gene therapy, which involves the genetic manipulation
of cells to enhance their ability to produce a given pro-
tein, in this case, a growth or differentiation factor. More
specifically, this strategy utilises vectors to insert genetic
material into cells that are subsequently inserted into the
periodontal defect, eliciting transcription of these genes
and subsequent growth and differentiation of surroun-
ding host cells, leading to new attachment formation.

Gene delivery of PDGF has been accomplished by the
successful transfer of the gene into various periodontal
cell types (Jin et al., 2004; Chang et al., 2009; Park et al.,
2010; Park et al., 2012). Animal studies have demon-
strated that gene delivery of PDGF stimulated more
cementoblast activity and improved regeneration com-
pared with a single application of recombinant PDGF
(Chang et al., 2009). Although our understanding of the
in vivo effect of sustained growth factor activity has
improved with experimental gene therapy studies,
significant safety concerns remain in relation to this
technology.

Conclusions

Periodontal regeneration requires the coordinated
healing of multiple soft and hard tissues. Current clini-
cally utilised techniques have demonstrated the impor-
tance of space maintenance and wound stability for
successtul regeneration, but the available techniques are
not able to achieve predictable regeneration in the vast
majority of periodontal defects. Tissue engineering is
an attractive approach to periodontal regeneration, as
it may permit spatial and temporal control over the
periodontal wound healing process. A variety of
approaches utilising progenitor cells, bioactive mole-
cules, and carrier scaffolds have shown potential in pro-
moting periodontal regeneration to the extent that they
justify testing in human clinical trials. However, success-
ful results are likely to require the use of approaches
that utilise a combination of cellular, growth factor, and
scaffold properties, based on an understanding of both
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the complex architecture of the periodontium and the
unique challenges associated with surgical intervention
involving a nonvascular tooth surface and a nonsterile
oral environment. The use of three-dimensional con-
structs that mimic the anatomy of the periodontium and
may also be combined with progenitor/stem cells,
growth factors, and/or extracellular molecules, is show-
ing considerable promise in promoting periodontal
regeneration that is translatable to the clinical setting.
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Clinical strategies for dental and periodontal
disease management: A way forward

Anibal Diogenes, Vanessa Chrepa, and Nikita B. Ruparel
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Dentistry dates back to ancient civilizations. Archeological
findings suggest that rudimentary dental extractions,
bone trephinations to drain abscesses and splinting of
loose teeth with gold wires and various forms of dental
adornments were practiced by ancient Chinese and
Egyptians as early as 6,000 BC (Xu and MacEntee, 1994;
Marion 1996; Shimizu et al.,, 2013). Other remarkable
findings include use of various forms of medicaments to
treat dental pain, and evidence of dental implants in
ancient Turkey and Egypt (el-Ansary, 1989; Atilla, 1993;
Irish, 2004). Since these primordial times, the evolution
of dentistry is largely marked by the development of
dental materials and techniques that aim to address
replacing lost or diseased tissues with nonbiologic
materials. Thus, prosthetic replacement of missing
dental tissues has prevailed in dentistry since early
examples of dental treatments in ancient civilizations
(Lucas and Maes, 2013; McFadden et al., 2013;
Unterholzner, 2013).

In contrast, the goal of regenerative dentistry is to
induce biologic replacement of dental tissues and their
supporting structures. The potential for regenerative
dentistry is in large part due to advancements in biologic
therapies that apply principles of tissue engineering
with the spatial and temporal assembly of stem cells,
growth factors, and scaffolds to achieve the functional
regeneration. Tissue engineering is defined as an inter-
disciplinary field that applies the principles of engi-
neering and life sciences toward the development of
biological substitutes that restore, maintain, or improve
tissue or organ function. This is accomplished by the

concerted interplay between stem cells, scaffolds, and
growth factors, known as the tissue engineering triad
(Langer and Vacanti, 1993). However, it is important to
keep in mind that the outcome of the interplay among
this triad is greatly modified by environmental factors
such as the presence of microbes or their antigens
(Figure 8.1). This is particularly important for regenera-
tive endodontics and periodontics, which aim to restore
the physiology and function of previously infected tis-
sues with residual presence of microbial antigens.

Cao and colleagues (1997) captured worldwide
attention when they published a study reporting the
development of engineered human ears grown on
the dorsum of athymic mice. Later, a groundbreaking
clinical case report announced the successful engi-
neering of a functional human mandible on a patient
with a subtotal mandibulectomy due to oral cancer, who
was unable to have solid meals and had severe functional
and esthetics issues for more than 8 years (Warnke et al.,
2004). A titanium mesh scaffold filled with bone mineral
block was molded to fit the defect through computer-
aided design (CAD). The titanium/mineral bone scaffold
was injected with bone morphogenic protein 7 (BMP-7)
and the patient’s own bone marrow-derived mesen-
chymal stem cells. The engineered construct was then
implanted into the patient’s right latissimus dorsi muscle
(Warnke et al., 2004). In this case report, the patient was
used as his own bioreactor for 7 weeks, after which the
construct was harvested and transplanted onto the man-
dibular defect. The blood vessels that had developed
within the construct were anastomosed on the external
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Figure 8.1 Illustration of modulation of the “triad of tissue engineering” by environmental factors, affecting the downstream stem

cell fate and regenerated tissue.

carotid artery and cephalic veins. Skeletal scintilography
with a 600 MBq Tc99m-oxydronate tracer revealed that
the engineered mandible had metabolically active bone
with evident remodeling and mineralisation processes.
Importantly, this patient was able to have his first solid
meal in over 9 years.

Another remarkable clinical report of tissue engi-
neering in dentistry was published in 2009 (d’Aquino
et al., 2009). Dental pulp stem cells (DPSCs) were iso-
lated from extracted maxillary third molars and
expanded in vitro. Later, these autologous DPSCs were
combined with collagen sponge and implanted into the
extraction sockets of impacted mandibular molars. The
regeneration of the osseous defects was assessed by both
radiographic and histological methods. There was radio-
graphic evidence of approximately 60% more bone
formed on the sites that received the DPSCs in the scaf-
fold as compared with a site that received scaffold only
(control). Importantly, the bone formed in the sites that
received the DPSCs was better organised and dense
compared with the control site. This study was a pioneer
in the use of autologous DPSCs in cell-based therapies in
dentistry (d’Aquino et al., 2009). Also, it is noteworthy
that the unsorted dental pulp cells used in this study
enhanced bone formation without evidence of ectopic

dentin formation. This observation highlights the
importance of the environment growth factors and
attachment molecules to dictate the fate of mesen-
chymal stem cells.

The last decade has been marked with significant
increased knowledge of the biology of the pulp and
periradicular tissues, including the role of stem cells,
scaffolds, and growth factors. The realisation of the
intrinsic regenerative potential of the pulp and perira-
dicular tissues has created a paradigm shift in treatment
approaches, addressing many unmet needs such as the
arrestment of dental development in immature teeth
with necrotic pulp. Importantly, these new treatment
modalities propelled further advances that have been
quickly incorporated into chairside therapies. This
chapter focuses on describing regenerative clinical
advances in both endodontics and periodontics.

Clinical strategies in regenerative
endodontics

Regenerative endodontics is a new field within the
specialty of endodontics that focuses on promoting
the physiological and functional regeneration of the
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damaged pulp-dentin complex. There has been much
attention to the fast-evolving field of regenerative
endodontics since the first contemporary case report
published in 2001: the successful treatment of a
permanent immature tooth with the use of a double
antibiotic paste medicament (ciprofloxacin and metro-
nidazole) and intracanal bleeding from the apical tissues
(Iwaya et al., 2001). As a result, there have been
significant advances in stem cell biology, microbiology,
and biomaterials. Indeed, regenerative endodontics
research and development has evolved into a multidis-
ciplinary effort. It is noteworthy that the foundations of
regenerative endodontics date back to more than a
century ago with the first attempts of vital pulp therapy
to maintain the physiologic function of an injured pulp
(Dammaschke, 2008). Phillip Pfaff in 1756 performed
the first reported pulp capping procedure. He concluded
that the exposed injured pulp had the potential of repair
if the tissue was further irritated with a caustic agent or
heated instruments to promote the cauterisation of the
pulp stumps (Francke, 1971; Gelbier, 2010). It was not
until 1920 that Datwyler introduced zinc eugenol-
based cement as a direct pulp capping agent (Grossman,
1976). Subsequently, Herman introduced calcium
hydroxide in 1921 as a biocompatible agent to be used
in both vital and nonvital therapies (Dammaschke, 2008).
Importantly, both agents are still important adjuvants
in the modern endodontic armamentarium.

