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Chapter 15
Stem Cell Therapy for Stroke

S. M. Robert and C. Matouk

15.1  �Introduction

Stroke is a leading cause of death and disability worldwide. In recent years, the 
mortality rate of ischemic stroke has sharply decreased as a result of significant 
treatment advances. However, the incidence of this disease has not declined at the 
same pace; therefore, there exists a growing stroke burden in terms of disability and 
economic costs, as more patients are living with the physical sequelae of stroke [23].

Ischemic stroke comprises over 80% of the total number of strokes and occurs 
when blood supply to the brain is interrupted. This phenomenon is typically caused 
by thrombosis within a blood vessel, which interrupts normal blood flow supplying 
a region of brain tissue. Underlying medical conditions such as hypertension, atrial 
fibrillation, and diabetes, among others, all increase the risk of ischemic stroke. 
Acute strokes, if brought to medical attention quickly, can be treated by administra-
tion of tissue plasminogen activator (tPA) to dissolve the blood clot in the vessel 
and/or by direct removal of the clot through mechanical thrombectomy. 
Unfortunately, many patients do not receive these interventions as they do not reach 
medical attention within the required time frame, there is ambiguity of timing of 
symptom onset, or the medical center to which they present is not capable of per-
forming the more advanced, invasive therapy of clot retrieval. As expected, these 
patients tend to have significant disability post-stroke. Of the patients that are fully 
revascularized (the blood clot is fully removed from the vessel and normal flow is 
restored), many still have significant disability as a result of the damage the brain 
endures prior to restoration of blood flow [38].

Common disabilities from stroke include hemiparesis or hemiplegia (weakness 
or paralysis of one side of the body) contralateral to the side of the stroke, problems 
with attention, learning, judgment, and/or memory. Damage to the dominant side 
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of the brain (most often the left side) can cause significant difficulties with speech 
and language. For patients with the largest territory strokes, a decreased level of 
consciousness and a coma-like state may require the placement of tracheostomies 
and permanent feeding tubes and permanent placement in long-term nursing 
facilities.

Although advances in acute stroke care and post-stroke neurorehabilitation have 
proven effective in improving some neurological function, no approved therapies 
currently exist to reliably reverse residual deficits in stroke patients. Significant 
research efforts are focused on developing new approaches to restore damaged brain 
tissue and improve function in this patient population. One of the most promising 
avenues of current research is in cell-based therapies, specifically administration of 
stem cells to the post-stroke brain. This therapeutic approach is attractive due to 
stem cells multipotent, neuroprotective, and immunomodulatory potential. 
Preclinical and clinical studies are promising, with evidence of functional improve-
ment in animal models and patients. Although a fast-growing area of investigation, 
many questions regarding the safety, efficacy, and appropriate clinical application in 
humans remain. This chapter reviews the most common stem cell-based therapies 
being investigated for ischemic stroke, describes the recent preclinical and clinical 
studies being performed, and discusses the current and future applications of this 
therapy for treatment of stroke patients.

15.2  �Stem Cell-Based Therapies for Ischemic Stroke

Ischemic stroke causes extensive damage to multiple types of brain cells, as well as 
neuronal and vascular networks. Current treatments are effective in restoring blood 
flow through undamaged blood vessels; however, they are not effective at reversing 
the damage incurred during the period of ischemia before revascularization. Without 
further medical intervention, many stroke patients are able to gain some degree of 
functional recovery over time, suggesting that innate compensatory plasticity or 
remodeling may occur in the post-ischemic brain. Stem cell-based approaches 
gained momentum with the objective of enhancing this assumed endogenous repair 
mechanism or, as initially hypothesized, to replace injured cells in the ischemic 
core. However, current studies are beginning to suggest that several different mech-
anisms play a role in the neuroregeneration seen with stem cell therapies, including 
acting in a neuroprotective manner and by inducing angiogenesis, neurogenesis, 
and axonal sprouting [26], among others.

