Chapter 7

Induced Pluripotent Stem Cells Derived
from Dental Stem Cells: A New Tool
for Cellular Therapy

Irina Kerkis, Cristiane V. Wenceslau, and Celine Pompeia

7.1 Introduction

Currently, fetal, neonatal, or adult fibroblasts are the main cell types used for
reprogramming of human somatic cells into the pluripotent state. These cell sources
seem to be highly accessible for generating human iPSCs and already show great
promise in future clinical applications. However, dermal fibroblasts, as well as fore-
skin or hair keratinocytes and, as a consequence, adult stem cells derived from these
sources, are strongly exposed to environmental factors, which can compromise their
use as genetic models and therapeutic tools [1, 2]. The question then becomes “which
source of donor cells is the best for iPSCs generation”. The biological and functional
characteristics of donor cells, their ability to produce iPSCs and to differentiate effi-
ciently into cell types of interest in therapeutics, as well as safety and tolerance con-
cerns after transplantation, initially as determined in preclinical models, will help us
to answer this question.

Findings demonstrate that successful generation of iPSCs may be easier if these
iPSCs originate from actively dividing cells rather than from slow or non-dividing cells
[3]. Dental tissues (DTs) contain mesenchymal stem cells (MSCs), which are multipotent
cells of neural crest origin similar to dermal fibroblasts, and foreskin or hair keratino-
cytes [4, 5]. These cells rapidly proliferate in vitro and are able to differentiate into
mesenchymal tissues such as bone, cartilage, muscle, ligament, tendon and adipose tis-
sue [6]. Additionally, they are able to produce ectopic dentin and related pulp tissues,
and neural cells. A variety of SC sources derived from DTs have been studied. SCs from
deciduous teeth are especially useful because they are young and mainly healthy cells,
which is good for clinical use, plus they can be used to study pediatric diseases [6-8].
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7.2 DTs as a Source of Stem Cells (SCs)

The embryonic counterparts of adult DSCs are cranial neural crest derived multipotent
dental MSCs. These cells, after neurulation, migrate away from the neural tube into
developing craniofacial tissues. Following the developmental courses of determination
and differentiation, they give rise to all structures of the tooth and its supporting tissues,
except enamel. They also robustly contribute to central nervous system (CNS) forma-
tion. Thus, DTs as well as CNS both derive from the embryonic ectoderm [9].

Primary (baby) teeth start their development during prenatal life, and are formed
between the 6-8th week of fetal development. Nonetheless, SCs derived from pulp of
deciduous teeth, due to ethical considerations, can only be isolated when baby teeth
start to spontaneously fall out, which usually happens when children are between
5-10 years old, within a relatively short time interval in comparison to the human
normal life span. Baby teeth are habitually discarded, thus dental pulp derived from
these teeth represents a healthy, available source of SCs, which is free from the ethical
considerations associated with human embryonic stem (ES) cells isolation [6].

The process known as exfoliation occurs when the last primary tooth falls out and
permanent teeth start to form, usually at 11 to 12 years of age. Extraction of perma-
nent teeth is ethically more problematic then that of baby teeth, and can happen only
if such procedure is necessary for oral health, as determined by the dentist. The extrac-
tion of permanent teeth is uncomfortable for donors and requires medical attention.
Generally, dental pulp is extracted from vital teeth of healthy adults; however, the
majority of these teeth are extracted due to severe periodontal disease, the need to
fabrication complete dentures, etc. All of the above is also true in respect to third
molars (also called “wisdom teeth”), which are a type of permanent teeth frequently
extracted because of decay, pain or impaction. Impaction occurs when an “impacted”
tooth has failed to fully emerge in its expected position and needs to be extracted.

Dental follicles, periodontal ligament tissue, gingiva and apical papilla are addi-
tional DT sources that can be used for stem cell isolation. The periodontal ligament
(PDL), the supporting tooth structure, is differentiated from the dental follicle (sac
containing the developing tooth) and consists of the cementum, periodontal liga-
ments, gingiva and alveolar bone. PDL stem cells (PDLSCs) can be collected from
the root surface after permanent, deciduous or third molar tooth extraction, while
SCs from gingival tissues can be obtained from remnant or discarded tissue follow-
ing routine dental procedures from human donors with relatively healthy periodon-
tium and without previous history of periodontal disease. Finally, SCs can be isolated
from the apical papilla (SCAPs), which contributes to tooth formation. This tissue is
known as “apical” because as the root continues to develop after the bell stage (fetal
stage of tooth development), the dental papilla localization is apical to the pulp tissue
(reviewed by [10, 11]).

