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Abstract

Ischemic stroke is a leading cause of death worldwide. A key secondary cell death mechanism
mediating neurological damage following the initial episode of ischemic stroke is the upregulation
of endogenous neuroinflammatory processes to levels that destroy hypoxic tissue local to the area
of insult, induce apoptosis, and initiate a feedback loop of inflammatory cascades that can expand
the region of damage. Stem cell therapy has emerged as an experimental treatment for stroke, and
accumulating evidence supports the therapeutic efficacy of stem cells to abrogate stroke-induced
inflammation. In this review, we investigate clinically relevant stem cell types, such as
hematopoietic stem cells (HSCs), mesenchymal stem cells (MSCs), endothelial progenitor cells
(EPCs), very small embryonic-like stem cells (VSELS), neural stem cells (NSCs), extraembryonic
stem cells, adipose tissue-derived stem cells, breast milk-derived stem cells, menstrual blood-
derived stem cells, dental tissue-derived stem cells, induced pluripotent stem cells (iPSCs),
teratocarcinoma-derived Ntera2/D1 neuron-like cells (NT2N), c-mycER(TAM) modified NSCs
(CTXO0EO03), and notch-transfected mesenchymal stromal cells (SB623), comparing their potential
efficacy to sequester stroke-induced neuroinflammation and their feasibility as translational
clinical cell sources. To this end, we highlight that MSCs, with a proven track record of safety and
efficacy as a transplantable cell for hematologic diseases, stand as an attractive cell type that
confers superior anti-inflammatory effects in stroke both /n vitro and in vivo. That stem cells can
mount a robust anti-inflammatory action against stroke complements the regenerative processes of
cell replacement and neurotrophic factor secretion conventionally ascribed to cell-based therapy in
neurological disorders.
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1. Introduction

In 1907, Ross Granville Harrison transplanted a sample of neural progenitor cells into a
droplet of frog lymph (Nicholas, 1961, Maienschein, 2011). He hoped to demonstrate that
neural fibers were the products of innate outgrowth from the neuroblast instead of the
neuroblast’s response to an environmental matrix. As experimental controls, Harrison placed
progenitor cells from other embryonic tissues in similar media. He was astounded by what
he observed under the microscope. Though these progenitor cells were grown in complete
isolation, they had developed into nerve cells bristling with dendritic spines, contractile
muscle fibers, and epidermal cells with working cilia. Harrison believed he had quieted a
debate among his contemporaries with these results, but he had actually accomplished
something much more remarkable. Harrison had produced the first /in vitro cultures of stem
cells (Maienschein, 2011).

The study of self-proliferating, pluripotent cell lines would continue over subsequent
decades under the mantle of cancer research. In the 1960s, while attempting to delineate the
cellular origin of teratoma, a tumor that appeared to derive from undifferentiated, totipotent
cells of the germ line, Leroy Stevens would embark on a series of experiments that led to the
isolation and culture of the first embryonic stem cells (Lewis, 2000). Contemporaneously,
Ernest McCullough and James Till characterized the first adult-derived stem cells,
hematopoietic bone marrow cells, in their studies of the impact of radiation on
hematopoiesis in mice (Till and McCullough, 1961). Together, these discoveries laid the
foundation for a new field in clinical science: regenerative medicine.

Initial studies using embryonic and adult-derived stem cells to repair damaged tissues
assumed a therapeutic paradigm of cell replacement, wherein stem cells implanted at the site
of injury would simply replace damaged cells and proliferate in their place. However,
laboratory evidence soon revealed that the cell replacement paradigm was largely unfounded
(Dailey et al., 2013). In response, researchers in the field shifted their investigations to the
secretory activities of stem cells (Nishino and Borlongan, 2000; Dailey et al., 2013; Drago et
al., 2013). These studies revealed that both autologous and allogenic stem cells secreted
trophic factors with significant anti-inflammatory, neuroprotective, angiogenic, and
restorative properties (Nishino and Borlongan, 2000, Yasuhara et al., 2006; Dailey et al.,
2013; Drago et al., 2013). With the discovery of stem cells’ diverse trophic and paracrine
functions, from controlling neuroinflammation to mobilizing endogenous stem cell
populations via biobridges, researchers are now focused on determining the most
therapeutically relevant cell lines for treating specific diseases (Yasuhara et al., 2006; Dailey
etal., 2013; Drago et al., 2013; Tajiri et al., 2014). Though stem cell therapy has been
investigated as a regenerative treatment for various types of tissue damage, cell therapy has
long been regarded as an especially relevant solution for the maintenance and regeneration
of the brain. Until the 1990s, it was widely believed that the cells of CNS were incapable of
self-renewal. With the discovery of endogenous reservoirs of neural stem cells in the
forebrain subventricular zone and dentate gyrus, this perception was reworked (Ma et al.,
2009). The cells of the adult mammalian CNS were found to display the capacity for
proliferation after disruption, including enhanced axonal growth, self-renewal, and the
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recovery of lost functionality (Arvidsson et al., 2002; Song et al., 2002, Ma et al., 2009).
Recent advances in regenerative medicine have demonstrated that exogenous and
endogenous cell therapies can promote neurogenesis, angiogenesis, and synaptogenesis in
neuronal tissues adversely impacted by a suite of neurological disorders (Mazzini et al.,
2003; Lindvall et al., 2004, Yasuhara et al., 2006; Kim et al., 2009; Shinozuka et al., 2013).
Because many CNS disorders, such as Huntington’s disease, Parkinson’s disease,
Alzheimer’s disease, and amyotrophic later sclerosis, include neurodegenerative pathologies,
regenerative medicine stands as an appealing treatment model for these conditions.

1.1. Stroke as a therapeutic target for stem cell therapy

More pertinently, cell therapy has gained national attention as a treatment for a notoriously
recalcitrant disorder: ischemic stroke. The pathologic category of stroke can be either
hemorrhagic or ischemic (Borlongan et al., 2012; Truelsen et al., 2015). Hemorrhagic stroke
is characterized by rupture of the cerebral vasculature followed by intracranial bleeding. The
origin of the hemorrhagic event can be used to further classify hemorrhagic stroke as either
an intracerebral hemorrhage or a subarachnoid hemorrhage (Broderick et al., 1993). An
intracerebral hemorrhage occurs when an artery in the brain parenchyma bursts, leaking
blood into the surrounding tissue, and encouraging the development of a hematoma when
left untreated (Broderick et al., 1993). Often preceded by a cerebral aneurysm, a
subarachnoid hemorrhage occurs when a damaged vessel on the surface layer of the brain
diverts blood into the subarachnoid space. This can increase the fluid pressure in the brain,
resulting in swelling, hydrocephalus, and vasospasm (Broderick et al., 1993). Ischemic
stroke, on the other hand, is the most ubiquitous sub-class of stroke, accounting for 87
percent of stroke cases in the United States alone (Broderick et al., 1993; Go et al., 2013).
Ischemic stroke occurs when a region of brain tissue is deprived of oxygen due to a decrease
in local blood flow, often as the result of an occluding event, such as embolism or thrombus
formation. Ischemic stroke can also be brought about by systemic hypoperfusion (Broderick
etal., 1993).

Currently, ischemic stroke patients suffer from relatively limited treatment options. Tissue
plasminogen activator (tPA), a thrombolytic agent, can be administered only during the acute
onset of stroke pathology, and its inconsistent efficacy combined with this narrow
therapeutic window means stroke patients cannot depend on tPA treatment for assured
functional recovery (Dailey et al., 2013; Zhang et al., 2015). Moreover, available surgical
interventions aim to address the direct triggers of ischemic events, often by lowering the
general risk of clot formation. Therefore, these treatment options are primarily preventive in
scope (Dailey et al., 2013). Stem cell therapy, on the other hand, can target the subacute and
chronic phases of ischemic stroke, thereby providing stroke patients a potential solution to
the management of chronic symptoms associated with neural ischemia, such as long-term
neuroinflammation and localized necrosis (Jin et al., 2013).

The ischemic cascade following stroke can be divided into three key phases. The acute phase
occurs directly after and in the first few hours proceeding the occluding event (Lakhan et al.,
2009; Ceulemans et al., 2010; ladecola et al., 2011). In this phase, lack of blood flow to the
area of infarct creates a region of oxidative stress and excitotoxicity. Reactive oxygen
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species (ROS) are formed which damage tissue and vasogenic edema forms in the area of
infarct due to the movement of water into the intracellular space, primarily driven by
disruption of ionic homeostasis (Lakhan et al., 2009; Ceulemans et al., 2010; ladecola et al.,
2011). Na+ and Ca+2 accumulation in cells at the ischemic core leads to cell death, while
cells in the ischemic penumbra may survive the insult but begin expressing signals
associated with neuronal injury. In the subacute phase, which occurs directly after the acute
phase and lasts for the first few days after stroke onset, neuroinflammation is upregulated,
with the release of cytokines, chemokines, cellular adhesion molecules (CAMSs), and matrix
metalloproteases (MMPSs) from injured neurons and auxiliary cells, such as microglia and
astrocytes (Lakhan et al., 2009; Ceulemans et al., 2010; ladecola et al., 2011; Acosta et al
2015). Expression of MMPs, specifically, increases the permeability of the BBB, allowing
peripheral leukocytes to invade the area of injury, where they upregulate present
inflammatory processes (Lakhan et al., 2009; Ceulemans et al., 2010; ladecola et al., 2011).
CAMs permit leukocytes to adhere to cerebral vessels, allowing those cells to attract more
cells to the site of injury. Chronic inflammation continues after the subacute phase and is
primarily driven by activated microglia and astrocytes (Lakhan et al., 2009; Ceulemans et
al., 2010; ladecola et al., 2011). These endemic brain cells secrete cytokines, chemokines,
and CAMs, which recruit more peripheral neutrophils and macrophages through the BBB.
Chronic inflammation can lead to cerebral edema and neuronal death, thereby threatening
infrastructure throughout the brain (Lakhan et al., 2009; Ceulemans et al., 2010; ladecola et
al., 2011).

Importantly, stem cell therapy represents a treatment paradigm uniquely poised to combat
both subacute and chronic inflammatory processes. Investigators have long maintained the
importance of neuroprotection for the subacute phase of stroke, as inflammation usually
accompanies the subacute phase and, if left untreated, may significantly worsen the extent of
injury (Borlongan et al 2012). There is also a need for neuroregeneration and the
maintenance of anti-inflammatory processes in treating both the subacute and chronic stages
of stroke (Lakhan et al., 2009; Ceulemans et al., 2010; ladecola et al., 2011, Acosta et al.,
2015). While subacute administration of stem cells is intended to prevent early secondary
cell death by suppressing oxidative stress, mitochondrial impairment, apoptosis, and
inflammation, chronic delivery is designed to activate brain rejuvenation and reperfusion by
stimulating regenerative mechanisms such as vasculogenesis, neurogenesis, angiogenesis,
and synaptogenesis, which can restore cerebral infrastructure, such as the BBB, and
sequester inflammatory insults (Park et al., 2009; Dailey et al., 2013; Acosta et al., 2015).
By assisting the damaged brain in recovering from an ischemic event by moderating
endogenous neuroinflammation and encouraging reinnervation, stem cell therapy stands to
fill an alarmingly bleak gap in known subacute and chronic treatments for stroke patients.

Over the years, a variety of transplantable cells have been examined in laboratory studies,
including fetal cells, NT2N cells, CTX0E3, embryonic stem cells, neural stem/progenitor
cells, umbilical cord blood, amnion, adipose, and induced pluripotent stem cells (Borlongan
et al., 1999; Borlongan et al., 2005; Borlongan, 2009; Borlongan et al., 2010; Antonucci et
al., 2011; Tajiri et al., 2012; Dailey et al., 2013; Maya-Espinosa et al., 2015; Stevanato et al.,
2016). While some of these cell types have been investigated in clinical trials for ischemic
stroke, current preclinical studies and clinical trials have concentrated predominantly on the
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cellular derivatives of bone marrow. Bone marrow-derived stem cells, including
mesenchymal stem cells (MSCs), endothelial progenitor cells (EPCs), SB623, multipotent
adult progenitor cells MAPCs, and multilineage-differentiating stress enduring (Muse) cells,
sport a robust safety profile in other disease indications (Yamei et al., 2007). Moreover,
bone-marrow derived stem cells, especially MSCs, have been studied extensively in animal
models. In this review, we will discuss contemporary advances in cell therapy with an eye to
the history of the field, the development of known stem cell lines, and the societal views that
influence and continue to influence the discipline. Our goal is to provide an overview of
modern research into stem cell therapy for ischemic stroke with the hopes that it may inform
the improvement of applied cell therapies for this debilitating disorder with regards to the
treatment of neuroinflammatory insults. We will present a detailed discussion of the current
cell types available for translational therapy, as well as the advantages and disadvantages of
each in treating neuroinflammation. We will examine the literature examining the efficacy of
each cell line both in vitroand /n vivo. We will complement our reviews by describing
modern multidisciplinary approaches to cell therapy, including the supplementation of cell
treatments with pharmaceuticals and biomaterials. Laboratory evidence assessing whether
the same stem cell population will be capable of accomplishing both preventative/protective
and regenerative effects in the stroke brain has been shown in animal models of stroke
(Borlongan et al., 1998; Tajiri et al., 2014; Chen and Chopp, 2006; Sanchez-Ramos et al.,
2000). However, in the clinic, it may be limited to use stem cells as a preventive or
protective treatment because most stroke episodes are unpredictable, suggesting that stem
cell therapy may be more appropriate as a regenerative biologic. Nonetheless, with the
advent of diagnostic tools designed to identify at-risk stroke patients based on family history,
genetics, co-morbidy factors (e.g., diabetes, hypertension), it may be possible in the future to
contemplate stem cells as preventive/protective therapeutics. Future laboratory research
defining the preventive and regenerative potentials of stem cells will be key in guiding the
optimal clinical applications of cell therapy.

2. ldentifying the Optimal Cell Type for Stem Cell Transplantation

The success of cell transplantation and the ability of the transplant to abrogate stroke-
induced neuroinflammation depend on a variety of factors, including route, dosage, and the
timing of administration, but the specific cell type employed is principal. NT2N, CTXO0ES3,
embryonic stem (ES) cells, hematopoietic stem cells (HSCs), neural stem cells (NSCs), adult
tissue-derived stem cells, and induced pluripotent stem cells (iPSCs) encourage variable
levels of histologic and behavioral recovery in animal models of stroke (Dailey et al., 2013).
When determining the optimal stem cell for treatment, these disparities in efficacy between
available cell types must be considered alongside the ethical and logistical issues that may
also constrain their usage. For example, ethical objections and government sanctions make
studies on fetal and embryonic cell lines impractical, while difficulties growing an adequate
number of cells that display “stemness” limit the expediency of research involving other cell
types. Here we summarize the characteristics of the most common stem cell types,
discussing their strengths and weaknesses as models for translational research and as
mediators of harmful immune responses.
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2.1. Embryonic Stem Cells (ES)

ES cells have long been considered the consummate model of “stemness” as they proliferate
indefinitely and exhibit the capacity to differentiate into tissues of all three germ layers.
However, ES cells are a worrisome cell type for transplantation therapy due to significant
ethical concerns regarding their clinical use and reported risks of tumorigenicity. These
concerns notwithstanding, ES cells have shown noteworthy therapeutic potential in animal
studies of stroke. Direct transplantation of ES cell-derived neuronal progenitor cells in stroke
mice coincided with observed repair of neuronal damage, while transplantation of
endothelial and mural cells also derived from ES cells was shown to promote cerebral
angiogenesis and reduce the infarct area of mice after stroke (Liu et al., 2014; Maya-
Espinosa et al., 2015). In addition, cells derived from ES cells are amenable to genetic
modification. Genetically modified ES cell-derived cells have been reported to encourage
functional recovery upon transplant in ischemic stroke mice models while also providing
neuroprotection by overexpressing neuroprotective factors such as BcL-2, adenosine, and
myocyte enhancer factor 2C (Shinozuka et al., 2013).

2.1.1. Embryonic Stem Cells: Critical Assessment

Preclinical studies in stroke models (in vitro and in vivo): /n vitro models of ES cell
transplantation suggest the hypoxic neural conditions which emerge following an ischemic
event may encourage ES-cell derived neural progenitor cells to release neurotrophic factors,
including erythropoietin (EPO), as well as upregulate the expression of bcl-2, hypoxia-
inducible factor (HIF-1a.), erythropoietin receptor (EPOR), neurofilament (NF), and
synaptophysin (Theus et al., 2008). Hypoxia pretreatment of ES-NPCs also increased
observed neural differentiation and reduced apoptosis and caspase-3 activation in ES-NPCs
transplanted in the ischemic brain of rat models as compared to non-pretreated ES-NPC
transplants (Maya-Espinosa et al., 2015). The hypoxia-induced neuroregenerative and
neuroprotective effects of ES cells may be especially important in the treatment of
neuroinflammation, as hypoxic conditions are known to correlate with the development of
an inflammatory microenvironment. Toll-like receptors (TLRs), specifically TLR2 and
heterodimers TLR2/1 and TLR2/6, are a clade of 10 pattern recognition receptors that
recognize ligands expressed by a wide consortium of microbes and upregulate immune
reactions via the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-xB) and
interferon regulatory factor (IRF)-dependent pathways in response (Akira, 2006; Okun et al.,
2009; Okun et al., 2010). Hypoxia is known to induce TLR2 and TLR®6 activation, and
(HIF)-1 may encourage this expression through transcriptional modification (Tang et al.
2007). Notably, TLR2 activation in endogenous neural progenitor cells (NPCs) leads to cell
death and the release of pro-inflammatory cytokines, such as TNF-a (Covacu et al., 2009;
Okun et al., 2010). The fact that ES-cells produce anti-inflammatory signals in response to
hypoxic conditions means they might serve to ameliorate these ischemia-induced
inflammatory effects, sequestering neuroinflammation driven by TLR2 activation in
endogenous neural cell types upon delivery to the area of infarct.

Human embryonic stem cells (hESCs) and embryonic stem cell-derived embryoid body
(EB) cells additionally display significant potential to enhance tissue integrity, promote
neural repair, and improve functional recovery in animal models of ischemic stroke. In a
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recent study by Liu and colleagues, the transplantation of human neural stem cells (nNSCs)
into the ipsilateral lateral ventricle 7 days after a one-hour transient middle cerebral artery
occlusion (MCAQ), a well-regarded stroke model in which the rodent middle cerebral artery
is blocked by embolism using an intraluminal filament, resulted in improvements in
behavioral (rotarod, footfault, and corner-turn) tests and reduced the area of ischemic infarct
as compared to controls (Borlongan et al., 1998c; Liu et al., 2014). Moreover, it was
observed that the hNSCs differentiated successfully into oligodendrocytes and astrocytes in
the corpus collosum, and neural bodies in the peri-infarct parenchyma (Liu et. al, 2014).
Neuronal differentiation of hESCs into neural phenotypes may depend, in part, upon the
relative neurogenic quality of the cerebral environment to which the hESCs are transplanted
(Seminatore et al., 2010). Areas of increased neurogenic effect primarily include areas near
to the rostral migratory stream (Arvidsson et al., 2002). Pertinently, ischemic areas may
themselves release higher than average concentrations of neurogenic signals, which can then
be detected by transplanted hESCs and used to encourage their necessary differentiation into
neural phenotypes at the site of injury. Though /n vitro models of ES cells demonstrate that
hypoxic conditions induce their production of anti-inflammatory signals, /n vivo models
have shown that pro-inflammatory cytokines, including TNF-alpha and interferon-y (IFN-
), present in the inflamed brain can suppress the proliferation and differentiation of ES-
derived NPCs (ldeguchi et. a/2008). Interestingly, however, neuroinflammation also
accelerates the mobilization of ES-derived NPCs to the site of injury (Ben-Hur et al., 2003).
Therefore, complete immunosuppression may not be ideal for the transplantation of ES-cell
derived cells, despite negative effects on their growth. They may continue to exhibit anti-
inflammatory properties in the neuroischemic environment, as demonstrated in /n vitro
models, and may more accurately home to the therapeutic target in response to active
gradients of endogenous inflammation.

Limitations: The high proliferative capacity of hESCs and their derivatives as well as the
diversity of the neural phenotypes to which they can differentiate make them an outwardly
appealing candidate for the replacement and repair of neuroblasts and neurons in ischemic
neural tissue. However, their proliferative capacity also means that hESCs and their
derivatives boast a significant tumorigenic risk (Kawai et al., 2010; Dailey et al., 2013). This
prospective tumorigenicity poses a significant challenge to the clinical translation of this cell
type, and research suggests the postichemic environment may accelerate aberrant
proliferation (Kawai et al., 2010; Seminatore et al., 2010). Moreover, the use of hESCs in
clinical research must contend with a daunting cultural stigma. Unfavorable public opinions
toward the use of fetal-derived human embryonic stem cells drove the enactment of a
moratorium on federal funding for ES-cell research from 2001 to 2009 (Shinozuka et al.,
2013). Though this moratorium has since been lifted, it is safe to assume that a societal bias
against hESCs still remains. In light of the compounding ethical and societal concerns that
surround embryonic stem cell usage and ultimately constrain their clinical availability, this
cell type is unappealing as a clinical model for stroke therapy. However, due to recent
advancements in genetic engineering, researchers now have feasible alternatives.

Future Directions: While human embryonic stem cells may not represent the future of stem
cell research due to the ethical, social, and tumorigenic concerns that limit their clinical
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usage, the powerful capacity for proliferation and differentiation that make these cells so
attractive may be reproduced through the use of induced pluripotent stem cells (iPSCs).
iPSCs are somatic cells that have been reprogrammed to revert to their previous pluripotent
states. Accordingly, iPSCs retain the ability to differentiate into all cell types /n vitroand can
be wholly autologous, derived directly from the adult tissues of the stroke patient to which
they will be administered. These cells can be transgene and vector free and are generated
primarily from human fibroblasts via the induction of a suite of transcription factors,
including Oct4, Sox2, Nanog, Klf4, c-Myc and Lin-28 (Yu et al., 2007; Zhao et al., 2008;
Mohamad et al., 2013; Wang et al., 2016). Moreover, iPScs can be differentiated into neural
stem cells, using known culturing techniques, including the administration of retinoic acid
(Mohamad et al., 2013). The transplantation of iPSC-derived neural stem cells in animal
models of stroke has produced encouraging results, with neurogenic, angiogenic, and
functional benefits comparable to those observed after transplantation with hESC-derived
NSCs.

2.2. Adult Tissue-Derived Stem Cells

While adult-derived stem cells subvert the ethical concerns raised by embryonic cell lines,
they are not without their own challenges, most prominent among them: the difficulty in
obtaining a homogenous cell population. Adult tissues predominantly contain mature cells
that have previously differentiated, making the harvesting and purification of rarer
pluripotent cell types an important consideration and, at times, rate-limiting step for
associated research. This concern in mind, we will continue by summarizing the available
categories of adult-tissue derived stem cells.

2.2.1. Bone Marrow-Derived Stem Cells—The bone marrow is a fertile substrate from
which multiple cell types have been isolated, including subsets of naturally occurring stem
cells and genetically engineered stem/progenitor cells, such as bone marrow-derived
mesenchymal stem or stromal cells (BM-MSCs), endothelial progenitor cells (EPCs), notch-
transfected mesenchymal stromal cells (SB623), multipotent adult progenitor cells
(MAPCs), and multilineage-differentiating stress enduring (Muse) cells. Moreover, bone
marrow-derived stem cells show particular aptitude as the cell-type of choice for the
treatment of ischemic stroke. Upon injury, stem cells from the bone marrow can perfuse into
the peripheral blood and migrate to the site of injury (Borlongan, 2011). They retain the
ability to cross the blood-brain barrier and therefore may constitute an important part of the
body’s regular neurorestorative response to cerebral damage (Borlongan, 2011). Stem cell
types observed in the bone marrow can be subdivided into four categories: hematopoietic
stem cells (HSCs), MSCs, EPCs, and very small embryonic-like stem cells (VSELSs). We
continue our discussion by examining each of these classes in depth.