Vital pulp therapies

Therapies such as direct pulp capping procedures and
pulpotomies have become primarily restricted to decid-
uous or immature teeth with open apices due to their
alleged poor predictabililty when applied to mature
teeth (Barthel et al.,, 2000). However, Cvek (1978)
reported that pulp vitality could be maintained in 96 %
of teeth with pulp exposures due to complicated crown
fractures following a partial pulpotomy and direct pulp
capping with calcium hydroxide. In this pioneer work,
Cvek demonstrated that the pulp, when confirmed vital
by testing and direct clinical visualisation, had an
intrinsic capacity of repair and regeneration as calcific
barriers were often observed under the capping material.
He also demonstrated that this desirable outcome was
not limited to immature teeth since 53 % of teeth treated
in this study were fully formed mature teeth. In the last

decade, knowledge gained on the participation of stem
cells and progenitor cells within the dental pulp on the
process of tertiary reparative dentinogenesis has dra-
matically changed the therapeutic potential of vital pulp
therapies. Thus, it has created a paradigm shift with
clinical techniques and materials designed to optimise
stem cell fate towards a reparative cell type, often called
odontoblast-like cells.

Although calcium hydroxide has been considered
the gold standard for direct pulp capping procedures,
newer materials designed to have better biocompati-
bility and inductive effects on stem cells such as min-
eral trioxide aggregate (MTA) and tricalcium silicate
cements (e.g., Biodentine) have increased the success
and predictability of these procedures. It is now appre-
ciated that desired clinical outcomes rely heavily on
the many effects of these materials on the local envi-
ronment, reducing inflammation while promoting the
recruitment, proliferation, and differentiation of undif-
ferentiated MSCs into odontoblast-like cells. Elegant
ex vivo models have been used to demonstrate that
both MTA and Biodentine when used as direct capping
materials promote greater reparative tertiary dentino-
genesis as compared with calcium hydroxide due to
both direct (calcium-mediated increase in proliferation
and recruitment) and indirect effects (e.g., release of
transforming growth factor p-1 from dentin) (Tecles
etal., 2008; Laurent et al., 2012). These materials have
been shown to promote unprecedented regeneration
in the injured dental pulp and have quickly transi-
tioned to clinical practice.

A recent randomised clinical trial using a practice-
based research network evaluated the clinical outcomes
of direct pulp capping procedures performed with either
calcium hydroxide or MTA (Hilton et al., 2013). In this
large study, the use of MTA resulted in significantly
greater clinical success (81.3%) compared with the
calcium hydroxide group (68.5%) (Hilton et al., 2013).
These results confirmed a previous clinical study that
reported an 80.5% success with the use of MTA as com-
pare to 59% when calcium hydroxide was used (Mente
et al., 2014). It is important to emphasise that desirable
clinical outcomes such as resolution of the disease pro-
cess and lack of symptoms is directly influenced by the
biocompatibility of these materials and their effects on
local stem cells and growth factors. Indeed, an inter-
esting study reported the histologic evaluation of human
dental pulp capped with MTA or calcium hydroxide
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following extraction of the treated teeth for orthodontic
reasons (Accorinte Mde et al., 2008). Similar desirable
histological findings were found in an independent
study evaluating the histological outcome of pulp cap-
ping procedures in patients using MTA or Biodentine.
These findings, including presence of a dentinal bridge
without tubular defects lined with odontoblast-like cells
and minimal inflammation, were found in another
histological study in treated human teeth (Nowicka
et al., 2013). Therefore, the greater clinical success rates
achieved with contemporary biomaterials in pulp cap-
ping procedures appear directly related to the ability of
these materials to “facilitate” stem cell-mediated pulp
regeneration with the formation of tertiary dentin and
reestablishment of normal pulp physiology.

Successful outcomes have recently been reported for
vital pulp therapy in mature teeth diagnosed with
reversible pulpitis using contemporary endodontic tech-
niques and materials (Simon et al., 2013). There are still
many barriers to be overcome in order that vital pulp
therapies become the first line of treatment for both
mature and immature teeth. One of the major chal-
lenges to be overcome is the development of mean-
ingful inflammation markers that could be used
chairside to determine the extent of pulpal inflamma-
tion while correlating the results to the prognosis of a
regenerative procedure. Currently, clinicians rely on
responses to cold stimulus, history of spontaneous pain,
and degree of pulpal hemorrhage to determine whether
pulpal inflammation should be deemed reversible or
irreversible. This remains a very subjective determina-
tion that has limited the application of capping proce-
dures in teeth with a diagnosis of irreversible pulpitis.
It has been recently reported that a contemporary
pulpotomy was capable of “reversing” the irreversible
pulpitis status of a secondary mandibular molar in a 19-
year-old patient (Chueh and Chiang, 2010). The tooth
was extracted for orthodontic reasons 10 months after
the procedure and examined histologically. A vital pulp
was observed with normal appearance with presence
of a mineralised barrier in intimate contact with the
coronal MTA capping material (Figure 8.2) (Chueh and
Chiang, 2010).

Despite these significant advances and promising
results, vital pulp therapy has not yet become the first
treatment alternative for mature teeth with vital pulps
requiring endodontic treatment. This is an important
area that requires further translational research to better

explore the inherent regenerative potential of the dental
pulp, allowing the maintenance of a complex tissue
with sensorial and immunological functions not easily
recapitulated by our current regenerative approaches.

Nonvital pulp therapies

Regenerative endodontic procedures

The occurrence of pulpal necrosis in the permanent
immature tooth often represents a challenging clinical
situation because the thin and often short roots
increase the risk of subsequent fracture, resulting in
difficulties in debriding and sealing a large canal space.
Although apexification procedures allow for healing of
apical periodontitis, they fail to promote continued
root development and reestablishment of a functional,
competent pulp-like tissue. Unfortunately, alternative
procedures, such as implants, are often contraindicated
because of the still-growing craniofacial skeleton in
these young patients. Therefore, immature teeth with
pulpal necrosis present unique challenges not previ-
ously addressed by apexification procedures.

Regenerative endodontic procedures (REPs) include,
but are not limited to, procedures first described in the
literature as revascularisation procedures (Banchs and
Trope, 2004) (Figure 8.3). These procedures first emerged
from the observation that the pulp of replanted imma-
ture teeth could revascularise and regain vitality (Kling
et al., 1986; Cvek et al., 1990; Andreasen et al., 1995).
Indeed, revascularisation is a term used for the reestablish-
ment of the vascularity of an ischemic tissue, such as the
dental pulp of an avulsed tooth. There was an initial focus
on the role of the blood clot in promoting wound healing
that started in the early 1960s (Nyggard-Ostby, 1961),
and it remained prevalent until 2011 with the demon-
stration that revascularisation procedures delivered a
substantial number of undifferentiated MSCs into root
canals (Lovelace et al.,, 2011). Nonetheless, the seminal
work of Nyggard-Ostby laid the foundation for contem-
porary regenerative endodontic procedures (Nyggard-
Ostby, 1961; Nygaard-Ostby and Hjortdal, 1971).

The first of the contemporary case reports demon-
strated that a necrotic pulp with chronic apical abscess is
suitable for healing using REP. Clinical success was seen
as complete resolution of pre-operative sinus tract and
symptoms. Unique to conventional endodontic proce-
dures was that these cases also demonstrated thickening
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Figure 8.2 Radiographs and micrograph of tooth #29 treated with a partial pulpotomy and direct pulp capping using MTA.