As mentioned before, SCs are usually extracted from vital DT of healthy
adults, nevertheless the majority of the teeth themselves are extracted due to med-
ical indication and severe inflammation occurring in DT, which can impair the
quality of isolated SCs, debilitating their differentiation capacity into bone, for
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example [12]. The age of the donor of DT can also be important for the quality of
SCs, as previously reported [13]. Although every type of DSCs can be used for
iPSCs generation, to date, the SCs isolated are from apical papilla-SCAPs, from
pulp tissue of primary deciduous teeth, such as SHEDs (human exfoliated decidu-
ous teeth) and iDPSCs (immature dental pulp stem cells), as well as pulp tissues
from permanent (DPSCs) and from wisdom teeth (TGSCs) were used [14-23].

7.3 Expression of Pluripotent Markers in DSCs

Pluripotent transcription factors, such as, KLF4, a member of the Kriippel-like factor
(KLF) family, OCT-4 (octamer-binding transcription factor 4) also known as POU5F1
(POU domain, class 5, transcription factor 1) and SOX-2 (SRY (sex determining region
Y)-box 2) are highly expressed in ES cells, thus regulating the developmental signaling
network necessary for ES cell pluripotency. The overexpression of these factors induces
reprogramming of both mouse and human somatic cells into the embryonic stage [24].
The expression of PSC markers such as OCT-4, NANOG, SOX-2 and STAT-3 is
observed during different fetal stages of tooth germ development [25, 26]. During
adulthood, in situ expression of OCT-4 has been found in the dental pulp of deciduous
teeth in the cell-rich zone which contains fibroblasts and undifferentiated mesenchymal
cells, and also in the cell-free zone, which is rich in both capillaries and nerve networks
[27]. Recently, this finding was confirmed by another group [10]. Interestingly, OCT-4
expression is also maintained in a small amount of iDPSCs (>10-20 %) after isolation
and in vitro cultivation. The OCT-4 transcription factor is critical for pluripotency and
multilineage differentiation potential of SCs and its expression, even at low levels, in
DSCs may play a critical role in reprogramming [5, 6, 10].

7.4 DSC Reprogramming

Freshly isolated DSCs are plastic-adherent, present common fibroblast-like mor-
phology (Fig. 7.1a), are clonogenic and express a set of markers, which, as the scien-
tific community has determined, is typical of MSCs. Furthermore, these cells are
able to differentiate into osteoblasts, adipocytes and chondroblasts in vitro [28]. The
majority of SCs isolated from dental pulp seems to be of multipotent MSCs rather
than of multipotent neural crest cells. Such multipotent MSCs derived from DTs
preserve their main characteristics, such as immunophenotype, proliferation rate and
differentiation potentials, unchanged over several passages (up to 25) of in vitro cul-
tivation [5]. However, culture characteristics certainly depend on method of isola-
tion, enzymatic digestion or explant culture, and cultivation-different culture media
can be used supplemented, or not, with different growth factors [5].

The first study on iPSCs generation was focused on SHEDs and SCAPs. For
reprogramming, a lentiviral vector carrying C-MYC (Myc proto-oncogene
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Fig. 7.1 Immature dental pulp derived stem cell (iDPSC)-derived induced pluripotent stem cells
(iPSCs). This figure depicts (a) iDPSCs before reprogramming; (b) Morphological changes
observed in iDPSCs after reprogramming; (¢) A colony of DSC-derived iPSCs; (d) Multiple
iDPSC-derived iPSC colonies. (e—g) Expression of transcription factors, such as, OCT-4 (e),
NANOG (f) and SOX-2 (g) in the nuclei (green) and cytoplasm (red) SSEA-4 (f), of iDPSC-
derived iPSCs. (h) In vitro differentiation, through embryoid body (EB) formation, of iDPSC-
derived iPSCs. Differentiated cells can be observed around EB. (i) Haematoxylin- and Eosin-stained
teratoma sections obtained 3 months after intramuscular injection of iDPSC-derived iPSCs into
nude mice. (a—d, h, i) Light microscopy and Phase contrast (except of i). (e-g) Epifluorescence.
Scale bars: (a, b, e, g) = 50 pm; (f)=10 pm; (¢, d, h)=100 pm; (i)=200 pm. PI; Propidium iodide
(red) and DAPI; 4’,6-diamidino-2-phenylindole (blue), DNA dyes. Methodology described in
Beltrao-Braga et al. [14]