2.2.1.1. Hematopoietic Stem Cells (HSCs): HSCs are predominantly identified by the
surface marker CD34+ and ancillary markers CD150+, CD244~, and CD48~ (Oguro et al.,
2013). HSC:s retain the capacity to differentiate into blood cell phenotypes and can be
mobilized in response to cerebrovascular insult through the release of chemokines by the
CNS (Shyu et al., 2004, Ratajczak et al., 2012). Recent evidence from murine models
indicates that a variety of chemotactic homing factors, including SDF-1, sphingosine-1-
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phosphate (S1P), ceramide-1-phosphate (C1P), and adenosine triphosphate (ATP), are
responsible for directing mobilized HSCs to areas of ischemic injury (Mocco et al., 2014).
Present stroke treatment protocols take advantage of this cytokine-mediated recruitment by
administering granulocyte-colony stimulating factor (G-CSF) to induce the mobilization of
HSCs (Shyu et al., 2004). The mobilization of HSCs can also be induced by
neurotransmitters, namely catecholamine, which can either directly signal the bone marrow
through a nerve ending paracrine signal or by sympathetic release into open circulation
(Saba et al., 2013). Human histological data for patients with acute stroke agrees with this
pattern of mobilization, revealing an increase in the levels of peripheral blood immature
hematopoietic CD34+ cells, colony-forming cells, and long-term culture-initiating cells after
cerebral insult (Sullivan et al., 2015). Notably, the extent of mobilization appears to correlate
with the extent of functional recovery (Dunac et al., 2007). A recent study by Courties and
colleagues demonstrated that ischemic stroke activates HSCs via sympathetic stimulation
which decreases concentrations of hematopoietic niche factors that encourage quiescence
and increases concentrations of noradrenaline in the BM. This response appears to be
skewed toward the development of myeloid, instead of lymphoid, progeny (Courties et al.,
2015). The potential of ischemic stroke to activate internal HSCs and the elevated
mobilization and circulation of HSCs following an ischemic event suggest that HSCs play a
restorative function in hypoxic or vascular insult.

2.2.1.1.1. Critical Assessment: HSCs

Preclinical studiesin stroke models (in vitro and in vivo): Though multiple studies have
confirmed that HSCs are activated and mobilized in peripheral circulation following
ischemic insult, preclinical studies of isolated HSC stem cells in both /n vitro cultures and /n
vivo animal models are limited, especially with regard to ischemic stroke. Some in vitro
studies have examined methods with which to enhance the efficiency of isolating HSCs from
progenitor cells and mixed mesenchymal tissue as well as to improve their proliferative
capacity (Oguro et al., 2013). Notably, engineered niches using biomaterials, such as
nanofibers and ECM-based macroporous sponges, have been employed to significant effect
to both encourage the differentiation of iPSCs into HSCs and to promote the growth of HSC
cell lines (Soffer-Tsur et al., 2016). HSCs are isolated in relatively low numbers from human
bone marrow cell populations. Therefore, these studies have aimed to address issues
concerning the time necessary to grow clinically relevant cell populations by examining
whether HSCs can emerge from pluripotent cell lines and how to create a more conducive
environment for the growth of naturally isolated HSCs. /17 vitro studies of HSCs have also
attempted to further characterize the behavior of this cell type in response to injury. A recent
paper by Kumar and colleagues analyzed the reaction of HSCs /n vitro to hemorrhagic shock
(Kumar et al., 2016). Bone-marrow aspirates from patients with trauma hemmoraghic shock
and those from healthy patients were grown /7 vitro, with HSCs populations isolated and
enumerated at varying time points following the administration of individual growth factors,
including recombinant human erythropoietin (rhEPO), recombinant human granulocyte
macrophage-colony-stimulating factor (rhGM-CSF), recombinant human interleukin-3
(rhIL-3), and the combination of all three. Researchers observed that trauma hemmoraghic
shock reduced natural HSC population levels below baseline, but that this suppression could
be partly rescued with the addition of the aforementioned growth factors (rhEPO, rhGM-
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CSF, rhIL-3) both alone and in conjunction. Though this work suggests that HSC BM
dysfunction may be reversible, the study’s limited sample size also indicates further research
must be undertaken before the behavior of HSCs in response to traumatic injury can be
confidently ascertained. Notably, due to the limited scope of literature available describing
the Jin vitro behaviors of HSCs, the specific effects of HSCs with regard to
neuroinflammation in culture remain unresolved. Nevertheless, significant evidence exists
regarding the /n vivo effects of this cell type on inflammatory processes, as explained below.

In vivo models of HSC transplantation suggest untoward complications may occur when this
cell type is used as a treatment for ischemic stroke, including increased neuroinflammation
and decreased functional recovery (Bhatt et al., 2015; Hilgendorf et al., 2015; Kashara et al.,
2016). A recent study by Kasahara and colleagues compared the intravenous and intra-
arterial injection of bone marrow-derived mononuclear cells (BM-MNCs) and CD133+ cells
in mouse models of ischemic stroke (Kasahara et al., 2016). Their results revealed a pattern
familiar to HSC transplantation /in vivo: a troublesome mixture of functional benefits and
adverse effects. Cells injected intra-arterially were shown to encourage neuroinflammation
and coincided with the loss of microvascular structures, providing no benefit to cognitive
function. Though cells injected intra-venously did not produce similar inflammatory effects
and even improved cortical function, the uncertainty of the therapeutic outcome of this cell
type may serve as a barrier to enthusiastic research as to their clinical applicability,
especially with other, more reliable cell lines available. The dangers of HSC transplantation
are corroborated by the results of clinical studies. A long-term review of patients who
received allogenic HSC grafts by Hilgendorf and colleagues revealed the therapy can
encourage a host of chronic complications, including a higher risk of infection, gender non-
specific gonadal dysfunction, lipid metabolic disturbances, and a decreased lifespan
(Hilgendorf et al., 2015). Another recent review of allogenic HSC transplant patients
suggested that HSCs may lead to central nervous system complications as well, significantly
elevating the risk of mortality for patients in which these symptoms manifest (Bhatt et al.,
2015). While the body of evidence seems to suggest HSCs can promote inflammation and
harmful complications when used as a transplant source, it is important to note that a recent
clinical trial employed HSCs as a graft source with results showing the procedure was
tolerated well in all patients and improved functional recovery (Banerjee et al., 2014).
Immunosuppressive agents were not used in this study (Banerjee et al., 2014). Nevertheless,
until significant laboratory evidence is collected which demonstrates that HSC grafts
produces no adverse effects /n vivo, it seems wise to exercise caution when deciding whether
to use this cell type in clinical treatments.

Limitations: While it is evident from observations that HSCs are mobilized during the
body’s systemic response to injury that HSCs may exhibit therapeutic potential, the
heterogeneous quality of this cell source is a considerable complication in the successful
transition of HSC therapy to the clinic (Oguro et al., 2013). Significantly, this admixed and
ill-defined cell population may produce adverse effects following transplantation (Bhatt et
al., 2015, Hilgendorf et al., 2015, Kashara et al., 2016). As mentioned above, a murine
stroke model of HSC transplantation demonstrated that intra-arterial HSC transplants
actually encouraged inflammation in the area of infarct and negatively impacted neurologic
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recovery (Kasahara et al., 2016). Moreover, a recent meta-analysis of clinical trials involving
allogenic HSC transplantation suggested that HSCs may encourage central nervous system
complications in human patients (Bhatt et al., 2015). In addition, HSC transplantation may
actually promote the incidence of cerebral infarct (Hsiao et al., 2014). Following a
hematopoietic stem cell transplant after chemotherapy for acute lymphoblastic leukemia, a
35-year old patient developed a thromboembolism after displaying an elevated Factor Vi1
count. The hematopoietic stem cell transplant was likely responsible for the abnormal Factor
VIII levels, which in turn can encourage thrombin formation or induce acquired protein C
resistance, thereby putting a patient at risk for thromboembolic stroke (Hsiao et al., 2014).

Future Directions. Future studies must examine the intracellular and environmental signals
that induce HSC differentiation into specific cell types so as to control for cases in which
these factors could encourage HSCs to express pro-inflammatory phenotypes. Purification
techniques that select for therapeutic HSCs while selecting against potentially dangerous
phenotypes are a crucial necessity and may help to isolate usable HSC lines. In addition,
prospective studies should explore the optimal route, timing of HSC administration, and
dosage in experimental animal models. Until these details are more clearly defined, clinical
trials of HSC transplantation should be approached with caution.

2.2.1.2. Bone Marrow-Derived Mesenchymal Stem Cells (BM-MSCs): Mesenchymal
stem cells (MSCs), otherwise known as mesenchymal stromal cells, can be harvested from
nearly any tissue type and are identified by the phenotypic markers CD29+, CD44+, CD105
+, CD73+, CD90+, CD106+, CD166+, CD14-, CD34~-, and CD45- (Mafi et al., 2011; Li et
al., 2016). Different from BM-MSCs, there is a subpopulation within the bone marrow of
CD34+ mononuclear cells (MNCs) which stands as an equally potent donor cell source with
therapeutic applications for ischemic pathologies. Bone marrow-derived mesenchymal stem
cells (BM-MSCs) are a multipotent sub-class of MSCs, harvested from bone marrow, which
exhibit the capacity to differentiate into mesenchymal tissues, including osteogenic,
chondrogenic, and adipogenic cells (Wang et al., 2016). Transplantation of BM-MSCs has
been shown to encourage improvements in neurologic function following cerebral ischemia
in stroke models (Lee et al., 2016). BM-MSCs may promote functional improvements in
part due to the secretion of neurotrophic factors, which in turn stimulate endogenous
cerebral repair processes. The active neurotrophic factors secreted by BM-MSCs include:
hepatocyte growth factor (HGF), vascular endothelial growth factor (VEGF), nerve growth
factor (NGF), brain-derived neurotrophic factor (BDNF), basic fibroblast growth factor
(bFGF, FGF-2), and insulin growth factor-1 (IGF-1) (Eckert et al., 2013, Chen et al., 2015,
Shichinohe et al., 2015). BM-MSCs also promote endogenous neurogenesis by encouraging
the recruitment of primary stem cells from the subventricular zone (SVZ) and subgranular
zone (SGZ) to site of injury and diminishing the rate of apoptotic insult in the penumbral
zone of the principal lesion (Li et al., 2016). It remains to be determined if BM-MSCs
differentiate into functional neurons, especially in light of their low survival time after
transplantation, but their influence on neurogenesis is clear. In addition to secretion of the
neurotrophic factors listed above, BM-MSCs may also improve rates of angiogenesis,
thereby helping to encourage perfusion at the site of injury (Lee et al., 2016; Li et al., 2016).
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MSCs are the most studied extraembryonic cell type and a particularly appealing paradigm
for autologous transplantation. This distinction owes itself in part to the accessibility of
MSCs, as they are naturally available in all mesenchymal tissues, including bone marrow,
placenta, teeth, and adipose tissue. While MSCs can be harvested from all of the preceding
tissues, evidence suggests that MSCs may exhibit varying functionality depending on their
respective locations of origin and the means by which they are extracted, isolated, and
proliferated. Certain therapies may be more effective with MSCs derived from a specific
location and future studies should consider this nuance. Notably, MSCs may carry a risk of
tumorigenicity. In a study in which primary BM-MSCs were transplanted in mice, a sarcoma
developed in the lungs after delivery (Tolar et al., 2007). Moreover, BM-MSCs secrete a
factor which may influence tumor development, transforming growth factor p (TGF-B),
which has been shown to enhance the ability of breast cancer cell lines to migrate when
secreted by BM-MSCs (McAndrews et al., 2015). Breast cancer cells also induce de novo
secretion of the chemokine CCL5 from BM-MSCs, a factor which in turn acts in a paracrine
fashion to enhance the motile, invasive, and metastatic potential of active cancer cells
(Karnoub et al., 2007). The nuanced functionality of mesenchymal cells harvested from
differing tissue sources may also come into play in determining the extent of their
tumorigenicity, with MSCs from specific tissue lines encouraging different levels of effect
(Hass et al., 2011; Subramanian et al., 2012). For example, when grown in the presence of
cancer cells, human Wharton’s jelly umbilical cord-derived MSCs do not develop into tumor
progenitor cells while some BM-MSCs do (Subramanian et al., 2012).

2.2.1.2.1. Critical Assessment: BM-MSCs

Preclinical studiesin stroke models (in vitro and in vivo): The potential therapeutic effects
of BM-MSCs have been well characterized across in vitro and in vivo studies of ischemic
stroke. Investigations of BM-MSCs in culture have examined approaches that encourage the
expansion of this cell type, the exosomic mechanisms BM-MSCs employ to rescue ischemic
tissues, and the effects of biomaterials on the efficiency of BM-MSC proliferation,
differentiation, and treatment. A suite of growth factors and differentiation-inducing
molecules have been identified that promote BM-MSC proliferation and differentiation
toward neural cell types. Notably, hBM-MSCs cultured in fetal calf serum with platelet
lysate (PL) and G-CSF demonstrate accelerated expansion rates as compared to controls
(Yamauchi et al., 2014). Furthermore, PL has been shown to provide an increase to the
growth rates of MSC populations grown outside of fetal bovine serum, while still ensuring
the chromosomal stability of the cell line over multiple generation. Moreover, additional
trophic factors which improve the proliferation and differentiation of BM-MSCs into
neurons and neuron-like cells in vitro have been identified, including melatonin, ATP,
neurotrophin-3 (NT-3), rolipram, B-mercaptoethanol (BME), CHIR99021 (CHIR), lithium
chloride, and others (Tu et al., 2014; Abdullah et al., 2016; Joe and Cho, 2016; Narcisi et al.,
2016; Shuai et al., 2016; Yan et al., 2016). Co-culturing BM-MSCs with active neurons or
culturing BM-MSCs on media conditioned by mature neurons also appears to promote their
differentiation towards neural cell types (Tu et al., 2014; Kil et al., 2016). For example,
hBM-MSCs co-cultured with astrocytes displayed a significant tendency to differentiate into
neural lineages, while hBM-MCSs cultured on media conditioned by choroid plexus
epithelial cells showed higher rates of induction toward dopaminergic cell types than
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controls (Tu et al., 2014; Aliaghaei et al., 2016). Biomaterials also have been investigated for
their potential role in improving BM-MSC proliferation and increasing the efficacy of their
transplantation. Nanofibrous, ECM-based structures and engineered delivery systems, such
as biodegradable polycaprolactone microcarriers, may encourage the expansion and
engraftment of BM-MSCs, suggesting biomimetic BM-MSC-designed niches represent an
appealing adjunctive strategy to encourage both BM-MSC proliferation and BM-MSC-based
therapy (Yan et al., 2015; Bhardwaj and Webster, 2016; Shekaran et al 2016).

In vitro models also provide strong evidence that BM-MSCs exhibit neuroprotective, anti-
inflammatory, neurogenic, and angiogenic effects in models of ischemic injury. When BM-
MSCs are co-cultured in oxygen-glucose deprivation (OGD)-injured neuron models, they
reduce rates of apoptosis and necroptosis, downregulating necroptosis-related receptor
interacting protein kinasel and 3 and deactivating caspase-3, an enzyme involved in
apoptosis (Kong et al., 2016). It is widely hypothesized that BM-MSCs function via a
paracrine model to rescue neural tissue, secreting exosomes which provide trophic support
to the surrounding tissues. These exosomes, when isolated from BM-MSCs, appear to be
50-100 nm in size, display CD81, CD9, and Alix exosome-associated proteins, and have a
lipid membrane identity consisting of cholesterol, sphingomyelin, and phosphatidylcholine
(Lai et al., 2010). BM-MSCs express multiple trophic factors which may function to protect
and support neurons in ischemic conditions, including BDNF, NGF, thrombospondin1,
pantraxin3, VEGF, bFGF, and placental growth factor, as well as therapeutic microRNAs,
such as microRNA 133b (Eckert et al., 2013; Park et al., 2015; Shichinohe et al., 2016; Xin
et al., 2016). Importantly, BM-MSCs play a potent role in the sequestration of
neuroinflammation. In organotypic hippocampal cultures exposed to ischemic insult,
implanted BM-MSCs reduced markers of microglial activation and levels of astrogliosis,
evidence of anti-inflammatory properties (Zhong et al., 2003). Moreover, when BM-MSCs
are exposed to inflammatory cytokines, such as interferon--y, they develop a specific
immunoregulatory phenotype, resulting in the enhanced suppression of T cells or natural
killer cells in the surrounding tissue (Zimmermann et al., 2016). In addition, BM-MSCs
reduce leukocytes proliferation rates and affect their differentiation profiles when the cell
types are co-cultured (Bartholomew et al., 2002; Duffy et al., 2011).

The safety, biocompatibility, and therapeutic potential of BM-MSCs have also been
confirmed in multiple /n vivo studies of ischemic stroke. The results of these animal studies
suggest that BM-MSC transplantation promotes angiogenesis, synaptogenesis, heurogenesis,
and the mobilization of endogenous stem cells, while also providing anti-apoptotic and
neuroprotective effects to cells in the area of infarct (Eckert et al., 2013; Guihong et al.,
2016). With evidence suggesting that exogenous BM-MSCs do not operate via a cell
replacement paradigm, the BM-MSC exosome, comprising a broad array of neurotrophic
factors, anti-inflammatory cytokines, and regenerative microRNAs, seems to represent the
primary therapeutic mechanism by which BM-MSCs rescue tissues /7 vivo (Lai et al., 2010;
Kong et al., 2016; Guihong et al., 2016). Promisingly, a systematic review of every BM-
MSC transplantation study available on PubMed and Web of Science revealed that 38 out of
39 studies that reported behavioral outcomes recorded results that showed BM-MSC
transplantation produced significant improvements (Wang et al., 2016). Functionally, BM-
MSC engraftment corresponds to increased proliferation of endogenous stem and progenitor
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cells in the subventricular and subgranular zones, while also promoting the activation and
proliferation of astroglia, which may amplify neurorestorative effects by secreting brain-
derived neurotrophic factor and glial cell-derived neurotrophic factors (Eckert et al., 2013,
Guihong et al., 2016). BM-MSCs also produce ECM components, including fibronectin,
which may work to encourage synaptogenesis (Eckert et al., 2013). BM-MSCs secrete an
array of proangiogenic trophic factors, including VEGF, basic fibroblast growth factor, and
placental growth factor, which also encourage angiogenesis within both the penumbra and
area of infarct in experimental models of stroke (Eckert et al., 2013). The ability of BM-
MSCs to sequester neuroinflammation in animal models is also well categorized. BM-MSCs
exhibit significant immunomodulatory effects /n vivo, modulating T-cell proliferation rates,
activating a T-regulatory cell phenotype (CD8*CD28~ Treg), and producing a general
suppressive effect on CD4+ and CD8+ T cells (Castro-Manrreza and Montesinos, 2015, Liu
et al., 2015). BM-MSC transplantation reduces levels of pro-inflammatory cytokines,
including interleukin(IL)-1p and IL-6, upregulates the expression of anti-inflammatory
cytokines, such as IL-4, IL-10, and transforming growth factor-p1, and lessens the number
of activated microglia in ischemic tissue (Chen et al., 2013; McGuckin et al., 2013; Castro-
Manrreza and Montesinos, 2015; Laranjeira et al., 2015).

Limitations: Concerns remain as to the safety of BM-MSCs in the clinical setting. First,
BM-MSCs are primarily administered via either intracranial transplantation through
stereotactic delivery or via intravascular injection preceding through intravenous or intra-
arterial routes (Eckert et al., 2013, Guihong et al., 2016; Wang et al., 2016). Intracranial
transplantation is an invasive process that can engender additional areas of infarct in the
stroke brain, especially since most treatment programs generally require multiple injections.
In addition, though intravascular delivery is a less invasive treatment program, the majority
of the BM-MSCs transplanted this way never reach the ischemic area of interest. It stands to
be determined the precise mechanism and efficiency with which BM-MSCs traverse the
blood-brain barrier, and the organ systems and regions in systemic circulation to which they
migrate. Moreover, the potential tumorigenic risks of BM-MSC transplantation deserve
further examination (Karnoub et al., 2007; Subramanian et al., 2012). Finally, an insufficient
number of studies have investigated the potential synergistic effect of rehabilitation therapy
with BM-MSC transplantation as well as the various modifications that can be made to BM-
MSCs, both environmental and genetic. Rehabilitation is the most common therapy
employed post-stroke in human patients and has been demonstrated clinically to improve
functional recovery (Nishino and Borlongan, 2000; Trialists, 2004).

Future Directions: The efficacy of BM-MSC transplantation can be greatly improved if
future studies address the current gaps in knowledge regarding the shortcomings of this cell
type. First, in order to improve target migration, future efforts might characterize the
pathway by which BM-MSCs reach the area of infarct, with consideration paid to the
cellular signaling pathways that lead them there as well as the processes that determine how
they are distributed in other areas of the body. Accordingly, future research should also fully
address both the effects of current intracranial delivery regimes and devise new methods that
reduce invasive damage. Additionally, BM-MSC transplantation strategies currently suffer
from a lack of knowledge as to the optimal time window for administration, as well as the
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most optimal dosage for both acute and chronic treatments. Though a recent study by
Toyoshima and colleagues suggests the optimal therapeutic window for BM-MSC
transplantation is 24 hours after recanalization (Toyoshima et al., 2015), investigators
examining the translational relevance of BM-MSC therapy should expand on these findings.
This data is crucial to the optimization of transplant regimes in both preclinical and,
importantly, clinical trials. Future research must also acknowledge that their mechanism of
action most likely does not involve direct cell replacement. Future studies should focus on
determining the specific molecular mechanisms of action by which therapeutic action
occurs. BM-MSC efficacy may also be improved through the investigation and eventual
application of environmental and genetic modifications. First, hypoxia preconditioning of
BM-MSCs has been shown to promote their proliferation, angiogenic effects, and migration
to areas of infarct, with a subsequent increase in reperfusion to ischemic regions (Chacko et
al., 2010; Wei et al., 2013; Yu et al., 2013). Moreover, hyperbaric oxygen therapy has been
suggested as a potential environmental modification that enhances the mobilization of BM
into circulation as well as anti-inflammatory effects in damaged tissue (Thom et al., 2006;
Pan et al., 2009). Research into hypoxia preconditioning should be explored further in
animal models of stroke. Researchers should also determine the optimal treatment regime
for hyperbaric oxygen therapy and BM-MSC transplantation models. Future research should
better define the treatment time window (acute/chronic) necessary to encourage therapeutic
effect, with consideration paid to the accessibility and practicality of chronic treatment
protocols when translating the therapy to a clinical setting.

BM-MSCs modified by gene transfections that encourage their differentiation into valuable
neural identities and/or enhance their expression of signals that promote endogenous stem
cell proliferation and differentiation represent another powerful model for improving cell
therapy for stroke (Yasuhara et al., 2009). Genetically modified BM-MSCs have been shown
improve angiogenesis, endogenous neurogenesis, reduce infarct size, and decrease
inflammation, while encouraging MSC survival in animal models of stroke (Kurozumi et al.,
2005; Horita et al., 2006; Onda et al., 2009; Yasuhara et al., 2009; Li et al., 2016). However,
not all bioactive gene transfections employ factors that produce therapeutic results. Future
research must examine the optimal genetic modification for BM-MSCs used to treat
ischemic stroke as well as examining these cell lines in clinical trials. Moreover, as
mentioned above, preclinical studies can enhance their applicability of a cell line in the
clinical setting by demonstrating how BM-MSC transplant programs respond in conjunction
with adjunctive therapies, such as physical rehabilitation (Nishino and Borlongan, 2000;
Trialists, 2004).