(a) Preoperative radiograph showing a large distal proximal carious lesion. (b) Recall radiograph taken 10 months after the
pulpotomy showing absence of pathosis; in addition, the patient was asymptomatic. (¢ and d) Histologic examination of tooth #29
after extraction for orthodontic reasons reveals absence of inflammation and a thick reparative dentinal bridge as seen in both 10X
(c) and 50X (d) magnification. (Modified from Chueh and Chiang, 2010. Reproduced with permission from Operative Dentistry, Inc.)

and elongation of the root as well as apical closure
(Diogenes et al., 2013). Moreover, treated teeth were
vital to testing. These reports demonstrated that ade-
quate disinfection using chemical means without any
mechanical instrumentation can satisfactorily heal
chronic infections. Combination irrigation and a multiple-
visit approach using intracanal antimicrobials success-
fully healed sinus tracts in both cases prior to completion
of treatment.

Following these cases, to date, we now have more
than 200 published cases demonstrating successful
clinical outcomes using regenerative endodontic ther-
apies. Additionally, a wide range of etiologies such
as trauma (complicated and uncomplicated crown

fractures, avulsions, luxation injuries including intru-
sive luxation), developmental defects (dens evaginatus
and invaginatus), and caries have also been reported
(Diogenes et al., 2013). This points to an encouraging
trend that despite what the cause of pulp trauma may
be, the current procedures aid in restoring the environ-
ment suitable for a positive effect. In addition to the
varied etiologies, there exists a wide variety of clinical
procedures and protocols being performed, which indi-
cates the lack of a standardised treatment protocol
(Kontakiotis et al., 2014; Kontakiotis et al., 2015).
Despite this, a closer look at the contemporary proce-
dures reveals certain common features. A representa-
tive protocol is given in Textbox 8.1. The rest of this
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Figure 8.3 Two case reports showing successful clinical outcomes using REPs. Both cases reported immature permanent premolar teeth
diagnosed with pulp necrosis. Large radiolucent areas are seen surrounding the apex and roots of both teeth, suggesting advanced
apical periodontitis in the preoperative radiographs. Teeth were treated with revascularisation procedures, resulting in complete
resolution of signs and symptoms of disease. Complete radiographic healing of apical periodontitis is seen in the postoperative
radiographs. (Modified from Iwaya et al., 2001, and Banchs and Trope, 2004. Reproduced with permission from Wiley and Elsevier.)
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Textbox 8.1 A recommended clinical protocol for regenerative endodontics.

First treatment visit for regenerative endodontics
1.

Informed consent, including explanation of risks and alternative treatments or no treatment.

2. After ascertaining adequate local anesthesia, dental dam isolation is obtained.
3.
4. The root canal systems are slowly irrigated first with 1.5% NaOCI| (20 mL/canal, 5 min) and then irrigated with saline (20 mL/

The root canal systems are accessed and working length is determined (radiograph of a file loosely positioned at 1 mm from root end).

canal, 5 min), with irrigating needle positioned about 1 mm from root end.

. Canals are dried with paper points.
. Calcium hydroxide, or DAP or TAP (0.1-1 mg/mL) is delivered to canal system.
7.

Access is temporarily restored.

Final (second) treatment visit for regenerative endodontics
1.

A clinical exam is first performed to ensure that there is no moderate to severe sensitivity to palpation and percussion. If such
sensitivity is observed, or a sinus tract or swelling is noted, then the treatment provided at the first visit is repeated.

. After ascertaining adequate local anesthesia with 3% mepivacaine (no epinephrine), dental dam isolation is obtained.
. The root canal systems are accessed; the intracanal medicament is removed by irrigating with saline (20 mL) followed by 17%

EDTA (10 mL/canal, 5 min).

. The canals are dried with paper points.
. Bleeding is induced by rotating a precurved K-file size #25 at 2 mm past the apical foramen with the goal of having the entire

canal filled with blood to the level of the cementoenamel junction.

. Once a blood clot has formed, a premeasured piece of Collaplug (Zimmer Dental Inc., Warsaw, IN) is carefully placed on top of

the blood clot to serve as an internal matrix for the placement of approximately 3 mm of white MTA (Dentsply, Tulsa, OK) or
Biodentine (Septodont, France).

. A 3-4 mm layer of glass ionomer (e.g., Fuji IX, GC America, Alsip, IL) is flowed gently over the MTA.
. A bonded reinforced composite resin restoration is placed over the glass ionomer.
. The case needs to be followed up at 3 months, 6 months, and yearly after that for a total of 4 years.
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chapter will focus on each of these to better understand
the biological principles behind REPs.

Inclusion criteria

Our knowledge of treating immature necrotic teeth
with REPs has emerged over years through therapies
such as apexogenesis. Previous work by Andreason and
Cvek on avulsed teeth treated with apexogenesis dem-
onstrated that a minimum of 1.1 mm of apical opening
is required for teeth to successfully regain vitality and
undergo root development via apexogenesis (Cvek,
1974; Andreasen et al., 1995). Apart from this criterion,
patient’s age and the stage of root development also play
a key role in predicting outcomes. Barring one case
report (Kim et al., 2010), almost all other reports pub-
lished have been on young patients with an age range of
6-20 years (Kontakiotis et al., 2015). This points to an
important characteristic that despite the large evidence
of successful cases, REPs at this time are largely limited
to a subset of the population. This may in part be due to
the number and cellular properties of stem cells present
in young versus adult patients. Numerous studies have
demonstrated that there is a decrease in the number as
well as a decrease in the proliferative and differentiation
capacity of mesenchymal stem cells (MSCs) in the older
population (Yu et al., 2011). This has been attributed to
changes in cell-cycle regulation, signaling mechanisms,
cell damage over time, and systemic changes (Piccin and
Morshead 2010). These features directly translate to a
suboptimal regenerative potential and can therefore
lead to an unpredictable clinical outcome in aged indi-
viduals. Nevertheless, it cannot be excluded that find-
ings from the present studies can be extrapolated to the
adult population and therefore a larger group of patients,
as the number or the regenerative potential of adult
dental stem cells has not been evaluated.

Evoked bleeding

Since the inception of regenerative endodontics,
bleeding evoked inside the canal system has been a
common step during the second appointment (Diogenes
et al., 2013). However, prior to 2011, it was believed
that the blood clot promoted by this step mediated the
healing by inducing angiogenesis similar to a blood clot
in an extraction socket following exodontia. It is well
appreciated that angiogenesis is a requirement for tissue
regeneration; however, the focus on this alone funda-
mentally ignores the role of the stem cells, local growth

factors, and scaffolds. Importantly, random healing or
repair does not explain the continued root development
and gain in vitality, suggesting the functional reinnerva-
tion of the tissue, as reported in 60% of the case reports
(Diogenes et al., 2013).

A study by Lovelace and colleagues in 2011 demon-
strated that evoked bleeding in immature teeth from
young patients not only brings in vascular components
but also allows for ingress of mesenchymal stem cells
that were not seen circulating in the patient’s systemic
blood (Lovelace et al., 2011). The amount of these
cell types was 600-700-fold greater than systemic
blood. Interestingly, the first speculated mention of the
presence of perivascular mesenchymal components
was also from Nygaard-Ostby’s work (Ostby, 1961).
However, further research in the field of tissue engi-
neering and dentistry reveals many sources of stem
cells, especially ones located in the periapical region
(Diogenes et al., 2013). Stem cells of the apical papilla
(SCAP),
periodontal ligament stem cells, and bone marrow stem

inflammatory periapical progenitor cells,

cells appear to be the most likely sources of periapical
stem cells when lacerating apical tissues. Of these,
SCAPs have been shown to be a rich source of stem cells
with superior population doubling capacity, prolifera-
tion rate, telomerase activity, and cell migration ability
(Sonoyama et al., 2008). Collectively, these findings
point to an important concept that regeneration of pulp
tissue is a stem cell-based process and may be governed
by the multipotency of mesenchymal stem cells and
their acquired phenotype such as connective tissue,
endothelium, dentin, cementum, and bone.