protein), KLF4, OCT-4 and SOX-2 was used. However, this vector failed to repro-
gram these cells. Next, another lentiviral vector carrying four factors, this time
LIN28 (LIN-28 homolog A), NANOG, OCT-4, and SOX-2, was constructed to
obtain iPSCs, but the efficiency of colony generation from SHEDs and SCAPs was
still very low. To improve reprogramming efficiency, a retroviral vector carrying
the same genes initially studied: C-MYC, KLF4, OCT-4, and SOX-2, was employed
and, after a second round of transduction, iPSCs colonies were finally produced.
Nevertheless, human fibroblasts, used as a control in this study, were not able to
undergo reprogramming under such conditions [22].
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Other authors reported reprogramming of DSCs from deciduous teeth iDPSCs,
which are different from SHEDs due to method of isolation [6], using a retroviral
vector expressing four of Yamanaka’s factors (KLF4, OCT-4, C-MYC and SOX-2)
[24]. The derived cells so far express a low level of OCT-4 and NANOG [5]. The
successful reprogramming of these cells occurs after one round of transduction, with
satisfying efficiency: 0.1-1% or even higher [14] (Fig. 7.1a—i). More recently, an
alternative polycistronic lentiviral vector encoding OCT-4, SOX-2, KLF4, and
C-MYC [29] with addition of the dTomato reporter gene that allows real-time moni-
toring of transduction efficiency and silencing of transgenes, was used for successful
reprogramming DSCs from deciduous teeth [16].

Reprogramming of DSCs from wisdom teeth, deciduous teeth and human der-
mal fibroblasts (HDFs) has also been carried out using retroviruses expressing four
(OCT-4, SOX-2, KLF4, and C-MYC) or three (without C-MYC) factors [15, 18,
21]. In order to avoid an integration of an RNA virus into the host genome, a vector
based on Sendai virus [30] was constructed to generate iPSCs that express the tran-
scription factors encoded by OCT-4, SOX-2, KLF4, and C-MYC from permanent
teeth-derived DSCs [19].

7.5 Factors Relevant in Reprogramming

In general, reprogramming requires the use of mouse embryonic fibroblasts (MEF)
as a feeder layer for iPSC growth. MEF have been employed in all studies with
DSCs reprogramming except one, which succeeded in establishing and propagating
iPSCs under feeder-free conditions on matrigel-coated dishes (Fig. 7.1b—d) [14],
thus avoiding the contamination of human cells with zoonoses derived from mice
cells. This is an essential step in iPSC technology development, especially when
iPSCs are obtained for their potential use in cell therapy.

Fetal bovine serum (FBS) is also considered an undesirable component of culture
media to obtain SCs for therapeutic use. Although currently FBS can be purchased
from companies whose product is originated from FDA-approved regions, where
production is followed by extensive inspection and rigorous quality control (www.
pan-biotech.com), chemically-defined media protocols that avoid the use of FBS,
have already been developed: first, for the isolation and growth of DSCs used for
iPSC generation and, second, for generation, growth and differentiation of iPSCs
[19]. From a practical point of view, the great disadvantage of this protocol is that,
even before iPSC generation, DSCs cultured under chemically-defined conditions
show delay in growth dynamics and generate significantly lower number of primary
colonies than those obtained in the presence of FBS. Most importantly, under
FBS-free conditions, growth of these cells is strongly donor-dependent, and the use
of DNA array analyses demonstrates that gene expression patterns are robustly
altered in DSCs grown under chemically-defined conditions in comparison with the
cells grown in FBS. Another disadvantage of the protocol used is that despite all the
care that was taken to avoid FBS use, the iPSCs obtained in this study, before they
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were transferred onto matrigel, were grown on SNL Feeder Cells, which are clonally
derived from a mouse fibroblast STO cell line. Therefore, potential contamination
with mouse-derived zoonoses can still occur by using this protocol [19].

Next, as hypoxia enhances the reprogramming efficiency of HDFs into iPSCs
[31], DSCs were also submitted to early and transient hypoxia (3% O,) during
reprogramming, and under such conditions, the transition of SCs to iPSCs was 3.3-
to 5.1-fold higher as compared to that of cells cultured in normoxia (21 % O,).
Interestingly, in contrast to what is observed during HDF reprogramming to iPSCs,
when DSC-derived iPSCs are treated with 3 % O, during the later stage of repro-
gramming (from day 6 to day 21), the generation of iPSCs under such conditions is
strongly inhibited. There is still no rational explanation for such phenomenon and
the authors speculate that metabolic changes may be involved [17].