2.2.1.3. Endothelial Progenitor Cells (EPCs): EPCs are a multipotent class of stem cells
that can differentiate into mature endothelial cells. EPCs express HSC markers CD34 or
CD133 and endothelial cell markers, including protein vascular endothelial growth factor
receptor 2 (VEGRF2), CD31, Von Willebrand factor, vascular endothelial cadherin (VE-
cadherin or CD 144), Tie2, c-kit/CD117 and CD62E (E-selectin) (Zhao et al., 2013). EPCs
can be further subdivided into two main classes according to culture characteristics: early
HSCs and late HSCs (Hur et al., 2004; Fadini et al., 2012) Early HSCs manifest after 4-10
days of culturing mononuclear cells from peripheral blood, while late EPCs, or endothelial

Prog Neurobiol. Author manuscript; available in PMC 2018 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stonesifer et al.

Page 16

colony forming cells (ECFCs), appear after long-term culturing (>14 days) of mononuclear
cells. Studies suggest early EPCs secrete angiogenic growth factors, while late EPCs express
higher levels of VVE-cadherin and kinase insert domain receptor and can themselves integrate
into regenerating vasculature (Hur et al., 2004). EPCs are a particularly attractive paradigm
for the treatment of ischemic stroke due to the vascular weakness that often precedes
ischemic events in the brain. An early study found that endogenous EPCs which were
mobilized into the peripheral blood by GM-CSF migrated to the newly vascularized
endothelium of surgically induced ischemic hind limb injury in rabbits, suggesting EPCs
may play a part in promoting angiogenesis in areas of ischemic insult (Takahasi et al., 1999).
These results were reinforced by further studies in which free-circulating bone marrow-
derived EPCs selectively mobilized to sites of neovascularization where they also
differentiated into mature endothelial cells (Tilling, Chowienczyk, and Clapp, 2009, Zhao et
al., 2013). In fact, a correlational study in human ischemic stroke patients found that the
concentration of circulating EPCs predicts the extent of improvement on the National
Institute of Health Stroke Scale for large-artery atherosclerosis and small-vessel disease
etiologic subtypes (Marti-Fabregas et al., 2013). Moreover, EPC transplantation may have
general neurorestorative effects, as intravenous infusion of autologous EPCS after MCAQ in
rabbits preceded functional improvement, a decrease in the number of apoptotic cells,
elevated microvessel density in the ischemic peri-infarct, and a smaller infarct area (Chen et
al., 2008). It is important to note that research into the therapeutic potential of EPCs is still
nascent, and therefore further laboratory investigations must be conducted before their
putative effects can be confidently affirmed.

2.2.1.3.1. Critical Assessment: EPCs

Preclinical studiesin stroke models (in vitro and in vivo): /n vitro studies of EPCs have
primarily focused on determining the trophic factors and molecular signals that enhance
EPC proliferation rates, mobilization, and vascularization capacities in culture. Treatment of
cultured EPCs with norepinephrine has a positive dose-dependent influence on proliferation
rate in the S-phase, as well as acting to improve migratory activity (Jiang et al., 2014).
Moreover, the administration of norepinephrine encourages the phosphorylation of Akt and
eNOS in EPCs, suggesting the Akt/eNOS pathway may play a role in the mediation of
proliferative and migratory behaviors observed in culture (Jiang et al., 2014). A variety of
statins have also improved the functional behaviors of EPCs when administered in vitro.
Kallistatin treatment resulted in a decrease in tumor necrosis factor-a—induced apoptosis in
cultured EPC populations as well as a reduction in caspase-3 activity (Gao et al., 2014).
Kallistatin also encouraged EPC proliferation, migration, adhesion, and vascular tube
formation, concomitant with an observed increase in Akt, glycogen synthase kinase-3,
endothelial NO synthase phosphorylation, endothelial NO synthase expression, matrix
metalloproteinase-2 synthesis, and expression of VEGF and NO (Gao et al., 2014).
Atorvastatin and rosuvastatin improve the neovascularization ability of EPCs /n vitro, with
vascularization corresponding to the up-regulation of C-X-C chemokine receptor type 4
(CXCR4) (Chiang et al., 2015). The means by which statins influence the vasculogenic
properties of EPCs may involve an interaction with the stromal cell-derived factor-1a/
CXCR4 pathway and NO (Chiang et al, 2015). Moreover, VEGF and SDF significantly
enhance the migration of outgrowth endothelial cells (OECs) and circulating angiogenic
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cells (CACs) in culture, as well as encouraging the adhesion capacity of these cell types,
though CACs are more sensitive to the effects of these treatments (Anderson et al., 2015).
The terminologies of endothelial progenitor cells (EPCs) and circulating angiogenic cells
(CACs) may connote phenotypic feature overlaps, as well as differences between these cells.
In an attempt to clarify the distinction between these cell populations, it is important to
consider their distinct cellular and molecular characteristics, and to their developmental
stage. Based on different reports, early circulating endothelial progenitor cells are
considered to be a heterogeneous population originating from myeloid hematopoietic cells,
which share many phenotypic characteristics with early immature immune cells conferring a
paracrine effect on angiogenic processes (Pearson., 2010; Kachamakova-Trojanowska et al.,
2015). Populations of circulating endothelial progenitor cells with these features are termed
CACs (Kachamakova-Trojanowska et al., 2015). On the other hand, the real “EPCs” closely
resemble mature endothelial cells exhibiting a greater differentiation potential which
contributes to the development of neovessels (Kachamakova-Trojanowska et al., 2015). It
has been hypothesized that S1P, a bioactive lysophospholipid, may also work to facilitate
EPC-driven neovascularization (Williams et al., 2015). When OECs are exposed to S1P and
VEGF treatment, they display elevated proliferation rates, an increase in 3D sprouting, a
reduction in sprouting time, and an increase in directed migration under normoxic
conditions. Importantly, OECs significantly increase S1P receptor expression when exposed
to hypoxic conditions /n vitro (Williams et al., 2015). This dynamic response means that,
under hypoxic conditions, OECs respond significantly more robustly to S1P administration,
with 6.5 times and 25 times the rates of sprouting and directed migration observed in
hypoxic EPCs treated with S1P as compared to normoxic EPCs treated with the same
concentrations of S1P (Williams et al., 2015). Studies have determined that the primary
neurotrophic and angiogenic factors secreted by EPCs /in vitro are BDNF and VEGF (Liu et
al., 2010, Zhao et al., 2013). These trophic molecules provide mechanistic evidence for the
observation that EPCs do not appear to directly combat inflammation in culture, as their
primary mechanisms of therapeutic action instead are focused on neurogenesis,
synaptogenesis, and vasculogenesis. Nevertheless, their transplantation may aid in reducing
neuroinflammation through indirect pathways or through yet uncharacterized molecular
processes in /n vivo models, as discussed below.

In animal models, EPCs appear to contribute significantly to neovascularization via
differentiation-mediated vasculogenesis. They also promote angiogenesis via /n situ
migration and proliferation of endogenous endothelial cells according to the release of
intracellular signals including VEGF, HGF, angiopoietin-1 (ANG-1), SDF-1a, IGF-1, and
eNOS (Aicher et al., 2003; Zhao et al., 2013; Peplow, 2014; Balaji et al., 2015; Bai et al.,
2015). The body’s natural mobilization of EPCs from a quiescent to proliferative state
following ischemic events and their subsequent homing to the site of cerebral injury along a
gradient of SDF-1 strongly suggest these cells play a vital role in the maintenance of
damaged endothelial tissue (Shen et al., 2012). Moreover, administering granulocyte-
stimulating factor has been shown to be to mobilize endogenous EPCs (Zhao et al., 2013).
Importantly, EPC transplantation can improve in cerebral microvascular density, regional
cortical blood flow, and functional recovery in stroke models (Chen et al., 2008; Li et al.,
2015). EPCs appear to have therapeutic potential in both the acute and chronic stages of
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stroke pathology. In the acute phase, the neuroprotective growth factors secreted by EPCS,
including VEGF, SDF-1, and IGF-1, may protect endothelial cells and neurons threatened by
ischemia-induced damage (Zhao et al., 2013). In the chronic stage of stroke, EPCs may
encourage neovascularization, neurogenesis, and therefore the restoration of cerebral
infrastructure (Zhao et al., 2013). It is precisely this process of restoring cerebral
infrastructure which may allow EPCs to exhibit an anti-inflammatory effect /n vivo.
Specifically, EPCs may function to repair the blood brain barrier (BBB), which is often
damaged following cerebral ischemia, by differentiating into the brain endothelial cells
which compose it (Neuwelt et al., 2011; Wong et al., 2013; Garbuzova-Davis et al., 2014).
When the BBB is damaged and its permeability increases, elevated numbers of circulating
inflammatory cells can reach the area of injury, thereby encouraging local
neuroinflammation (Neuwelt et al., 2011; Borlongan et al., 2012; Wong et al., 2013;
Garbuzova-Davis et al., 2014). EPC administration may serve to protect the ischemic zone
from this added effect, as transplanted EPCs have been shown to preserve mitochondrial
morphology in endothelial cells of the ischemic brain, promote therapeutic pinocytotic
activity, reduce perivascular edema, and support the integrity of microvessels, including
those of the BBB (Garbuzova-Davis et al., 2017). Co-administration of pharmaceuticals may
also improve the ability of EPCs to sequester neuroinflammation. When EPCs were
administered with RWJ 67657, a p38 mitogen-activated protein kinase inhibitor, in an in
vivo model of diabetic ischemic stroke they exerted a significant anti-inflammatory effect
(Bai et al., 2015). This data, combined with what is known regarding EPC-based facilitation
of BBB repair, suggests this cell type has promise as a modulator of inflammation, though
further research is necessary to characterize the specific mechanism and extent of this action.
Specifically, research needs to address studies in the literature that suggest EPCs encourage
neuroinflammation by releasing pro-inflammatory compounds, such as IL-8 and
MCP-1(Hur et al., 2004; van der Strate et al., 2007; Moubarik et al., 2011; Zhao et al.,
2013).

Limitations: Sporting a robust exosome and confirmed therapeutic effects /n vivo, EPCs are
an attractive therapy for ischemic stroke. However, while generally safe and biocompatible,
certain aspects of EPC transplantation should be investigated further before they can achieve
clinical success. First, EPC transplantation may carry a risk of increasing atherosclerotic
plaque levels in patients with hyperlipidemia, as EPC transplantation increased aortic plaque
size in apolipoprotein E knockout mice (George et al., 2005). Conversely, locally
administered EPCs have been shown to inhibit atherosclerotic plaque formation in healthy
animals and circulating EPCs have been shown to exert a related inhibitory effect,
suggesting this subject deserves further study (Kunz et al., 2006; Ma et al., 2009). Moreover,
EPC transplantation therapies suffer from non-refined methods of harvesting and
purification. Currently, no method exists to fractionate EPC cell populations so as to isolate
EPCS with specific vasculogenic, angiogenic, and differentiation capabilities. Instead,
quality and quantity-controlled culture systems are used to select for cells that generally
exhibit these faculties: unfractionated mononuclear cells are sub-sampled to generate a
population of mononuclear cells enriched in EPCs (Hur et al., 2004; Fadini et al., 2012).
However, this method does not produce pure cell cultures, and the resulting admixture may
contain cells with uncharacterized effects (Hur et al., 2004; Fadini et al., 2012). Additionally,
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the vast majority of EPC-based preclinical studies employ acute administration (0-48 hours
after stroke onset), suggesting the effects of chronic EPC transplantation warrant elucidation
(Chen et al., 2008; Fan et al., 2010; Bai et al., 2015a; Bai et al., 2015b). In addition, no
clinical trials have been initiated that use EPCs to treat stroke. Finally, it has been noted in
the literature that transplanted EPCs may promote neuroinflammation after ischemic events,
an issue which must be addressed if EPC-based therapies are to be considered clinically
relevant (Hur et al., 2004; van der Strate et al., 2007; Moubarik et al., 2011; Zhao et al.,
2013).

Future Directions: Future research should focus on solving aforementioned issues in EPC
administration and harvesting, while more robustly characterizing the effects of EPCs,
before this cell type can earn its place in the clinic. Preclinical research should determine the
relative risk of atherosclerotic plaque formation for EPC transplants as well as the pre-
existing conditions that may promote it. Additionally, future studies should devise better
fractionation and isolation techniques, so as to prepare homogenous EPC populations whose
effects can be fully characterized and normalized. Moreover, to understand the full value of
EPC cell therapy, preclinical studies must be performed that investigate the chronic effects
of EPC delivery, instead of solely the benefits of acute administration. In addition, clinical
trials affirming the safety and efficacy of EPC transplantation in ischemic stroke should be
initiated.

2.2.1.4. Very Small Embryonic-Like Stem Cells (VSELS): VSELSs exhibit phenotypic
markers Sca-1+, CD45-, and pluripotent stem cell markers SSEA-1, Oct-4, Nanog, and
Rex-1 (Kucia et al., 2007; Kassmer and Krause, 2014). VSELs are characterized by a high
nucleus-to-cytoplasm ration, a characteristic they share with embryonic stem cells, and their
nuclei contain one-type chromatin (euchromatin) (Ratajczak et al., 2012; Kassmer and
Krause, 2014). VSELSs are mobilized from adult tissues in a manner similar to HSCs upon
ischemic insult and are released into peripheral blood, suggesting they may play a role in
endogenous repair processes (Ratajczak et al., 2012). On account of their categorically low
concentrations when released in peripheral blood, VSELSs are widely considered to be
epiblast-derived pluripotent stem cells which are deposited during early embryonic
development for the purpose of acting as a cache of restorative tissue that is drawn from
through adulthood (Ratajczak et al., 2012). Pertinently, the brain possesses a comparatively
large relative proportion of cells exhibiting the VSEL phenotype (Ratajczak et al., 2012).
VSELSs can differentiate into neurons, oligodendrocytes, and microglia (Havens et al., 2014).
Their potential for neurogenesis thus makes them valuable candidates for stroke therapy
(Grymula et al., 2014). However, transplantation studies are limited by the extremely low
yield of VSELSs that can be viably obtained by current harvesting protocols (Shin et al 2013).
This paucity demands extensive proliferation prior to transplantation. Moreover, VSEL
concentrations decrease with age, a trend which can further decrease the inherently low
harvest yield (Kucia et al., 2006; Shin et al., 2013). Despite these challenges to the process
of obtaining an adequate number of VVSELSs, the potential therapeutic scope of VSEL
treatments is arguably vast.
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2.2.1.4.1. Critical Assessment: VSELSs

Preclinical studiesin stroke models (in vitro and in vivo): Because VSELS are challenging
to isolate and expand to therapeutically relevant dosages, /n vivo and in vitro studies
utilizing this cell type are relatively limited, especially with regard to the delivery of VSELSs
as a therapy for ischemic stroke. Nevertheless, there is evidence that VSELS can differentiate
into neurons, oligodendrocytes, and microglia /n vitro, indicating these cells may be
valuable as donor grafts for the regeneration of CNS tissue after stroke (Havens et al 2014).
In a paper by Kucia and colleagues, GFP-positive VSELSs co-cultured with non-GFP bone
marrow cells in cardiac, neural, and pancreatic differentiation media were shown to
differentiate into the cell types of their respective media, with VSELS grown on neural
media developing into multiple neural subtypes, including glia (Kucia et al., 2006). It is
important to note, however, that no GFP-negative controls were used in this study, so what
may have appeared as a cell staining positive for differentiation-dependent markers could
have been an artifact of autoflourescence. A more recent study of VSEL differentiation
suggests that VSELSs can differentiate along the hematopoietic lineage when co-cultured
with OP9 stromal cells (Ratajczak et al., 2011). This study additionally found that VSELSs
are highly resistant to radiation damage, as opposed to HSCs (Ratajczak et al., 2011).
VSELs in culture have also been shown to exhibit a strong chemotactic attraction to SDF-1,
HGF, and leukemia inhibitory factor (Kucia et al., 2006). This gradient-driven mobilization
may elucidate, in part, the mechanism by which VSELs home to sites of ischemic injury
following their release into peripheral circulation (Kassmer and Krause, 2013). Moreover,
VSELSs actively express CXCR4, c-met, and leukemia inhibitory factor receptor in culture,
as well as embryonic transcription factors Oct-4 and Nano (Kucia et al., 2006). In addition,
it has been demonstrated that VSELSs have bivalent domains in promoters that encode
homeobox-containing transcription factors important to development, including Sox21,
Nkx2.2, DIx1, Lbx1h, HIxb9, Pax5, and HoxA3 (Shin et al., 2012). The faculties of VSELs
relevant to the treatment of neuroinflammation remain to be determined, as the paracrine
effects of this cell type have yet to be well characterized /n vitro. VSEL-derived BM cells
grown in angiogenic media exhibited a mesenchymal phenotype (CD90+, Thy-1 gene
positive expression) and did produce pro-inflammatory cytokines, IL-6, IL8 and chemokine
(C-C motif) ligand 5 (Guerin et al., 2015). Despite this pro-inflammatory evidence, VSELS
sport a diverse portfolio of differentiable phenotypes, suggesting they could very well be
induced to take on an immunoregulatory role. Nonetheless, future studies are required to
elucidate the full potential of this cell type

In vivo studies confirm that VSELSs are mobilized into peripheral blood following tissue
injury. Evidence from murine models indicates that VSELSs concentrations in the blood are
elevated following multiple categories of systemic insult, including hypoxic conditions, the
injection of carbon tetrachloride or cardiotoxin to model toxic liver or skeletal muscle
damage, and myocardial infarction (Kucia et al., 2008, Bhartiya et al., 2013). Moreover, G-
CSF can also act as a powerful signal /n vivo for the recruitment and mobilization of VSELs
(Kucia et al., 2008). Relevantly, VSELSs have been shown to differentiate into HSCs, MSCs,
endothelial cells, epithelial cells of the lung, oocytes, and cardiomyocytes /n vivo (Dawn et
al., 2008; Taichman et al., 2010; Parte et al., 2011; Ratajczak et al., 2011; Wu et al., 2012;
Kassmer et al., 2013) Though few transplantation studies examining the therapeutic effects
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of exogenous VSELSs have been published, transplantation of GFP-positive VSELS in mice
after myocardial infarction improved ventricular function and cardiac remodeling (Zuba-
Surma et al., 2011). Notably, in cases of stroke, increased levels of circulating VSELS have
been observed following the insult, suggesting their mobilization could be co-opted as a
therapeutic strategy (Paczkowska et al., 2009). Responses of VSELSs /n vivoto the
administration of certain extrinsic factors have also been examined. As mentioned above, G-
CSF encourages VSEL mobilization, but chronic increases in plasma-circulating IGF-1 may
actually accelerate the depletion of VSEL stores in adult tissues (Kucia et al., 2008; Kucia et
al., 2013). Additionally, in an animal model of toxic brain damage induced via the
administration of kainic acid, it was demonstrated that not only do VSELs mobilize
following the neurotoxic insult but also the bone marrow pool of quiescent VSELSs
undergoes expansion, suggesting the endogenous proliferation of VSEL stores may occur
(Grymula et al., 2014). Evidence of VSELS being mobilized into circulation after injury
suggest that these cells may play a role in the mediation of injury-induced damage, including
the sequestration of neuroinflammation. This implication warrants further investigation.
Considering the pluripotency of this cell type, it would not be surprising to discover that
VSELSs are an applicable tool for controlling neuroinflammation in ischemic stroke.
However, at this time, they are not considered one.

Limitations: The average concentration of circulating VSELS in peripheral blood is
exceptionally low: on average 1 cell per 10° monocular BM cells under steady-state
conditions (Ratajczak et al., 2012; Shin et al 2013). This relative paucity makes the
harvesting and purification of VSELSs extremely difficult. Currently, to purify and harvest
VSELs from human blood necessitates time-intensive flow cytometry (Ratajczak et al.,
2012). This harvesting process does not result in high yields, and therefore the capacity to
proliferate VSEL samples to practical concentrations for transplantation therapy poses a
considerable problem for time-effective therapies. Together, the need for homogenous,
autologous stem cell populations combined with the difficulties of harvesting and amplifying
VSEL populations means that it is currently impractical for VSELS to be acutely
administered to treat ischemic stroke, since cell populations must be proliferated and
transplanted within hours after the onset of the event.

Future Directions: Preclinical research into VSEL-based therapies has only recently begun.
Future investigations should work to refine harvesting and purification protocols to improve
upon the meagre yields offered by current cytometric filtering techniques (Ratajczak et al.,
2012; Shin et al., 2013). Moreover, systems should be proposed that can encourage the
efficient and timely proliferation of VSEL populations. Without better harvesting and
proliferation protocols, VSELs will remain an impractical cell type for clinical therapy.
Future studies should also work to characterize the factors that encourage VSEL
differentiation. Finally, for VSELS to begin a transition from the laboratory to the clinic as a
therapy for stroke, it is imperative that VSELS be investigated in animal models of ischemia.
The ideal route of administration, dosage amount, and imaging system by which to track
systematic migration also stand to be determined. Animal studies will provide a clearer
picture of exactly what regenerative niche VSEL treatments best occupy in the remediation
of ischemic stroke pathology.
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2.2.2 Neural Stem Cells (NSCs)—NSCs describe a class of multipotent cells that can
differentiate into neurons, astrocytes, and oligodendrocytes (Shi et al., 2015). Their ability to
produce the primary cellular phenotypes of the CNS makes them an extremely attractive
candidate for stroke therapy. Endogenous populations of NSCs are common to the SGZ of
the dentate gyrus and SVZ (Santilli et al., 2010). In the aftermath of a stroke-like injury,
there is increased cellular activity in these zones and NSCs actively migrate to the site of
ischemic insult (Zhang et al., 2014), a targeted mobilization paradigm with therapeutic
potential. However, the means by which NSCs provide functional repair post-stroke remains
remain to be fully characterized.

2.2.2.1. Critical Assessment: NSCs

Preclinical studiesin stroke models (in vitro and in vivo): /n vitro and in vivo studies of
NSCs offer promising insights into the neurogenic, angiogenic, and neuroprotective
properties of this cell type. NSCs can be harvested from the adult brain and proliferated /n
vitro with the addition of bFGF and epidermal growth factor (Santilli et al., 2010; Cai et al.,
2014). After the withdrawal of cytokines, NSCs will differentiate into all three primary
neural cell types, including neurons, astrocytes, and oligodendrocytes (Shi et al., 2015).
Endogenous NSCs have been shown to encourage to encourage angiogenesis in the brain
following ischemic insult (Zhang et al., 2011; Zhang et al., 2014). Importantly, hypoxic
conditions may act as a therapeutic signal, encouraging NSC differentiation toward neural
cell types, thereby promoting neurogenesis. A study by Cai and colleagues examined how
NSCs react to hypoxic conditioned media (HCM) and found that NSCs grown on 4% HCM
matured more consistently into neurons NSCs grown on 1% HCM and controls, though
neurons grown on 1% HCM also displayed higher neuronal counts than controls (Cai et al.,
2014). The study authors also found that PI3-K, Akt, and JNK displayed increased
phosphorylation levels in NSCs cultured on HCM, which indicated that NSC differentiation
into neurons may depend on P13-K/Akt pathways (Cai et al., 2014). A study by Santilli and
colleagues corroborated these findings with an important caveat. In their study, NSCs grown
at 1% oxygen returned to a state of quiescence (Santilli et al., 2010). This result indicates
that extremely low oxygen concentrations may be noxious to NSC differentiation, implying
that the conditioned response of NSCs to hypoxia may warrant further resolution, namely as
to the minimum and maximum hypoxic concentrations permissible to ensure a therapeutic
effect (Santilli et al., 2010). Other /in vitro studies have sought to characterize the signals that
mediate NSCs proliferation and differentiation. These studies have demonstrated that neural
stem cells respond positively to the overexpression of miR-381, nuclear factor kappa B
(NFxB), and Nox4-generated superoxide levels (Zhang et al., 2012, Topchiy et al., 2013, Shi
et al., 2015). On the other hand, contact with endothelial cells, mediated via the expression
of endothelial proteins ephrinB2 and Jagged1, may encourage the quiescence of NSCs and
inhibit their differentiation (Chou et al., 2014). Moreover, high glucose levels have been
shown to encourage apoptosis and reduce proliferation of NSCs in oxygen glucose
deprivation cultures through the activation of INK/p38 MAPK pathways and the stimulation
of a late G1-S transition in the cells (Chen et al., 2013). The NSC exosome may play an
active role in regulating inflammation, with NSCs producing known neuroprotective
compounds, including VEGF, BDNF, NGF, and neurotrophins (Lua et al., 2003). However,
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the precise mechanism of action for the potential anti-inflammatory effects of NSCs has yet
to be determined /n vitro.

