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Abstract

Stroke is a principal cause of mortality in most countries and up to date
there is no cure or potential therapeutic treatment available for this debilitating
condition. Human induced pluripotent stem (hiPS) cells are an important source
for autologous cells used in regenerative medicine in order to treat brain damage
after a stroke has occurred. Recent studies have suggested that transplanted
neural cells derived from hiPS cells have the potential to survive, differentiate
and improve motor behavior in stroke animal models. In this review, we discuss
the conditions needed to reprogram hiPS cells for clinical trials, the strategies
used to differentiate hiPS cells toward neural stem cells (NSC) lineage along
with their functionality and morphological characteristics studied in vitro. We
further address the features founded in vivo after graft transplantation of these
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neural cells into stroke animal models.
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Introduction

Stroke is a leading cause of mortality and disability worldwide.
About 750,000 people experience a modality of strokes each year,
and the cost of maintaining these patients’ reaches in excess of
billions just in USA [1]. Stroke is a condition in which the brain of
an individual is deprived of oxygen and nutrients because the lack
of blood supply, which results in death or loss of neural functions.
This event is generated by the rupture of an artery/blood vessel in the
hemorrhagic stroke, or by the obstruction of a blood vessel for a clot
in the ischemic stroke.

The consequences of the damage depend primarily on the area
affected, the magnitude of the lesion, the immune response (which
may increase damage due to the release of reactive oxygen species
and chemokines that attack healthy neurons) and neurorepair
mechanisms. If the patients are affected in their locomotor and/or
sensory motor areas, then these patients may experience the loss
of well-coordinated movements, speech, remembrance, feeling or
even total disability. Occipital lobe lesions may disrupt the ability to
see; temporal lobe lesion may affect the ability to hear; parietal lobe
lesion may interrupt sensory information; and frontal lobe may affect
cognition.

Stroke is a sudden and delayed death disease. It is not clear
whether a specific genetic mutation or a combination of mutations
are directly responsible for the attack, but a study in twins suggests
that genetics may be involved in the development of the disease
[2]. Interestingly enough, it has been associated with several genes
(i.e., the NINJ2 gene, located in chromosome 12p13) as a high-risk
biomarker factors to develop hemorrhagic and ischemic stroke [3].
The risk of developing cerebrovascular disease increases in patients

with aneurism (which actually is a direct cause of loss of blood
supply), hypertension, obesity, high levels of cholesterol in the blood
and smoking [1].

A possible treatment of ischemic stroke is recanalization, with the
aim to lysate the clots by surgical intervention. An alternative method
to lyse the clots is the tissue Plasminogen Activator (tPA) [4], which
is the only accepted drug used to treat this disease in clinics at the
present. However, this approach has been limited for few patients
under specific conditions as the magnitude of the insult (small areas
affected), the time since the ictus has occurred (less than 3 hours)
and the age of the patient [5]. In contrast, the hemorrhagic stroke
has no drugs available to recover the blood supply lost or to improve
behavior in patients, and tPA is contraindicated. Importantly, it is
known that patients themselves have improved recovery on their own
after stroke, probably due to the combination of recovery mechanisms
related to neurogenesis.

The application of stem cells in regenerative medicine for stroke
has demonstrated to improve recovery after the insult by neurorepair
mechanism. However, the use of embryonic stem (ES) cells and adult
stem cells (i.e., neural stem cells, mesenchymal stem cells, among
others) has different limitations. First, the methods to obtain the
samples, involve the death of embryos (in the case of ES cells) or the
extraction may be painful and difficult for patients (i.e., adult stem
cells from bone marrow). Second, depending on the adult stem cell
source, it may be difficult to differentiate the somatic cells of interest.
Third, in cases of allogeneic transplantation, autoimmune rejection
can occur afterwards because stem cells will have different patterns of
molecules from the patient who will receive the graft. Finally, all the
limitations together give rise to discrepancies in the ethical concern
for uses in clinics and research [6].

