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Abstract

Introduction—Stroke is a major cause of mortality and disability in adults worldwide.
Unfortunately, current therapy which targets vessel recanalization has a narrow treatment window,
and at this time neuroprotective approaches are not effective for stroke treatment. However, after
stroke the parenchymal and endothelial cells in the central nervous system (CNS) respond in
concert to ischemic stressors and create a microenvironment in which successful recovery may
ensue. Neurogenesis, synaptogenesis, axonal sprouting, glial cell activation, angiogenesis and
vascular remodeling within the brain and the spinal cord are stimulated post stroke. Cell based-
therapy amplifies these endogenous restorative effects within the CNS to promote functional
outcome.

Areas covered—This article reviews current knowledge of cell-based therapy in the adult brain
after stroke, including transplanted cell type, benefits and risks, with an emphasis on mechanisms
of action.

Expert opinion—Experimental studies and clinical trials with cell-based therapy in stroke
appear promising. Cell-based therapy is not intended for the replacement of damaged cells, but for
the remodeling of the CNS by promoting neuroplasticity, angiogenesis and immunomodulation.
However, there are risks associated with the use of cell-based therapy, and adequate evaluation of
these potential risks is a prerequisite before clinical application for stroke patients.

Keywords
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1. Introduction

Stroke is one of the leading causes of death and disability worldwide. With an annual
incidence of 250 — 400 in 100,000 inhabitants, many stroke survivors are left with
permanent neurological disability. This leads to a huge social and economic burden. The
majority of strokes are ischemic, caused by the interruption of blood flow in a brain-
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supplying artery from a thrombus or embolus. Stroke produces an ischemic core with
irreversible damage, and is surrounded by a penumbra of surviving cells that highly
influence the functional recovery. Pathophysiological responses in brain after stroke are
complex and involve multiple mechanisms, including disturbance of neuronal circuitry,
slowed cellular energy metabolism, and disruption of the blood—brain barrier (BBB) [1]. In
addition, reperfusion post ischemia may worsen tissue damage by increasing inflammation
and free radicals [2]. All these pathophysiological changes lead to neuronal and glial cell
injury and death, axonal loss and demyelination with subsequent functional deficits and
disabilities.

The currently available therapies of acute stroke target rapid vessel recanalization and
neuroprotection, since without restoration of cerebral blood flow, tissue residing in the
penumbral region progresses to cellular death which ultimately expands the core lesion.
Recombinant tissue plasminogen activator (tPA) is the only drug approved by the Food and
Drug Administration (FDA) for clinical stroke treatment. tPA is an enzyme that works by
catalyzing the conversion of plasminogen to plasmin which can then lyse the embolus or
thrombus causing the cerebral ischemia; therefore, tPA may restore cerebral blood flow in
the penumbra and protect damaged ischemic cells from death. However, current utilization
of tPA is very low, and fewer than 10% of stroke patients receive tPA in clinical practice,
likely because of its narrow therapeutic time window (within 4.5 h of symptom onset) [3-5].
Moreover, a potential adverse effect of tPA treatment is hemorrhage [3]. Although there are
potential targets for neuroprotective therapies that have shown promise under a narrow
range of applications in animal stroke models, none has demonstrated clinical efficacy [6].
For example, preclinical findings suggest that erythropoietin (EPO) provides
neuroprotection after ischemic stroke [7], N-methyl d-aspartate (NMDA) antagonists [8] and
gamma-aminobutyric acid (GABA) potentiators [9] are used to block excitotoxic cell death;
thrombin inhibitors reduce secondary thrombosis [10], and intercellular adhesion molecule 1
(ICAM-1) inhibitors reduce inflammatory reperfusion injury [11].

A more effective approach for the treatment of stroke would be enhance the endogenous
restorative mechanisms of recovery, that is to treat, not the lesion, but to treat the intact
CNS. Patients with stroke tend to improve. Yet we have failed to investigate the biological
substrate underlying this improvement, and to capitalize on endogenous restorative
processes post stroke. Exogenous cell-based treatments promote cerebral plasticity and
neurological recovery after stroke. And cell-based therapies have emerged as promising
options for treating stroke [12].

This review provides an account of cell-based therapy for stroke, and includes
characterization of exogenously administered cells, and the evidence for therapeutic benefit
and potential risks of the cell-based therapy derived from preclinical studies and clinical
trials. In addition, we describe mechanisms underlying the therapeutic benefits of cell-based
therapy on outcome improvement after stroke.
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2. An array of cell-based therapy for stroke

Cell-based therapy has been investigated as an alternative strategy to improve neurological
outcome after ischemic stroke for more than a decade. Reports from preclinical rodent
models of ischemic stroke and clinical trials using stem cells or adult and fetal progenitor
cells have shown therapeutic promise. Stem cells are undifferentiated cells that have the
capacity to proliferate (self-renew) and to differentiate into mature specialized cells. There
are other candidates for cell-based therapy which do meet the precise definition of a stem
cell as a self-renewing cell that can give rise to all cells in an organ, such as neural precursor
cells (NPCs) that are obtained from the subventricular zone (SVZ) [13], endothelial
progenitor cells (EPCs) that are isolated from the bone marrow [14] and human multipotent
adult progenitor cells (hnMAPCs) [15], among others.