As mentioned above, it is well-categorized in /n vivo models that NSCs in the SVZ migrate
to the site of ischemic injury after stroke (Hao et al., 2014, Zhang et al., 2014). Following an
ischemic cerebral event, they are redirected from the rostral stream into blood vessels that
perfuse the area of infarct, with mobilization induced by chemokine signals released from
the damaged tissue, including SDF-1, (VEGF), and angiopoietin (Hao et al., 2014).
Endogenous NSCs promote neurogenesis as well as improvements to the vascular
architecture of the infarct area through interactions with endothelial cells (Wang et al.,
2016). Considering the endogenous role NSCs play in endemic regeneration, exogenous
implantation of NSCs has significant therapeutic potential to restore neuronal circuits and
improve the function of residual penumbral neurons /n vivo. In an MCAO rodent model,
intravenous transplantation of human NSCs resulted in hNSC-treated ischemic animals
showing significant improvements to behavioral function and reduced cerebral infarct
volumes as compared to controls (Shen et al., 2010). Exogenous NSC transplants have also
been reported to encourage the proliferation of endogenous NSCs and their differentiation
into mature neural cell types, as well as to promote angiogenesis in the ischemic boundary
zone, with higher concentrations of Willebrand factor-positive proliferating endothelial cells
observed in human NSC-treated rats than controls (Zhang et al., 2010). A study examining
the effects of NSC transplantation in a model of photothrombic ischemic stroke reported
similar results, with exogenous NSC-treated rats displaying behavioral recovery superior to
controls (Hou et al., 2016). This study also confirmed that NSCs differentiated into neurons
and astrocytes /n vivo (Hou et al., 2016). Importantly, NSC survival and differentiation is
threatened by inflammatory processes and the action of pro-inflammatory T cells. The
expression of glucocorticoid-induced TNF receptor on activated CD4+T cells correlates with
a reduction in the number of endogenous NSCs in a murine stroke model (Takata et al.,
2012). However, NSCs have also been linked to anti-inflammatory effects /in vivo.
Intravenous administration of NSCs in a rat stroke model resulted in a decrease in OX-42+
microglia and MPO+ infiltration into the area of injury and also reduced cerebral and splenic
expression of TNF-a, IL-6, and NF-kB. NSC transplantation has also decreased leptin
receptor activation (Lee et al., 2007). In addition, in a MCAQO rat model of stroke, NSCs
injected into the ipsilesional hippocampus exhibited a notable acute anti-inflammatory
effect, decreasing microglial activation, reducing the expression of proinflammatory factors
(TNF-a, IL-6, IL-1B, MCP-1, MIP-1a.,, decreasing the number of adhesion molecules
(intercellular adhesion molecule-1, vascular cell adhesion molecule-1), and repairing blood-
brain barrier damage (Huang et al., 2014). Moreover, co-grafts of NSCs and OECs produced
a decrease in inflammatory factor IL-6 and Bcl-2-associated death promoter, an apoptotic
signal molecule, expression in an rat model of TBI, leading to significantly improved
neurological function (Liu et al., 2014). To ascertain the full anti-inflammatory potential of
NSCs, however, the extent to which neuroinflammation impairs NSC survival must be
weighed against the pro-proliferative effects of ischemic hypoxia on this cell type.

A recent meta-analysis of NSC-based cell therapies for ischemic stroke confirmed the
preclinical efficacy of this treatment by systematically comparing the quality score and
effect size of multiple animal studies of NSC transplantation and ischemic stroke (Chen et
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al., 2016). Across all available studies, transplantation was shown to generally result in
functional improvements, with the meta-analysis confirming that NSCs significantly
enhance functional and structural recovery in vivo (Chen et al., 2016). However, the meta-
analysis noted that the therapeutic efficacy of NSC treatment depends on certain conditions.
First, NSC treatments are the most efficacious when the NSCs derive from a donor of the
same species as the recipient. Moreover, NSC cells administered acutely (0 to 72h) were
much more effective than those administered after this window (Chen et al., 2016).

Limitations: The precise mechanism of action by which NSCs mediate a therapeutic effect
remains unresolved and may involve any of the following: stimulation of endogenous NSC
proliferation, possible replacement of supporting cells/neurons, or the effects of a
therapeutic exosome (Lua et al., 2003; Zhang et al., 2010; Huang et al., 2014; Lio et al.,
2014; Shi et al., 2015). Nevertheless, the potential of this cell type as a therapy for ischemic
stroke is promising. Importantly, however, the development of NSCs as a clinical treatment
model faces particular challenges. First, NSCs are problematic to harvest from the CNS, and
autologous treatments may require invasive surgeries prior to therapy (Burns et al., 2009;
Shinozuka et al., 2013). In addition, to generate allogenic grafts of NSCs would potentially
necessitate the use of fetal cell lines or the induction of the phenotype in an alternative cell
source (Burns et al., 2009). NSCs, like some other highly potent stem cell lines, also carry
the risk of aberrant proliferation. Tumorigenicity concerns must also be considered
alongside the mandate that NSCs cell populations be purified and homogenous upon
transplant (Shinozuka et al., 2013). In a case of clinical transplantation where a child with
ataxia telangiectasia glioneuroal neoplasm was implanted with a non-homogenous mixture
of fetally derived NSCs, the child developed glioneuroal neoplasm four years after
transplantation (Shinozuka et al., 2013). Additionally, even though NSCs proliferate at a
level that may pose a tumorigenic risk, their proliferation rate is still relatively low for
biomedical purposes, such that it makes generating adequate cell numbers for transplant
difficult (Shinozuka et al., 2013). Recent innovations, such as developing long-term
culturing, immortalization, gene therapy through the insertion of oncogenes, and derivation
of NSCs from pluripotent stem cell lines and other tissues, have attempted to circumvent
these challenges in NSC transplantation (Shinozuka et al., 2013). However, these new
techniques themselves are problematic. For example, long-term culturing may induce
conversion to a non-neural cell type, such as a tumor precursor cell (Shinozuka et al., 2013).
Moreover, in the case of oncogene therapy, though teratocarcinoma-derived hNT neuron cell
lines reached a phase Il clinical trial in stroke patients, their transplantation produced no
observable neurologic recovery (Shinozuka et al., 2013). Nevertheless, oncogene insertion
still holds promise. Recently, stem cell therapeutics company ReNeuron LTD developed a
therapy which uses a c-Myc regulator gene and a mutated estrogen receptor transgene to
create an immortalized neural cell line that has generated a clinical trial for stroke patients in
the UK (Shinozuka et al., 2013). The results of this study may help to advance the resolution
of these issues.

Future Directions. Future studies of NSC therapy should improve the harvesting and
purification processes so as to promote the facile proliferation of homologous cell
populations. Along with this improvement, future work should also focus on characterizing
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and reducing the tumorigenicity of NSCs. Preclinical studies should continue to determine,
with greater accuracy, the optimal transplantation dosage, route of administration, and
timing of treatment post-stroke. In addition, further defining the mechanism of action (direct
cell replacement, exosome, endogenous cell stimulation) will be crucial to the potential
translation of this treatment from the laboratory to the clinic. Moreover, future studies
should examine whether NSCs transplanted with other cell types or adjunctive
pharmaceutical therapies exhibit a more significant therapeutic profile than NSCs
transplanted alone. For example, recombinant human tissue kallikrein produced in the
ischemic brain following adenovirus injection of the kallikrein gene inhibits inflammatory
cell accumulation and promotes neurogenesis, suggesting that complementary therapies, like
gene transfer, could encourage a more tolerable microenvironment wherein NSCs can have
greater impact (Xia et al., 2006).

2.2.3. Extraembryonic Stem Cells—The placenta, Wharton’s jelly, the umbilical cord,
and the amnion are all rich sources of extraembryonic stem cells, with placental-derived
stem cells, amniotic epithelial cells, umbilical cord matrix stem cells, and amnion-derived
stem cells having been successfully isolated from these sources (Park et al., 2009; Antonucci
etal., 2011; Tajiri et al., 2012; Dailey et al., 2013). Similar to MSCs and NSCs,
extraembryonic stem cells are consistent with the various developmental germ layers. For
example, amniotic epithelium derives from the ectoderm, while the mesoderm gives rise to
amnion-derived MSCs (Dailey et al., 2013). As a result, amnion-derived stem cells have a
much greater capacity to give rise to mesodermal cell lineages than ectodermal lineages
(Dailey et al., 2013). Accordingly, amnion-derived MSCS have demonstrated greater
embryonic specificity, while lacking the potential for endothelial growth (Antonucci et al.,
2011; Dailey et al 2013).

Current investigations of extraembryonic stem cell types are predominantly focused on the
use of placenta-derived MSCs and umbilical cord blood-derived MSCs (UCB-MSCs) to
treat experimental models of ischemic stroke. These extraembryonic MSC-derivatives not
only replace damaged cells, they also refine the hostile microenvironment that develops after
stroke, thereby improving endogenous neurogenesis long-term (Jones et al., 2007; Park et
al., 2009; Ou et al., 2010; Chen et al., 2013; Iskander et al., 2013). Recent studies on the
effects of UCB-MSCs in rodent stroke models report improved functional recovery, elevated
expression of bFGF and VEGF, evidence of neurogenesis, and increased vascular density in
treated animals (Park et al., 2009; Ou et al., 2010; Hocum Stone et al., 2016). Umbilical cord
lining mesenchymal stromal cells have also exhibited an immunosuppressive influence on
the innate immune cascade prompted by transplanted cells, and also display heightened
immunological immaturity in comparison to aged bone marrow mesenchymal stromal cells
(Jones et al., 2007; Wang et al., 2009). Furthermore, Wharton’s jelly-derived mesenchymal
stromal cells have the capacity to differentiate into CXCR4+, glial, doublecortin+, neuronal,
and vascular endothelial cells which function to improve the neuroplasticity of the ischemic
brain (Alaminos et al., 2010; Dalous et al., 2012; Becker and Riet, 2016). They may also
suppress the immune response through release of leukemia inhibitory factor (LIF) (Najar et
al., 2010).
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Lately, umbilical cord banking is increasing in popularity in response to the notable
therapeutic potential of umbilical cord-derived stem cells in both autologous and allogenic
transplantation models (Kurtzberg et al., 2005). Umbilical cord blood describes the
mononuclear fraction, which consists of monocytes, hematopoietic progenitors, MSCS, and
lymphocytes (Achyut et al., 2014). Despite the heterogeneity of this source, UCB-MSCs are
still thought to be immunologically immature (Wang et al., 2009). Accordingly, UCB-MSCs
have been observed to mediate the response of the immune system and restrict levels of pro-
inflammatory cytokines (Chao et al., 2016; Vellasamy et al., 2016). Recent investigations
into the transplantation of umbilical cord blood in stroke models have displayed favorable
results, including a reduction in infarct size, improved functional recovery, and increased
expression of several neuroprotective factors including VEGF and BDNF (Lim et al., 2011;
Park et al., 2015; Hocum Stone et al., 2016; Liang et al., 2016; Zhilai et al., 2016).

2.2.3.1. Critical Assessment: Extraembryonic Stem Cells

Preclinical studiesin stroke models (in vitro and in vivo): The two extraembryonic stem
cell lines that display significant potential for the treatment of ischemic stroke are UCB-
MSCs and placenta-derived MSCs. UCB-MSCs exhibit the capacity to differentiate into
cells of all three germ layers /n vitro (Dailey et al., 2013). Notably, multiple studies confirm
the successful induction of UCB-MSCs toward neural-like cells upon stimulation with
growth factors, including b-FGF and retinoic acid (Li et al., 2012; Jin et al., 2015). Cultured
with these agents, UCB-MSCs displayed morphological changes and the expression of
neural markers, such as nestin, p-tubulin 111, and neurofilament 200 (Li et al., 2012; Jin et
al., 2015). Moreover, UCB-MSCs have been shown to differentiate into functional EPCs
following induction with VEGF and hFGF, and the formation of vessel-like structures has
been observed following a period of growth (Sabry et al., 2016). Placenta-derived MSCs
also exhibit the ability to differentiate into endothelial-like cells and smooth muscle-like
cells when cultured with VEGF (Makhoul et al., 2016). Placenta-derived MSCs can also be
induced so to express neural phenotypes, displaying neuronal markers, such as GFAP,
Nestin, or p-Tubulin 111 (Martini et al 2013).

Important to the potential translation of extraembryonic cell types for the treatment of
ischemic stroke, both UCB-MSCs and placenta-derived MSCs are genetically stable under
hyperglycemic and ischemic conditions 7 vitro, only exhibiting quiescent behavior after
serum starvation accompanied by hypoxia (Sharma and Bhonde, 2015). UC-MSCs also
exhibit a significant effect in suppressing pro-inflammatory immune responses /n vitro
(Cutler et al., 2010). Co-culturing of UC-MSCs with various immune cells has demonstrated
that UC-MSCs suppress the proliferation, differentiation, and immunoglobulin expression of
B cells, as well as suppressing the proliferation of T cells and the downregulation of
monocyte function, possibly through the expression of PGE2 (Cutler et al., 2010; Che et al.,
2012). Placenta-derived MSCs have also been shown to suppress allogenic T-cell
proliferation /n vitro (Jones et al., 2007). On the other hand, interferon (IFN)-y and tumor
necrosis factor (TNF)-a enhance the ability of placenta-derived MSCs to induce the
differentiation of immunoactive CD4(+)IL-10(+)and CD8(+)IL-10(+)Treg subsets and
express programmed cell death ligand-2, implying certain microenvironments could
encourage placenta-derived MSCs to promote neuroinflammation (Li et al., 2015). Together,
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these results suggest that extraembryonic stem cells have significant potential to reduce
ischemia-induced neuroinflammation in the brain.

In vivo studies of UCB-MSC and placenta-derived MSC transplantation demonstrate these
cell lines can also ameliorate ischemic conditions and improve therapeutic outcomes
following stroke in animal models. Human umbilical cord blood-derived mesenchymal stem
cells (hUCB-MSCs) exhibit angiogenic, neurogenic, and anti-inflammatory properties in
stroke rodents (Park et al., 2009; Ou et al., 2010; Lim et al., 2011; Iskander et al., 2013).
Recent research suggests their therapeutic effects may be mediated through the upregulation
of thrombospondinl, pantraxin3, and vascular endothelial growth factor under hypoxic
conditions (Park et al., 2015). Placenta-derived stem cells also display neurogenic and
neuroprotective effects in /n vivo rat models of stroke, reducing the size of cortical lesions
and improving behavioral recovery following ischemic injury (Chen et al., 2013; Zhang et
al., 2014; Liang et al., 2016). In addition, recent research suggests placenta-derived stem
cells significantly elevate levels of VEGF, HGF, and BDNF in the ischemic border zone
(Chen et al., 2013). Pertinently, hUCB-MSCs may inhibit immune cell migration and
activation near the area of cerebral infarct, as well as promote microglial survival (Pimentel-
Coelho et al., 2012). Placenta-derived MSCs also reduce inflammation in the area of injury
and may encourage the activation of protective microglia (Zhang et al., 2014; Liang et al.,
2016). In this way, both UCB-MSCs and placenta-derived MSCs should be considered
notable candidate cells for therapeutic control of neuroinflammation following ischemic
stroke.

Limitations: When Kranz and colleagues examined placenta-derived mesenchymal stromal
cells in an experimental rat model of ischemic stroke, though the transplantation engendered
significant functional improvements, only maternally derived placental MSCs were seen to
induce significant effects (Kranz et al., 2010). Harvesting these cells from the placenta is
itself a constraint regarding the availability of placenta-derived stem cells for transplantation,
and therefore evidence that suggests maternal placental cells are necessary to see therapeutic
benefits further limits the scope of treatments with this cell line (Kranz et al., 2010). For this
reason, placenta-derived mesenchymal stromal cells presently seem more appropriate for
neonatal and pediatric treatments than the treatment of adult stroke patients.

hUCB-MSCs do exhibit significant potential to exhibit therapeutic and anti-inflammatory
effects following transplantation in models of ischemic stroke. However, the efficacy of
hUCB-MSC treatment may depend on the route of administration (Lim et al., 2011).
Specifically, Lim and colleagues investigated this question, examining whether hUCB-MSCs
could enter the brain, survive, and produce a therapeutic effect following intrathecal
transplantation into the lumbar spinal cord and intravenous transplantation into the tail vein
in rat models of ischemic stroke (Lim et al., 2011). While each experimental group treated
with hUCB-MSCs displayed better neurological recovery than controls, rats receiving
intrathecal hUCB-MSC treatments recorded higher numbers of cells having migrated to the
ischemic area, higher cell survival, and greater expression of mature neural-lineage markers
than rats that received hUCB-MSCs administered intravenously (Lim et al., 2011). This
study suggests the efficacy of hUCB-MSC treatment may be limited by the route of
administration.
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Future Directions: Preclinical studies of placenta-derived stem cells have not yet
determined the optimal dosage, timing, or route of administration for cell therapy.
Specifically, studies have focused predominantly on the acute transplantation of placenta-
derived stem cells. Not only should future research refine the optimal time window for acute
administration, but these studies should examine the benefits, if any, of chronic programs.
Future studies should compare routes of administration and work to standardize the
transplantation procedure. Moreover, studies should examine how placenta-derived stem
cells can be optimally employed as a therapy. If placenta-derived stem cells must be used
from a maternal line, researchers should examine the practicality of treatment with this cell
type and in what situations this cell type might be considered for stroke-specific therapy
(Kranz et al 2010). Future studies of hUCB-MSCs, on the other hand, should resolve issues
surrounding the optimal route, timing, and dosage for administration. Importantly,
preclinical research should examine intrathecal routes as a potential optimum mode of
delivery (Lim et al 2011). Future studies should also determine whether the results of
hUCB-MSC treatment can be improved through adjunctive therapies, as a recent study by
Liang and colleagues demonstrated that an estradiol complement significantly improved the
ability of human umbilical cord blood CD34+ to remediate ischemic injury after stroke
(Liang et al., 2016).

2.2.4. Other Sources of Adult Stem Cells

2.2.4.1 Adipose Tissue: Adipose tissue-derived MSCs (AD-MSCs) are one of the most
abundant MSC subtypes and can be readily obtained without invasive procedures (Puissant
et al., 2005; Tobita et al., 2011). Investigations conducted to determine the effects of
adipose-derived stem cells in models of ischemic stroke have revealed exogenous
transplantation reduces cerebral inflammation, infarct size, and chronic neurodegeneration,
while improving neurological function and recovery (Gutiérrez-Fernandez et al., 2013). As
compared to bone marrow-derived stromal cells, adipose-derived stem cells have a higher
proliferative capacity and produce greater quantities of HGF and VEGF (lkegame et al.,
2011). They are also capable of differentiating into vascular endothelial cells, glial cells, and
neural cells /n vivo (Gutiérrez-Fernandez et al., 2013).

2.2.4.1.1. Critical Assessment: Adipose Tissue-Derived Stem Cells

Preclinical studiesin stroke models (in vitro and in vivo): AD-MSCs have been proven safe
in animal models of ischemic stroke and their therapeutic efficacy is supported by the results
of both /n vitroand in vivo studies. /n vitro, AD-MSCs can differentiate into cell types
relevant to treating neural ischemia, including neural, glial, and vascular endothelial cells
(lkegame et al., 2011). In culture, hAD-MSCs also form vascular-like structures and actively
express von Willibrand Factor, a blood glycoprotein important for hemostasis (Planat-
Benard et al., 2004). Moreover, in a comparison of trophic factor release from AD-MSCs
and bone-marrow derived MSCs cultured on similar media, AD-MSCs were shown to
produce higher levels of VEGF and HGF than BM-MSCs (lkegame et al., 2011). AD-MSCs
transplanted in an /n vitro model of stroke (oxygen and glucose deprivation) encouraged the
expression of anti-inflammatory and immunomodulatory genes in ischemic Neuro2A cells,
thereby making the case that adipose-derived stem cells may exert an anti-inflammatory
effect in stroke via paracrine activation, i.e. “the bystander effect” (Jeon et al., 2013). The
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abilities of BM-MSCs and AD-MSCs to control sources of neuroinflammation have also
been compared /n vitro. BM-MSCs and AD-MSCs were proliferated and co-cultured with T-
cells, monocytes, or natural killer (NK) cells (Valencia et al 2016). Each cell type showed
similar regulatory properties, with BM-MSCs and AD-MSCs reducing NK-cell
proliferation, cytokine secretion, and the expression of activating receptors and cytotoxic
molecues, despite only BM-MSCs significantly reducing NK cytotoxic activity (Valencia et
al., 2016). BM-MSCs also negatively impacted the proliferation of T-cells and their
production of inflammatory cytokines after activation (Valencia et al., 2016). AD-MSCs and
BM-MSCs also diminished cytokine production by dendritic-cells and their capacity to
induce CDA4(+) T-cell proliferation, with AD-MSCs impairing dendritic-cell differentiation
more acutely than BM-MSCs. AD-MSCs may also reduce levels of IL-18, TLR-4, and
plasminogen activator inhibitor-1 in culture (Leu et al., 2010). These results point to AD-
MSC:s as a particularly intriguing cell type for the mediation of neuroinflammation, with
potent effects that might outstrip MSCs derived from more conventional sources, such as the
bone marrow.