Over the past decade, cell-based regenerative therapies have been developed 
using different types of stem/progenitor cells in the attempt to restore lost brain tis-
sue and function. Several types of stem cells have been investigated for use in this 
therapy, mainly mesenchymal (MSC), neural (NSC), embryonic (ESC), and induced 
pluripotent stem cells (iPSCs). Although data on these stem cell-based therapies in 
animal models and human patients are conflicting, many studies suggest an impor-
tant role for cellular-based therapy for stroke.
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15.2.1  �Mesenchymal Stem Cells

Mesenchymal stem cells (MSCs) are pluripotent progenitor cells that give rise to a 
variety of tissues, including muscle, bone, cartilage, and adipose. The most widely 
studied source of MSCs in stroke therapy is bone marrow-derived cells, as it was 
hypothesized early on that these MSCs could differentiate into brain cells. Studies 
have confirmed that bone marrow-derived mesenchymal stem cells (BMSCs) are 
capable of differentiating into neural cell lineages and have been shown to express 
neuronal and glial markers upon differentiation [26, 40, 53]. BMSCs promote syn-
aptogenesis, stimulate nerve regeneration, and improve motor function in animal 
models of ischemia [29, 40]. Furthermore, it is hypothesized that the more impor-
tant mechanisms underlying the functional recovery observed is due to the effect of 
transplanted cells on neuroprotection, stimulation of regeneration, expression of 
cytokines and/or growth factors, and angiogenesis, rather than direct integration of 
the transplanted cells into damaged host networks [40].

15.2.2  �Neural Stem Cells

Neural stem cells (NSCs) persist in the adult brain in the subgranular zone of the 
dentate gyrus of the hippocampus and subventricular zone of the third ventricle. 
They are multipotent cells that give rise to neurons and glial cells. In rodent models 
of hypoxia, NSCs are able to establish functional connections with innate neurons, 
develop into mature neurons and glial cells, and demonstrate some functional recov-
ery in the animals observed [30, 52]. Furthermore, neuroimaging studies in rats 
have shown reduction of infarct volume which corresponds to improvements in 
behavioral testing [49]. These effects have been shown to occur through several 
mechanisms, including neuronal replacement, modulation of synaptic plasticity, 
enhanced neuroprotection, changes in inflammatory mediated processes, and stimu-
lation of angiogenesis.

Although NSCs have shown promise for stroke therapy, their use has significant 
limitations in human therapies. Human stem cells are needed for implantation into 
stroke patients, and the main source of these cells is from fetal tissue. In addition to 
a limited availability of cells, this approach raises important and difficult ethical 
issues, which has impacted the ability to translate this research to human applica-
tion. Studies have shown successful in vitro propagation of human fetal NSCs for 
an extended period of time with successful implantation and differentiation into the 
ischemic cortex of rats [18], requiring fewer human cells; regardless, much debate 
still surrounds the use of fetal tissue for medical therapies.

Interestingly, some of the functional recovery observed in post-stroke patients 
may be, in part, due to stimulation of innate adult NSCs after ischemic stroke. A few 
studies in rodents, primates, and humans suggest generation of new neurons from 
persistent host NSCs [4, 32, 54, 55] and hypothesize that they may play an 
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important role in the post-ischemic brain. The functional significance of this neuro-
genesis remains unclear; however, these findings raise new possibilities for develop-
ment of stem cell stimulation therapies and even potential transplantation of adult 
NSCs in stroke patients.

15.2.3  �Embryonic Stem Cells

Embryonic stem cells are pluripotent cells derived from blastocysts 4–5 days after 
fertilization. These cells are valuable in that they are capable of unlimited and undif-
ferentiated proliferation [51]. They readily differentiate into neuronal and glial ele-
ments, including astrocytes and oligodendrocytes. In vivo studies have shown that 
implanted rodent ESCs survive, migrate into ischemic tissue and can restore synap-
tic connections with improvement in behavioral deficits [11, 50, 58].

Similar to NSCs, however, production and use of ESCs raise challenging issues. 
Isolation of human ESCs requires destruction of a blastocyst and therefore again 
raises ethical issues as discussed above; however, cells can be captured from unused 
fertilized embryos from in vitro fertilization procedures and maintained in culture 
for use, potentially lessening the controversy surrounding their origination. 
However, as a result of their robust ability to propagate and transform, this risk of 
tumor formation after implantation is high [42]. One method developed to decrease 
this risk is the pre-differentiation of ESCs into NPCs that are restricted to neural cell 
lines upon differentiation, which has some efficacy once implanted into rodent 
models [17].