Briefly, stem cell types include pluripotent stem cells that can give rise to all of the cell
types that make up the body, and multipotent stem cells that can develop into more than one
cell type, but are more limited than pluripotent cells. Pluripotent stem cells include
embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs) [16]. ESCs are
derived from the inner cell mass of the blastocyst, which are totipotent cells to differentiate
into derivatives of all three germ layers (endoderm, mesoderm and ectoderm) [17]. They
have the ability to undergo unlimited proliferation in vitro [17]. iPSCs are artificially
derived from adult differentiated somatic cells, such as fibroblasts, liver, pancreas p cells
and mature B cells, by “forced” expression of specific genes (i.e., Oct4, Sox2, c-Myc, Klf4,
Nanog and Lin28) using somatic cell nuclear transfer (SCNT) method [18,19]. iPSCs have
very similar growth characteristics, gene expression profiles, epigenetic modifications and
developmental potential as ESCs [16]; therefore, this reprogramming breakthrough may
make iPSCs clinically practical, and is a promising source of patient specific cells for use in
regenerative medicine. Multipotent stem cells include fetal stem cells (FSCs), neural stem
cells (NSCs) and mesenchymal stem cells (MSCs). FSCs are derived from birth tissues, that
is amnioatic fluid, placenta and umbilical cord blood [20]. The relatively easy accessibility
and high proliferation rate make FSCs excellent cell sources for regenerative medicine.
NSCs have been isolated from various areas of the adult brain and spinal cord; they generate
mainly phenotypes of the nervous system (e.g., neurons, astrocytes and oligodendrocytes)
[21]. MSC:s are derived from various sources, such as bone marrow, placenta, cord blood,
even adipose tissue [22,23]. Currently, the most extensive pre- and clinical experience has
been obtained with MSCs.

Various cell types are candidates for cell therapy in ischemic stroke. The ideal cell for
transplantation should meet all the criteria of safety, be relatively easy to obtain adequate
numbers of cells for the treatment, as well as offer the highest therapeutic potential.
Although ESCs offer an unlimited source of neural cells for repair after stroke [24], adult
derived stem cells have become the cells of choice to study [25], primarily to avoid the
ethical dilemmas of using ESCs and FSCs. Progress has been made in isolating human adult
NSCs and demonstrating the feasibility of autologous transplantation [21]. These cells have
shown positive therapeutic effects in several neurological disorders without causing serious
side effects [25]. iPSCs reprogrammed from adult human somatic cells produce patient-
specific cells for autologous transplantation. Oki found that transplantation of human iPSC-
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derived cells is a safe and efficient approach for the treatment of experimental stroke [26].
After transplantation of neuroepitheliallike stem cells that were generated from adult human
fibroblasts, improved functional outcome was observed associated with increased vascular
endothelial growth factor (VEGF) levels and enhanced endogenous plasticity. Moreover,
these transplanted cells stopped proliferating and differentiated to mature neurons without
forming tumors. MSCs provide a promising tool for cell therapy after ischemic stroke. The
interest in MSC applicability for clinical treatment is based on their easy isolation and their
great expansion capability, multipotential differentiation capacity [27] and extensive
preclinical data indicating therapeutic efficacy. In addition, MSCs induce very weak or no
immune reactions [28], and they are widely accepted by allogeneic transplantation or
xenotransplantation in animal models. In 2001, the first studies of vascular transplantation of
multipotent stem cells isolated from bone marrow [29] and umbilical cord blood cells
(UCBCs) [30] were performed. These transplanted cells enter the brain, target the ischemic
border, stimulate endogenous restorative effects and improve neurological functional
recovery [29,30].

3. Mechanism underlying the benefits of stem cell therapy for stroke

The mechanisms underlying the therapeutic benefits of transplanted cells on ischemic brain
are being actively investigated. In response to ischemia, a series of factors are produced by

brain parenchymal cells and endothelial cells and a microenvironment is initially stimulated
by stroke to promote recovery [12].

Systemic cell infusion, that is intravenous injection, although noninvasive, leads to high
uptake of cells in the liver, spleen, lungs and kidneys [31], with relatively few cells entering
the ischemic brain. These transplanted cells migrate and communicate with endogenous
cells via the stromal cell-derived factor-1 (SDF-1) and CXC chemokine receptor-4
(CXCR-4) axis [32], gap—junction coupling [33], among other factors.