AD-MSCs have encouraged therapeutic outcomes following exogenous transplantation in
vivo. These cells have been proven to be both safe and biocompatible both as allogenic and
xenogenic grafts in rodent models, with no significant differences in recovery observed
between rodents treated with foreign or self-derived AD-MSCs (Gutiérrez-Fernandez et al.,
2015). Gutiérrez-Fernandez and colleagues also demonstrated that acute allogenic AD-MSC
administration thirty minutes after MCAO in rats increased cellular proliferation,
neurogenesis, oligodendrogenesis, synaptogenesis and angiogenesis significantly as
compared to controls (Gutiérrez-Fernandez et al., 2013). Moreover, the abundance,
accessibility, and potential for rapid proliferation exhibited by AD-MSCs are appealing
qualities for potential clinical treatments. Currently, intravascular administration is the
predominant paradigm for AD-MSC delivery, with some studies in animal models
suggesting that AD-MSCs administered this way can improve functional deficits, reduce
infarct area, and promote functional recovery (Gutiérrez-Fernandez et al., 2013). With
regards to the homing and migration of administered AD-MSCS, studies suggest that while
AD-MSCs do not migrate fully to the region of cerebral ischemia after intravascular
injection, but may instead encourage neuroprotection and neurogenesis from peripheral
organs through a robust exosome (Gutierrez-Fernandez et al., 2011; lkegame et al., 2011,
Chung et al., 2012), Exogenously transplanted AD-MSCs have been shown to encourage
higher levels of HGF and angiopoietin-1 in ischemic brain tissue /n vivothan similarly
transplanted bone-marrow derived MSCs (lkegame et al., 2011). This study in combination
with a study by Moon and colleagues in which transplanted AD-MSCs were shown to
increase neovascularization in a model of hindlimb ischemia suggest AD-MSCs may
promote angiogenesis (Moon et al., 2006; Ikegame et al., 2011). AD-MSCs have also been
found to reduce cell death, slowing the rate of apoptosis and improving recovery in the
cerebral infract of rats with ischemic stroke (Kim et al., 2007; Gutierrez-Fernandez et al.,
2013; Leu et al., 2010). The ability for AD-MSCs to improve neuronal survival, decrease the
size of the infarct area, and encourage functional recovery may owe itself in part to the anti-
inflammatory effects of AD-MSCs. As observed in vitro, AD-MSCs have significant
potential for abrogating neuroinflammation, releasing trophic factors which decrease both
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the expression of pro-inflammatory cytokines and the proliferative faculties of T-cells (Leu
etal., 2010, Jeon et. al. 2013, Valencia et al 2016). Moreover, intra-arterial delivery of AD-
MSCs in an induced model of ischemic stroke attenuated inflammation and led to improved
functional recovery, especially during the early phase of ischemia (Oh et al., 2015). In
another study of AD-MSC transplantation, this time with the cells delivered intravenously,
AD-MSCs were shown to significantly upregulate expression of the potent neuroprotective
factors BDNF and TrkB (Li et al., 2016). AD-MSCs have also been shown to promote white
matter repair in subcortical ischemic stroke via paracrine excretions, indicating a probable
exosomic effect on inflammation (Otero-Ortega et al., 2015). AD-MSCs delivered via
stereotactic injection in a MCAO mouse model improved spatial learning and memory, as
well as exerting a significant effect on neuroinflammatory processes and improving neuronal
survival (Zhou et al., 2015). Therefore, AD-MSCs should be investigated as an
immunoregulator in future experimental models, with special attention paid to their acute
and chronic effects on the inflammatory environment post-stroke.

Limitations: Despite the putative benefits of adipose-derived stem cells in treatment for
stroke, they also may produce undesirable side effects. Research has demonstrated that
adipose-derived stem cells can encourage the proliferation of existing cancer cells,
specifically breast cancer (Eterno et al., 2014). In addition, an early study found that AD-
MSC:s transplanted in immunodeficient mice produced tumors at a frequency of 50% (Rubio
et al., 2005; Gimble et al., 2007)

Future Directions:. In order for adipose derived stem cells to be established as an effective
and safe therapy for ischemic stroke, further studies must be conducted to firmly establish
the relative risks of AD-MSCs with regards to their tumorigenicity and whether they
produce extracellular signals that may encourage tumor formation (Gimble et al., 2007;
Eterno et al., 2014). To this end, future studies must also make clear the mechanism of
action by which AD-MSCs encourage therapeutic recovery and how these cells interact with
complex systemic processes when administered /in vivo (Gimble et al., 2007). It would
greatly improve the targeted design of clinical trials using AD-MSCS if, for example, it was
determined whether AD-MSCs exhibit therapeutic effects via their exosome or direct cell
replacement. Moreover, fine details such as the optimal time of administration, route, and
dosage have not been determined (Gutiérrez-Fernandez et al., 2013). In addition, future
research should examine how the functional benefits of AD-MSCs vary when they are
harvested from different adipose-sources, as well as whether the gender of the source
influences functional outcome, as some have reported (Minteer et al., 2012). Therefore,
future studies should aim to further describe AD-MSCs, their secretory behavior, and their
homing pattern upon administration so as to ensure this cell type is properly understood
before clinical translation.

2.2.4.2. Breast milk: Mammary tissue represents another source of transplantable stem
cells. Breastmilk-derived stem cells are capable of migrating to the lactating epithelium and
into the breastmilk via the mechanical forces of breastfeeding (Cregan et al., 2007;
Hassiotou et al., 2012). Stem cells in the breastmilk demonstrate characteristics similar to
embryonic stem cells in terms of phenotype and morphology, and are capable of
differentiating into cell lines from all three germ layers (Hassiotou et al., 2012). Easy access
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to breastmilk makes harvesting these stem cells straightforward and limits the need for
invasive techniques. Generally, breast milk has been recognized for the immunologic and
nutritive advantages it imparts to newborns, and new studies stand to illuminate the potential
benefits that stem cells in the breastmilk may also provide. For patients, breastmilk-derived
stem cells are promising due, in part, to the ease with which they are harvested (Dailey et al.,
2013). Breastmilk-derived stem cells also have the potential for autologous transplantation
(Dailey et al., 2013).

2.2.4.2.1. Critical Assessment: Breast milk-derived stem cells

Preclinical studiesin stroke models (in vitro and in vivo): Current data on breast milk-
derived mesenchymal stem cells is scarce. The field has identified breast milk as a potential
source of therapeutic stem cells, but the application of these cells in ischemic stroke models
has not yet been initiated (Thomas et al., 2010; Hassiotou et al., 2012). We were able to
locate only two preclinical studies involving breast milk-derived MSCs. In the first study,
breast milk-derived MSCs were cultured /n vitro to determine the identity of the growth
factors they secrete (Kaingade et al., 2016). The study found that breast milk-derived MSCs
display increased levels of VEGF and HGF secretion when cultured in human cord serum as
compared to synthetic media (Kaingade et al., 2016). The results provide the first evidence
as to the exosome of breast milk-derived MSCs, while providing recommendations for
culture media that may enhance cell potency, suggesting that serum improves production of
VEGF and HFG (Kaingade et al., 2016). The second study examined whether breast milk-
derived MSCs could be made to differentiate into neural phenotypes /in vitro. The
researchers used multiple rounds of culturing and a diverse array of signaling factors,
including fibroblast growth factor, endothelial growth factor, B27, and N2, to encourage
differentiation (Hassiotou et al., 2012). The results suggest that breastmilk-derived stem
cells can be induced to differentiate into all three neural lineages (oligodendrocytes,
astrocytes, and neurons) and therefore can mimic the role of neural stem cells in the brain
(Hassiotou et al., 2012). Because studies on breast milk-derived stem cells are limited, it
remains to be resolved whether this cell type has notable effects on neuroiflammation. From
the data available, we can postulate that if these cells, which can differentiate into
endothelial-like cells, do regulate the immune environment post-stroke, such effects might
arise via restoration of the BBB and its subsequent decreased permeability to circulating
inflammatory cell types or general paracrine effects on pro-inflammatory immune sources
(Borlongan et al., 2012; Garbuzova-Davis et al., 2014). In addition, because breast milk-
derived stem cells can differentiate into astrocytes, which can produce pentraxin 3, a
compound that promotes BBB integrity after ischemic stroke, breast milk-derived stem cells
may have the capacity to encourage suppression of peripheral immune invasion (Shindo et
al., 2016). To this end, an active component in breast milk, milk fat globule-EGF factor 8
protein, has anti-inflammatory effects in models of inflammatory bone loss, suggesting,
perhaps, an a role for breast milk-derived components in abrogating neuroinflammation
following stroke (Abe et al., 2014). However, evidence as to the anti-inflammatory effects of
breast-milk derived stems cells in the brain remains to be elucidated.

Limitations: The clinical applicability of breast-milk derived stem cells is most limited by a
lack of knowledge as to their therapeutic function in animal models. While these cells may
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have potential clinical applications for the treatment of ischemia, specifically in neonatal
models, little is known regarding the restorative effects, efficacy, or safety of these cells /n
vivo (Dailey et al., 2013). As it stands, the optimal route of administration, dosage, timing,
and mechanism of action of breast-milk derived stem cells in models of ischemic stroke
remains unclear. Moreover, no research has established whether breast-milk derived stem
cells can survive in a cerebral environment, cross the blood-brain barrier, or improve
neurological recovery after stroke.

Future Studies: Future studies of breast-milk derived stem cells must address the current
lack of knowledge as to the function, safety, and efficacy of this cell type in animal models
of stroke. Before these cells can come under consideration for clinical trials, researchers
must better understand the mechanism of action with which these cells may remediate
ischemic insult, while also fully characterizing the potential adverse effects of this treatment.
All told, breast-milk derived stem cells require much more time under laboratory scrutiny,
namely in animal models of stroke, before they can be approved for clinical application.

2.2.4.3. Menstrual Blood: Stem cell researchers have also recently become interested in the
cell population present in the endometrial lining discarded during the female reproductive
cycle (Patel et al 2008, Borlongan et al., 2010). Menstrual blood-derived stem cells
(MenSCs) have demonstrated multipotency and the capacity to secrete trophic factors,
including neurotrophin-3, VEGF, and BDNF in response to oxygen glucose deprivation
(OGD) in in vitro stroke models (Patel et al 2008, Borlongan et al 2010). It has also been
found that co-culturing of MenSCs with rat primary neurons enhances the survival rates of
both cells following OGD (Borlongan et al., 2010). Moreover, intravenous and intracerebral
implantation of MenSCs into stroke rats not only improved host cell endurance, but also
behavioral functions. (Borlongan et al., 2010). One major benefit of these cells is that they
have been successfully tested in /n vivo surgical MCAO rat models and did not require
immunosuppressants, further reinforcing their potential for clinical translation (Borlongan et
al., 2010).

2.2.4.3.1. Critical Assessment: Menstrual blood-derived stem cells

Preclinical studiesin stroke models (in vitro and in vivo): Stem cells derived from the
endometrial lining present an appealing autologous model for the treatment of ischemic
stroke, especially for female patients. However, few studies exist that characterize these cells
in vitro or in vivo. Immunocytochemical assays of cultured menstrual blood reveal that they
express embryonic-like stem cell phenotypic markers (Oct4, SSEA, Nanog), and when
expanded in appropriate conditioned media, exhibit neuronal phenotypic markers Nestin and
MAP2 (Patel et al., 2008, Borlongan et al., 2010). MenSCs cultured /n7 vitro also display
high clonogenic and proliferative potential, which are important advantages in the clinical
application of this cell type (Xu et al., 2015). It has also been demonstrated that the adherent
fraction of menstrual stem cells did not lose its karyotypic normality or develop tumorigenic
potential even after 68 /n vitro doublings (Meng et al., 2007). Furthermore, menstrual blood-
derived stem cells exhibit multipotency and, as mentioned, secrete trophic factors such as
VEGF, BDNF, and neurotrophin-3 /n vitro after oxygen glucose deprivation (OGD)
(Borlongan et al., 2010). In these studies, rat primary neurons were co-cultured with
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menstrual blood or its conditioned media; co-culturing improved the survival rate of primary
neurons (Borlongan et al., 2010). Importantly, the transplantation of MenSCs via intracranial
and intravenous routes without immunosuppression have both resulted in a significant
reduction of behavioral and histological impairments in rat models of ischemic stroke as
compared to controls (Borlongan et al., 2010). In a model of endometrial injury, transplanted
MenSCs improved angiogenesis via via Akt and extracellular signal-regulated kinases
(ERK) pathways (Zhang et al., 2016). However, the precise mechanism of action by which
MenSCs influence the neuroenvironment remains unclear. Pertinently, whether MenSCs
have anti-inflammatory effects in ischemic stroke has yet to be confirmed either /n vitro or
in vivo, but there is circumstantial evidence to suggest they may. As mentioned above, in a
study by Borlongan and colleagues, transplantation of MenSCs intracerebrally or
intravenously without immunosuppression produced an injury environment that showed no
gross signs of neuroinflammation (visualized by Nissl and H&E stains), suggesting the
possible influence of an immunosuppressive effect (Borlongan et al., 2010). In a model of
inflammatory bowel disease, MenSCs exhibited a significant immunomodulatory and anti-
inflammatory effect, regulating the movement of macrophages and NK cells, decreasing the
number of immune cells, decreasing the concentration of pro-inflammatory cytokines I1L-2
and TNF-a, and increasing the concentration of anti-inflammatory factors IL-4 and 1L-10
(Lv et al., 2014). Moreover, since MenSCs share markers with known immunosuppressive
MSCs, including CD29, CD44, CD73, CD90, CD105 and MHC-1, suggest there is evidence
that future investigations into the anti-inflammatory profile of this cell type will reveal
therapeutic benefits (Xu et al., 2015). Nonetheless, until future studies examine these
properties, MenSCs cannot be considered a translationally relevant regulator of
neuroinflammation in stroke.

Limitations: Currently, research into endometrium-derived stem cells is most limited by a
lack of available literature as to the genetic and mechanistic profiles of populations of
endometrial stem/progenitor cells and their differentiated progeny. There is evidence to
suggest that endometrial cells do not differentiate /n vivo and instead retain their stem cell
marker, Oct4 (Borlongan et al., 2010). Therefore, their neuroprotective effects may depend
on secretory factors of the endometrial stem exosome. However, without more definitive
evidence characterizing the mechanism of action and cell identities of endometrial stem cell
populations, the optimal role of this cell type in clinical therapy for ischemic stroke remains
indistinct.

Future Directions: Future studies should be initiated to further describe the effects of
endometrium-derived stem cell treatments /7 vivo. Preclinical studies of the optimal route,
dosage, and timing of administration must be performed, making sure to test both acute and
chronic regimes. Moreover, future literature should work to characterize the molecular
mechanism and signaling pathways that support the therapeutic potential of these cell. As
stated above, the intracerebral injection of stromal-like menstrual blood stem cells in an
experimental model of ischemic stroke suggested these cells exert a neuroprotective effect,
but tissue analysis revealed that cells migrated to non-injured areas as well as the area of
infract, without evidence of differentiation, suggesting endometrial cells may not contribute
cerebral rejuvenation through a model other than cell differentiation (Borlongan et al.,
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2010). Resolving these issues may expedite the translation of endometrium-derived stem
cells from the laboratory to the clinic.

2.2.4.4. Dental Tissue: Several dental tissue-derived stem cells have been identified,
including periodontal ligament stem cells, post-natal dental pulp stem cells (DPSCs), stem
cells from apical papilla, and stem cells from exfoliated deciduous teeth (SHED) (Dailey et
al., 2013). These cells exhibit capabilities similar to mesenchymal stromal cells: most
notably, the facility to differentiate into multiple cell lines, including neural tissue,
odontoblasts, and adipocytes (Leong et al., 2012, Dailey et al., 2013).

2.2.4.4.1. Critical Assessment: Dental tissue-derived stem cells

Preclinical studiesin stroke models (in vitro and in vivo): Stem cells in dental tissue,
specifically human exfoliated deciduous tooth-derived cells and dental pulp-derived CD317/
CD146™ stem/progenitor cells, show significant promise as an alternative cell source for
stem cell treatments of ischemic stroke, as corroborated by the results of /n vitroand in vivo
models (Yamagata et al., 2012; Takanori et al., 2013; Song et al., 2015). Human dental pulp
stem cells (hDPSCs) have been shown in /n vitro studies to be amendable to induction
toward neuronal cell types and can even differentiate successfully into dopaminergic neurons
(Nosrat et al., 2004; Chun et al., 2016). DPSCs have been found to successfully form
neurospheres, establish immature neural networks, and differentiate into neuronal lineages /n
vitro (Ellis et al., 2014). Moreover, hDPSCs secrete a robust suite of neurotrophic factors /n
vitro, including glial cell line-derived neurotrophic factor (GDNF), NGF, BDNF (Nosrat et
al., 2004). In addition to these neurotrophic effects, hDPScs improve the robustness of co-
cultured neurons and offer neuroprotection against insult, such as neurotoxin 6-hydroxy-
dopamine (Nosrat et al., 2004). In another study, hDPSCs were observed to confer more
significant cytoprotective effects on human astrocytes exposed to oxygen-glucose
deprivation /n vitro than bone-marrow derived mesenchymal stem cells in a dose-dependent
manner (Song et al., 2015). These results indicated that hDPSCs reduce OGD-induced
GFAP, nestin, and musashi-1 expression in ischemic astrocytes (Song et al., 2015).
Furthermore, CM-hDPSCs, like hMSCs, opposed OGD-induced ROS production and
interleukin-1R upregulation (Song et al., 2015). In a study of the potential
immunomodulatory effects of hDPSCs co-cultured with phytohemagglutinin activated
CD3+, researchers concluded that hDPSCs can exert a potent effect on sources of
neuroinflammation, with elevated expression levels of human leukocyte antigen G, HGF-f1,
intracellular adhesion molecule -1, IL-6, IL-10, TGF-B1, vascular adhesion molecule-1 and
VEGF detected in the co-culture systems (Demircan et al., 2011). Moreover, the in vitro
study revealed that hDPSCs reduced the levels of pro-inflammatory cytokines, including
IFN)-y, IL-2, IL-6 receptor, IL-12, interleukin-17A, and TNF-a, expressed by
phytohemagglutinin-CD3(+) T cells, while upregulating the expression levels of the anti-
inflammatory cytokine, inducible protein =10 (Demircan et al., 2011). Finally, the study
concluded that paracrine factors secreted by hDPSCs encouraged apoptosis in
phytohemagglutinin-CD3(+) T cells over a 24hr period as compared to controls (Demircan
etal., 2011). Together, these results highlight the potential for hDPSCs to suppress
neuroinflammation and modulate local immune responses, properties which could
significantly improve infarct repair post-stroke.

Prog Neurobiol. Author manuscript; available in PMC 2018 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stonesifer et al.

Page 35

In animal models, dental tissue-derived stem cells have demonstrated the capacity to
improve recovery after ischemic stroke. Dental pulp-derived cells secrete NGF, BDNF, and
GNDF /n vivo (Leong et al 2012). Accordingly, these cells have been used as paracrine
promotors, increasing the survival of neurons in an animal model of spinal cord injury as
well as helping to regenerate nerves in murine models (Nosrat et al., 2001). DPSCs grown
on (SHED-derived conditioned media were administered intranasally in rats after they
underwent MCAO and resultant cerebral ischemia (Takanori et al., 2013). DPSC transplants
appeared to encourage the migration of NPCs from the SVZ to the peri-infarct area on days
6 and 16 (Takanori et al., 2013). Elevated levels of doublecortin, neurofilament H, neuronal
nuclei, and rat endothelial cell antigen were also observed in the peri-infarct area, suggesting
neurogenesis and vasculogenesis had occurred (Takanori et al 2013). DPCSs also
significantly improved rat motor function and lessened infarct volume as compared to BM-
MSC treatments (Takanori et al., 2013). A recent study by Leong and colleagues examined
the effect of hDPSC transplantation on a rodent model of ischemic stroke, demonstrating
that hDPSC-treated rats exhibited improved forelimb sensorimotor function 4 weeks after
treatment as compared to controls (Leong et al., 2012). Importantly, DPSC cells survived in
vivo and had begun to migrate toward the specific location of the cerebral lesion upon
observation (Leong et al., 2012). Pertinently, intracerebral administration of SHED in a rat
model of perinatal hypoxia-ischemia demonstrated that engrafted SHED could significantly
reduce ischemia-induced neuroinflammation (Yamagata et al., 2012). SHED upregulated the
expression of anti-inflammatory cytokines, IL-6 and IL-10, while downregulating the
expression of pro-inflammatory cytokines, interleukin-1 and TNF-a. (Yamagata et al.,
2012). These data evincing a positive role in abrogating neuroinflammation, combined with
the results of experiments whereby dental tissue-derived stem cells improve functional
recovery following ischemic insult, suggests this cell type should be investigated as a tool
for sequestering neuroinflammation in the hypoxic stroke brain.

Limitations: While dental tissue-derived stem cells have displayed promising results in
current studies, the available literature on their effects is scarce. Current research suggests
that dental tissue-derived stem cells exert a therapeutic effect through paracrine signaling
rather than direct cell replacement (Nosrat et al., 2004; Demircan et al., 2011; Leong et al.,
2012). However, because many other cell types, as discussed above, provide similar benefits
by secreting neurotrophic and anti-inflammatory signals, it is difficult to see the advantage
of dental tissue-derived stem cells over more accessible stem cells, like EPCs or iPSCs. This
inaccessibility owes itself to the limitations inherent in harvesting cells from dental tissue, as
compared to other, more ubiquitous tissue sources.

Future Directions: Future studies should work to characterize the mechanism of action,
optimal administration route, and optimal time of administration for dental tissue-derived
stem cells. Moreover, as investigations into mesenchymal stem cells have revealed, the
source from which a specific stem cell is derived can influence the resultant effects of that
stem cell sub-type. Therefore, future studies should examine if periodontal ligament stem
cells, DPSCs), stem cells from apical papilla, and SHED differ in their functional effects
(Dailey et al., 2013). Additionally, for this cell type to achieve clinical success, researchers
should propose a protocol whereby these cells can be harvested from human donors and
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proliferated into an autological cell line in a practical fashion. Future studies may well bring
dental tissue to the fore of stem cell therapy. However, the problem of the accessibility of the
source tissue suggests this cell type might best be used as an alternative cell therapy.

2.2.4.5. Induced Pluripotent Stem Cells (iPSCs): While in the past it was believed that
stem cells were committed to a phenotype upon differentiation, recent investigations have
revealed that stem cells can be manipulated to return to their pluri- or multipotent states
(Dailey et al., 2013). For example, embryonic-like stem cells, through the process of
retrograde manipulation by transfection of relevant transcription factors, can be regenerated
from fibroblasts (Takahashi et al., 2006). This transfection process has also been utilized in
models of neural stem cells, umbilical cord blood cells, adipose-derived stem cells, and
placental mesenchymal stromal cells with results showing that the process enhances cellular
potency in each cell type (Cai et al., 2010; Tat et al., 2010). The resulting cells are known as
induced pluripotent stem cells (iPSCs).

One important advantage of retrograde conversion is the improved proliferative capabilities
of precursor cells compared to mature cells. Several benefits have been observed in the
transplantation of iPSCs to treat stroke, such as an increase in anti-inflammatory cytokines, a
decrease in pro-inflammatory cytokines, enhanced sensorimotor functions, and a reduction
in infarct size (Chen et al., 2010; Jiang et al., 2011). Despite these observed benefits,
administration of iPSCs is not without potential complications. Similar to most stem cells,
transplantation brings with it concerns of both tumorigenesis and immunogenicity. In the
transfection protocol utilized to produce precursor cells, known oncogenic transcription
factors are used (Dailey et al., 2013). As a matter of fact, undifferentiated iPSCS have
demonstrated a higher incidence of tumorigenesis than other transplanted cells in ischemic
brain tissue (Yamashita et a., 2011). In addition, iPSCs have also been known to provoke an
immune response and eventual rejection, even when they are autologous (Zhao et al., 2011).
Further research will need to be conducted to determine the risk-to-benefit ratio of iPSCs.

Despite the fact that iPSCS have demonstrated great potential for autologous cell-based
treatments, extensive improvements in technology must be reached before iPSCS can
become an effective treatment for acute stroke. Specifically, studies must demonstrate the
viability of iPSCs following long periods of storage prior to injury, considering the amount
of time it takes to develop the right amount of stem cells for a therapeutic injection.
Furthermore, it is essential that any additional genetic alterations of iPSCs be closely
regulated in the time following transplantation to prevent possible formation of ectopic
tissue or tumors.