The ability of stem cells to proliferate and differentiate
into the desired phenotypes is dependent on signaling
from bioactive molecules such as growth factors and
their three-dimensional carrier, a biodegradable scaffold.
The combination of adequate numbers of stem cells,
appropriate growth factors, and a suitable scatfold form
the basis of tissue engineering (Murray et al., 2007).
Tissue engineering in endodontics is defined as “biologi-
cally based procedures designed to replace damaged
structures, including dentin and root structures, as well
as cells of the pulp-dentin complex” (Murray et al.,
2007). In order to achieve the goals of these procedures,
several strategies have been proposed for optimizing
differentiation of DPSCs and SCAPs into desired pheno-
types (Diogenes et al., 2013). These include increasing
bioavailability of growth factors already present within
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the root canal system; dentin has been shown to harbor
a wide range of growth factors, namely, transforming
growth factor beta (TGF-f), basic fibroblast growth
factor, vascular endothelial growth factor, bone morpho-
genetic proteins (BMPs), and others (Smith et al., 2012).
In vitro studies have shown that dentin conditioning
with either calcium hydroxide treatment, MTA, or 17%
ethylenediamine tetraacetic acid (EDTA) allows for solu-
bilisation of some of the dentin-matrix components
(Graham et al., 2006; Tomson et al., 2007; Casagrande
et al., 2010; Galler et al., 2015). Additionally, platelet-
rich plasma extracted from a patient’s own blood has
been used greatly due to its use as an autologous scaffold
as well as a rich source of growth factors (Torabinejad
and Kiger, 1980; Torabinejad and Turman, 2011; Chen
et al., 2012; Sachdeva et al.,, 2014; Torabinejad et al.,
2014). The results of the clinical case reports are equiv-
ocal at this point. However, this may be due to the lack
of standardised protocols being used. Other options
include exogenous introduction of growth factors as
used by several in vivo animal studies (Huang et al., 2010;
Iohara et al., 2011; Kodonas et al., 2012) and one
prospective clinical trial (Nagy et al., 2014).

The third component of tissue engineering includes a
bioactive substance that can carry stem cells and growth
factors and act as a template for tissue regeneration
(Galler et al., 2011a). Ideal characteristics of a scaffold
have been described by many and include the following:
biocompatibility; biodegradability; strong mechanical
properties to withstand handling; and conducive
architecture to allow for adequate loading of cells and
penetration of their nutrients and growth factors and
facilitate proliferation, adhesion, and migration of stem
cells (Galler et al.,, 2011a). Several groups are now
attempting to develop an ideal scaffolding material.
These include natural polymers, synthetic polymers,
hydrogels, and bioceramics (Galler et al.,, 2011la).
Injectable scaffolds are an attractive strategy when
dealing with a small region such as a root canal system.
To this end, in vitro and in vivo animal models have dem-
onstrated that creating a suitable and conducive envi-
ronment for stem cells by providing the necessary
scaffold such as poly(lactic) acid and poly(glycolic) acid
in combination with chemotactic and growth factors
can lead to desirable outcomes not just clinically but
also histologically (Huang et al., 2010; Iohara et al.,
2011; Kodonas et al., 2012). Other strategies include
optimizing the release profiles of growth factors

embedded in scaffolds. Biodegradable polymeric chito-
san nanoparticles have been studied as a potential
delivery means of large proteins using temporal con-
trolled release of growth factors, thereby facilitating
bioavailability and efficacy of a regenerative phenomenon
(Shrestha et al., 2014). In addition, photodynamically
activated chitosan nanoparticles have been shown to
inactivate bacterial endotoxins, thereby participating
not only in the regenerative process but also in the dis-
infection process of the root canal system. Collectively,
optimum results for tissue engineering will require the
active participation of stem cells, scaffold, and bioactive
molecules.

Disinfection
Thorough debridement of the root canal system is
critical to any endodontic treatment. Similar to wound
healing, the presence of bacteria and their toxins can
sustain a proinflammatory environment, which can
greatly hinder the regenerative potential of stem cells.
Regenerative endodontic procedures rely heavily on
chemical disinfection and debridement since most
published cases reported none to minimal mechanical
instrumentation to preserve the already thin fragile
dentinal walls (Diogenes et al., 2013; Diogenes et al.,
2014). Because disinfection in necrotic cases may pre-
sent with established biofilms, it is conceivable that the
canal system is required to be first disinfected maximally
before attempting regeneration. The role of passive
ultrasonic activation and other nonabrasive methods of
debridement has never been evaluated for these proce-
dures, but they may represent an important method of
optimizing disinfection while maintaining the integrity
of the weak dentinal walls. Thus, chemical disinfection,
like other endodontic procedures, involves usage of a
combination of irrigants and intracanal medicaments.
Irrigation at first and second appointments has
been accomplished, in published cases, with a range
of irrigants, namely, 2.5% or 5.25% sodium hyper-
chlorite (NaOCl), 3% hydrogen peroxide (H,0,), saline,
2% chlorhexidine, 17% EDTA, 4% formaldehyde, and
others (Nygaard-Ostby and Hjortdal, 1971; Iwaya et al.,
2001; Banchs and Trope, 2004; Kontakiotis et al., 2015).
Whilst all combinations of irrigation protocols have
shown successful clinical outcomes, recent studies eval-
uating the effect of various irrigants on the survival and
differentiation of stem cells demonstrate that higher
concentrations of NaOCl are detrimental to the survival
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and differentiation of stem cells (Casagrande et al.,
2010; Galler et al., 2011b; Trevino et al., 2011; Martin
et al.,, 2012). However, when 17% EDTA is used post-
NaOCl rinse, these effects are almost completely
reversed (Galler et al.,, 2011b; Trevino et al.,, 2011;
Martin et al., 2012). Moreover, dentin discs irrigated
with 5.25% NaOCI plus 17% EDTA demonstrate pulp-
like tissue formation as well as expression of dentin
sialoprotein on the dentin walls, whereas discs irrigated
with 5.25% NaOCl alone result in clastic activity (Galler
et al., 2011b). EDTA also promotes stem cell adhesion
and maintains their morphology compared with other
irrigant protocols as shown by an in vitro study (Ring
et al., 2008). Above all, EDTA has been shown to release
growth factors such as TGF-f embedded in dentin,
which have been shown to promote differentiation of
stem cells into odontoblast-like cell types (Casagrande
et al., 2010). These findings indicate that a final rinse
with EDTA at the second appointment would not only
maintain stem cell viability but could also make avail-
able the necessary growth factors required by stem
cells to differentiate into appropriate phenotypes.
Similar to irrigation protocols, the use of intracanal
medicaments can also have a beneficial or detrimental
effect of stem cells. Two instances when medicaments
can come in contact with stem cells are the following:
(a) extrusion of material into periapical tissues at first
appointment and (b) direct contact from dentin walls
due to inadequate removal of them at second appoint-
ment. The most widely used intracanal medicament is
the triple antibiotic paste (TAP) followed by calcium
hydroxide (Ca[OH],), formocresol, double antibiotic
paste (DAP), and others (Iwaya et al., 2001; Banchs and
Trope 2004; Diogenes et al., 2013). Recent studies have
demonstrated that concentrations greater than 0.1 mg/mL
of TAP, DAP, DAP with Cefaclor, and Augmentin cause
severe death of SCAPs (Ruparel et al., 2012; Althumairy
et al.,, 2014). Interestingly, Ca(OH), has been seen as
beneficial to stem cells in that it not only supports their
survival but also promotes proliferation (Ruparel et al.,
2012). These studies indicate that concentrations that
are bactericidal as well as nondetrimental to stem cells
must be used in order to satisfy the disinfection as well
as regenerative potential of REPs. Following the above-
mentioned studies, recent studies have evaluated the
antibactericidal effects of diluted TAP and DAP on
Enterococcus faecalis and Porphyromonas gingivalis biofilms
(Sabrah et al.,, 2013; Sabrah et al., 2015). Data from

these studies demonstrate that concentrations ranging
from 0.1 mg/mL to 0.3 mg/mL are significantly bact-
ericidal against the tested biofilms and in turn pro-
vide strong and encouraging evidence for the use of
“balanced” disinfection that is not only efficacious
against bacterial biofilms but also innocuous to the
regeneration process. Overall, studies concerning irri-
gation as well as intracanal medicaments demonstrate a
cautious use of materials that come in contact with
stem cells to create a conducive environment for the
regenerative phenomenon.