The process of iPSC isolation is still very costly, largely because of low
reprogramming efficiency. It seems that less differentiated somatic cells can be
reprogrammed more efficiently than terminally differentiated cells, and even
require fewer viruses than fibroblasts for efficient reprogramming [32-34].
Additional factors that may influence reprogramming efficiency are the age of
cell donor, cell type and number of transcription factors used [34, 35]. Thus, the
efficiency of reprogramming of young DSCs is higher than those obtained from
their adult counterparts as well as than that of HDFs and human primary gingival
fibroblasts. Additionally, a comparative study between immature and mature
teeth derived DSCs converted into pluripotent states has been carried out in order
to understand the low reprogramming efficiency of mature human iPSC. This
study has shown that only two factors, OCT-4 and SOX-2, are needed for imma-
ture teeth SC reprogramming and these factors are not sufficient to convert
mature teeth DSCs to iPSCs [14, 16, 18, 21, 22]. The comparison of gene expres-
sion profiles between these two DSC groups (immature and mature) unveiled a
new transcript factor, distal-less homeobox 4 (DLX4), which is highly expressed
in immature teeth DSCs in comparison to mature ones. The suppression of this
gene by transforming growth factor beta (TGF-p) impairs iPSC generation. This
gene may be the first candidate that can substitute already known transcription
factors (e.g., C-MYC oncogene) and make this process safer due to lower cancer
risk [20].

Another issue that must be considered when deriving iPSC from DSCs is the
system used for gene delivery. The use of lentivirus and retrovirus is efficient; but
this technique is not safe since these viruses can integrate into the host DNA,
potentially altering gene expression and leading to cancer. Adenoviral delivery of
these genes is safer because adenoviral DNA does not integrate into the genome
[21]. Experimental approaches, however, have demonstrated that this is not a rule
and that retroviral vectors can be transcriptionally silent in iPSCs [18] and that
transgene expression from retroviral vectors can even be lost for some reason dur-
ing reprogramming [14].

Overall, iPSCs derived from DSCs show stable karyotype after reprogramming,
although the methylation status of cytosine guanine dinucleotides (CpG) in these
cells remains to be clarified due to controversies found in the literature and to the
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few dataavailable for analysis[14,21-23]. Anotherimportant marker of undifferentiated
PSCs is telomerase activity, which is found to be restored in iPSCs in comparison
with the original cells used for iPSC generation [18, 22].

7.6 Transcription Factor Expression in DSC-Derived iPSCs

A very important issue for the potential clinical applications of iPSCs, which has
been less studied, is that of transcription factor expression in iPSCs after repro-
gramming in comparison with naturally developed human ES cells derived from
human embryos. Two recent studies reported that transcription factor expression in
iPSCs is similar to that of human ES cells [17, 20]. Nevertheless, we have previ-
ously demonstrated that although immunofluorescence analyses reveal expression
of OCT-4, NANOG and SOX-2 in iPSCs derived from iDPSCs of deciduous teeth
(Fig. 7.1e-g), molecular analysis shows a low level of expression of all factors
(OCT-4, NANOG and SOX-2), and, especially, of NANOG (Fig. 7.1f) in iPSCs
[14]. This low level of expression of PSC factors apparently does not affect their
ability to form embryoid bodies (EBs, spherical structures with cystic cavities
resembling early embryos, albeit, chaotically organized) and teratomas upon
in vivo implantation-a “gold standard” to test pluripotency of ES cells. In spite of
the lower expression of transcription factors, as compared with previous studies
[17, 20], these iPSCs demonstrate very robust differentiation within teratomas and
strong neuronal commitment in vitro and in vivo [14].

7.7 Differentiation Potential

The differentiation potential of iPSCs derived from DSCs has been studied using
conventional models: in vitro formation and differentiation of EB (Fig. 7.1h); and
in vivo teratoma generation (Fig. 7.11). All authors have reported the capacity of
these cells to produce the wide spectrum of cells derived of the three germ layers
(mesoderm, endoderm and ectoderm) (Fig. 7.11); moreover, neuronal differentia-
tion is a “trademark” of DSCs derived iPSCs [14, 15].