hiPS cells prepared for clinical trials

Somatic cells can be reprogrammed to an induced pluripotent
stem (iPS) cells by activating pluripotent-signaling pathways shown
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Figure 1: Signaling pathways regulated in pluripotent cells. In this cascades, activation of transcription factors Smad 4, beta catenin and Gli3, regulates the
expression of pluripotent factors Oct4, Nanog, Sox2, among others. Bone Morphogenic Proteins (BMP), Activin/Nodal, and Fibroblast Growth Factor (FGF)
regulate the Smad 4 protein. Binding of FGF to the FGF receptor (TGFR), directly activates the events which regulates Smad 4. BMP receptor (BMPR) is activated
when the ligand BMP binds to the extracellular domain, a process that allows the activation of Smad family members 1, 5 and 8 to regulate Smad 4 activity. Similar
occurs with Activin/Nodal ligands attached to the Activin receptors (ActR), but the Smad family members activated are 3 and 2. Wnt protein binds to the receptor
Frizzled, a transmembrane protein coupled to G-proteins, to activate beta catenin through multiple phosphorylation events. Sonic Hedgehog (SHH) ligands bind
to the PTCH receptor in order to turn on Gli3. The results of these exquisitely coordinated events are cells capable of self-renewal and pluripotent capacity, like

embryonic stem cells or induced pluripotent stem cells.

in Figure 1 [7,8]. These novel kinds of cells with the potency similar to
ES cells, avoid the possibility of cell rejection by the host because they
are derived from the patient’s own cells (autologous). The major goal
of this approach is to ensure an easy source of pluripotent cells, which
have the ability to produce somatic cells, including neuroectodermal
progenitors without incurring in ethical issues. Thus, iPS cells are a
better choice to use in clinical trials compared to their counterpart ES
cells for a pluripotent cell source.

There are several reprogramming methods for creating human
iPS cells. The first one was the transduction of the Yamanaka Factors
(Oct4, c-Myc, Sox2 and k-lif) using a retrovirus [8]. Clinical use of
iPS cells produced by this technique has been limited by the random
insertion of the transgenes and part of the virus to the genome, the uses
of tumorigenic genes such as c-Myc which cause high tumorigenesis,
the low rate of successful transfection and the long duration required
for reprogramming.

Some of the other technologies used are the episomal vectors [9],
the synthetic mRNA [10], the epigenetic regulation of nanog by micro
RNAs [11], the piggyBac transposon [12], non-viral plasmid vector
[13], and direct delivery of recombinant proteins [14]. These novel
technologies have been developed in order to clinically use iPS cells

technology, by increasing the efficiency and safety. These technologies
allow the production of iPS cells derived from any somatic cell (not
limited to fibroblast as the first reprogramming), so that anyone could
have access to these iPS cells.

There are some critical considerations for the reprogramming
methods to create clinical grade of iPS cells. First, iPS cells need to
be free of vectors and transgenes, because transgenes may cause
tumorigenesis (i.e., c-Myc). Second, the source of the sample needs to
be carefully selected, because sometimes iPS cells suffer spontaneous
differentiation (apparently to their somatic ancestor), making it
critical to choose the somatic ancestor source to be reprogrammed
and derived from the same germ layer tissue to be developed in the
future. Third, due to patient needs for therapy, the reprogrammed
method needs to be highly efficient in order to generate the best and
fastest possible iPS cells. Finally, the iPS cells need to be characterized,
demonstrating self-renewal abilities and pluripotent capacity (capable
to form endoderm, ectoderm and mesoderm).

In order to bring down the risk of some diseases, it is possible to
restore mutations in specific hot spots by creating isogenic controls
using iPS cells. Strong evidence in other neurodegenerative diseases,
already demonstrates this possibility generating an isogenic control
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for Parkinson’s disease [15]. If a specific gene were found to be
responsible for the development of stroke, then it would be possible
to decrease the risk of stroke using this technology. However, more
studies need to be evaluated before a practical use for this approach in
clinical trials in a safe manner.

Differentiation of hiPS cells toward neural tissue

The ability to produce neural stem cells and their progenitors has
been studied deeply in order to understand the neural development
and use it for clinical applications as stroke. Figure 2 recapitulates
the process used to differentiate hiPS cells toward neural tissue. The
objective is to reproduce those neurogenesis events that occur in
nature in an in vitro environment. Stroke occurs in organisms that
are already developed, meaning adult neurogenesis events should be
reproduced, a process that is known to occur in the sub ventricular
zone, sub granular zone and dentate gyrus in mammalians. Thus,
those brain zones could be possible target areas for cell transplantation
for therapy purposes.