15.2.4  �Induced Pluripotent Stem Cells

An important and recent advancement in this field has been the development of 
human-induced pluripotent stem cells (iPSCs). This technology allows pluripotent 
cells to be created by reprogramming a host patient’s own somatic cells, which are 
easily obtained from a blood sample or connective tissue biopsy. The use of a 
patient’s own tissue sample for this therapy alleviates much of the ethical concerns 
surrounding the previously discussed stem cell-based treatments. Using specific 
transcriptional factors, cells can be reprogrammed [48] and induced to form specific 
cell types, including induced pluripotent stem cell-derived neural stem cells (iNSCs) 
[28]. As a distinct advantage, these cells exhibit the properties of ESCs and NSC 
and are less likely to undergo immune system rejection [3].

Given their capacity for proliferation and differentiation, tumorigenicity is a sig-
nificant concern with iPSCs. To address this issue, researchers have developed 
induced pluripotent stem cell-derived neural stem cells (iNSCs), which retain their 
ability to differentiate into neural cells, with significantly decreased tumorigenicity 
compared to iPSCs. These iNSCs are showing promise in neuroprotection and 
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regeneration after stroke [12]. A recent paper using an ischemic pig stroke model 
demonstrated reduced white matter, cerebral perfusion, and metabolism changes on 
magnetic resonance imaging (MRI) in animals implanted with iNSC implantation 
after induced stroke. The implanted cells differentiated into neurons, astrocytes, and 
oligodendrocytes, demonstrated long-term integration, promoted decreased microg-
lial activation, and stimulated neurogenesis [7, 36]. Other studies using rodent mod-
els demonstrate similar findings [39, 41, 56].

15.3  �Stem Cell Therapy Mechanisms of Action

The mechanism by which transplanted stem cells exert therapeutic effects is an area 
of active research. Initially, the hypothesis was that the engrafted cells would replace 
the lost cells in the ischemic core of the infarcted brain tissue and restore function. 
However, as research in this area continues to shed light on the interactions of these 
stem cells and the damaged brain, it is becoming clear that the interactions are much 
more complicated than initially imagined.

Neuronal replacement remains one of the main focuses of stem cell-based thera-
pies, and many studies demonstrate synaptic connections between host and 
implanted cells, as well as functional integration of grafted neurons. The establish-
ment of axial projections and synaptic connections in unaffected animal models has 
been demonstrated in multiple studies. Steinbeck et al. recently demonstrated that 
after implantation of ESCs into the motor cortex of the normal adult rodent brain, 
axons of donor neurons extended via the external and internal capsule to the cervi-
cal spinal cord and through the corpus callosum into the contralateral cortex, where 
they made functional synaptic connections with host neurons [47]. A recent study in 
a rodent stroke model using iPSCs showed motor improvement after transplantation 
of cells into stroke-damaged cortex. The cells differentiated into mature neurons, 
sent axonal projections to unaffected brain tissue, and exhibited appropriate electro-
physiological and synaptic input signals from host neurons [39].

Interestingly, Oki et al. argue that the initial motor improvements observed in 
their animal model post-transplantation was likely due to increased vascular endo-
thelial growth factor (VEGF) levels and resulting improvement in endogenous plas-
ticity rather than neuronal replacement. Further studies corroborate VEGF as an 
important growth factor, stimulating neovascularization, enhanced integrity of the 
blood-brain barrier, axonal plasticity, and suppression of the inflammatory response, 
glial scar formation, and neuronal apoptosis [2, 5, 16, 27].

Preclinical studies of NSC implantation support the immunomodulatory effects 
of stem cells as a significant mechanism contributing to the beneficial effects seen 
with this therapy. In the ischemic brain, activation of microglia, the resident immune 
cells of the brain, causes a robust inflammatory response. Minutes after the onset of 
ischemia, many pro-inflammatory cytokines are produced. These cytokines also 
induce opening of the blood-brain barrier and infiltration of peripheral macro-
phages, further exacerbating the immune response and resulting injury [14]. NSCs 
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dampen this inflammatory response by the release of neurotrophic factors such as 
brain-derived neurotrophic factor (BDNF) and glial-derived neurotrophic factor 
[40]. Minimizing the immune response in the post-stroke brain has been shown to 
correlate with decreased infarct volume and improved functional recovery [14, 40].