Expected outcomes and challenges

The goals of REPs are many. These include (a) resolu-
tion of pathosis (signs and symptoms of apical periodon-
titis), (b) gain in root width and root length at the apex
as well as at the cemento-enamel junction (CEJ), and
(c) regaining lost vasculature and innervation and histo-
logical regeneration in terms of true pulp-like and
dentin-like tissue formation. Two retrospective and one
prospective study demonstrate that in addition to reso-
lution for periapical pathosis, regenerative endodontic
procedures allow for significant gain in root length as
well as width compared with conventional MTA
apexification therapy (Figure 8.4) (Bose et al., 2009;
Jeeruphan et al., 2012; Nagy et al., 2014). Another pro-
spective study of 16 cases demonstrated similar findings
in that 90.3% of the treated teeth showed complete res-
olution of signs and symptoms, 19.4% showed complete
apical closure, 2.7% to 25.3% had change in root
length, and 1.9% to 72.6% gained root dentin thickness
(Kahler et al., 2014). It is noteworthy to state that the
study employed teeth with different etiologies leading
to pulp necrosis, such as dens evaginatus, uncompli-
cated crown fracture, subluxation, and avulsion (Kahler
et al., 2014), demonstrating that the success of REPs
is not dependent on a specific etiology and patients
with varied etiologies can benefit from this therapy.
Moreover, an analysis of the published case reports also
indicates that approximately 60% of successful cases
also regain vitality responses in the treated tooth (Iwaya
et al.,, 2001; Banchs and Trope, 2004; Petrino, 2007;
Reynolds et al., 2009; Ding et al., 2010; Thomson and
Kahler, 2010; Cehreli et al.,, 2011; Iwaya et al., 2011;
Cehreli et al., 2012; Miller et al., 2012; Shivashankar
et al.,, 2012). Collectively, REPs to date have generated
significant evidence as a viable treatment option for
immature teeth with pulp necrosis.
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Figure 8.4 Composite representation of two retrospective and one prospective study showing percentage change in root width and
root length between regenerative endodontic procedures and MTA apexification procedures. (Modified from Bose et al., 2009;

Jeeruphan et al., 2012; and Nagy et al., 2014).

There is considerable discussion on the expected
histologic nature of the formed tissue in order to call
these procedures “regenerative” in the strict sense of
the word. Histological success, however, is limited.
Only one case report thus far demonstrates pulp-like
and dentin-like tissue deposition in the canal space
(Shimizu et al., 2012). Other studies report fibrous
connective tissue, cementum, and bonelike hard tissue
depositions (Fouad and Nosrat, 2013; Martin et al.,
2013; Shimizu et al., 2013; Becerra et al., 2014; Lin
et al., 2014). However, a closer look at the etiology of
all published cases with histology reveal that the
majority of cases have pulp necrosis with either acute
apical abscess or chronic apical abscess as their periapi-
cal diagnosis (Martin et al., 2013; Nosrat et al., 2013;
Shimizu et al., 2013; Lin et al., 2014). This indicates
the presence of an established biofilm in the canal
system. Since disinfection is key to a successful regen-
erative outcome, inadequate removal of the biofilm
can hinder an optimal regenerative outcome either
clinically, histologically, or both.

Other challenges using REP as a treatment modality
include (a) staining from TAP and MTA (Nosrat et al.,
2013; Kahler et al., 2014), (b) inadequate bleeding into
the canal system, and (c) lack of cervical thickness,
which may be the most fracture-prone site of the tooth.
Staining from TAP has largely been overcome by the
use of DAP, which excludes the use of minocycline,
the tetracycline class of drug primarily responsible for
the yellow to dark brown stain. Discoloration of the
crown and cervical region has been minimised with
the use a bonding system prior to placement of MTA
(Petrino, 2007). internal

Other options include

bleaching post-MTA placement or full-coverage crown
or veneers, if indicated. The use of local anesthetics not
containing epinephrine (for example, 3% mepivicaine)
has been advocated as the local anesthetic for use
during the second appointment to prevent any vaso-
constriction due to presence of epinephrine (Diogenes
etal., 2013). Last, gain of dentin thickness at the CEJ is
hugely missing in most published case reports. This is
because of the placement of MTA or a biocompatible
barrier below or at the CEJ to avoid crown staining.
However, a handful of studies have used Collaplug
as a matrix over the formed blood clot to allow for
placement of MTA in the pulp chamber thereby
(Petrino, 2007; Jeeruphan et al., 2012). Therefore,
published case reports have provided important
information on clinical findings, inciting researchers
to find solutions for the presented challenges and
limitations. This has allowed for the development of
techniques and approaches, and therefore accelerated
evolution of this young field in endodontics.

Future approaches

The field of regenerative endodontics is rapidly evolving
due to a constant cross-talk between translational
preclinical and clinical studies. This desirable bridging
between basic sciences and clinical practice allows for a
more timely transfer of technology to helping patients.
There are still many challenges to be overcome,
including the progressive recruitment of stem cells into
the canal system (cell homing) and perhaps the use of
autologous transplantation of stem cells (cell-based
therapies). It is important to emphasise that both strat-
egies have successfully been employed in preclinical
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studies, resulting in the regeneration of a pulp-like
tissue that closely resembled the native pulp.

It is well appreciated that nearly all cells in the human
body are located within 0.1 mm from the nearest blood
vessel in order to maintain adequate supply of nutrients
and oxygen (Helmlinger et al., 1997; Nie et al., 2010).
Conversely, current regenerative endodontic proce-
dures deliver a substantial number of MSCs to root
canals devoid of blood supply (Lovelace et al., 2011).
However, MSCs likely to be involved in endodontics
regeneration, such as SCAPs, are known to be present in
a niche that is poorly vascularised (Diogenes et al.,
2013), and they respond to hypoxia by releasing proan-
giogenic and neurogenic factors (Vanacker et al., 2014).
Nonetheless, the successful survival of cells placed in the
most coronal part of the root canal remains dependent
on the kinetics of angiogenesis and the ability of these
cells to resist hypoxia. A case report showing the
histology of a revascularisation procedure performed
3.5 weeks earlier demonstrated the presence of a well-
vascularised pulp-like tissue (Shimizu et al.,, 2012).
Therefore, there is evidence that blood vessels can be
recruited into root canals in less than 1 month after the
procedure. Unfortunately, the kinetics of angiogenesis
in regenerative endodontics is largely unknown, and
likely modulated by several factors including etiology,
duration and virulence of infection, and host biology.
In order to overcome this issue, future procedures will
likely depend on a progressive recruitment of apical
stem cells into the canal system, containing a suitable
scaffold and signaling molecules directing stem cell
migration, proliferation, and differentiation concomi-
tantly with angiogenesis. This cell homing approach is
being intensively studied in preclinical studies.

Another approach that has been shown to promote
pulpal regeneration in animal models is the transplanta-
tion of autologous stem cells (Iohara et al., 2011; Iohara
etal., 2013). In this approach, autologous stem cells are
expanded, selected, and transplanted into the apical
region of disinfected teeth, while the middle and coronal
thirds of the canal are filled with an injectable hydrogel
containing chemotactic factors (Nakashima and Iohara,
2014). The advantages of such an approach include the
opportunity to enrich and deliver a large number of
cells to initiate the repair process at the apical region of
teeth. Also, these cells would proliferate and migrate
apically, allowing time for the supportive blood vessels
to form into the formed tissue. Unfortunately, this

approach is challenged by several factors. The source of
these stem cells remains a major issue to be overcome.
It is conceivable that patients with pulpal necrosis also
have the need for third molar extractions, making
dental pulp stem cells available for culturing, although
adipose-derived MSCs and bone marrow MSCs have
also been shown to be conducive with pulpal regenera-
tion (Figure 8.5). Inducible pluripotent stem cells
(iPSCs, reviewed in Chapter 2) may also represent an
alternative cell type for this treatment modality.
However, regulation of proliferation and differentiation
of iPSCs is difficult due to pluripotency potential,
directly hindering their use in patients (Okita et al.,
2007). Regardless of the cell type to be used, MSCs need
to be cultured in a good manufacturing practice facility,
under strict regulations to minimise chances of contam-
ination and risk to the recipient. The high cost of these
facilities and the lack of continuum with the dental
clinic where the patient is being treated create addi-
tional barriers for the use of this technology in a daily
endodontic practice.