Since few transplanted cells are found in the brain, and they have a very low capacity for
neural transdifferentiation [34], exogenously administered cells do not directly replace the
damaged tissue. The therapeutic benefit likely results from targeting and stimulating
endogenous parenchymal cells, leading to enhancement of neural plasticity, including
neurogenesis, angiogenesis, synaptogenesis, axonal sprouting and oligodendrogenesis
[12,35-37], and modulation of inflammation [15] in the ischemic brain. Interactions among
these restorative events contribute to the improvement in functional outcome (Figure 1),
even though only a single infusion of stem cells was administered during the subacute or
chronic phase of stroke [38].

3.1 Neurogenesis, synaptogenesis and axonal remodeling

In the adult brain, endogenous NPCs are present in the subgranular zone (SGZ) of the
dentate gyrus and in the rostral SVZ of the lateral ventricles. These are perpetual sites of
neurogenesis, although NPCs proliferate and differentiate at a lower rate under normal
conditions than after injury [39]. NPCs from the SVZ are destined for the olfactory bulb,
whereas those of the SGZ migrate into the neighboring granule layer of the dentate gyrus
[40]. Under pathophysiological conditions of ischemia, neurogenesis is stimulated [41].
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Stroke leads to a marked increase of NPC proliferation in the SVZ [39,42], and these
neuroblasts may migrate toward to the lesion area, and some of them differentiate into new
neurons to replace lost or damaged neurons [39]. Transgenic ablation of doublecortin-
expressing NPCs shows that neurogenesis directly contributes to functional recovery after
stroke [43]. The survival rate of these newly generated NPCs is poor and the differentiation
rate is low [39,44,45]. However, various approaches have been investigated to promote
survival of endogenous NPCs after stroke. Doeppner et al. fused heat shock protein 70
(Hsp70) to a cell-penetrating peptide derived from the human immunodeficiency virus TAT
protein, to enhance postischemic survival of endogenous NPCs and to improve neurological
function [46].

Neurogenesis and angiogenesis are coupled processes [15,38,47,48]. Cerebral endothelial
cells activated by ischemia enhance NPC proliferation and differentiation, while NPCs
isolated from the ischemic SVZ promote capillary tube formation of endothelial cells, and
these coupled processes are mediated by VEGF receptor 2 (VEGFR2) [49]. These newly
generated cells may also act as catalysts to promote brain plasticity and recovery [49].

Neural plasticity includes the changes of the number of neurons, dendritic and axonal
arborization, spine density, synapse number and size, and receptor density [41]. In addition
to neurogenesis, the brain has a capacity to alter the structure and function of neurons and to
respond to microenvironmental changes [41]. This capacity is the neurobiological basis
which determines the complexity and activity of neuronal networks and also contributes to
recovery of function after CNS injury. After stroke, the CNS rearranges its neural networks
to rapidly reorganize structure and function, including synaptogenesis [50] and axonal
sprouting in brain and even in the spinal cord [51,52]. After stroke, motor cortex activity
significantly increases in both contralateral and ipsilateral motor cortex [53]. Axonal
outgrowth and dendritic plasticity may be mediated by the phosphoinositide 3-kinase/Akt/
glycogen synthase kinase-3p signaling pathway [54], and the spatial orientation and
distribution of fibers may be controlled by Leucine-rich repeat and 1gG domain containing
protein 1 (Lingol) and Nogo receptor 1 [51]. Remodeling of the corticospinal tract (CST)
axons in the spinal cord after stroke and treatment with MSCs, also promote motor function
recovery [36,52]. By anterograde tracing with biotinylated dextran amine (BDA) into cortex,
and retrograde tracing with pseudorabies virus (PRV) carrying enhanced green fluorescent
protein (PRV-152-EGFP) and monomeric red fluorescent protein (PRV-614-mRFP)
injection into left or right forelimb extensor muscles, respectively, Liu et al. found EGFP-
positive pyramidal neurons were increased in the intact cortex and contralesional axons
sprouted into the denervated spinal cord [36]. Using a transgenic mouse with yellow
fluorescent protein CST labeling in conjunction with trans-synaptic PRV retrograde tracing,
they found remodeling of the CST contributes to spontaneous functional recovery after
stroke [52]. Bone marrow-derived MSCs markedly increased CST fibers sprouting into the
denervated spinal cord, and the enhanced interhemispheric, intracortical and denervated
spinal cord connections were highly correlated with behavioral outcome after stroke [36,53].
Furthermore, in vivo and in vitro data suggest that MSCs increase activation of tPA, and
downregulate plasminogen activator inhibitor-1 (PAI-1) in astrocytes, and thereby promote
neurite outgrowth and subsequent functional recovery after stroke [55].
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3.2 Astrogenesis and oligodendrogenesis

Astrocytes are a target in stroke intervention [41,56], since they closely interact with other
brain parenchymal cells and endothelial cells, to maintain normal CNS function such as
control and recovery of cerebral blood flow [57], and promote brain remodeling after stroke.
By secretion of VEGF, astrocytes stimulate the formation of new blood vessels in the
ischemic brain, and thus are strong contributors to neurorestorative processes. By facilitating
extracellular glutamate and potassium removal during synaptic activity, astrocytes interact
with neurons to regulate synaptic plasticity [58].