The default model for neural ectoderm specification indicates the
necessity to block the SMAD signaling through natural inhibition
of BMP, Activin and Nodal pathways by Noggin, Follistatin or
Chordin (which also occurs artificially by SB431542, dorsomorphin
or other competitors of those signals cascades) [16-20]. Apparently,
subsequent activation of FGF pathway is needed to activate the right
genes involved in the early neural induction process (i.e., Pax, Zic and
Fox family genes) [16].

Using this knowledge, several protocols have been developed with
the aim to produce in vitro differentiation of pluripotent cells toward
neural stem cells (NSC), following the induction of neural tissue
for research or therapeutic issues [21-23]. Some of the most used
approaches to induce NSC are: the over expression of nanog [24], a
combination of retinoic acid (RA) and recombinant sonic hedgehog
(SHH), [25], Co-culture of MS5 stromal feeder cells exposed to FGF8
and SHH [26], induction of neural transcription factors [23,27], or by
dual inhibition of the SMAD signaling pathway by BMP competitors
[18]. These techniques vary in time of differentiation and efficiency.

The combination of nutrients in the culture media (i.e., serum,
vitamins, amino acids, etc.) together with the supplemented specific
growth factors such as, neuron growth factors (NGF) [28] and brain
derived neurotrophic factor (BDNF) [29,30], lead the differentiation
of NSC towards terminal neural differentiation. For this process,
synergistically activation of canonical Wnt and hedgehog signaling
pathways is needed to differentiate NSC into neurons (which express
biomarkers as TuJ, GABA and MAP2), whereas BMP signaling
pathway activates differentiation to astrocytes (which express
biomarkers such as GFAP) and oligodendrocytes (which express
biomarkers as O4) [17,31].

Additionally to the growth factors, the scaffold plays an important
role for efficient distribution, adhesion and differentiation of the
stem cells toward neural tissue. Some novel biomaterials have been
developed recently in order to yield neural tissue in a biocompatible
manner such as chitosan [32], lactate [33], electrospun poly I-lactic

: Combination of:
: Naggin,
: 5431542, “FGF

: TR,
Oct4/NANOG : Zic/Fox o
/soxz ' ' Pux6/NANOG
| - ] .
) Neuroeetodermal Neural Stem
hiP$ Cells. 4‘7 progenitors Cells
=T Glial cells
Activin/ FGF signaling
Nodal pathways, pathway BMP TGF
SMAD pathways
GFPA

Figure 2: Differentiation of hiPS Cells toward neural tissue. hiPS cells cultures (which express pluripotent factors Oct4, Nanog, Sox2, etc.) are treated with
competitors of BMP, Activin and Nodal pathways shown in dot arrows. This leads to the inhibition of Smad signaling. The results are Neuroectodermal Progenitors
by activating earlier neuronal genes (i.e., Zic and Fox family members) until the activation of FGF pathway occurs to produce Neural Stem cells (which express
neural markers as Nanog and Pax 6). A treatment with terminal neural tissue inducers (i.e., BDNF and NGF) produce the diversity of functional Neurons (expressing

TuJ, GABA, MAP2, etc.) and Glial Cells (expressing GFAP, O4, etc.).
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Figure 3: Workflow to evaluate iPS cells as a therapy for stroke in animal models. A culture of somatic cells derived from a biopsy by means of a human donor
is needed. Pluripotent factors induce the pluripotent state of the somatic cells (now hiPS cells), making them capable of developing into endoderm, mesoderm
and ectoderm. Neural inducer factors lead to the differentiation of hiPS Cells toward NSCs. Transplantation of NSCs grafted into a stroke animal model (i.e., the
sensory/motor area affected and low functional recovery index along the time), may improve the functional recovery regardless of the production of the biodiversity
of neural cells. Characterization of cells in vitro and post-mortem reveal the biodiversity of functional electrophysiological and morphological neurons and glial cells
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acid/gelatin [34], poly epsilon caprolacton/beta hydroxybutyrate
[35], microfibrous [36] and collagen [37]. However, the optimal
scaffold is still a challenge and the choice to use one among other
depends on economic concerns, reproducibility and whether 2D
(monolayers) or 3D cultures (tissue engineering) are needed. In vivo,
cells communicate between themselves by autocrine, endocrine and
paracrine manner in order to generate functional tissues. In vitro,
3D cultures have the advantage to better mimic the complex niche,
morphology and functionality found in neural tissue in vivo, because
they grow one layer over another layer forming an extracellular matrix
instead of growing in a singular layer. Nevertheless, monolayers have
still been useful as an initial step towards producing neural tissue for
transplanting or drug screening fields.