The HOX proteins participate in many common developmental processes dur-
ing normal embryogenesis and the vertebrate nervous system is a major site of
HOX gene expression and function. Furthermore, they play a key role in extend-
ing our understanding of the CNS development [36]. Additional evidence that
DSC-derived iPSCs have predominantly a neuronal fate was recently provided.
Expression profiling of HOX genes by neurons differentiated from DSC-derived
iPSCs and HDF-iPSCs was compared and showed a high degree of correlation
for the two sources of neurons; nevertheless, they differ in the expression of
some important genes, especially in several members of the HOX gene families.
Lower levels of expression for genes involved in hindbrain development are
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observed in the neurons differentiated from DSC-derived iPSCs as compared
with HDF-iPSCs. In contrast, several transcription factors involved in the fore-
brain development are considerably increased, such as FOXP2 (Forkhead box 2
encoded by the FOXP2 gene, also known as CAGH44, SPCH1 or TNRCI10, and
required for proper development of speech and language), OTX1
(orthodenticlehomeobox 1, which encodes a member of the bicoid sub-family of
homeodomain-containing transcription factors and may play a role in brain and
sensory organ development), and LHX2 (LIM/homeoboxprotein that specifies
cortical identity and suppresses hippocampal organization fate). These transcrip-
tion factors are involved in the development of communicative and linguistic
neural networks [37—41]. Such difference might influence the decision to use
DSC-or HDF-derived iPSCs in neuropsychiatric disorder studies and treatments,
such as in schizophrenia and autism spectrum disorders [42].

Interestingly, spontaneous (without the use of specific differentiation inducing
agents in culture medium) robust neuronal and endothelial differentiations of
DSC-derived iPSCs have been demonstrated [ 16]. Furthermore, when a chemically-
defined protocol to isolate DSC-iPSCs focusing on their safe establishment was
used, significantly less primary colony formation was observed with respect to the
protocols using FBS. Although the DNA array analyses indicate that the culture
conditions robustly alter DSCs gene expression patterns, DSC-derived iPSCs
grown under defined conditions show a donor-dependent growth capacity but the
differentiation capacity of these cells is not changed in comparison to that of DSC-
derived iPSCs grown with FBS [19, 43].

Regarding cell differentiation to improve vascularization, two factors, OCT-4
and SOX-2, have been used to produce iPSCs (2 factors (2F)-iPSCs). After the
addition of basic fibroblast growth factor (bFGF) and vascular endothelial growth
factor A (VEGF A) to the culture medium, the effective in vitro differentiation of
DSC-derived iPSCs into functional endothelial progenitor cells (EPCs) and smooth
muscle cells has been shown. The global transcriptomic analysis of iPSC-derived
EPCs and endothelial cells (ECs) demonstrates limited variations in gene expres-
sion similar to those of EPCs and ECs derived from human ES cells. However,
evaluation of the expression of CD31 in iPSCs-derived EPCs and ECs suggests
that they are highly heterogeneous in respect to the presence of the cell popula-
tions: arterial, venous, and lymphatic cell subtypes. Such heterogeneity is geneti-
cally controlled by the multistep regulatory system associated with key signaling
pathways and transcription factors before circulation begins [43]. Therefore, to
validate this method, it should be determined whether iPSC-derived EPCs cultured
in vitro are associated with the same signaling pathways that control cells during
early embryonic development in vivo. On the other hand, in order to understand
heterogeneity, we should determine functional benefits of each subtype of arterial,
venous, and lymphatic endothelial cells to establish the protocol for optimal dif-
ferentiation of iPSC-derived EPCs. The heterogeneity aforementioned also
strongly indicates the immature state of iPSC-derived EPCs, which increases the
possibility of teratoma formation or even tumor development. Regarding endothe-
lial cell differentiation, it is also worth mentioning the matrigel plug angiogenesis
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assay, which is a simple in vivo technique to detect newly formed blood vessels in
transplanted gel plugs in nude mice. This assay was used and confirmed the angio-
genic and neovasculogenic capacities of 2F-hEPCs [23].

7.8 DSC-Derived iPSCs and Disease Modeling

Neurodegenerative diseases combine a wide range of pathogeneses which affect
neurons in the human brain and spinal cord. When neurons become damaged or
die, they cannot be replaced rapidly by natural sources of SCs in the human
body. Such diseases result in progressive degeneration, which causes problems
with movement (ataxias), or mental functioning (dementias). The list of such
diseases includes Parkinson’s, Alzheimer’s, and Huntington’s diseases. They
are incurable and the lack of effective treatments for various neurodegenerative
disorders has placed an enormous burden on society. iPSC technology has
emerged as a powerful tool for in vitro modeling of neurodegenerative diseases,
the study of their cellular and molecular mechanisms, and drug screening and
cell therapy for their treatment (Fig. 7.2). Before iPSC technology became a
reality, researchers used post-mortem tissues, which often are not available and
frequently obtained at the last stage of disease, or, alternatively, from transgenic
animals. Both approaches are not able to fully reproduce the course of human
disease or development of cells with neural phenotypes [44, 45]. The establish-
ment of iPSC lines from patients has been an essential and novel step in medi-
cine and biotechnology (Fig. 7.2). Thus, in 2008, the first iPSCs derived from
patients with genetic diseases, including Parkinson’s and Huntington’s diseases,
were obtained. The majority of iPSC lines were able to maintain the patient
genotype and phenotype in vitro, while, for other diseases, further phenotypic
confirmation is needed [37, 46—48]. Moreover, because of the non-invasive
method of DT isolation, DSCs are important source of iPSC for modeling and
investigating pediatric diseases [49].