Massive activation of astrocytes and prominent reactive gliosis in the ischemic penumbra
have complex effects on the BBB, the inflammatory response, and metabolic, excitotoxic
and oxidative crises [59]. Attenuation of reactive gliosis by genetic ablation of glial
fibrillary acidic protein (GFAP) and vimentin expressed by active astrocytes leads to
increased ischemic infarction [56]. After stroke, astrocytes directly control the number and
function of neuronal synapses and axonal sprouting via thrombospondins [60,61]. GFAP-
null mice display enhanced long-term potentiation of population spike amplitude and
excitatory postsynaptic potential slope, directly demonstrating that astrocytes modulate
synaptic efficacy in the CNS [62]. Mice deficient in thromobospondin 1 and 2 exhibit
synaptic density and axonal sprouting deficit associated with impaired motor function
recovery after stroke [61]. Li et al. found that allogeneic transplantation of bone marrow-
derived MSCs improved neurological recovery and enhanced reactive astrocyte-related
axonal remodeling [28]. Processes of astrocytes also remodeled from hypertrophic star-like
to tadpole-like shape and oriented parallel to the ischemic regions. Axonal projections
emanating from individual neurons exhibited an overall orientation parallel to elongated
radial processes of reactive astrocytes [28]. Chondroitin sulfate proteoglycans are secreted
by both astrocytes and oligodendrocytes to create a growth-repulsive microenvironment for
axons and dendrites. Bone marrow-derived MSCs were shown to increase levels of glial cell
line-derived neurotrophic factor (GDNF) and tPA, and reduce levels of PAI-1 from
astrocytes and oligodendrocytes, and thus decrease proteoglycan levels to promote axonal
plasticity under ischemic conditions [63]. Ding et al. recently demonstrated that MSC
treatment of stroke stimulates sonic hedgehog (Shh) expression in the parenchymal cells and
thereby increases tPA expression which promotes axonal remodeling and neurite outgrowth
[64].

How do MSCs communicate with and alter the parenchymal cells to promote plasticity and
restore neurological function post stroke? Recently, a new direct vehicle for cell—cell
communication and alteration between MSCs and brain parenchymal cells has been
investigated.

Exosomes are membrane microvesicles sized 40 — 100 nm in diameter and are secreted by a
wide range of cell types [65]; they contain microRNA (miRNA) and messenger RNA
(mRNA), which can be transferred between cells and affect the protein production of
recipient cells, and thus play an important role in cell-to-cell communication [65]. MiRNAs
are 18 — 25 nucleotide, nonprotein coding transcripts that post-transcriptionally control gene
expression [66]. For example, microRNA 133b (miR-133b) is related to regeneration of
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axons and neurons. Xin et al. provided the first demonstration that MSCs can communicate
and transfer micro-RNA133b (miR-133b) to astrocytes and neurons via exosomes.
MiR-133b downregulates expression of connective tissue growth factor (CTGF), a major
inhibitor of axonal growth at injury sites, and thereby thins the glial scar, possibly reducing
inhibitory proteoglycans and thereby benefits neurite outgrowth; in addition, miR-133b also
downregulates RhoA protein expression which can enhance regrowth of the CST after injury
[65]. Thus, exosomes expressed from the MSCs alter miRNA expression in parenchymal
cells, which modulate an array of protein expression within parenchymal cells, which act in
concert to contribute to neurite outgrowth [65].