Transplantation of NSC derived from hiPS cells into stroke
animal models

Recent experiments performed in mice and rats, provided solid
evidence that NSC, long-term self-renewing neuroepithelial-like
stem cells and neural progenitors derived from iPS cells lines, have
the potential to survive, migrate, differentiate and improve recovery
after ischemic stroke induced via middle cerebral artery occlusion
[20,38-40]. Interestingly, similar results in a rat hemorrhagic stroke
model (induced by collagenase) were obtained after transplantation
of specific-patient hiPS cells and neural epithelial stem cells derived
from hiPS cells [41,42]. In order to study the therapeutic potential of
iPS cells in stroke and use it for clinical trials, it is important to take
into account the reprogramming method of the iPS cells, the neural

differentiation protocol, the transplantation area, the technique for
induction of the stroke in the animal model, test if the graft form
tumors and the rate of recovery improved. Figure 3 shows the
workflow used to study the potential of hiPS cells as a therapy for
stroke in animal models.

Those studies demonstrated in vitro and in vivo, the generation
of functional electrophysiological and morphological neurons (i.e.,
gabaergic, glutamatergic and cholinergic neurons) and glial cells, such
as astrocytes and oligodendrocytes. Moreover, it was demonstrated
that the graft could establish connections, receive inputs, send axonal
projections to different brain layers [39] and improve recovery in the
stroke animal models.

The therapeutic methods used for regeneration of brain damage
with the aim to improve recovery after ischemic or hemorrhagic
stroke focus on redevelopment of the complex microenvironment
and mechanisms that have been lost. Whether the immunoreactivity
mechanisms produced after the induction of the stroke, or the
protocols used to prepare NSC interfere with in vivo differentiation in
the animal models as highly efficient as in vitro has seen, is still unclear.
Possibly, a better reproducible and controlled manner to generate a
stroke animal model, as photothrombosis, could clear this doubt.
The transplanted cells respond to cytokines and chemokines released
from the host, regardless as to the activation of the immune response,
in order to integrate or to reject the graft (i.e., inducing vasculogenesis
via VEGF), to migrate to the brain injury (i.e., the chemokine stromal
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cell-derived factor lalpha) or to attend the neurorepair mechanism
[43,44]. For this reason, the animal model should be chosen carefully
to be minimally invasive instead of the more aggressive models used
in the pioneer’s studies (i.e., middle cerebral artery occlusion) and
more easily reproducible, such as photothrombotic ischemia [45].

The transplantation of 3D cultures of neurons into animal models
[36], an approach that should be considered to improve recovery in
stroke, was recently demonstrated as being safe. Whether those cells
could be safely used in humans is still unclear, specifically due to
the high-risk formation of tumorigenesis [38]. So that, more studies
need to be evaluated to improve these technologies before using
them in clinical trials. Interestingly, it was demonstrated that some
compounds such as curcumin could enhance neurogenesis when
delivered to animals [46]. This suggests that previous exposure of NSCs
to compounds, which enhance cell proliferation and differentiation
activity, may increase the rate and velocity of adaptation and
biodiversity of the tissue necessary to improve recovery.

Considering the fact that iPS Cells were reprogrammed by
using free and unfree vectors and transgenes methods, the different
protocols for neuroectodermal specifications cultured in monolayers
and the use of different animals models transplanted with grafts at
different body areas, these cells have definite shown possibilities to
improve brain recovery.

Conclusions

Stroke is one of the principal causes of mortality and disability
worldwide. Evidence suggests that genetics may be a determining
probability factor to high-risk development for an attack, a fact that
is enhanced by other unhealthy influences. hiPS cells are a potential
therapeutic treatment for stroke due to their autologous origins
eliminating the rejection probabilities, their non-ethical creation, and
the fact that they are capable to differentiate into any somatic cell,
includingNSC. However, hiPS cells for clinical trials still require special
considerations in order to maintain their use safely. NSC generated
in vitro recapitulates the events occurred in adult neurogenesis.
Growth factors, scaffolds and nutrients play an important role in
allowing regeneration of the complex microenvironment of neurons.
Recent studies strongly make evidenced that the transplantation of
neural cells derived from hiPS cells have the potential to survive,
to differentiate and to improve behavior in stroke animal models
without formation of tumors. Although iPS cells are a potential
therapeutic technology for stroke, more studies need to be performed
to ensure safety use in clinics.
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