Overall, the current work in the field of regenerative
endodontics has broadened our understanding of the
biological principles of tissue engineering. This in turn
has led to a change in concepts and clinical procedures,
as well as in the mindsets of practitioners in adopting
this unique treatment strategy as a viable option for
immature teeth with pulp necrosis.

Clinical techniques for periodontal
regeneration

Periodontitis is among the most prevalent inflammatory
diseases affecting almost half of the U.S. adult population
and, if left untreated, is the leading cause of tooth loss in
adulthood (Eke et al., 2012). In established periodontal
disease, the periodontium, which is composed of the
bone, the periodontal ligament (PDL), and the cementum,
progressively degenerates, leading to compromised tooth
function and eventually tooth loss. Periodontal regen-
erative therapy has been developed under the premise
of regenerating the lost periodontal structures, given
that the inflammation is controlled (Figure 8.6). True
periodontal regeneration is defined as regeneration of
tooth supporting tissues, including new alveolar bone,
new functionally oriented PDL, and new cementum over
a previously diseased root surface (Bowers et al., 1989).
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Figure 8.5 Complete regeneration of pulp tissue after autologous transplantation of CD31- SP cells with SDF-1 in the emptied root canal after pulpectomy
in dogs. (a, d, and h) Pulp CD31- SP cell transplantation. (b, e, and i) Bone marrow CD31- SP cell transplantation. (c, {, and j) Adipose CD31- SP cell
transplantation. (a-g) 14 days, (h—j) 28 days after transplantation. (j) Enhanced matrix formation. (g) Ratio of regenerated area to root canal area. Data are
expressed as means + SD. (From Nakashima and Iohara, 2014. Reproduced with permission from Elsevier.)
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Figure 8.6 Intraoral clinical view following flap elevation showing significant bone loss due to periodontal disease. In this case,
a resorbable collagen membrane in combination with a calcium phosphosilicate (bioglass) bone substitute was utilised for
periodontal regeneration to enhance the long-term prognosis of this maxillary canine. (Clinical case courtesy of Dr. George

Kotsakis, University of Washington, Seattle, WA.)

Numerous periodontal regeneration techniques
have been developed and evaluated with overall suc-
cessful clinical outcomes (Nabers and O’Leary, 1965;
Anderegg et al., 1991; Blumenthal, 1993; Heijl et al.,
1997; McClain and Schallhorn, 2000; Scheyer et al.,
2002; Nevins et al., 2005). These treatment modalities
may incorporate the use of bone grafting materials,
barrier membranes, and growth factors/matrix proteins
as well as their combination to achieve true regenera-
tion of the periodontium. Guided tissue regeneration
and osseous grafting are the most extensively evalu-
ated techniques that also have histological documenta-
tion (Dragoo and Sullivan, 1973; Nyman et al., 1982;
Bowers et al., 1989; Bowers et al., 1989; Bowers et al.,
1989). Histological evaluation of the regeneration
outcome is crucial to confirm the presence of truly
regenerated tissue; however, ethical limitations often
impede harvesting periodontal tissues from humans to
provide evidence for true periodontal regeneration.
The majority of the published evidence on periodontal
regeneration deals with clinical outcomes such as
clinical attachment level (CAL), pocket depth (PD)
reduction, and bone fill (BF) as surrogate endpoints
for treatment. Despite the lack of histological
support, these criteria are clinically important and
have been shown to be associated with tooth survival
(Kao et al., 2014).

Historically, attempts for periodontal regeneration
have been reported since the 1950s (Prichard, 1957).
Autogenous grafts were initially investigated for

regenerating bone in human periodontal defects
(Schatffer, 1958; Nabers and O’Leary, 1965; Schallhorn,
1968; Dragoo and Sullivan, 1973). Schallhorn and
coworkers were among the first to show clinical reat-
tachment in periodontal bone defects after the
implantation of autogenous iliac bone. Histological
analysis in these defects revealed a true reattachment
with osteogenesis, cementogenesis, and new PDL
formation (Schallhorn, 1968; Dragoo and Sullivan,
1973). Subsequently, Bowers et al. (1989) performed a
three-part human study and compared regeneration
of intrabony defects in submerged or nonsubmerged
environments with or without the use of decalcified
freeze-dried bone allograft (DFDBA). Histological
results showed that grafted areas had significantly
greater periodontal regeneration than nongrafted areas
(Bowers et al., 1989). Moreover, regeneration of the
periodontal apparatus was far greater in submerged
sites when compared with nonsubmerged sites, which
indicated that secluded defects that were protected
from the microbial challenge of the oral environment
were advantageous in terms of regeneration (Bowers
et al.,, 1989). Collectively, landmark human studies
have provided substantial histological evidence con-
firming beyond any doubt that true periodontal regen-
eration is feasible under clinical conditions following
appropriate surgical technique and careful selection
of biomaterials (Cortellini and Bowers, 1995). The
following section will focus on current periodontal
regenerative techniques and biomaterials.



158 Chapter 8

Osseous grafts
Bone grafts are widely used as a therapeutic strategy
to enhance periodontal regeneration. Bone grafts are
categorised as autografts (bone graft derived from
patient’s own body), allografts (bone originated from
human donors), xenografts (bone matrix originating
from different species), or alloplasts/synthetic grafts
(bone substitutes composed by synthetic materials)
(Reynolds et al., 2003; Hanes 2007; Kotsakis et al.,
2014). Bone grafts possess osteogenic, osteoinductive,
and/or osteoconductive properties based on their source
and the processing that they undergo. An osteogenic
graft contains mesenchymal stem cells encapsulated in
its matrix. These cells when grafted in the graft-host
site undergo osteoblastic differentiation. Osteoinductive
grafts have the capacity to recruit stem cells from sur-
rounding tissues and induce their differentiation into
osteoblastic lineages. Lastly, osteoconductive materials
act as scaffolds that allow stem cell survival, proliferation,
and osteoblastic differentiation (Chen and Jin, 2010).
Autogenous bone grafts are indicated for bone
regeneration procedures as they demonstrate all three
osteogenic, osteoconductive, and osteoinductive prop-
erties (Cypher and Grossman, 1996). Cancellous or
mixed cortico-cancellous bone is preferred over cortical
bone in contained defects since the presence of vascular
supply allows for greater cell survival (Khan et al.,
2005). Intraoral and extraoral sites have been used as
donor sites with similarly successful outcomes (Nabers
and O’Leary, 1965; Hiatt and Schallhorn, 1973; Froum
et al.,, 1976). Intraoral cancellous bone is usually
obtained from the maxillary tuberosity, the ramus, or
the chin. For extraoral harvesting, either the iliac crest
or the tibia are most often employed. Studies have
shown a mean bone fill varying from 1.2 mm to 3.4 mm
with the use of intraoral bone grafts (Hiatt and
Schallhorn, 1973; Renvert et al.,, 1985). Autogenous
iliac cancellous bone has also shown good results in
terms of bone fill in various bony defects (Nabers and
O’Leary, 1965; Schallhorn, 1968). Nevertheless, mor-
bidity associated with obtaining autografts from the iliac
bone as well as the possibility of root resorption associ-
ated with fresh iliac grafts have detrimentally impaired
its clinical use (Dragoo and Sullivan, 1973). Human
histological data from osseous grafting procedures using
autografts appear controversial. Histological evaluation
of intraoral autogenous grafts has shown evidence of
periodontal regeneration and new connective tissue

attachment in some studies while others have reported
formation of long junctional epithelium (Nabers and
O’Leary, 1965; Hiatt et al, 1978; Listgarten and
Rosenberg, 1979). Bone grafting with autografts without
the simultaneous use of barrier membranes may not
predictably lead to true periodontal regeneration (Chen
and Jin, 2010).