Mature oligodendrocytes generate the myelin sheaths that enwrap axons, and thereby ensure
functional and efficient neuronal signaling conduction [67]. Oligodendrocytes are vulnerable
to ischemic stroke and their damage leads to demyelination, which contributes to neurologic
functional deficits [37,67]. Whereas neurogenesis has been studied and garnered attention as
a potential therapeutic target, the plasticity responses of oligodendrocytes post stroke have
been demonstrated only recently [37]. Oligodendrocyte generation and function are critical
for enhancement of white matter recovery and restoration of brain function. Recruited
oligodendrocytes can remyelinate axons, raising the possibility of therapeutic intervention.
Mature oligodendrocytes in the adult CNS are postmitotic and are unable to proliferate in
response to injury [67]. Myelin repair depends on the oligodendrocyte progenitors cells
(OPCs), which are abundant and widely distributed in the adult CNS. They are generated
from Type B cells in the SVZ, are pervasive in the white and gray matter and are present in
the lesion areas as well [67-69]. OPCs are comprised of functionally distinct groups that
differ in their ability to respond to neuronal activity and to undergo differentiation, and
OPCs experience injury following ischemia [68]. Using cell-type and region-specific genetic
labeling methods, studies found that the number of OPCs originating in the S\VZ
significantly increased after injury. These OPCs may migrate into injury areas, such as the
striatum and corpus callosum to differentiate into the pre- and mature myelinating
oligodendrocytes, and participate in myelin repair in the lesions of adult brain [37].
However, OPC differentiation efficiency is severely compromised after injury, indicating
the need for an intervention to promote their differentiation [69]. A series signaling
pathways are involved in oligodendrogenesis after stroke, such as the Shh [37] and bone
morphogenetic proteins (BMPs) [70]. Zhang et al. has demonstrated the endogenous OPCs
become the potential therapeutic targets for the white matter remodeling post stroke [45].
They found that OPC proliferation was increased in the ipsilateral SVZ, striatum and corpus
callosum at 7 days after stroke, and then gradually decreased in the SVZ, but remarkably
increased in the ischemic striatum during 14 — 60 days after stroke. These OPCs gave rise to
mature oligodendrocytes in the ischemic striatum and corpus callosum at 30 and 60 days
after stroke. Transplantation of MSCs derived from bone marrow or adipose tissue have
been shown to promote functional recovery and oligodendrogenesis in rat post stroke
[22,37], including promotion of OPC proliferation and increase of the myelin area. MSC
treatment stimulates oligodendrogenesis by activation of the Shh pathway post stroke [37].

Expert Opin Biol Ther. Author manuscript; available in PMC 2014 April 30.
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3.3 Angiogenesis, vascular remodeling and BBB repair

A sufficient blood supply through extensive vascularization is fundamental to healthy brain
function. The BBB is an important regulator of brain homeostasis. BBB breakdown after
stroke is associated with the primary insult and the secondary cell death as well [1].
Therefore, recovery from stroke involves mechanisms of vascular remodeling and BBB
repair.

Angiogenesis, the formation of new vessels, plays an important role in the remodeling of
ischemic brain tissue through enhanced perfusion [12], and it involves a series of factors,
such as VEGF and its receptor, angiopoietin 1 (Angl), SDF-1, brain-derived neurotrophic
factor (BDNF) and GDNF [1,71]. The penumbra appears to provide a neurovascular niche
into which both new neurons and vasculature are encouraged to grow [71]. Mitotic, genetic,
and viral labeling and chemokine/growth factor gain-of-function and loss-of-function studies
show that stroke induced newly born neurons to migrate from the SVZ into this unique
neurovascular niche in penumbra, and closely associate with the remodeling vasculature
within this neurovascular niche via vascular production of SDF-1 and Angl [42,71].

Cross-talk between oligodendrocytes and cerebral endothelium contributes to vascular
remodeling as well. In the oligovascular niche, oligodendrocytes accelerate the angiogenic
response and promote angiogenesis after white matter injury by secreting matrix
metalloproteinase-9 (MMP-9) [72]. Trophic interactions between vessels and
oligodendrocytes and OPCs play critical roles in white matter homeostasis which disturbed
under diseased conditions [73].

A range of stem cells, such as human umbilical tissue-derived stem cells, human multipotent
adult progenitor cells and human bone marrow-derived MSCs promote secretion of VEGF,
expression of VEGF receptor (i.e., VEGFR2) and angiopoietins, and boost angiogenesis in
the ischemic brain after stroke [15,38,47]. In addition, these angiogenic vessel themselves
may produce factors that stimulate CNS remodeling after ischemia [48]. The newly formed
vessels, in addition to tissue perfusion, provide their benefit from the expression of factors,
such as BDNF, VEGF, VEGFR2 and matrix MMPs to remodel damaged tissues in the brain
after ischemia, to form new synapses and to attract endogenous neuroblasts originating in
the SVZ [48].

Transplanted EPCs restore the integrity and function of BBB via their angiogenic and
vasculogenic properties [14]. MSCs also enhance angiogenesis and vascular integrity by
increasing expression of Angl and its receptor Tie2, VEGF and receptor VEGFR2 [74].

3.4 Immunomodulation

The CNS is subject to immunological surveillance more than a strictly immune-privileged
tissue [75]. However, the immune system activated at the acute ischemic phase plays an
important role in the pathogenesis of stroke [76]. Microglia and endothelial cells are
activated by hypoxia and reactive oxygen species (ROS), and a series of adhesion molecules
are induced on endothelial cells, leukocytes and platelets, such as intercellular adhesion
molecule-1 (ICAM-1), vascular adhesion molecules (VCAMS), selectins and integrins, the
permeability of the BBB is altered [77]. As the ischemic cascade progresses, cell death leads
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to production of a number of proinflammatory molecules, mediators and cytokines, such as
nitric oxide (NO), interferon-y (IFN-y), interleukin-6 (IL-6), IL-17, and tumor necrosis
factor (TNF), NADPH oxidase-derived superoxide released by T lymphocytes,
macrophages, microglia and neutrophils, and further worsen the inflammatory response, the
state of oxidative stress, leading to neural cell apoptosis and neurotoxic effects [76,78].