DSCs present clear advantages over commonly used skin fibroblasts and other
somatic cell types because of the easy access to DT with minimum discomfort for
the patient, their rapid cell proliferating, young donor age, and lower exposure to
environmental factors such as ultraviolet irradiation [6]. Clonal variation among
pluripotent SCs is also a very important factor, which seems to be less problematic
in iPSCs from DSCs [23]. Furthermore, normal ES cells derived from human blas-
tocysts and iPSCs derived from fibroblasts of the same donor show the variable
neuronal differentiation potentials [50, 51]. In vitro differentiation of iPSCs derived
from DSCs occurs practically spontaneously [14, 15]. Despite high neuronal com-
mitment and great potential in research in neurological conditions and disorders,
only one study used DSCs to generate patient-specific iPSCs for modeling of
non-syndromic autism and to investigate the impact of TRPC6 (transient receptor
potential cation channel, subfamily C, member 6) disruption in human neurons
[52]. This group identified the disruption of the TRPCG6 gene by a balanced de novo
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Fig. 7.2 Near and Not-So-Near Future of dental stem cell (DSC)-Derived induced pluripotent stem
cells (iPSCs). Near: This figure depicts that DSC-derived iPSCs can originate from healthy or dis-
eased donors. Both these cell types can be used in toxicological studies, disease modeling and drug
discovery. The great advantage of iPSCs is that they can be used undifferentiated and as precursors
of cell lineages of many types upon differentiation. In toxicological studies, multiple endpoints can
be evaluated in two dimension culture systems (organotoxicity) or 3D systems (embryotoxicity,
embryoid body models), other cell culture models and even germ cells, which can be produced
in vitro; iPSCs derived from donors with diseases provide unique tools to study molecular and cel-
lular mechanisms of diseases of interest, which help to understand the etiology of this disease and
forms of treatment. To study neurodegenerative diseases, DSCs-derived iPSCs are particularly
important tools, since the original cells tend to be committed to neural differentiation. DSC-derived
iPSCs are potentially important in drug discovery and can be used for cytotoxic endpoint assays, as
well as to test a variety of drugs in both undifferentiated and differentiated cells, and especially to
evaluate the drug effect on differentiation pathways throughout the daisy chain of intermediates.
Not-So-Near Future: DSCs-derived iPSCs without disease are of great interest in regenerative med-
icine. However, many questions still need to be answered. Patient-specific iPSCs can be used in
autologous treatments, however when genetic disease issues need to be addressed, the use of autolo-
gous cells is not welcome and therefore, allogenic iPSCs without disease are recommended. In
addition, patients with a family history of ischemic vascular disease should likewise avoid the use
of autologous iPSCs. In both cases, need an additional in vitro iPSCs manipulation in order to pro-
duce more mature and safe precursors. Finally, we would like to emphasize once again that DSCs-
derived iPSCs use is highly recommended to treat neurological diseases

translocation in a non-syndromic autism spectrum disorder (ASD) individual. This
gene is involved in the regulation of axonal guidance, dendritic spine growth and
excitatory synapse formation [53, 54]. Generation of DSC-derived iPSCs from the
ASD individual allowed this group to explore the functional consequences of
TRPC6 disruption in human neuronal cells. Overall, they demonstrated that
patient-specific iPSC-derived neurons can be used to associate novel variants to
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ASD patients to study the etiology of these disorders [52]. Finally, the importance
of DSC-derived iPSCs for neuropsychiatric disorders, such as schizophrenia and
ASD, has also been suggested [42].

7.9 Drug Discovery and Cytotoxicity Studies

Drug discovery today has been very unsuccessful considering time and capital
investment, with several drugs failing in the clinical trials phases due to lack of
efficiency or safety. This should not be happening, considering the major progress
associated with chemical synthesis technologies, the large amount of data derived
from “omics” initiatives (genomics, epigenomics, transcriptomics, proteomics,
metabolomics, among others), the advances in analytical sciences and the possibil-
ity of high-throughput screening. However, the absence of adequate models of
human disease for drug screening, which include cell lines, is probably one of the
reasons for the high failure rate in this field.