2.2.4.5.1. Critical Assessment: Induced Pluripotent Stem Cells

Preclinical studiesin stroke models (in vitro and in vivo): Induced pluripotent stem cells
are an attractive candidates for the treatment of neurodegenerative disorders due to their
capacity to differentiate into a wide array of relevant phenotypes, including neural precursor
cells, neurons, and vascular endothelial cells, upon addition of induction factors such as
retinoic acid (Yuan et al., 2013; Muffat et al., 2016). iPSC neural progenitor cells have been
found to spontaneously differentiate into neurons and astrocytes /n vitro, expressing high
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levels of B-tubulin and glial fibrillary acidic protein (GFAP) (Pasca et al., 2015). Since
iPSCs can differentiate into neural stem cells, they also may have the potential to produce
the therapeutic benefits of NSCs through the release of the same neuroprotective trophic
factors. Moroever, iPSCs may work to reconstitute disturbed neural networks: mature,
differentiated iPSCs produce functional sodium and potassium channels, fire action
potentials, and express adult neuronal markers (Pasca et al., 2015). In terms of
neuroinflammation, iPSCs may play a significant role. A recent /n vitro study showed that
iPSCs could differentiate into microglia, the primary immunoregulatory cell type in the
brain (Muffat et al 2016). Moreover, a study by Hague and colleagues found that iPSCs
could develop into antigen-specific regulatory T cells (Tregs), a T cell type involved in the
suppression of autoimmunity (Haque et al., 2016). Therefore, iPSCs may mediate cerebral
damage caused by over-expressed neuroinflammatory cell types. Notably, since NSCs sport
such a robust differentiation profile of potential mature cell types, they have the capacity to
express a similarly diverse suite of anti-inflammatory factors and may therefore be
programmed to produce the most strategically relevant outcome. iPSCs have also been
shown to improve motor function, reduce stroke volume, exhibit anti-inflammatory
properties, promote neurogenesis, and encourage angiogenesis when administered in /n vivo
models of ischemic stroke (Yuan et al., 2013; Chua et al., 2014; Eckert et al., 2015). In a
study by Chau and colleagues, the effects of iPSC administration via intracranial injection 7
days after MCAO were examined (Chua et al., 2014). The study found that differentiated
iPSCs displayed mature neuronal markers, functional sodium and potassium channels, and
were able to initiate action potentials /n vivo (Chua et al., 2014). Moreover, the iPSC-NPCs
observed in the cerebral environment expressed a variety of neurogenic and angiogenic
trophic factors (Chua et al., 2014). iPSC-NPC transplantation resulted in a greater
concentration of SDF-1a and VEGF in the peri-infarct region of treated animals (Chua et
al., 2014). Moreover, iPSC-NPCs displayed positive staining for neuronal nuclei and glial
fibrillary acidic protein (GFAP) up to 14 days after transplantation (Chua et al., 2014).
Importantly, iPSC-NSCs have also exhibited significant anti-inflammatory properties /n
vivo. When iPSC-NSCs were engrafted into the ipsilesional hippocampus acutely (24 hrs
after stroke), 48 hrs after stroke mice brains showed a reduction in levels of pro-
inflammatory factors (TNF-aIL-6, IL-1p, MCP-1, MIP-1a), a decrease in the numbers of
activated microglia, and restoration of the BBB (Eckert et al., 2015). These results,
combined with the knowledge that iPSCs can be made to differentiate into most known cell
types, suggest iPSCs can be tailored to treat neuroinflammation in the ischemic stroke brain.

Limitations: Tumorigenesis is the greatest risk to iPSC transplantation. Due to genomic
instability, iPSCs bear a significant risk of developing into cancerous malignancies (Liang et
al 2013). In two studies, iPSCs were shown to produce tridermal teratomas in the
postischemic neural tissue of mice subjected to transient MCAO (Kawai et al., 2010;
Yamashita et al., 2011). iPSCs were administered acutely in each of these cases and injected
directly into the ipsilateral striatum and cortex. These results confirm that iPSCs display
tumorigenicity in ischemic stroke models and suggest that the hypoxic environment post-
stroke may actually enhance the risk of tumorigenesis for these cells. Another concern
regarding iPSC-based therapies is the immunogenicity of iPSC cells. When iPSCs generated
from B6 mouse embryonic fibroblasts formed teratomas, these teratomas were immune-
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rejected by B6 recipients (Zhao et al., 2011; Hao et al., 2014). This data suggests that there
is a chance that autologous iPSCs may be met with host rejection via a T-cell mediated
immune response.

Future Directions. Though iPSCs have demonstrated regenerative promise, if this cell type
is to advance to the clinic, its potential for tumorigenesis must be addressed. Only when this
property is controlled can the cell type ever hope to achieve translational success. For this
reason, future research should focus predominantly on mediating iPSCs’ tumaorigenic risks.
In addition, iPSC studies should investigate the immunogenicity of cell types, and whether
this property is influenced at all by the induction regime from which iPSC cell lines are
generated (Zhao et al., 2011). However, if preclinical research can resolve this two issues,
iPSCs exhibit incredible potential as mechanisms of cell therapy for stroke. Accordingly,
when the risks of iPSC treatment can be abated or better characterized, clinical trials
intended to advance the translation of iPSC therapy from the laboratory to the clinic should
be enthusiastically encouraged.

3. Gene-Edited Stem Cells

3.1. NT2N

Genetically modified stem cell lines provide an appealing answer to FDA requirements
necessitating homogenous cell populations for human transplantation trials. Genetically
modified cell lines are generated so as to proliferate clonally /n vitro at a stable rate,
allowing for the control of cell identities and the harvest of clinically applicable populations.
However, the process of genetic manipulation required to create these homogenous stem cell
populations presents an obstacle to receiving FDA clearance on account of potential issues
surrounding the genetic stability of the cell line, including ectopic tissue formation and
tumorigenesis (Borlongan, 2009).

NT2N (hNT) cells are neurons derived from a clonal human teratocarcinoma cell line
(NTera-2 or NT2) (Andrews et al 1984, Andrews et al 1998, Borlongan et al 2006). NT2N
cells obtain a permanent postmitotic neuronal phenotype /n vitro following retinoic acid
treatment, while cultured and grafted hNT cells display a neuronal phenotype with the
formation of operative synapsis /n vivo and secretion of neurotransmitters (GABA,
dopamine) (Pleasure et al., 1992, Dunlop et al 1998, Hartley et al 19993, b, Lee et al 2000).
These hNT neurons are model systems for human neurobiology research.

Studies have used grafted hNT neurons for stroke therapy in rodents (Borlongan et al.,
1998a; Borlongan et al., 1998b; Saporta et al., 1999; Borlongan et al., 2006). A phase |
clinical trial of grafted hNT neurons has also been reported, which indicated the feasibility
and safety of neuron transplantation for patients with motor stroke (Hurlbert et al., 1999). In
addition, a study by Nelson and colleagues “Clonal Human (hNT) Neuron Grafts for Stroke
Therapy” explored the effects of grafted hNT neurons in one of these trial patients, a 71-
year-old man with fixed motor deficits as a result of stroke. 2 x 108 hNT neurons 34 months
after infarction were administered via stereotoxic implantation. Unlike 6 of the 12 patients in
the trial who exhibited motor recovery, this patient displayed no motor improvements and
died of a myocardial infarction 27 months following implantation (Nelson et al., 2002). The
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brain was removed and processed for neuropathological examination. The data reported
confirm that grafted hNT neurons do not form a neoplasm and support that a number of hNT
neurons did survive in the brain until his death. While limited previous studies exist to
explain the neuropathology of human brain implants, these transplants were used in
embryonic human neural cells and for neurodegenerative diseases. On the other hand, hNT
cells are extensively researched clonal human neurons possessing many benefits. For
example, they do not pose ethical or legal concerns as a human embryo is not involved.
Also, unlike xenografts, hNT cells do not have known human pathogens or infectious
vehicles. Furthermore, these cells are highly uniform and available in unlimited quantities
manufacturing in accordance with procedures for human use, unlike cells cultured from
living animals. Lastly, hNT neurons are responsive to genetic engineering, and have been
well characterized in vitro as well as in animal models of stroke, Parkinson’s disease,
Huntington’s disease, and trauma (Pleasure et al., 1992; Dunlop et al., 1998; Hartley et al.,
19993, b; Philips et al., 1999; Baker et al., 2000; Kondziolka et al., 2000; Lee et al., 2000).
These distinct advantages denote hNT cells as a promising approach to treating neurological
disorders.

3.1.1. Critical Assessment: NT2N

Preclinical studies in stroke models (in vitro and in vivo): NT2N cells have been reported
to proliferate and fully differentiate /n vitro into neuron-like cells displaying large outgrowth
processes and the expression neuronal phenotypic markers following treatment with retinoic
acid and mitotic inhibitor (Pleasure et al., 1992; Dunlop et al., 1998; Hartley et al., 1999;
Lee et al., 2000). Moreover, NT2N cells can be induced to form GABAergic and
dopaminergic neuron-like cells in culture (Matsuoka et al., 1997 and Zigova et al., 2000).
Furthermore, when NT2N-derived neurons proliferate in culture they form immature neural
networks. However, these networks display relatively random firing patterns, as opposed to
the synchronized bursts of networks formed by embryonic cortical neurons in culture (Gortz
et al., 2004). The survival of NT2N cells increases when co-cultured with fetal astrocytes,
suggesting NT2N cells are amenable to neurotrophic factors secreted by astrocytes
(Tornatore et al., 1996). NT2N cells secrete neurotrophic factors as well, and, though the
exact exosome of this cell type has yet to be characterized, studies have shown, for example,
that NT2N cells express neuroprotective GDNF (Lin et al., 1999). Current preclinical studies
have focused on optimizing the NT2N model via genetic modification to further improve its
survival and therapeutic efficacy upon transplantation. Special attention has been paid to a
specific genetic surrogate of the NT2N cell line, NT2N.Nurrl (Hara et al., 2008). Nurrl is a
transcription factor that induces tyrosine hydroxylase expression, which encourages
differentiation towards dopaminergic neural phenotypes (Hara et al., 2008). When NT2N
cells are transfected with Nurrl and treated with retinoic acid and mitotic inhibitors, they
display an increased post-mitotic commitment to neural phenotypes and secrete elevated
levels of GDNF /n vitro (Hara et al., 2008). Pertinently, there is little evidence to suggest
NT2N cells exert a significant effect on stroke-induced neuroinflammation. An early /n vitro
study suggested NT2N cells might secrete immunosuppressive factors, but subsequent
research has yet to support or expand on these findings (Hara et al., 2008).
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NT2N remain an appealing candidate for the /n vivo treatment of neural disorders. Multiple
studies of NT2N transplantation in animal models have demonstrated that NT2N cells can
improve locomotor and cognitive function following experimental stroke (Borlongan et al.,
1998a; Borlongan et al., 1998b; Phillips et al., 1999; Borlongan et al., 2006). Transplantation
studies using NT2N.Nurrl grafts to treat ischemic stroke ischemic stroke also suggest
NT2N.Nurrl may encourage more robust functional improvements than NT2N alone (Hara
et al., 2007; Yang et al., 2009). While there is preliminary /n vitro evidence to suggest NT2N
cells produce immunosuppressive factors, /n vivo results seem to suggest the functional
outcome of NT2N engraftment is actually significantly improved following induced
immunosuppression (Hara et al., 2008). That is to say, NT2N cells may not on their own be
a valuable tool for the treatment of neuroinflammation and may depend on a reduction in
neuroinflammation to achieve a viable survival rate. Neverthless, the expedited neural
commitment observed in NT2N grafts suggests these cells may still have a role in stem cell
treatment plans when co-administered with supportive factors.

Limitations: Concerns remain as to the efficacy and safety of NT2N cells. First, the
tumorigenic risk of NT2N cells and the conditions that might encourage tumor formation
haves yet to be fully characterized. Notably, the anatomical site to which NT2N cells are
transplanted may mediate the neoplasticity of these cells (Miyazono et al., 1995). NT2 cells
implanted in the sub-arachnoid space and the superficial neocortex proliferated and
experienced apoptotic-like cell death, while exhibiting little to no ability to differentiate into
neurons (Miyazono et al., 1995). These cells later formed bulky tumors that were lethal 70
days after transplantation. Similarly, NT2N cells transplanted into the lateral ventricles, liver,
and muscle, formed large, lethal tumor 10 weeks after implantation (Miyazono et al., 1995).
NT2N cells grafted onto the caudoputaminal region displayed reduced proliferation rates, no
signs of necrosis, apoptosis, or tumor formation, and differentiated into post-mitotic
immature neuron-like cells (Miyazono et al, 1995). The variability in how NT2N cells
respond to the host’s tissue environments is a worrisome property of this cell type.
Moreover, though multiple studies of NT2N cells have demonstrated functional
improvements in animal models, clinical studies have yet to show comparable benefits
(Borlongan et al., 1998a; Borlongan et al., 1998b; Phillips et al., 1999; Nelson et al., 2002).

Future Studies: Future studies of NT2N cells and their genetic derivatives should address
the limitations listed above. Specifically, preclinical research should examine the neoplastic
risk of NT2N implantation, with an eye to the way regional microenvironments might
influence abnormal proliferation (Miyazono et al., 1995). Future studies should also
investigate the clinical efficacy of NT2N transplantation, the optimal route and timing of
administration, and more rigorously determine the optimal dosage. Preclinical studies should
also determine whether the NT2N.Nurrl augmented cell type is a superior model for
transplantation, or if its effects are limited to the treatment of specific disorders. To this end,
researchers might examine whether NT2N.Nurrl transplantation produces more significant
improvements when targeted in the striatum as compared to other areas of the brain, as
suggested by the tendency of NT2N. Nurr 1 to differentiate towards dopaminergic
phenotypes and the high proportion of dopaminergic neurons endemic to the striatal region
(Hara et al., 2008). Finally, future clinical studies should be initiated to more accurately
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determine whether NT2N cells have worth as a treatment for human stroke patients, as the
evidence currently available suggests they exert a negligible therapeutic influence.

3.2. CTXOEO3

CTXOEO3 is a genetically engineered cell from a clinical-grade conditional immortalizing
human neural stem-cell line produced following transfection with a conditional
immortalizing gene, c-mycER(TAM) (Stroemer et al., 2009). Dheeraj Kalladka and
associates provide promising initial results of this gene therapy in their clinical trial, “Pilot
Investigation of Human Neural Stem Cells in Chronic Ischemic Stroke Patients” (PISCES)
in The Lancet, in which they evaluate the safety and efficacy of intracerebral administration
of CTXOEO3 (Kalladka et al., 2016). The PISCES trial was founded on rigorous preclinical
evidence which demonstrated therapeutic potential in rats through improved behavioral
results as well as neurogenesis and angiogenesis (Stroemer et al., 2009). The clinical trial
designed by Kalladka and associates enlisted men age 60 years or older with chronic stroke
who were administered single doses of various quantities of CTX0EO3 cells (2 million, 5
million, 10 million, or 20 million) by stereotactic ipsilateral putamen injection (Kalladka et
al., 2016). Immunosuppressive agents were not used in this study. 24 months following
transplantation, the evaluated subjects displayed some neurological and functional
improvements. No cell-related adverse effects were observed. While CTX0EO3 cells might
prove to have potential as a promising gene therapy approach, this clinical trial did have
significant limitations, such as a long period after stroke onset before enroliment began and a
considerably small patient pool, rendering their positive outcomes potentially inconclusive
(Kalladka et al., 2016). Perhaps the use of placebo controls, such as sham transplantation
with burr holes succeeded by rehabilitation therapy, would more effectively provide
conclusive results on the safety and efficacy of this therapy (Kalladka et al., 2016).
Additionally, close monitoring of the fate of the transplanted cells in stroke patients must
also be strictly adhered to for reasons of safety in order to detect formation of cancerous
cells or inflammatory responses and reveal adverse effects. Future preclinical studies of
CTXOEOQ3 will further demonstrate the potential of this specific gene therapy in treating
stroke.

3.2.1. Critical Assessment: CTX0EO3

Preclinical studies in stroke models (in vitro and in vivo): CTXO0EO3 cells have
demonstrated appealing therapeutic properties /in vitro and in vivo animal models of stroke
and have been proven biocompatible in human clinical trials (Kalladka et al., 2016). Using
RT-PCR, Western blot, and ELISA, the angiogenic activity of CTXO0EO3 cells in culture was
investigated (Hicks et al., 2013). The study confirmed that CTX0EO3 express high levels of
trophic and proangiogenic factors, including ANG-1, ANG-2, EGF, bFGF, HIF-1a, TGF-p1,
and VEGF-A (Hicks et al., 2013). Moreover, an investigation into the quantification of the
CTXOEQ3 exosome, demonstrated that it contains, among other molecules, miRNAs that
may exert therapeutic effects (Stevanato et al., 2016). In addition, CTXOEO3 cells improved
human umbilical vein endothelial cell total tubule formation and average tube length in
Matrigel tube formation assays as compared to controls, suggesting CTX0EO03 encourage
angiogenesis (Hicks et al., 2013). /n vitro tests of CTXO0EOQ3 cells also demonstrate that they
are notably resistant to the toxic effects of certain molecules that may be present in models
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of neurodegeneration, including Ap1-4, okadaic acid, and a phosphatase 2A inhibitor
(Puangmalai et al., 2015). By upregulating angiogenesis in the ischemic brain, CTX0EOQ3
cells could thereotically help to reduce neuroinflammation by restoring the BBB and
therefore slowing the delivery of pro-inflammatory immune cells (Borlongan et al., 2012;
Garbuzova-Davis et al., 2014). However, angiogenic factors such as angiopoietin-2 can also
exacerbate inflammation (Fiedler et al., 2006). Therefore, it remains to be determined in /n
vitro studies the precise extent to which and mechanism by which CTX0EO03 mediate
inflammatory conditions. CTX0EO03 have been employed in /n vivo studies to beneficial
effect. In an effort to characterize the mechanism by which CTXO0EO3 encourages neural
regeneration, Hassani and colleagues transplanted CTXO0EOQ3 in the brains of rat models of
ischemic stroke one week and four weeks after reperfusion, and found that CTX0EQ3
engraftment encouraged the proliferation of endogenous doublecortin neuroblasts and
CD11b+ microglial cells as compared to vehicle-based controls (Hassani et al., 2012).
Another study by Pollock and colleagues recorded that the transplantation of CTXO0EO3 in
an MCAQ rat model produced significant functional locomotor improvements (Pollock et
al., 2006). This study also demonstrated that CTXOEO3 survival in vivowas not related to a
high rate of proliferation, suggesting these cells are resilient to microenvironments in the
stroke brain (Pollock et al., 2006). A dose-dependent experiment by Stroemer and
colleagues examined how varying concentrations of CTXO0EO3 cells injected into the rat
putamen would affect recovery (Stroemer et al., 2009). This study found that mid to high
doses (45,000 to 450,000 cells) were enough to encourage the recovery of sensorimotor
deficits and protect endogenous neurogenesis processes in the SVZ (Stroemer et al., 2009).
Because cell survival did not correlate with more robust recovery, the authors surmised that
primary regenerative benefits of CTXOEQ3 are expressed via a paracrine tropic mechanism
(Stroemer et al., 2009). The proposed ability of CTXO0EO3 cells to sequester
neuroinflammation /n vivo appears to also be mediated via a paracrine mechanism, whereby
CTXOEO3 cells activate other cell types with more direct immunosuppressive effects. For
example, CTXOEOQ3 transplantation has been noted to encourage endogenous NSC
proliferation in the SVZ and the proliferation of immunomodulatory CD11b+ microglial
cells (Hassani et al., 2012). However, while CTXO0EO3 cells may produce an
immunosuppressive effect /n vivo, this property is not sufficiently characterized in the
literature, especially to the extent it is for other cell types, implying that CTXO0EO3 cells
should not be used to treat neuroinflammation at this time.

Limitations: The body research on CTX0303 is, at present, too limited to define how this
cell type should best be employed as a potential clinical therapy. Notably, the mechanism by
which CTXO0EOQ3 cells promote neural regeneration remains unclear. A study by Hicks and
colleagues points to proangiogenic properties, including an increase in microvessels in the
area of infarct following transplantation, while a study by Hassani and colleagues suggests
conditionally proliferative microglia might mediate the induction of CTX0EO3 cells towards
neural phenotypes (Hassani et al., 2012; Hicks et al., 2013). The idea that CTX0EO03 also
upregulates endogenous neurogenesis via the release of NSCs from the SVZ has been
recorded (Hasani et al., 2012). These results have each been presented individually, and
there have been no contemporary studies that corroborate these conclusions in such a way as
to permit comparability. Moreover, it has been documented that the efficacy of CTX0EO3
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engraftment may vary according to the implantation site and may also depend on the
topology of the stroke legion, with, for example, CTX0EO3 cells producing a far more
significant therapeutic outcome for strokes that occur in the striatum (Smith et al., 2012).

Future Directions: Future research must focus on defining the regenerative mechanisms of
CTXOEO3 cells in experimental animal models before researchers can identify how best to
employ CTXOEOS3 cells in the clinical setting. Moreover, future studies should examine the
relationship between CTXO0EO3 cells and the site of their implantation, making sure to
characterize areas where CTXO0EO3 cells may be less or more effective (Smith et al., 2012).
Future studies should also work to characterize the optimum timing of CTXO0EOQ3
administration (acute or chronic), the ideal route of administration, and the most effective
dosages.

SB623 cells are modified bone marrow-derived mesenchymal stem cells and were generated
as an allogeneic cell therapy for chronic motor deficits caused by stroke. These cells are
developed under appropriate manufacturing processes by transient transfection of an
expression vector containing the human Notch-1 intracellular domain, a factor thought to
promote differentiation toward astroglial phenotypes (Dezawa et al., 2004). The transfection
is deemed transient due to the expansion and passing of cells which results in the loss of the
transfected plasmid. A study by Steinberg and colleagues evaluated the safety and efficacy
of surgical transplantation of SB623 cells (Steinberg et al., 2016). The clinical trial enlisted
eighteen patients with stable chronic stroke in a 2-year, open-label, single-arm study. At
least one treatment-emergent adverse effect occurred in all patients. Six of them experienced
six severe adverse events, none of which related to the cell treatment (Steinberg et al., 2016).
Immunosuppression was not utilized in this study. 12-month follow-up evaluations reported
a significant improvement from baseline in the European Stroke Scale, National Institutes of
Health Stroke Scale, Fugl-Meyer total score, and Fugl-Meyer motor function total score.
Additionally, this study gave insight into the temporary survival of SB623 cells, suggesting
that the secretion of supportive molecules rather than integration of transplanted stem cells
may be more effective in achieving persistent neurological recovery (Steinberg et al., 2016).

However, this study had important limitations, including a small number of patients and a
nonrandomized design. Conclusions drawn from this trial with regard to the general chronic
stroke population should therefore be interpreted with caution while recognizing the
variation in definitions as to what constitutes chronic stable stroke. Overall, the stereotactic
implantation of SB623 cells performed by Steinberg and colleagues proved to be safe and
well tolerated by patients with moderate adverse events. These findings indicate the safety of
SB623 cells as a feasible approach using gene therapy to treat chronic complications from
stroke.