Immune cells and inflammation play “dual” roles in tissue protection, repair and
reorganization. Immunosuppression may ameliorate the tissue damage in the acute phase
and promotes migration and survival of endogenous stem cells [79]; however, local
inflammation can attract stem cells to the infarct and produce growth factors [80]. This
highlights the difficulties with approaches based on full-blown suppression of inflammation.
Furthermore, the infectious complications of therapies suppressing the immune system and
inflammation also need to be taken into account.

Transplanted cells have immunomodulatory effects post stroke via secretion of cytokines,
which directly inhibit T-cell activation, reduce leukocyte infiltration into the brain and local
inflammation, and modulate the immune response, and thereby promote neural recovery
[81]. The secreted cytokines include transforming growth factor beta (TGFp), hepatocyte
growth factor (HGF), HLA-G, prostaglandin (PGE,), IL-10, indoleamine 2,3-dioxygenase
(IDO), and IFN-y [82]. Stimulation of specific toll-like receptors (TLRSs) expressed on
MSC:s affects their immune modulating responses. Activation of TLRs is triggered by
ischemic pathologies, promote proliferation and migration of MSCs as well as secretion of
cytokines from MSCs which evoke an immunomodulation effect [83]. Secretion of immune
modulating factors from MSCs depends on specific TLR-agonist engagement [82]. MSCs
can be polarized by downstream TLR signaling into two homogenously acting phenotypes,
TLR4-primed hMSCs mostly elaborate proinflammatory mediators, and TLR3-primed
hMSCs express mostly immunosuppressive factors. In vitro allogeneic cocultures of TLR3-
primed MSCs with peripheral blood mononuclear cells (PBMCs) lead to suppressed T-
lymphocyte activation, while permissive T-lymphocyte activation in coculture with TLR4-
primed hMSCs. This polarization concept elucidates the effect of TLR stimulation and its
downstream consequences on the immune modulating properties of stem cells [82]. This
immunomodulatory function of MSCs has also been found in clinical trials, such as graft
versus host disease, Crohn’s disease and organ transplantation. A more complete
understanding of the immunology of stroke is needed to develop the targeted approaches to
selectively suppress the deleterious effects of inflammation.

Studies also highlighted the immunomodulatory properties of NPCs [84,85], although the
mechanism underlying immunomodulation remains poorly understood. Immunomodulation
by NPCs may relate to their capacity to inhibit the proliferation of lymph node-derived T
cells, increase the proportion of regulatory T cells and express immune molecules such as
TGF-B, inducible nitric oxide synthase (iNOS) and prostaglandin E2 [75,84].

Splenic immune cells are released from spleen by blood-borne catecholamines through the
activation of adrenergic receptors and involve in stroke-induced neurodegeneration [86].
Some types of cell therapies, such as human umbilical cord blood cells reduce peripheral
immune cells emanating from the spleen [86] and convert peripheral organs into bioreactors
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that are anti-inflammatory and proregenerative after a stroke, to reduce infarct volume.
Treatment of stroke with human umbilical cord blood cells under conditions of splenectomy
abrogated the restorative therapeutic effect of the cell treatment, strongly suggesting that the
spleen and the immune system play a vital role in mediating the therapeutic effect of this
form of cell-based therapy for stroke [86].

4. Clinical translation and risk

4.1 Window,

Cell-based treatment of stroke has shown great promise in preclinical ischemic stroke
studies, including improvement of function by promotion of neurogenesis, axonal plasticity,
remyelination and angiogenesis, and modulation of inflammation. However, to translate
these exciting therapies from the laboratory into clinical use faces many challenges [87].
The careful evaluation of therapeutic opportunities and potential risks is a prerequisite for
clinical use of stem cell therapy. Included among the required investigations as a
precondition for clinical translation of cell-based therapies are analyses of the type of stem
cells, their proliferation capacity, the route of administration, irreversibility of treatment,
long-term survival of engrafted cells, tumor formation and unwanted immune responses.