Various clinical and preclinical studies have evaluated
the bone regeneration ability of allogenic bone grafts in
periodontal defects as substitutes to autogenous bone.
Allografts consist, among others, of freeze-dried bone
allografts (FDBA) and DFDBA. Their advantages are
their wide availability as well as the fact that they
are available without the need for an additional surgical
site as compared with autografts (Giannoudis et al.,
2005). Their drawbacks include a decreased osteocon-
ductive and osteoinductive potential as compared with
autografts, due to their processing, and a very small but
not inexistent risk of immunological reactions associ-
ated with their use (Giannoudis et al., 2005). DFDBA
and FDBA have been shown to lead to similar clinical
outcomes with respect to BE CAL, and PD (Mellonig,
1984; Rummelhart et al., 1989). Results from a recent
systematic review showed that the addition of DFDBA
following periodontal flap surgery led to significantly
greater BF than did open flap debridement (OFD)
procedures (Reynolds et al., 2003). A clinical study
evaluated the use of mineralised bone allograft for the
treatment of periodontal osseous defects in 12 patients.
After 6 months, the surgical sites were reentered
and PD, CAL, and BF measurements were obtained.
Mineralised bone allograft led to significant differences
in PD, CAL, and BF measurements as compared with
baseline (Browning et al., 2009). Collectively, allografts
have shown great clinical potential for regeneration of
periodontal defects.

Histologically, controlled human studies have shown
new attachment and true periodontal regeneration
with the use of allografts in intrabony defects versus
conventional root cleaning and flap adaptation (Bowers
et al., 1989). DFDBA-grafted areas resulted in signifi-
cantly greater regeneration than did nongrafted areas
(Bowers et al., 1989). A systematic review concluded
that the use of DFDBA in intrabony defects led to
formation of a new attachment apparatus whilst OFD
led to long junctional epithelium formation, which is
considered periodontal repair (Bowers et al., 1989).
A comparative histological and histochemical analysis



Clinical strategies for dental and periodontal disease management: A way forward 159

of bone regeneration processes with the use of FDBA
and DFDBA demonstrated that FDBA had a better
1996).
Moreover, according to this study, there was no osteo-

osteoconductive potential (Piattelli et al.,

inductive potential with either one of the allografts
tested (Piattelli et al., 1996). However, a series of pre-
clinical studies have shown an osteoinductive potential
of DFDBA when implanted in intramuscular sites
(Committee on Research, Science, and Therapy of the
American Academy of Periodontology, 2001). This
effect has been showed to vary largely with donor age
and with tissue bank preparation (Schwartz et al., 1996;
Schwartz et al., 1998).

Xenografts and alloplastic grafts have also been uti-
lised as bone substitutes for use around periodontal
defects. However, limited evidence from human studies
exists to support their use alone for periodontal regen-
eration (Older, 1967; Pietruska, 2001). These grafts only
possess osteoconductive properties and act as scaffolds
that allow revascularisation, cell migration, and osteo-
blastic differentiation (Spector, 1994). Xenografts used
in periodontal regeneration are usually of bovine origin.
Alloplasts can be ceramics, composites, polymers, or
silica-based materials (Giannoudis et al., 2005). Clinical
studies that used bovine hydroxyapatite combined with
collagen membrane showed clinical improvement in PD
and CAL (Camelo et al., 2001; Paolantonio et al., 2001).
Moreover, similar clinical outcomes to DFDBA have
been demonstrated with the use of bioactive glass in
intrabony defects (Lovelace et al., 1998). Histological
evidence also supports true periodontal regeneration
with the use of xenografts in periodontal defects
(Reynolds et al., 2003).

In summary, osseous grafts significantly improve
clinical periodontal outcomes when implanted in
periodontal osseous defects as compared with no-graft
controls. However, among bone substitutes, strong his-
tological evidence for regeneration exists for allografts.
The use of autografts has been limited in clinical practice
due to the reduced benefit to hazard ratio as compared
with allografts.

Guided tissue regeneration (GTR)

Guided tissue regeneration is a distinctly different
approach that aims to regenerate a new periodontal
apparatus on a previously diseased root surface. This
technique relies on the use of a biocompatible
membrane to allow for selective population of the root

surface by mesenchymal stem cells. According to GTR
principles, this membrane acts as a barrier to delay
epithelial migration in the healing site. During wound
healing, epithelial cells are the first to migrate in the
site of injury, which leads to long-junctional epithelial
formation. GTR membranes allow selective cellular
repopulation of the healing site from the surrounding
tissues and thus lead to formation of new cementum,
bone, and periodontal ligament (Phillips and Palou, 1992).

GTR techniques deploy either resorbable or nonre-
sorbable materials as membranes. Nonresorbable mem-
branes have been used in early studies with great success
(Becker et al., 1988; Gottlow et al., 1992). However, an
important limitation to their use is the necessity of a
second surgical procedure for membrane removal that
may contribute to additional patient discomfort as well
as possible postsurgical infection (Nowzari et al., 1995).
Resorbable membranes overcome these limitations and
at the same time yield equally favorable outcomes
in periodontal regeneration (Chung et al., 1990;
Blumenthal, 1993). In vitro studies have compared
resorbable and nonresorbable membranes and their
biological effect on fibroblasts and osteoblast-like cells
(Alpar et al., 2000; Kasaj et al., 2008). Resorbable
membranes have been shown to demonstrate superior
cytocompatibility and to allow for increased cell growth
and adhesion as compared with nonresorbable mem-
branes (Alpar et al., 2000; Kasaj et al., 2008). Yet clinical
studies have consistently reported similar results bet-
ween the two types of membranes when used to achieve
periodontal regeneration (Caffesse et al., 1997; Windisch
et al.,, 1999; Wadhawan et al., 2012). Both membrane
types resulted in significant improvement in PD and
CAL measurements at various time points and were
found equally effective (Caffesse et al., 1997; Windisch
et al.,, 1999; Wadhawan et al., 2012). Collectively,
resorbable and nonresorbable membranes both dem-
onstrate similar clinical outcomes, although resorb-
able membranes may lead to improved patient-related
outcomes.

Various studies have reported successful clinical out-
comes with GTR techniques mainly for the treatment
of furcation and intrabony defects (McClain and
Schallhorn, 2000; Aichelmann-Reidy and Reynolds,
2008). A systematic review and meta-analysis assessed
the efficacy of GTR in the treatment of intrabony defects
compared to OFD in terms of clinical and patient-
oriented outcomes (Needleman et al., 2005). This study
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found a 1.22 mm mean difference in CAL and a 1.21
mm mean difference in PD reduction favoring GTR pro-
cedures as compared with OFD. The same study also
reported a statistically significant difference in gingival
recession between the different techniques, with OFD
exhibiting more recession. Patient-centered outcomes
such as surgical complications and esthetic assessment
were very limited or completely absent in the studies
reviewed and no conclusion could be made (Needleman
et al., 2005). Another systematic review and meta-anal-
ysis assessed the efficacy of GTR in the treatment of
intrabony and furcation defects (Murphy and Gunsolley,
2003). In terms of intrabony defects, GTR procedures
resulted in significantly improved CAL and PD out-
comes. With regard to furcation defects, GTR led to
more favorable outcomes in terms of vertical probing
attachment level, vertical PD, and horizontal open prob-
ing attachment as compared with OFD (Murphy and
Gunsolley, 2003). Both studies reported a significant
amount of heterogeneity among the included studies,
particularly in terms of defect configuration. Although a
high level of evidence supports the use of GTR for well-
contained defects, their application in defects with mul-
tiple missing bony walls remains equivocal. Limited
data have shown the potential of successful periodontal
regeneration and consequent tooth survival, even in
cases of extreme bone loss (Cortellini et al., 2011).
Further controlled studies are warranted to delineate
the indications and limitations of GTR.