Although most evidence for stem cell-mediated effects come from studies of 
direct implantation of cells into the post-infarcted brain, a few studies have found 
NSC culture-conditioned media alone may provide a neuroprotective effect and 
resulting behavioral improvements in animals [19, 57, 61]. Webb et al. demonstrated 
extracellular vesicles from NSC conditioned media were sufficient to alter the 
immune response, reduce lesion size, and improve motor outcomes in mice [57]. The 
advantage of NSC extracellular vesicle-based therapy is largely due to their limited 
tumorigenicity and enhanced biodistribution. However, further data are needed to 
determine if this type of acellular therapy will be effective in stroke patients.

15.4  �Stem Cell Therapy in Experimental Stroke Models

Preclinical research on cell therapy for stroke began in the 1980s, when Mampalam 
et al. demonstrated the ability to graft cells from a fetal rat cortex to be successfully 
implanted into the ischemic cortex of an adult rat [37]. The study not only showed 
survival of the fetal cells but also demonstrated integration of these cells into the 
damaged host brain. As animal studies advanced, further evidence suggested 
implanted cells survived and integrated into ischemic brain tissue and, in some 
cases, stimulated anatomical reconstruction and behavioral recovery in the post-
stroke brain.

Early on in this field, given their capacity to differentiate into a variety of neural 
cell types, the use of NCS and ESC quickly gained momentum. However, advance-
ment to clinical application slowed after the recognition that allogenic transplanta-
tion (i.e., implanting stem cells from the same species) is safer and likely more 
effective. Difficulties in obtaining human-derived (fetal and embryonic) cells, con-
founded by the ethical challenges surrounding their harvesting, significantly slowed 
translation of preclinical research to patient trials. The late 1990s ban placed on the 
use of federal funds for research on embryonic tissue further discouraged the trans-
lation of preclinical advancements to clinical studies using human-derived embry-
onic and neural stem cells.

Given these constraints, adult stem cells became the focus of most studies, and 
specifically bone marrow-derived MSCs emerged as the commonly used adult 
source of these cells. BMSCs promote synaptogenesis, stimulate nerve regeneration, 
and improve motor function in animal models of ischemia [29, 40]. The use of MSCs 
has been widely studied in stroke, and although these studies vary in the source 
(human, rodent), route of administration (intracerebral, intraarterial, intrathecal), 
and timing of introduction (in relationship to the stroke onset), most of the published 
data show some positive effect on infarct volume or behavioral testing, or at the 
molecular level with changes associated with positive neurological benefits [62].
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The most recent and significant advancement in the stem cell field has been the 
development of iPSC technology. Although in its infancy, there is significant focus 
on using iPSC as well as neuronal stem cells derived from iPSCs (iNSC) for stroke 
therapies. This technology appears to be a promising alternative that provides cells 
with the differentiation capability of NCS/ESC, with fewer ethical issues and mini-
mal difficulty with harvesting. Recent studies have found implantation of iPSCs/
iNSCs into infarcted tissue leads to reduction in infarct volume and improvement in 
functional recovery in animal models. Some studies attribute these effects to these 
cells’ ability to differentiate into adult stem cells after implantation [31, 56]. Human 
iPSCs implanted into ischemic cortex of rodents also show differentiation to neu-
rons of different subtypes and exhibit electrophysiological properties of mature 
neurons [39]. Studies in a pig ischemic stroke model using iPSCs and iNSC have 
demonstrated decreased immune response, enhanced neuroprotection, increased 
neurogenesis, and functional recovery in treated animals [6, 7, 36].

15.4.1  �Preclinical Models

Most preclinical studies on stroke pathology and treatment have relied on small 
animal models, specifically using rodents, given the ease of use and cost-effectiveness 
of these models. Although much of the field has advanced using these small ani-
mals, there has been difficulty translating novel therapeutics to the development of 
beneficial clinical treatments. Some propose this translational gap can be better 
addressed by a greater emphasis on the use of large animal models, specifically 
pigs, and sheep, and nonhuman primates. These animals have large gyrencephalic 
brains, which are more similar to the structure of human brains compared to the 
small lissencephalic brains of rodents. The lack of gyri and sulci in the brains of 
mice and rats, and therefore more simplified cortical structure and functional orga-
nization, as well as vascular anatomy, likely confounds the response of these ani-
mals to ischemic stroke and their response to the studied therapeutics. Larger animal 
models with more human-like brain structures are now being used more readily and 
often are becoming a key step of verification prior to introduction of novel therapies 
into humans [46]. Used in combination with initial studies in rodents, a greater use 
of large animal models will likely contribute to advancing therapeutic interventions 
and better predicting which therapies will likely have a clinical impact prior to test-
ing in humans.