Clinical trials for cell-based therapy in stroke may proceed with a myriad of cell therapy
products developed from brain, blood, bone marrow and adipose tissue in early clinical
development. The short-term (up to 1 year) and the long-term (up to 5 years) clinical follow-
up studies show that infusion of autologous MSCs was feasible and safe, and improved
functional recovery and survival in ischemic stroke patients [88,89]. No significant side
effects were observed. Large efficacy trials and longtime follow-up studies are needed to
advance cell therapy to clinical treatment. In addition to identifying the most appropriate cell
type, other issues including optimal therapeutic window, delivery route, cell dose and patient
selection need to be resolved.

times and route of transplantation

Therapeutic effects may differ depending on different treatment window, since the
pathophysiological conditions of ischemic brain change dramatically according to disease
course. The optimal time to transplantation after a stroke will depend on the therapeutic cell
type and treatment strategy. If the treatment strategy targets neuroprotection, acute delivery
of the cells will be critical; however, some conditions in the acute phase should be taken into
account, such as release of excitotoxic neurotransmitters, free radicals and proinflammatory
mediators which may decrease survival of transplanted cells and inhibit endogenous
neurorestoration. Brain repair and plasticity after the acute phase take place over several
weeks to months. If the intended action of cell-based therapy is restoration, then later
delivery would be pertinent, since repair events mostly occur in the first 2 to 3 weeks after
ischemia, and transplantation cells at this time may be most beneficial for this plasticity
[90]. However, if cell-based transplantation is delayed to several weeks after stroke, then
formation of scar tissue may adversely affect implanted cells [90]. The beneficial effects for
cell-based treatment were reported when treatments were initiated days, weeks or months
after stroke [32,91]. Moreover, by comparing therapeutic efficacy of human umbilical
tissue-derived cells following experimental stroke, multiple injections were not superior to a
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single injection. A single injection is more convenient, faster, requires lower number of cells
and is most likely associated with lower risks [92].

Delivery routes, for example intracerebral, intravenous and intra-arterial injection, affect the
outcome of cell-based therapy [13]. Systemic delivery is the obvious goal for administration
of cell, such as MSCs and NPCs. However, relevant lung adhesion molecules on the cell
surface of MSCs may be a therapeutic obstacle, although, there have been reports that
therapeutic benefit may actually derive from factors generated in the lung from the
adherence of exogenously administered MSCs [93].

4.2 Cell type of transplantation

Ethical issues and potentially tumorigenic concerns arise from the work involving FSCs and
ESCs [94,95], with the first report of a donor derived human brain tumor from fetal NSC
therapy [96]. Therefore, the bulk of studies are toward the use of alternative cells.
Reprogramming human adult somatic cells (i.e., fibroblasts) to iPSCs has boosted the stem
cell field leading to increasing development and scientific knowledge [19]. Injected iPSCs
migrated to injured areas and exhibited neurodifferentiation, immunomodulation, reduction
of the lesion volumes and recovery of sensorimator function [97]. However, the potential
tumorigenic and technical limitations of iPSCs may ultimately stop or restrict their use as a
clinical treatment for stroke patients. Although SCNT and cell--cell fusions succeed to
generate iPSCs by a small set of factors [18,19], the generation of iPSCs appears difficult,
and the current efficiency makes it impractical for widespread human clinical [16].
Moreover, iPSCs have been associated with a higher rate of tumor formation [98]. Since
both stem cells and cancer cells have some similar features, such as long life span, self-
renewal ability, relative apoptosis resistance, and similar growth regulators and control
mechanisms [99], tumor formation is often seen as a key obstacle to the safe use of stem
cell-based medicinal products. Generation of iPSCs employs the use of retro- and
lentiviruses, reprogramming factors and modification of cell genome [18,19], and all these
factors contribute to affect the tumorigenic potential of transplanted iPSCs.

NPCs are an important cell source for the treatment of stroke, given their reported
stimulation of neurogenesis, angiogenesis and immunomodulation [75,84,85,91].
Exogenously administered NPCs survive and integrate well into the local environment after
transplantation; however, the survival rate of grafted NPCs is poor, and this may hamper its
use as a cell-based therapy. Studies have been conducted to improve the survival rate of
transplanted NPCs [13]. A Phase | NPC human study, Pilot Investigation of Stem Cells in
Stroke (PISCES), to determine whether the transplantation of NPCs is feasible and safe is
underway in Scotland.

In contrast, MSCs appear to have several important advantages over other stem cell
lineages; in particular, they are nontumorigenic and have nonimmunogenic characteristics
[23]. MSCs have long-lasting positive effects on recovery of neurological function and
induce structural and molecular plasticity [41]. Intravenous transplantation of autologous
bone marrow-derived MSCs is safe and feasible [88,89]; moreover, these cells can be
rapidly expanded in autologous serum, reducing cell preparation time and the risk of
transmissible disorders. The clinical trials with MSCs in regenerative approach have not
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reported major health concerns, such as acute infusional toxicity, organ system
complications, infection, death or malignancy [23]. Since immune recognition of the
administered cells is particularly important when the cells are nonautologous, MSCs have
the advantage of immuneprivileged and low immunogenic potential. MSCs have been
shown to suppress lymphocyte proliferation to allogenic or xenogenic antigens leading to
acceptation of allogenic or xenotransplants in animal models [28,83].