3.3.1. Critical Assessment: SB623

Preclinical studies in stroke models (in vitro and in vivo): SB623 cells display significant
therapeutic properties /n vitro models of ischemic stroke, which suggest these cells may
have neurotrophic, angiogenic, and neuroprotective effects (Aizman et al., 2009; Tate et al.,
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2010; Dao et al., 2013). In a study by Aizman and colleagues, SB623 cells and human MSC
cells were used to create an extracellular matrix on which embryonic rat brain cortical cells
were cultured for three weeks (Aizman et al., 2009). Cortical cells cultured this way
displayed 1.5 to 3 times higher metabolic activity compared to controls (cells cultured on a
poly-D-lysine (PDL) matrix), and the MSC and SB623 cell-derived ECM exhibited a
neuroprotective effect, leading to increased survival of neural cells following nutrient and
growth factor insult (Aizman et al., 2009). Moreover, MSC and SB623-derived ECM
encouraged more diverse differentiation, with embryonic cortical cells growing into neurons,
astrocytes, and oligodendrocytes within it, with cells cultured on the control PDL matrix
only developing into neurons (Aizman et al., 2009). Another study by Tate and colleagues
reinforces the idea that SB623 cells exert a neuroprotective effect, as the presence of SB623
provided significant trophic support to and increased the survival rate of cortical neurons and
cells in hippocampal slices cultured under OGD conditions representative of ischemic stroke
(Tate et al., 2010). Finally, Dao and colleagues suggested SB623 cells could provide
angiogenic benefits to a damaged brain through their identification of angiogenic paracrine
factors secreted by SB623 cells /n vitro and the observation that co-culturing endothelial
cells with SB623 cells improved endothelial cell survival, proliferation, and vascular tube
formation under serum-deprived conditions (Dao et al., 2013). SB623 cells have also been
shown to exert a direct immunosuppressive effect /in vitro, which provides promising
evidence for their use as a therapy to sequester neuroinflammation following ischemic stroke
(Dao et al., 2011). Though a small number of SB623 display senescent-like behaviors, for
the most part, these cells all produce active immunomodulatory factors in vivo, suppressing
human T cell proliferation in both the allogenic and xenogenic mixed lymphocyte reaction to
an extent comparable with MSCs (Dao et al., 2011). Moreover, co-cultured SB623 cells
encouraged the proliferation of anti-inflammatory IL-10 producing T cells and reduced
monocyte-dendritic cell differentiation (Dao et al., 2011). In fact, SB623 cells inhibited the
maturation of monocyte-dendritic cells to a greater extent than MSCs, suggesting SB623
cells may be an attractive candidate for the treatment of ischemia-induced
neuroinflammation (Dao et al., 2011).

SB623 cells have received limited preclinical attention in /n vivo animal models as a cell
therapy for ischemic stroke. Though SB623 cells have been investigated in animal models to
treat Parkinson’s disease and traumatic brain injury (TBI), we could not find any studies that
examined the results of SB623 transplantation or injection in animal models of cerebral
ischemia (Tajiri et al., 2014, Tate et al., 2015). However, it is useful to note that SB623 cells
injected intracerebrally in a model of TBI were responsible for the formation of a biobridge
between the neurogenic subventricular zone and the injured cortex, a pathway which recruits
new host cells to the site of injury and a hitherto unknown mechanism for endogenous stem
cell recruitment in neural repair models (Tajiri et al., 2014). The biobridge concept
represents a novel paradigm in stem cell therapy, and the possible role SB623 cells may have
in the formation of similar mechanisms in the ischemic brain therefore could represent an
important therapeutic tool for stroke (Tajiri et al., 2014). Pertinently, the precise effects of
SB623 cells on neuroinflammation have not been delineated /n vivo. However,
acknowledging the significant anti-inflammatory and immunosuppressive effects SB623
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cells exert in vitro, future studies as to the ability of this cell type to sequester
neuroinflammation in animal models may discover significant effects.

Limitations: The primary limitation to SB623’s translational potential is the lack of
research on this cell type in animal models for stroke. It stands to be determined whether
these cells are compatible in rodent models, the best method of administration, the optimal
dosage, and the primary regions to which grafts should be targeted. Moreover, the
mechanism of action for SB623 cells /n vivo requires further clarification. It stands to be
investigated how SB623 may interact with systems in the living organism. More importantly,
it remains to be determined whether SB623 cells, as a derivate of MSCs, exhibit a
significantly more valuable effect than standard MSC cell types. In addition, how SB623
cells may be influenced by adjunctive therapies has yet to be determined.
Immunosuppressants exert therapeutic benefits by themselves as standalone therapy (i.e.
cyclosporine A), even without stem cells, as shown by us and other groups (Tajiri et al.,
2016; Osman et al., 2011; Lulic et al., 2011; Ishii et al., 2013; Furuichi et al., 2003).
However, most of these therapeutic effects have been observed when immunosuppressants
are delivered prior to or immediately after the brain insults in pre-clinical models of CNS
disorders. Moreover, all the clinical trials of stem cells for stroke discussed in our paper did
not use immunosuppressants in their patients. Even with the use of immunosuppression in
the clinic, they are likely not to promote therapeutic benefits by themselves alone since the
cell therapy regimen (albeit immunosuppression treatment) was initiated at post stroke
periods.

Future Directions: Future research should focus on delineating exactly what functional
benefits SB623 cells can provide in animal models of ischemic stroke. Future studies should
examine the dosage, route, and timing of SB623 administration, as well as whether the cells
are capable of surviving in the hostile microenvironments of ischemic host tissue. Moreover,
it must be determined whether SB623 have tumorigenic properties and, if so, how to best
mitigate these adverse effects. Future research might also look into how SB623 migrate in
the body, whether they interact trophically or otherwise with other systems of the body, and
how they are influenced by adjunctive therapies. Accordingly, current clinical trials of
SB623 cells in human stroke subjects are premature. The laboratory science has yet to
provide a robust definition of how SB623 cells operate in animal models, and thus future
attempts to apply these cells in human models should be approached with necessary caution
[Table 3].

In summary, different types of stem cells were presented in this paper from embryonic to
engineered stem cells. Briefly, we noted that embryonic/fetal stem cells have long been
considered the yardstick of “stemness” as they are pluripotent and multipotent. However,
these cells raise significant ethical concerns regarding their controversial source, as well as
logistical issues related to their high risks of tumorigenicity. Next, the adult differentiated
stem cells are defined as stem cells from adult tissues, including hematopoietic stem cells,
(HSCs), mesenchymal stem cells (MSCs), endothelial progenitor cells (EPCs), very small
embryonic-like stem cells (VSELS), brain derived-neural stem cells (NSCs), extraembryonic
stem cells, adipose tissue-derived stem cells, menstrual blood-derived stem cells, breast
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milk-derived stem cells and dental tissue-derived stem cells. Furthermore, we discussed
induced pluripotent stem cells (iPSCs) harvested from adult differentiated cells that have
been manipulated to revert back to their pluri- or multipotent states (Dailey et al., 2013).
Next, among the engineered stem cells are NT2N, CTXO0E03, and SC623 cells. NT2N cells
are neurons derived from a clonal human teratocarcinoma cell line (NTera-2 or NT2) and
they are considered neural progenitor cells (Andrews et al 1984, Andrews et al 1998,
Borlongan et al 2006). CTXOEO3 cells are neuron-like cells derived from fetal brain tissues
and they are genetically engineered to achieve a clinical-grade conditional immortalizing
human neural stem-cell line via transfection with a conditional immortalizing gene, c-
mycER(TAM) (Stroemer et al., 2009). SB623 cells are neuron-like cells from modified bone
marrow-derived mesenchymal stem cells, which are developed by transient transfection of
an expression vector containing the human Notch-1 intracellular domain, a factor considered
to promote differentiation toward astroglial phenotypes (Dezawa et al., 2004) [Figure 1].

4. “And the Oscar Goes To...”: Bone Marrow-Derived Mesenchymal Stem

Cells Are the Optimal Model for Translational Research

In light of the advantages and disadvantages of available stem cells, bone marrow-derived
mesenchymal stem cells have emerged as the leading transplantable cell type for CNS
disorders, including stroke. This reputation is primarily owed to their adult tissue origin,
comparative availability, proven safety profile, neuroprotective and regenerative effects, and
extensive characterization in scientific literature. BM-MSCs also represent an appealing
model for translational stroke research because they exhibit the capacity to differentiate into
various cell lineages, including neural cells and vasculature, /n vitroand in vivo. The current
movement towards accepting BM-MSCs as a key cell type in the creation of clinical cell
therapies echoes encouraging results from animal studies in which BM-MSC implantation
encouraged functional recovery, including reduction in brain damage and improvements in
motor and cognitive performance. Although the exact mechanism behind the neuroprotective
and neurorestorative effects of BM-MSC transplantation remains unresolved, current
evidence points to a few potential explanations, including reinnervation by direct cell
replacement, growth factor secretion by BM-MSCs or their neurotrophic exosomes, and
induction of endogenous brain repair processes, including neurogenesis, angiogenesis, and
synaptogenesis. Nonetheless, in the clinical trials we cited here, further characterization of
the mechanisms of action of stem cells are not well-defined likely due to specific study
design limitations that prevent such mechanism-based analyses, i.e., under-powered trials.
While early hypotheses as to the restorative mechanism of stem cell implantation
concentrated on visualizing cell effects through the lens of a reductionist ligand-receptor
model, we now understand that the scientific reality is more complex. A myriad of
operational factors, from the regulation of signaling molecules to the stimulation of
endogenous neurogenesis, may act at one time to produce a therapeutic outcome. The
complexity of the stroke disease process in view of the multiple regenerative functions of
stem cells explains why solitary cell therapies may not function effectively to treat ischemic
stroke. Instead, adjunctive treatments, including pharmaceutical administration, the use of
biomaterials, and the transplantation of additional cell types, may be essential to ensuring
the optimal therapeutic profile for patients undergoing cell therapy, as they have encouraged
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functional recovery in similar models of inflammatory neurodegeneration (Borlongan et al.,
1996; Saporta et al., 1997; Zigova et al., 1999; Borlongan, 2000; Nishino and Borlongan,
2000; Liu et al., 2014; Lozano et al., 2015; Kaelber et al., 2016, Mashkouri et al., 2016).

4.1. Not Quite the Whole Nine Yards: Investigating BM-MSC Efficacy

BM-MSCs are a particularly appealing model for stroke therapy and these cells exhibit
promising results in animal models. However, significant questions still remain regarding the
efficacy of BM-MSCs as a clinical tool. Animal studies have provided varied accounts as to
the functional effects of BM-MSC transplantation, from trophic support to endogenous stem
cell recruitment. Ultimately, laboratory efforts intend to transfer BM-MSC therapy from
bench to bedside. Therefore, we will summarize recent clinical trials of BM-MSCs in human
subjects, considering the functional results of these studies, their cross-comparability, and
what they suggest about the future of BM-MSC-based cell therapies.

3.6.2.1. From the perspective of the clinic: Intravenous MSC administration for
acute stroke and intracranial transplantation as a chronic treatment—In limited
clinical trials of acute stroke, intravenous administration of autologous BM-MSCs has been
tested and found to be completely biocompatible. Moreover, delayed autologous
transplantation (initial infusion at 4 weeks after disease onset) of 100 million MSCs (SH-2
and SH-4 positive) in five stroke patients produced no adverse effects and appeared to
improve neurological outcomes, according to the Barthel index and Rankin scale (Bang et
al., 2005). However, these functional benefits effectively diminished by 12 months post-
transplantation (Bang et al., 2005). A similar autologous intravenous bone marrow
transplantation that delivered 7-10 million per kilogram of BM-derived mononuclear cells
(MNCs), a cellular derivative of BM-MSCs, acutely (24 and 72h after stroke) resulted in
more marked improvements in the Barthel index, modified Rankin scale, and National
Institutes of Health Stroke Scale (NIHSS) with no adverse effects over a 6-month period in
the majority of patients that received the transplant (Savitz et al., 2011). However, in
response to the findings of this initial bone-marrow derived MNC stroke trial, a phase Il,
multicenter, parallel group, randomized trial with blinded outcome assessment of 120
patients was conducted in India (Prasad et al., 2014). Subjects did not receive
immunosuppressive agents in this study. Stroke patients (n = 58) in this study who received a
mean of 280.75 million MNCs at a median of 18.5 days after stroke onset showed no
difference in Barthel index score, modified Rankin scale shift analysis, NIHSS score, and
infarct volume as compared to non-transplanted stroke patients at 6-months post-
transplantation (Prasad et al., 2014). This randomized trial suggests that intravenous
transplantation of MNCs, while safe, does not appear to be an effective therapy for subacute
stroke. Another stroke trial examined the therapeutic potential of a smaller subpopulation of
CD34+ bone marrow MNCs (Banerjee et al., 2014). Intra-arterial delivery of 100 million
autologous, immunoselected CD34+ stem/progenitor in stroke patients (n=5) presenting
within 7 days of the onset of sever anterior ischemic stroke (NIHSS score of >8) produced
improvements in modified Rankin scale and NIHSS score in addition to a decrease in lesion
volume during a 6-month follow-up period (Banerjee et al 2014). Since the procedure also
produced no adverse effects, this study strengthened evidence suggesting intra-arterial
delivery of bone marrow-derived MNC CD34+ cells is a safe therapy (Banerjee et al., 2014).
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A critical evaluation of the results of these clinical trials reveals that transplantation of BM-
MSCs and their cellular derivatives, such as MNCs, is a biocompatible procedure for stroke
patients. The efficacy of these procedures, however, warrants further investigation, especially
in light of the small sample size and open-label designation of these studies (with the
exception of the Prasad study). Moreover, a detailed review of the study methods reveals
disparities across trials that would complicate cross-study comparisons. More disappointing,
however, is the evident disconnect between the laboratory and clinical transplant regimes,
particularly in terms of the cell identities chosen for transplantation. These clinical trials
differed in the donor cells each employed and, as we have noted, the type of donor cell can
significantly impact the functional outcome of cell therapy. Bang and colleagues used Src
homology 2 and Src homology 4-type cells, whereas Savitz and collaborators employed a
considerable consortium of antibodies (CD3, CD14, CD16, CD19, CD20, CD34, CD45,
CD56, Lin 1, CD133-2) for flow cytometry to define the MNCs used in their study (Bang et
al., 2005; Savitz et al., 2011). While Prasad and co-workers also employed flow cytometry
to identify MNC:s, they focused only on CD34 and CD45 antibodies (Prasad et al., 2014).
On the other hand, Banerjee and colleagues used a magnetic cell isolation procedure to
harvest only purified CD34+ cells (Banerjee et al., 2014). The apparent variability of the
donor cell materials utilized in each trial unfortunately renders cross-comparisons
inconclusive. In addition, each trial also differed in the timing of intervention: 4 weeks, days
1-3, 18.5 days, and within 7 days of stroke onset for the Bang, Savitz, Prasad, and Banerjee
trials, respectively (Bang et al., 2005; Savitz et al., 2011; Banerjee et al., 2014; Prasad et al.,
2014). Moreover, the route of delivery was inconsistent, with Bang, Savitz, and Prasad using
intravenous and Banerjee using intra-arterial (Bang et al., 2005; Savitz et al., 2011; Banerjee
et al., 2014; Prasad et al., 2014). However, one of the most disappointing parameters in each
of these clinical trials was the functional dosage employed. Preclinical studies of many stem
cells, including BM-MSCs, suggest the effective dose range for intravenous delivery is about
4 million cells in a 250 g rat or about 840 million cells for a 75 kg human being (Diamandis
and Borlongan, 2015). This means that the dose in these clinical trials was significantly
lower than the threshold value needed to recognize any efficacy read-out; 100 million, an
average of 600 million, 100 million, and 280.75 million were used in the Bang, Savitz,
Banerjee, and Prasad studies, respectively. (Bang et al., 2005; Savitz et al., 2011; Banerjee et
al., 2014; Prasad et al., 2014). Savitz’s trial is an exception in that the employed dose closely
approximated the recommended preclinical dose (Savitz et al., 2011). While patients in
Savitz’s trial showed clinical improvement, these results should be interpreted cautiously as
the study was an open-label trial (Savitz et al., 2011). For each donor type used in the
described clinical trials, except for that of Savitz’s group, an assessment of the literature
reveals few reported studies characterizing the safety, efficacy, and mechanism of action of
these cells according to the Stem cell Therapeutics as an Emerging Paradigm for Stroke
(STEPS) lab-to-clinic translational guidelines (Diamandis and Borlongan, 2015). All told,
this suggests that future studies to ascertain the clinical application of stem-cell therapies
will better succeed by adhering to STEPS guidelines and ensuring that laboratory science
forms the basis of the clinical trial design (Borlongan, 2008, Borlongan, 2009, Diamandis
and Borlongan, 2015).
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Recent studies have shed new light on the cross-talk between endogenous stem cells or
grafted stem cells and cells from the immune system (Kokaia et al., 2012; Morganti et al.,
2015; Grotenhuis et al., 2016; Krampera et al., 2003). These studies suggest that the
regenerative medicine seems heavily influenced by both cell-autonomous and non-cell
autonomous mechanism, which are controlled by infiltrating circulating populations of
innate (microglia, monocytes, monocyte-derived macrophages) and adaptive immune cells
(B and T cells) (Kokaia et al., 2012). Certainly, there is a wide spectrum of concurrent
immune responses within the infiltrating circulating population of the immune system
including both pro- and anti-inflammatory phenotypes after injury, which will elicit a
response in the grafted stem cells population (Morganti et al., 2015). In particular, MHC |1
phenotype increases collagen deposition and proliferation and gene expression of MMP1
(stimulate cells migration), PLOD?2 (critical for stability of intermolecular crosslinks) and
PTGS2 (modulate the inflammatory immune response) when MHCII+ macrophages were
co-cultured with adipose mesenchymal stem cells (Grotenhuis et al., 2016). Adaptive
immunity presents a different barrier for stem cells to be able to rescue inflammation-
associated pathologies (Krampera et al., 2003). Despite host immune tolerance to stem cells,
T cells or NK cells may recognize stem cells (i.e. neural stem cells) due to MHC |
expression on the cell surface, leading to classical immune mediated cell cytolysis
(Krampera et al., 2003). However, MSCs are able to modulate the T-cell response of naive
and memory T cells even in the absence of antigen-presenting cells (APCs) or of CD4+/
CD25+regulatory T cells in MSC culture (Krampera et al., 2003). Whereas the mechanisms
modulating the cross-talk between immune cells and stem cells are still vague, these
interactions can certainly be biphasic showing both beneficial and detrimental effects for
stem cell survival and for the bystander secretion of trophic factors. Clearly additional
studies are warranted to probe these stem cell-immune system interactions.

5. Conclusion

Stroke remains the third leading cause of death in the majority of developed countries,
thereby posing a significant unmet clinical need with regard to effective treatment for both
its acute and chronic stages (Borlongan et al., 2004). Ischemic stroke, the most prevalent
class of stroke, induces acute neuroinflammation that can exacerbate the initial brain
damage, but similarly achronic and systemic neuroinflammation can greatly encourage
secondary cell death (Broderick et al., 1993, Borlongan et al., 2012, Dailey et al., 2013, Jin
et al., 2013). Finding a treatment that ameliorates harmful inflammatory responses during
these periods after the onset of stroke may present a novel therapeutic modality for stroke.
Along this line of stroke therapeutics, stem cell therapy is uniquely poised to afford anti-
inflammatory effects. In this review, we defined and summarized the advantages and
disadvantages of clinically available cell types, including embryonic stem cells, HSCs, BM-
MSCs. EPCs. VSELSs, NSCs, extraembryonic stem cells, adipose tissue-derived stem cells,
breastmilk-derived stem cells, menstrual blood-derived stem cells, dental tissue-derived stem
cells, iPSCs, NT2N, CTXO0EO03, and SB623. Through a critical review of the available
literature, we provide evidence that MSCs appear as an appealing stem cell candidate when
contemplating treatment strategies designed to sequester neuroinflammation. The bulk of
studies employing BM-MSCs as a transplantable cell source for hematologic diseases
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demonstrates positive outcomes without adverse effects. Moreover, BM-MSCs have multiple
logistical advantages, including the ease with which allogenic and autologous samples can
be harvested, their potential for diverse differentiation, their compatibility with multiple
methods of administration, and their robust neurogenic, angiogenic, and restorative
exosomes. The ability of BM-MSCs to induce brain neuroprotection and regeneration, as
well as behavioral recovery following stroke has been documented in many /n vitroand in
vivo models (Lai et al., 2010; Guihong et al., 2016; Kong et al 2016). Moreover, in limited
clinical trials of acute stroke, both intravenous administration of autologous BM-MSCs and
delayed autologous transplantation have been found to be completely biocompatible and, in
some cases, to improve neurological outcomes (Bang et al., 2005; Savitz et al., 2011;
Banerjee et al., 2014; Prasad et al., 2014). Similarly, chronic stroke patients who received
intracerebral transplantation of BM-MSC-related genetically modified cells tolerated such
grafts with positive readouts towards efficacy (Steinberg, 2016). For these reasons, BM-
MSCs appear as the most clinically relevant cell type at this time for stroke. However, as we
noted above, certain cell types for which there is accumulating compelling evidence of
safety and efficacy, and novel regenerative processes, beyond abrogation of
neuroinflammation, may complement the therapeutic action of BM-MSCs. To this end, we
encourage researchers and clinicians to consider the STEPS guidelines when designing
future studies, and to ensure that laboratory science always informs the clinical application
of regenerative therapies (Borlongan, 2008; Borlongan, 2009; Diamandis and Borlongan,
2015). A consortium of scientists and clinicians should strive to advance laboratory findings
towards addressing unmet clinical needs for stroke in the most expeditious manner without
sacrificing the scientific mandate of demonstrating the safety, efficacy, and mechanism of
action of stem cell therapy.
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AD-MSCs adipose tissue-derived mesenchymal stem cells
ANG-1 angiopoietin-1

ANG-2 Angiopoietin-2

ATP adenosine triphosphate

BBB blood brain barrier

BDNF brain-derived neurotrophic factor

BME B mercaptoethanol

BM-MNCs bone marrow-derived mononuclear cells
BMSCs bone marrow-derived stem cells
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CAMs
CFSE
CNC-1
C1P
CTXO0EO3
CXCR4
DPSCs
EPCs
EPO
rhEPO
EPOR
ERK

ES
hESCs
bFGF/FGF-2
G-CSF
GDNF
GFAP
GM-CSF
HCM
HGF
HIF-1a
HSCs
IFN-y
IGF-1
IL-1B
rhiL-3

IL-6

circulating angiogenic cells

cellular adhesion molecules
Carboxyfluorescein diacetate succinimidyl ester
cytokine-induced neutrophil chemoattractant-1
ceramide-1-phosphate

c-mycER(TAM) modified neural stem cells
C-X-C chemokine receptor type 4

dental pulp stem cells

endothelial progenitor cells

erythropoietin

recombinant human erythropoietin
erythropoietin receptor

extracellular signal-regulated kinases
embryonic stem cells

human embryonic stem cells

basic fibroblast growth factor
granulocyte-colony stimulating factor

glial cell line-derived neurotrophic factor

glial fibrillary acidic protein

granulocyte macrophage-colony-stimulating factor

hypoxic conditioned media
hepatocyte growth factor
hypoxia-inducible factor
hematopoietic stem cells
interferon-y

insulin growth factor-1
interleukin 1 beta

recombinant human interleukin-3

interleukin 6
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IL-8
IL-10
IL-20
iPSCs
IRF
IgSF
MAPCs
MCAO
MCP-1
MIP-la
MMPs
MMP-2
MMP-9
MSCs
MenSCs
Muse
NF

NF-xB

NGF
NIHSS

NK

n-, e-iNOS
NSCs
hNSCs
NT2N/hNT
NT-3
OECs
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interleukin 8

interleukin 10

Interleukin 20

induced pluripotent stem cells
interferon regulatory factor
immunoglobulin superfamily
multipotent adult progenitor cells
middle cerebral artery occlusion
monocyte chemoattractant protein 1
macrophage inflammatory protein-1a
matrix metalloproteases

gelatinase A

gelatinase-B

mesenchymal stem cells

Menstrual blood-derived stem cells
multilineage-differentiating stress enduring cells
neurofilament

nuclear factor kappa-light-chain-enhancer of activated B
cells

nerve growth factor

National Institutes of Health Stroke Scale

natural killer cell

neuronal, endothelial and inducible nitric oxide synthases
neural stem cells

human neural stem cells

teratocarcinoma-derived Ntera2/D1 neuron-like cells
neurotrophin-3

outgrowth endothelial cells

oxygen glucose deprivation
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PDL poly-D-lysine

PISCES Pilot Investigation of Human Neural Stem Cells in Chronic
Ischemic Stroke Patients

PL platelet lysate,

ROS reactive oxygen species,

SDF-1 chemokine stromal-derived factor-1,

SGZ subgranular zone

SHED stem cells from exfoliated deciduous teeth,

S1P sphingosine-1-phosphate

STEPS Stem cell Therapeutics as an Emerging Paradigm for
Stroke

Svz subventricular zone,

TGF-B transforming growth factor beta

TLRs toll-like receptors

TNF-a tumor necrosis factor-a

Tregs antigen-specific regulatory T cells

UCB-MSCs umbilical cord blood-derived mesenchymal stem cells

VE-cadherin vascular endothelial cadherin

VEGF vascular endothelial growth factor

VSELs very small embryonic-like stem cells
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Highlights

. The present manuscript provides a critical analysis of clinically relevant stem
cell types, by comparing their potential efficacy to sequester stroke-induced
neuroinflammation and their feasibility as translational clinical cell sources.