Traditional drug discovery uses animal and human cell lines established long ago
that poorly reflect the in vivo biology. Drug screening and toxicological studies often
require cells from highly differentiated tissues or from tissues where there is no cell
proliferation, such as neurons, cardiomyocytes and some gland cells. Toxicological
studies, which are carried out in parallel with drug discovery to weed out highly toxic
drug candidates, require, for instance, hepatocytes and cardiomyocytes. Liver cells
are important since they receive high quantities of drugs in the first pass stage of
distribution, and also because they carry out drug metabolism, which may lead to the
generation of highly toxic compounds. Hepatocytes are known to be highly capable
of proliferation. However, hepatocyte-derived cell lines rarely maintain all metabolic
routes necessary for drug metabolism and safety screening. As for cardiomyocytes,
these cells typically do not proliferate in vivo after development, which is why it has
been hard to establish cardiomyocyte models. However, they are of major impor-
tance in drug discovery and toxicity studies, given the many forms of heart disease
on one hand, and the fact that heart damage by drugs being a reason for abandonment
of drug development projects. Likewise, drug screening and toxicity studies lack
good models of neuronal cells, which are also hard to establish in spite of their need
in the discovery of drugs that are used to treat central nervous system disorders and
in toxicological protocols to prevent neurotoxicity of new drugs.

Most of the above considerations can be addressed using patient-specific iPSCs.
iPSCs with genetic disorders are important models which allow, upon differentiation,
studying the effect of genetic mutations on cell function and drug discovery screening
on these diseased models (Fig. 7.2). In particular, drug discovery can profit from
iPSCs and differentiated cells derived from diseased individuals, whereby the total
diversity of genetic background of the individual can be considered (Fig. 7.2). This is
particularly true nowadays, when whole genomic sequencing, or, at least, polymor-
phism screening, are straightforward. Most common diseases are associated with
combinations of genetic polymorphisms [55], and the development of cell lines
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obtained from many patients can be useful in drug discovery and toxicity by addressing
this complex genetic background in vitro (Fig. 7.2). It is likely that such cell lines can
improve drug screening success by indicating which subpopulations will respond to
drugs and which will be unresponsive or even not tolerate the medication due to toxic
side effects. These studies are still in their “infancy” and need to be further improved.
Thus, Muotri’s group provides insights supporting the testing of novel drugs in
patient-specific ASD DSC-derived iPSCs such as hyperforin, a drug that specifically
activates TRPCO, or insulin growth factor-1 (IGF-1), which is expected to increase not
only TRPC6 protein levels but also other synaptic components [52].

7.10 Regenerative Medicine and Cell Therapy

The main goal of regenerative medicine is to obtain unlimited numbers of a specific
cell type, which can be achieved by reprogramming of DSCs into pluripotent state,
and establishment of differentiation protocols, which allow direct differentiation of
DSC-derived iPSCs into “pure” populations of precursors, which, when introduced
back into the organism, are able to produce therapeutically significant numbers of
mature differentiated cells with functional capacities that allow total restoration of
lost cells, tissues and organs function. However, it seems that, currently, researchers
are mainly focused on the methods of iPSCs derivation and cultivation, and less on
differentiation potential of these cells, which needs to be more extensively studied
from the perspective of iPSC future applications in regenerative medicine.

The neural precursor is a cell type consistently obtained from iPSCs and great
progress has been made in the area of neuronal lineage specification, which is highly
dependent on imitating in vitro the early patterning signals that convey axial coor-
dinates during neural development. However, in vivo replacement of nerve cells in
traumatic or degenerative disorders of the central nervous system (CNS) is still at
early stages of development. Over the years, embryoid body formation, co-culture
on neural inducing feeders and direct neural induction have been used in the field of
directed neural differentiation, which are still complex, long lasting and time con-
suming [56]. Therefore, the finding that DSC-derived iPSCs are able to undergo
spontaneous differentiation into neurons and endothelial cells is of great impor-
tance. From a practical point of view, developing protocols for purification of neural
and endothelial precursors obtained as a result of spontaneous differentiation of
DSC-derived iPSCs may be much more interesting than in vitro induced differentia-
tion. However, this would be nice, if not for a small detail, that we don’t know how
immature or mature these precursors are. The study, which demonstrates the deriva-
tion of EPCs from DSC-derived iPSCs, is an alert for the scientists that we still need
to study a lot about iPSC differentiation. These cells have a very strong differentia-
tion potential which is abundant in different cell types, when compared with DSC-
derived MSCs from post-natal tissues. Therapeutic use of iPSCs expects that their
differentiation occurs not in a “dish”, but in particular tissue and organ, and under
the complete control of an organism. Hence, teratogenicity, as well as, short- and
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long-term tumorigenicity of iPSC-derived precursors must be thoroughly evaluated
before any clinical application (Fig. 7.2).