15.5  �Clinical Studies on Stem Cell Implantation

Although hundreds of preclinical studies have been published over the past few 
decades showing positive results for stem cell-based therapies in animal models, 
many unique challenges exist in the translation of this therapy into human studies. 
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In addition to the high cost and extended timelines for such studies, the harvesting 
and/or production of stem cells remains difficult and limited. Furthermore, preclini-
cal studies have not successfully answered important questions including ideal 
route of administration and most effective source of stem cells to be used; therefore, 
these questions are being addressed by the clinical trials, in addition to safety and 
effectiveness. Importantly, although initial studies support the safety profile of this 
therapy, the potential adverse outcomes, specifically tumor formation and/or 
immune rejection, are significant and must be addressed [34].

Most clinical studies involve MSCs due to their well-studied and beneficial 
effects in in  vitro and in  vivo models. Initial trials using bone marrow MSCs 
(BMSCs) have also proven safe for human use. The first pilot study to introduce 
MSCs in stroke patients was in 2005 by Bang et al., and although a small study, they 
found improved functional recovery in the treated group [8]. The InVeST trial, 
which did not show a beneficial treatment effect, provided valuable evidence that 
intravenous infusion of BMSCs is safe and well tolerated in humans [43]. Similarly, 
the MASTERS trial, a phase 2, randomized, double-blinded, placebo-controlled 
study, showed no dose-limiting toxicity but also showed no significant improvement 
after 90 days [24]. The first clinical trial to investigate the intracranial implantation 
of neural stem cells, called PISCES, also supported the safety profile of stem cell 
transplants in patients and, furthermore, showed some neurological improvement in 
treated patients [33]. More recent studies being published continue to show safety 
and improvement in neurological function in patients [38].

A recent systematic review and meta-analysis of the literature regarding stem 
cell transplantation in patients after brain ischemia determined the therapy signifi-
cantly improved neurological deficits and quality of life without serious adverse 
events [13]. However, although initial data are encouraging, larger studies are still 
needed to further investigate the safety and effectiveness of this treatment before it 
becomes widely used in the clinical setting.

15.6  �Endogenous Stem Cell Therapy

Although most studies looking at stem cells in stroke are focused on implanting 
cells into the post-stroke brain, a few groups are exploring options to take advantage 
of the capacity of the adult brain for self-repair. Neurogenesis in the adult brain is 
located mainly in the subventricular zone (SVZ) of the lateral ventricles and the 
subgranular zone (SGZ) of the dentate gyrus, as well as the olfactory bulb [20]. 
Pathological processes, such as ischemia, that cause neuronal death have been found 
to stimulate new neuronal formation in these areas. Arvidsson et al. found that these 
newly developed endogenous neurons from the SVZ are able to migrate into dam-
aged striatum in rodent models. However, they also noted that the majority of the 
new neurons died within 2 weeks after stroke, likely indicating an unfavorable envi-
ronment to support these new cells in the post-ischemic brain [4]. In two studies, 
Tonchev et al. demonstrated increased proliferation of neuronal progenitor cells in 
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the dentate gyrus, subventricular zone, and hippocampus in post-ischemic monkey 
brains [54, 55]. These results were translated to the human brain by Jin et al., when 
they demonstrated similar findings in human brain biopsies of ischemic strokes 
[32]. Immunohistochemical staining of these specimens showed new neurons with 
a migratory phenotype in the ischemic penumbra. They also demonstrated that in 
the stroke brain tissue, new neurons tended to cluster near blood vessels, suggesting 
vascular endothelial cells promote neurogenesis [32]. However, it appears from 
these studies that the number of newly generated neurons is low and does not repre-
sent a large enough population of cells to induce a significant therapeutic response. 
Factors that stimulate production as well as induce a supportive and protective brain 
environment for growth and survival of these cells are an active area of research. 
Granulocyte-colony stimulating factor (G-CSF) is one of these mechanisms and has 
been shown to reduce infarct volume in experimental models of ischemia, act as a 
neuroprotective mechanism by reducing glutamate release, inflammation, and apop-
tosis activation, among others. Administration of G-CSF immediately after middle 
cerebral artery occlusion in a rodent model immediately after and in the subacute 
period both showed increase in proliferation of endogenous stem cells in the post-
stroke brain [1]. Studies are also investigating the effect of transplanted NSCs on 
endogenous neurogenic behavior, with some evidence suggesting enhancement of 
neurogenesis through secretion of neurotrophic and regenerative growth factors [6].