However, the limitations and potential risks of transplantation of MSCs need to be taken into
consideration with comorbidities. Chen found that bone marrow-derived MSC treatment
when administered intravenously one day post stroke did not improve functional outcome in
diabetic animal subjects with stroke, due to increased mortality, BBB leakage and brain
hemorrhage [100]. In addition, there may be a potential “bystander tumor formation” of
MSCs [101], although MSCs are described as nontumorigenic. MSCs may migrate toward
primary tumors, and then modulate tumor growth and metastasis by providing supportive
factors. In addition, MSCs may reduce immune rejection of the tumor cells thus allowing
continued tumor growth [101]. Therefore, there is a compelling need for additional studies
for the extended time of follow-up, and the safety of MSCs and other cells are required.

5. Conclusion

Cell-based therapy has demonstrated benefits as a neurorestorative treatment of stroke. This
therapy promotes neurological recovery after stroke by stimulating endogenous neural
plasticity and remodeling of brain tissue. In addition, a later treatment window provides the
cell-based treatment with a far wider patient base compared with thrombolytic therapy and
neuroprotective agents. Here, we provided an overview of aspects of cell-based therapy for
stroke, and we briefly addressed issues related to transplanted cell types, therapeutic
benefits, mechanisms of actions and risks.

6. Expert opinion

Neuroprotective strategies cannot prevent or reverse tissue damage in clinical ischemic
stroke treatment, and the limitations of thrombolytic therapy restricts wide application in the
clinic. The interest in exogenous cell-based therapy is increasing based on observations that
it robustly promotes cerebral plasticity and neurological recovery after stroke. Many
candidates for cell-based therapy have been investigated during the last decade. Because of
the large number of cell types, from adult to embryonic, from stem cells to somatic cells are
candidates for treatment, well-designed investigations addressing the benefits and risks of
each candidate are required to identify the optimal cell-based therapy for stroke.

Unlike the restricted population of cell replacement strategy required for specific diseases,
for example dopamine neuron loss in Parkinson’s disease, there is the complexity of the
pathophysiological changes and multiple cell types have been lost after stroke; therefore,
cell-based therapy for stroke should focus on stimulating and fostering neural plasticity of
the entire CNS, with a focus on the intact nonischemic tissue.

Transplanted stem cells enter damaged brain and work as “biofactory,” which continue to
stimulate and amplify the endogenous restorative effects of the ischemic brain, including
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neurogenesis, synaptogenesis and axonal remodeling, astrogenesis and oligodendrogenesis,
angiogenesis and vascular remodeling, BBB repair, as well as immunomodulation effects.
All these factors interact in a highly dynamic way, facilitating temporally and spatially
orchestrated responses of brain networks. In view of the complexity of the systems involved,
cell-based therapy for stroke treatments that stimulate and amplify these endogenous
restorative mechanisms may be superior to the one time pharmaceutical treatment.
Experimental studies with cell-based therapy show significant functional improvement and
evident restorative benefits. Pre- and clinical experience with cell-based therapy appears
promising, and raises hope for the ischemic stroke patient. Essentially, cell therapy can treat
all patients without limitation of rapid intervention, and concern of blood flow perfusion, in
sharp contrast with thrombolytic therapy and neuroprotective agent delivery.

However, the reports from the experimental studies and clinical trials regarding the
unwanted risks provoked by the use of cell-based therapy are also expanding. Before it
becomes part of clinical regenerative medicine, questions of the potential risks of cell-based
therapies have to be answered, and the mechanisms underlying the restorative effects of cell-
based therapy should be further clarified before moving forward to use of these cells in
clinical practice. The optimal efficacy of cell-based therapy is dependent on many factors,
including the type of transplanted cell, dose and purity of cells, window of treatment, times
of administration, route of cell delivery, characteristics of stroke patients, that is associated
illnesses, and the need for immunosuppression. All these factors must be considered and
carefully assessed. Adverse concerns of cell treatment include potential tumorigenic, lung
adhesion and side effects when associated with vascular risk factors and illnesses (i.e.,
diabetes). Clearly, long-term follow-up and in-depth studies are required to determine
whether the cell-enhanced recovery is sustained, and the safety and efficacy of the stem cell
therapy must be fully evaluated, in order to optimize and translate the remarkable cell-
transplantation therapy to aid recovery in clinical stroke patients.
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Figure 1. A schematic diagram of the mechanisms underlying the benefits of cell-based therapy for stroke
After transplantation, grafted cells migrate into the lesion boundary zone by attracting factors, for example increased

stromalderived factor-1 (SDF-1). Grafted cells promote neurogenesis, angiogenesis, astrogenesis and oligodendrogenesis, and
immunomodulation. All these interactive restorative events contribute to the improvement in functional outcome.
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