Human histology has demonstrated that regeneration
of new cementum, bone, and PDL can occur following
GTR procedures (Nyman, Lindhe et al., 1982; Stahl
et al., 1990; Cortellini et al., 1993). A case report on
histological findings after GTR treatment for buccal
recession reported 3.66 mm of new connective tissue
attachment. This tissue was associated with newly
formed cementum and bone growth (Cortellini et al.,
1993). GTR techniques in intrabony lesions have shown
periodontal regeneration as early as 5 weeks after sur-
gery (Stahl et al., 1990). Another case report revealed
new cementum formation and connective tissue attach-
ment 6 months after GTR procedure on a previously
diseased root surface (Nyman et al., 1982). Nonetheless,
in contemporary periodontics GTR is often combined
with bone substitutes to support the barrier membrane
and to increase the predictability of achieving clinical
success, as will be discussed later in this chapter. There
is histological evidence of true periodontal regeneration

in humans after GTR procedures, but the available
information for the various combination approaches is
scarce. Hence, further research is necessary to verify
how efficacious these results are and to investigate the
effect of various bone substitutes utilised in GTR to yield
periodontal regeneration.

Growth factors/matrix proteins

An increasing body of periodontal regeneration research
investigates the effect of growth factors and biomimetic
molecules in the treatment of periodontal defects.
Growth factors have an important role in regulating the
proliferation, migration, and differentiation of a variety
of cell types. Several factors and matrix proteins such
as BMP-2, BMP-7, BMP-12, TGF-f1, platelet-derived
growth factor (PDGF), basic fibroblast growth factors,
insulin-like growth factor ([IGF]-I), and enamel matrix
derivative (EMD) have been investigated to facilitate
periodontal regeneration (Heijl et al., 1997, Howell
etal., 1997; Mohammed et al., 1998; Tatakis et al., 2000;
van den Bergh et al., 2000; Wikesjo et al., 2004; Chen
et al., 2006). Importantly, factors such as rhPDGF-BB
and EMD have been found to be clinically as effective as
bone grafting and GTR procedures (Parashis et al., 2004;
Kao et al., 2014).

Delivery systems have been developed for the
application of these growth factors (King, 2001; Chen
et al., 2007). The use of scaffolds with time-delayed
release of biomolecules decreases their degradation
and absorption while providing temporal sustained
release of their supportive effect on regeneration
(King, 2001; Chen et al., 2007). Reported delivery sys-
tems include collagen sponges and membranes or gels,
gelatin, and synthetic matrices (Nevins et al., 2005;
Lee et al., 2008).

Recombinant human (rh) PDGF and rhIGF-I have
been clinically evaluated in patients with periodontal
disease (Howell et al., 1997; Nevins et al., 2005). A
study tested different doses of rhPDGF-BB and rhIGF-I
combined in periodontal osseous defects in terms of
regeneration outcomes and patient’s safety. The study
implemented a low dose of 50 pg/mL and a high dose of
150 pg/mL of the growth factors. OFD or OFD with
vehicle were used as controls and surgical reentry was
performed at 6 and 9 months postsurgery. Results indi-
cated that none of the patients developed any local or
systemic problems and that the local application of
rhPDGF-BB and rhIGF-I to periodontal lesions is safe.
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Moreover, the high dose combination led to a 42.3%
bone fill that was found to be statistically significant
more than controls (Howell et al., 1997). A more recent
multicenter randomised control trial confirmed the
regenerative efficacy and safety of rhPDGF-BB in
periodontal osseous defects. The study utilised rhPDGF-
BB in different concentrations mixed with a synthetic
beta-tricalcium phosphate (B-TCP) matrix and B-TCP
alone as active control. Treatment with thPDGF-BB sig-
nificantly increased the bone fill, the rate of CAL gain,
and reduced gingival recession compared to control
(Nevins et al., 2005). The clinical use of rhPDGF-BB has
been consistently shown in human studies to be safe for
clinical use and to result to equally favorable clinical
outcomes as GTR techniques.

EMD consists of a group of enamel matrix proteins
and is an FDA-approved drug for dental use. A number
of clinical studies have utilised EMD for periodontal
regeneration with promising results while others showed
no additional clinical benefits (Heijl et al., 1997; Scheyer
et al., 2002; Francetti et al., 2005). A randomised control
trial utilised EMD for the treatment of intrabony lesions
and concluded that it led to significantly increased CAL
gain, bone fill, and significantly decreased PD compared
to vehicle placebo control (Heijl et al., 1997). In a recent
systematic review the effect of growth and amelogenin-
like factors, used in periodontal osseous defects was
evaluated (Giannobile and Somerman, 2003). The study
concluded that EMD could be safely used in periodontal
defects and is expected to lead to successtul clinical out-
comes. Longitudinal clinical evaluations have shown
that results of periodontal regeneration with EMD are
sustainable over 10 years either when EMD is utilised
alone or in combination with bone substitutes (Sculean
et al., 2008).

In summary, several growth factors and matrix pro-
teins have been tested for periodontal regeneration
of osseous defects. However, it is clear that additional
clinical and histological data are needed to provide more
insight regarding the regenerative potential of these
molecules.

Combination therapy

Combination of different periodontal regeneration
therapies has been shown to enhance clinical outcomes
(Anderegg et al., 1991; Harris, 1997; Murphy and
Gunsolley, 2003; Reynolds et al., 2003). One of the most
common therapies is combination of osseous grafting

with guided tissue regeneration (Figure 8.7). It is
believed that the enhanced effect is bidirectional. On
one hand, the bone graft may enhance the response
to membrane-only therapy due to its osteoinductive
properties and by providing structural support (McClain
and Schallhorn 2000). On the other hand, the barrier
membrane provides better support to the osseous graft
and excludes epithelial growth, thus enhancing the
clinical results. Results from a systematic review indi-
cated that bone grafts combined with GTR improved
clinical outcomes compared with graft alone (Reynolds
et al., 2003). Interestingly though, when compared
with GTR treatment, combination therapy enhanced
clinical results only for furcation (boneless) and not
for intrabony defects (Murphy and Gunsolley, 2003).
Bioactive molecules have also been evaluated in
combination with other regeneration techniques. The
use of rhPDGF-BB or EMD combined with osseous graft
has been shown to have an enhanced effect compared
with the use of the bioactive agent alone. However,
EMD combined with a graft appears to have no addi-
tional effect compared with the graft-alone treatment.
Moreover, available evidence suggests that EMD
combined with GTR does not enhance the clinical out-
come as compared with EMD or GTR alone. Collectively,
combination therapy seems to overall enhance the
effect of individual treatments for periodontal regen-
eration and, especially in furcation defects, may be
considered as the treatment of choice.

Concluding remarks

There have been considerable advances in the field of
regenerative endodontics and periodontics. Translational
science in tissue engineering has dictated a paradigm
shift in treatment alternatives for conditions with
previously unmet needs, such as loss of dental
development of immature teeth with pulpal necrosis
and repair of large periodontal defects. These proce-
dures have become permanent treatment alternatives
recognised by the American Dental Association as
treatment options in both periodontics and endodontics.
However, there are still many challenges to be over-
come to use these technologies in a wider range of con-
ditions whilst improving the predictability of desirable
outcomes. Further research evaluating the interplay
of stem cells, growth factors, and scaffolds, along with
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(d)

Figure 8.7 Series of intraoral clinical photographs showing (a) 12 mm probing depth in the distal region of the lower left 1st
mandibular molar; (b) combination of a two-wall intrabony defect with a three-wall component at the base of the defect;

(c) placement of a nonresorbable barrier membrane through the buccal aspect to provide space maintenance for regeneration
in combination with a bone substitute; and (d) 6-month reentry surgical procedure. Note the newly formed tissue covering
approximately 65% of the original defect volume. (Clinical case courtesy of University of Washington, Seattle, WA.)

their modulation by local environmental factors,
will likely pave the road for the future generation
of regenerative procedures.
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