. We highlight that MSCs, with a proven track record of safety and efficacy as a
transplantable cell for hematologic diseases, stand as an attractive cell type
that confers superior anti-inflammatory effects in stroke both in vitro and in
vivo. That stem cells can mount a robust anti-inflammatory action against
stroke complements the regenerative processes of cell replacement and
neurotrophic factor secretion conventionally ascribed to cell-based therapy in
neurological disorders.
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A visualization of currently available stem cell types, their source tissues, and potency. An
artist’s rendering of each of the cell types discussed in this paper is presented along with
information denoting its tissues sources and the potential of the cell to differentiate into
mature cell lines.

Prog Neurobiol. Author manuscript; available in PMC 2018 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Stonesifer et al. Page 74

Adjunctive therapies

Preclinical Stem Cell

R Safestroute of delivery E==p

\ 4

Minimization of

adverse risk

Figure 2.
Modeling the optimal lab-to-clinic translational process. A visualization of the translational

process as recommended by the STEPS guidelines, with preclinical research directing and
informing clinical studies. [Adapated from Diamandis and Borlongan 2015.]
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Significant neuroinflammatory mediators
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Inflammatory Mediator

Family

Types

Produced By

Role

Cytokines Pleiotropic polypeptides (glycoproteins) tumor necrosis Microglia Neuroinflammation
factor-a (TNF-a), Astrocytes (TNF-a, IL-1B, IL-6,
IL-1B, IL-6, IL-20, Neurons and 1L-20)
IL-10 and Endothelial cells Neuroprotection
transforming Invading (IL-10 and TGF-B.)
growth factor leukocytes
(TGF)-B.

Chemokines Small cytokines (classified into monocyte Microglia Pro-inflammatory as
subgroups according to variations in chemoattractant Astrocytes chemoattractants for
cysteine residues) protein 1 (MCP-1), Injured neurons invading leukocytes

macrophage
inflammatory
protein-la
(MIP-1a), and
fractakline

Cellular adhesion

Cell surface proteins (often

Immunoglobulin

Endothelial cells

Pro-inflammatory by

singlet oxygen
(10,), hydroxyl
radical (:OH) and
perhydroxy| radical
(HO,"), nitric oxide
(NO)

molecules (CAMs) transmembrane receptors) superfamily (IgSF), | Epithelial cells facilitating
integrins, Fibroblasts extravasation of
cadherins, selectins | Leukocytes invading leukocytes
Reactive oxygen species Free oxygen radicals superoxide anion Neuronal, Ischemic cell death
radical (O,), endothelial* and *Endothelial NO
inducible NO production can have a

synthases (n-, e-,
iNOS
respectively),
Oxidative
imbalance

neuroprotective effect

Matrix metalloproteases

Zinc-containing endopeptidases

MMP-2 (gelatinase

Endothelial cells

Pro-inflammatory via

A) and MMP-9 Neutrophils degradation of BBB to
(gelatinase-B) Macrophages facilitate invasion of
peripheral leukocytes
Regulatory T cells Lymphocytes CD4*tCD25* Dendritic or Immunosuppressive

antigen-presenting
cells

Mediate microglial/
astrocytic activation
Downregulate TNF-a
and IFN-y production
Produce IL-10 (anti-
inflammatory)

Adapted from Lakhan et al., 2009 and Ceulemans et al., 2010
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Milestone discoveries in the study of stroke-induced neuroinflammation
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and Development

Authors and Journal Publication Date | Findings Significance
Giulian et al., Journal of 1986 CNS ameboid microglia produce IL-p First record of cerebral microglia
Experimental Medicine producing cytotoxic/inflammatory
compounds, suggesting they play a role in
neurodegenerative pathology
Garcia et al, 7he American 1993 Identification of histopathological changes Suggested that neurodegeneration can
Journal of Pathology in brain after ischemic stroke, including affect the brain constitutively after
time-dependent increases in necrosis and ischemic stroke, expanded pathological
cellular damage perspective on the disease beyond the
primary lesion
Clark et al, Brain Research 1993 Identification of immunohistochemical Early evidence that neutrophils invade
Bulletin changes in brain following ischemic stroke, | cerebral environment following stroke,
including infiltration of neutrophils, suggesting peripheral immune response
necrosis, and activation of astroglia and activated astroglia may exacerbate
insult, extra-focal tissue damage
Morioka et al, Journal of 1993 Reactive microglia found to be activated Reactive microglia implicated as a
Comparative Neurology within area of ischemic injury and extra- mediator of both extra-focal
focal areas, microglia activation persisted neurodegeneration and long-term
unilaterally after long-term survival neuroinflammation following ischemic
stroke
Schroeter et al, Journal of 1994 Multiple classes of immune cells detected Significant evidence that peripheral
Neuroimmunology in tissues of the ischemic brain, including immune cells can infiltrate cerebral
neutrophils, T cells, B cells, and environment following ischemic stroke,
macrophages crossing the blood brain barrier, and
possibly exacerbating insult. Overturned
notion of brain as an immune-privileged
organ.
Kim et al, J of 1995 Expression of monocyte chemoattractant Provided evidence of macrophage-induced
Neuroimmunology protein-1 and macrophage inflammatory inflammation in the brain, suggested a
protein (MIP-1alpha) elevated in stroke possible signaling mechanism was being
brain and peaks between 24 and 48 hours produced to attract pro-inflammatory
after ischemic stroke macrophages
Jander et al, Journal of 1995 MIP-alpha expression correlates with Direct evidence that macrophages from
Cerebral Blood Flow & detected infiltration of peripheral peripheral blood are responsible for
Metabolism macrophages after ischemic stroke producing neuroinflammation in the
cerebral environment following ischemic
stroke
Szaflarski et al, Stroke 1995 Cerebral ischemia stimulates local Suggests that neuroinflammation
expression of inflammatory cytokines, following ischemic stroke may be a
TNF-alpha and IL-p product of both an external immune
response and cytokine gene expression
from endogenous brain cells
Gendron et al, Brain 2002 Systemic activation of T and B cell Evidence ischemic lesion produces a
Research populations following ischemic stroke, neuroinflammatory effect in both cortical
absence of asymmetric suppressive effects and subcortical areas of either hemisphere,
between cerebral hemispheres, total evidence that lesions produce elevated
number of spleen cells decreases after systemic inflammatory mobilization of T
stroke and B cells, early acknowledgement of
spleen’s potential role in promoting
neuroinflammation
Hill et al, Journal of 2004 Chemokine stromal-derived factor-1 SDF-1 implicated as a signaling molecule
Neuropathology & (SDF-1) expression elevated in penumbra in the mobilization of bone-marrow
Experimental Neurology following ischemic stroke, associated with derived cells, notably inflammatory
reactive perivascular astrocytes/microglia monocytes, to the brain after ischemic
stroke
Newman et al, Stem Cells 2005 Cytokine-induced neutrophil Discovery of first chemokine, IL-8, in

chemoattractant-1 (CNC-1) and IL-8
elevated in brain tissue following ischemic
stroke, highest during acute phase

ischemic brain tissue, suggests this pro-
inflammatory factor may play a role in the
mobilization and homing of neutrophils to
the site of injury
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Authors and Journal

Publication Date

Findings

Significance

Immunology

Offner et al, The Journal of 2006

Ischemic stroke leads to splenic atrophy,
reduction in number of splenocytes,
resultant reduction in peripheral B cells,
upregulation of CD4+FoxP3+regulatory T
cells and CD11b+VLA-4-negative
macrophages/monocytes

Evidence that spleen plays a role in the
regulation of the immune response to
ischemic stroke, influencing macrophage/
regulator T cell mobilization

Ajmo et al, Journal of 2008 Splenectomy results in a significant Direct evidence that spleen is a major
Neuroscience Research reduction in lesion volume, numbers of contributor to the development of
activated microglia, macrophages, and secondary inflammation and resultant
neutrophils in brain tissue following neurodegeneration after ischemic stroke
ischemic stroke
Seifert et al, Journal of 2012 Carboxyfluorescein diacetate succinimidyl Provided resolution as to the mobilization/
Neuroimmune ester (CFSE)-labeled splenocytes migration behavior of splenic immune
Pharmacology (lymphocyte, monocytes, and neutrophils) cells following ischemic stroke,
explicitly visualized migrating to the brain demonstrated that after 96h splenocytes
after ischemic injury develop into pro-inflammatory NK cells, T
cells and monocytes
Acosta et al, Stroke 2015 Intravenously injected labeled hBMSCs Suggests that hBMSCs, and generalized

preferentially migrate to spleen following
ischemic stroke, encourage reduction in
striatal and peri-striatal infarct, activated
inflammatory cells in brain tissue, and
TNF-alpha expression in splenic cells,
while exercising a neuroprotective effect on
hippocampal neuronal cells

stem cell transplants, may provide a means
to abrogate stroke induced
neuroinflammation by moderating the
intensity of the splenic peripheral immune
response and resultant pro-inflammatory
activation in brain tissue
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Advantages and disadvantages of available stem cell types
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ischemic stroke, reducing number of invading
lymphocytes (Neuwelt et al 2011, Borlongan et
al 2012, Wong et al 2013)

Cell Type Advantages Disadvantages Prospective Clinical Use
Embryonic Stem Cells Pluripotent Ethical controversy Subacute
High rate of proliferation (Shinozuka et al 2013) Chronic
Angiogenic and neuroprotective effects (Liu ef. | Risk of tumorigenesis Intracerebral
al 2014, Maya-Espinosa et al. 2015) (Kawai et al 2010, Dailey et al Allogeneic
Potentially therapeutic secretome under 2013)
hypoxic conditions (Theus et al., 2008, Covacu
etal. 2009, Okun et a/2010)
Hematopoietic Stem Endogenous mobilization to site of ischemic Limited cellular potency (Oguro Acute
Cells (HSCs) injury suggests a natural reparative role (Shyu et. al 2013) Subacute
et al 2004, Ratajczak et. a/2012, Mocco et al Largely heterogeneous Chronic
2014) population (Oguro et al 2013) Intravenous
Extent of mobilization correlates with Difficult to isolate and proliferate | Intra-arterial
functional recovery (Dunac et. al 2007) in clinically relevant amounts Autologous
(Soffer-Tsur et al 2016) Allogeneic
May encourage inflammation/
adverse effects (Hsiao et al 2014,
Bhatt et al 2015, Hilgendorf et al
2015, Kashara et al 2016)
Low number of /n vitro and in
vivo studies
Mesenchymal Stem Cells | Harvested from nearly any tissue (Mafi et a/ Further research must be Acute
(MSCs) 2011, Li et. a/ 2016) Multipotent (Wang et. a/ conducted to determine Subacute
2016) Can be conveniently induced toward tumorigenic risk (Karnoub et al Chronic
neural phenotypes (Tu et al 2014, Abdullah et 2007, McAndrews et al 2015) Intravenous
al 2016, Joe and Cho 2016, Narcisi et al 2016, Tissue source can influence Intra-arterial
Shuai et al 2016, Yan et al 2016) function (Hass et al 2011, Autologous
Flexible therapeutic potential through genetic Subramanian et al 2012) Allogeneic
modification (Kurozumi et al. 2005, Horita et
al. 2006, Onda et al 2009, Yasuhara et al 2009,
Li et al 2016)
Positive results in /n vitro ischemia models
(Bartholomew et al 2002, Zhong et al 2003,
Duffy et al 2011, Kong et al 2016,
Zimmermann, Hettiaratchi, and McDevitt
2016)
Neuroregenerative neuroprotective results in /n
vivo models (Eckert et al 2013, Guihong et al
2016, Wang et al 2016)
Significant suppressive effect on
neuroinflammation (Liu et al 2015, Castro-
Manrreza and Montesinos 2015)
Safety record in both animal and clinical trials
(Bang et al 2005, Savitz et al 2011, Eckert et al
2013, Banerjee et al 2014, Prasad et al 2014,
Guihong et al 2016)
Promote endogenous neurogenesis (Eckert et al
2013, Guihong et al 2016)
Robust neurotrophic and restorative secretome
(Eckert et a/ 2013, Chen et. a/2015,
Shichinohe et al 2015)
Multiple routes of administration (Castro-
Manrreza and Montesinos 2015, Liu et al 2015,
Eckert et al 2013, Guihong et al 2016)
Endothelial Progenitor Multipotent (Hur et al 2004, Fadini et al 2012, Cell identities have not been Acute
Cells (EPCs) Zhao et al 2013) Encourage angiogenesis in adequately characterized (Hur et Subacute
stroke models (Chen et al 2008, Li et al 2015) al 2004, Fadini et al 2012) Chronic
Potential to exert acute neuroprotection and Potential to stimulate Intravenous
provide chronic infrastructural repair (Zhao et atherosclerotic plaque formation Intra-arterial
al 2013) in certain patients (George et al Autologous
May help repair blood-brain barrier after 2005) Allogeneic

No direct mechanism reported by
which they abrogate
neuroinflammation (Liu et al
2010, Zhao et al 2013)

EPCs have potential to promote
neuroinflammation (Hur et al
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Cell Type

Advantages

Disadvantages

Prospective Clinical Use

2004, van der Strate et al 2007,
Moubarik et al 2011, Zhao et al
2013

Very Small Embryonic- Pluripotent, can differentiate into neurons, Difficult to harvest (Ratajczak et Acute
Like Stem Cells (VSELs) | oligodendrocytes, and microglia (Kucia et al al 2012, Shin et al 2013) Subacute
2007, Havens et al 2014, Kassmer and Krause Time-intensive proliferation Chronic
2014) efforts required (Ratajczak et al Intravenous
Can differentiate into a more robust 2012, Shin et al 2013) Intra-arterial
hematopoietic cell than natural HSCs Harvestable VSEL Autologous
(Ratajczak et al 2011) concentrations decrease with age Allogeneic
VSEL concentrations in the blood are elevated (Kucia et al 2006, Shin et al
following multiple categories of systemic 2013)
insult, suggesting an endogenous Potential to produce pro-
neuroprotective and/or neurogenic role (Kucia inflammatory cytokines (Guerin
et al 2008, Paczkowska et al. 2009, Bhartiya et et al 2015)
al 2013) Very few /n vitro or in vivo
studies examining therapeutic
potential
Neural Stem Cells Multipotent (Shi et al 2015, Hou et al 2016) May be intolerant of Subacute
(NSCs) Demonstrated anti-inflammatory effect in inflammatory and some hypoxic Chronic
animal models (Lee et al 2007, Huang et al conditions (Santilli et al 2010, Intracerebral
2014, Liu et al. 2014) Takata et al 2012) Allogeneic
Promote endogenous NSC proliferation (Zhang | Harvesting may necessitate
et al 2010) invasive surgery (Shinozuka et al
Angiogenic and neurogenic potential in 2013)
ischemic brain (Burns et al 2009, Shen et al May require induction from fetal
2010, Zhang et al 2010, Shinozuka et al 2013, line (Burns et al 2009, Shinozuka
Wang et al 2016) et al 2013)
Risk of tumorigenesis
(Shinozuka et al 2013)
Extraembryonic Stem Can be induced toward endothelial and Heterogeneous cell populations Subacute
Cells* neuronal phenotypes (Li et al 2012, Martini et (Cell source may influence cell Chronic
*As MSC-derivatives, al 2013; Jin et al 2015, Makhoul et al 2016, function (Kranz et al 2010) Intracerebral
extraembryonic stem Sabry et al 2016) Route of administration may Allogeneic
cells share many Promote neurogenesis, neuroprotection in significantly influence
advantages and models of ischemic stroke (Chen et al 2013, therapeutic potential (Lim et al
disadvantages with Zhang et al 2014, Liang et al 2016) 2011
MSCs. Inhibit immune cell migration to are of infarct
and exhibit anti-inflammatory effect (Pimentel-
Coelho et al 2012; Zhang et al 2014, Liang et
al 2016)
Robust neuroprotective secretome (Chen et al
2013)
Adipose-Derived Stem Abundant and can be harvested with minimally | Risk of tumorigenesis and/or Acute
Cells* invasive procedures (Puissant et al., 2005; paracrine promotion of tumor Subacute
*As MSC-derivatives, Tobita et al., 2011) proliferation (Rubio et al 2005, Chronic
adipose-derived stem Greater proliferative capacity than BM-MSCs Gimble et al 2007, Eterno et al Intravenous
cells share many (kegame et al 2011) Produce more VEGF and 2014) Intra-arterial
advantages and hepatocyte growth factor (HGF) than BM- Mechanism of action remains to Autologous
disadvantages with MSCs (Ikegame et al 2011) be determined (Gimble et al Allogeneic
MSCs. Multipotent, with neuronal and vascular cell 2007, Gutierrez-Fernandez et al
potential (Planat-Benard et al 2004, Ikegame et | 2013)
al 2011)
Neurogenic and neuroprotective effects in
animal models of ischemic stroke (Kim et al.,
2007; Ikegame et al 2011; Gutiérrez-Fernandez
et. al 2015; Otero-Ortega et. al 2015)
May promote angiogenesis (Moon et al 2006,
Ikegame et al 2011))
Immunmodulatory and anti-inflammatory
effects /in vitroand in vivo (Leu et al., 2010,
Jeon et al. 2013, Oh et. a/ 2015, Zhou et. al.
2015, Valencia et al 2016)
Breastmilk-Derived Stem | Potentially pluripotent (Hassiotou et al 2012) Too few studies both /n vitroand | Acute
Cells* Simple to harvest (Dailey et al 2013) in vivoto render significant Subacute
*As MSC-derivatives, Potentially therapeutic exosome (Kaingade et conclusions as to their clinical Chronic
breastmilk-derived stem al 2016) applicability or therapeutic Intravenous
cells could potentially efficacy Intra-arterial
share advantages and Autologous
disadvantages with Allogeneic
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Cell Type

Advantages

Disadvantages

Prospective Clinical Use

MSCs, but further study
is required to adequately
characterize this cell

type.

Menstrual Blood-Derived | Multipotent (Patel et al 2008, Borlongan et al Too few studies to render Acute

Stem Cells* 2010) significant conclusions Subacute

*As MSC-derivatives, High clonogenic and proliferative potential No neuroinflammatory Chronic

menstrual blood-derived (Meng et al 2007, Xu et al 2015) modulation has been directly Intravenous

stem cells could Potential immunomodulatory and/or characterized /in vivo Intra-arterial
potentially share immunosuppressive profile (Borlongan et al Autologous
advantages and 2010, Lv et al 2014, Xu et al 2015) Allogeneic

disadvantages with Potential angiogenic effects (Zhang et al 2016)

MSCs, but further study Improve functional recovery after

is required to adequately transplantation in ischemic stroke (Borlongan

characterize this cell et al 2010)

type.

Dental Tissue-Derived Multipotent, differentiate into neuronal Limited published research on Acute

Stem Cells lineages /n vitro (Ellis et al 2014) Provide cell type/subtypes Subacute
neuroprotective effects /n vitro (Nosrat et al Practical concerns related to Chronic
2004; Song et al 2015) Immunmodulatory and accessing dental tissue source for | Intravenous
anti-inflammatory effects /n vitro (Demircan et | clinical setting as compared to Intra-arterial
al 2011) Stimulate endogenous NPC ease of access provided by more Autologous
mobilization, angiogenesis, and neurogenesis pervasive tissue sources Allogeneic
in animal models and promote functional
recovery (Leong et al 2012, Takanori et al
2013)

Potential to abrogate ischemia-induced
neuroinflammation /n vivo (Yamagata et al
2012)

Induced Pluripotent Stem | Pluripotent (Yuan et al 2013, Muffat et al 2016) | Significant risk of tumorigenesis Acute

Cells (iPSCs) Differentiate into mature neurons, as well as (Kawai et al 2010, Yamashita et Subacute
microglia and astrocytes /n vitro (Pasca et al al 2011, Liang et al 2013) Chronic
2015, Muffat et al 2016) Risk of immunogenicity/host Intravenous
Potential to differentiate into rejection (Zhao et al 2011) Intra-arterial
immunoregulatory cell types (Haque at el Autologous
2016)

Improve functional recovery and reduce infarct
volume in stroke models (Yuan et al 2013,
Chua et al 2014, Eckert et al 2015)

Encourage neurogenesis and angiogenesis in
ischemic brain (Chua et al 2014)
Anti-inflammatory properties /n vivo (Eckert et
al 2015)

NT2N (hNT) Multipotent, with ability to differentiate into Tumorigenic risk (Miyazono etal | Chronic
several neuronal phenotypes, including 1995) Intracerebral
dopaminergic neurons (Pleasure et al 1992, May be incompatible with Allogeneic
Matsuoka et al., 1997, Dunlop et al 1998, transplantation in certain brain
Hartley et al 1999a, b, Lee et al 2000, Zigova regions (Miyazono et al 1995)
et al., 2000, Hara et al 2008) No evidence of substantial
Transplantation improves locomotor and neuroinflammatory effects
cognitive function following ischemic stroke May be susceptible to
(Borlongan et al 1998a, Borlongan et al 1998b, | inflammatory environments
Phillips et al 1999) (Hara et al 2008)

Nurr.1 transfection may improve efficacy of Inconclusive clinical results
therapeutic benefits (Hara et al 2007, Yang etal | (Nelson et al 2002)
2009)

CTXO0EO03 Produce significant levels of angiogenic trophic | Few studies /n vitro or in vivoto Chronic
factors /n vitro (Hicks et al 2013) render significant conclusions Intracerebral
Potential to promote angiogenesis, endogenous | No evidence as to anti- Allogeneic
neurogenesis, and functional recovery in inflammatory or
models of ischemic stroke (Stroemer et al immunomodulatory effects
2009, Hassani et al 2012) Efficacy may be mediated by
Resistant to toxic molecules associated with region of transplantation in brain
neurodegeneration (Puangmalai et al 2015) (Smith et al 2012)

Safety and positive results recorded in clinical
trial (Kalladka et al 2016)

SB623 Neuroprotective effect /n vitro (Aizman et al Very few studies examining Chronic
2009, Tate et al 2010) effects /n vivo, with no studies Intracerebral

found that examined effects in Allogeneic
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Anti-inflammatory and immunosuppressive
effects /n vitro (Dao et al 2011)

Potential as a therapeutic tool to encourage
biobridge formation in models of ischemic
stroke, though no studies have been initiated
(Tajiri et al 2014)

Clinical trial showed some functional
improvements (Steinberg et al 2016)

Cell Type Advantages Disadvantages Prospective Clinical Use
Potential to encourage angiogenesis (Dao et al models of ischemic stroke
2013) Emergent adverse effect reported

in clinical trial (Steinberg et al
2016)
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