Another popular field of regenerative medicine regards treatment of peripheral arte-
rial disease (PAD). All over the world, PAD affects many people; only in the United
States, there are about 10 million individuals who suffer from PAD. The murine hind-
limb ischemia preparation is a model of PAD, and is useful for testing new therapies.
The advantages of this model are the ease of access to the femoral artery and the low
mortality rates. It has been shown that 2F hEPC-iPSCs have a strong ability to produce
angiogenic and vasculogenic EPCs. The therapeutic effects of 2F hEPC-iPSC trans-
plantation were verified in mouse models of hind-limb ischemia and myocardial infarc-
tion. The 2F-EPCs efficiently incorporated into newly formed vascular structures and
enhanced neovascularization in both experimental models. This study recommends a
follow up investigation of the use of EPC derived from iPSCs in patient-specific thera-
pies, especially in ischemic vascular diseases [23] (Fig. 7.2).

The origin of cell types is an important factor, which can influence the molecular
and functional properties of SCs. Thus, upon reprogramming, iPSCs generally
gain new characteristics, but they habitually hold a ‘footprint’ of the tissue of origin
[57-59]. The use of SCs in regenerative medicine and cell therapies, therefore, may
dependent on SC origin, which could have significant effects on the outcome, for
example, in efficient differentiation and functional properties of cells. DSCs can dif-
ferentiate into odontoblasts, osteoblasts, endotheliocytes, smooth muscle cells, adipo-
cytes and chondrocytes [5], however, due to their neural crest origin, they may also be
a very important source of SCs to be used to repair spinal cord injuries and to prevent
or even treat patients with neurological disorders [42] (Fig. 7.2). The dental tissue
origin also suggests that DSC-derived iPSCs can potentially have a major impact on
oral health [60, 61]. Regeneration of the tooth structure may avoid or delay the loss of
the whole tooth. A preclinical study has already focused on tissue engineering of
tooth-like structures, although it was developed using non-odontogenic SCs as a cell
source [62]. On the other hand, this study is interesting and important, and will allow
the comparison of the capacity of non-odontogenic SCs and odontogenic SCs to
regenerate tooth structures (Fig. 7.2).

7.11 Near and Not-So-Near Future

The advantage of iPSCs as compared to ES cell lines includes ethical issues-the first
are harvested from discarded teeth, without harm to the donors, whereas the later
come from non-implanted embryos, which sometimes can be associated with social,
ethical and legal complications. The risk aspect is the teratogenic potential of both
these cell types as well as the efficiency of inducing differentiation into definite cell
types, which can be isolated as pure progenitor populations that will not produce
cells with negative features, such as hyperproliferation, tumorigenicity, and ectopic
tissue formation. All SCs which are potentially tumorigenic should be eliminated in
order to prevent recurrence of malignancies. The safety of iPSCs and iPSC-derived



138 I. Kerkis et al.

progenitors can be, for example, evaluated by genome and epigenome analyses, and
this may minimize the risk to a level acceptable for clinical trials, but nobody can
confirm how the cells will respond until clinical trials are completed.

The iPSCs can be relatively rapidly obtained from DSCs, and this process seems
to have good reproducibility, which means a high variety of cell lines will soon be
available representing human genetic diversity. Since the human donor is known
and alive, the cell lines can be associated with many phenotypic traits that can be
useful additional data. Whereas human ES cells can also represent genetic diversity,
one cannot have further information on the “donor”, since it is destroyed in the pro-
cess of cell line establishment. Furthermore, iPSCs derived from the DSCs of
patients, or close relatives, can differentiate to tissues associated with the disorder
(i.e. lung tissue, Langerhans cells, cardiomyocytes, etc.) and can be used for thera-
peutic purposes as well as to screen for effective drugs for that given patient.
Currently, such approach is too complex and expensive for the general public.
Nevertheless, automation and protocol standardization will probably soon follow,
rendering this form of drug “pre-screening” more viable in order to find effective
and low-toxicity treatments, especially for very fragile patients.
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