15.7  �Important Considerations for Stem 
Cell-Based Therapies

Although much of the data from completed and ongoing clinical trials appear prom-
ising, most of the trials remain small, and many questions remain unanswered. 
Specifically, the most effective stem cell type, ideal route of administration, and 
timing of administration are active areas of research. Furthermore, important con-
siderations with this therapy also include consideration of potential adverse events, 
including malignant potential and immunogenicity, as well as beneficial adjuvant 
treatments that may enhance the therapeutic effect of this therapy.

15.7.1  �Selection of Stem Cell Type

Of the main types of stem cells investigated for use in stroke therapy, MSCs have 
been the most widely studied, in both preclinical and clinical trials. Given the ethi-
cal and sourcing issues of ESCs and NSCs, research using these cell types has 
lagged behind MSCs, and with the introduction of iPSCs, much of this research is 
being replaced given the advantages of this new technology. iPSCs have shown 
promise and ease of use, especially with the ability to differentiate them into iNSCs 

15  Stem Cell Therapy for Stroke



340

prior to transplantation. As the field advances and new technologies are introduced, 
a standardized type and readily available source will likely be developed for use in 
clinical therapies.

15.7.2  �Route of Administration

Different routes of stem cell administration have been used, with the most common 
being intravascular (venous and arterial) and intraparenchymal routes [34]. Less 
common routes investigated include intracerebroventricular, intracisternal, intrathe-
cal, and intraperitoneal routes [59]. The intravascular route has been mostly used for 
administration of MSCs. It is the least invasive and allows the introduction of a large 
number of cells. However, the delivery is non-specific, and although cells are able 
to migrate into ischemic regions, the number that were deposited in the brain was 
significantly less than the number of injected cells, and cells have been found to 
distribute into multiple other peripheral organs [15, 35]. Newer technologies are 
addressing this issue using mechanisms such as magnets and fibrin glue to target 
cells to the ischemic brain regions [14, 45]. Song et al. (2015) demonstrated that 
intravenously delivered, magnetically targeted NSCs accumulated in the ischemic 
brain and correlated to decreased infarct size compared to non-targeted NSCs, sug-
gesting that targeting cells into the damaged tissue may be advantageous.

Intraparenchymal transplantation is more invasive and requires injecting a cell 
suspension directly into the brain tissue. However, this route allows precise control 
over cell placement and avoids the issue of cells distributing into peripheral organs. 
Some studies suggest better functional improvement with this technique [25]. 
Further consideration must also be given to the timing of cell therapy in determining 
the most effective route of administration. In subacute and chronic strokes, the 
blood-brain barrier is less permeable than in acute stroke [22], which would likely 
render intravenous therapies less effective. Although different routes have been 
investigated and compared, no optimal route of administration has yet been deter-
mined [44, 59], and there is little evidence for a specific route having a positive 
effect on patient outcome.

15.7.3  �Malignant Potential

One of the most important considerations regarding the use of stem cells for any 
therapy is the potential for the cells to undergo malignant transformation and allow 
tumor formation in the host. Overall MSCs appear to be safe upon implantation into 
animal models and humans; however, several studies have shown the potential for 
tumorigenic transformation of iPSCs. Teratomas were found to develop in mice 
brains after implantation, and it is suggested that specific transcription factors con-
tribute to the tumorigenic potential of iPSCs. The presence of undifferentiated cells 
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may trigger tumor formation [21, 38, 60]. Given the ability for iPSCs to be trans-
formed further into multipotent cells, researchers have found that differentiating 
them into neural stem cells (iNSCs) decreases the tumorigenicity significantly while 
maintaining their therapeutic potential [12].

15.7.4  �Adjuvant Therapies

Biomaterials are being investigated for enhancing delivery of cells and improving 
post-implantation survival. This technology provides a scaffold for transplanted 
cells, as well as growth factors and other biochemical signals that could stimulate 
tissue restoration and neuronal differentiation. Although preclinical studies suggest 
improved survival and differentiation of implanted cells, it remains unclear if there 
is any benefit in functional outcome using this technology, and further studies are 
need to understand what adverse effects may be caused by introduction of these 
biomaterials in humans [9].

15.7.5  �Neurorehabilitation

Neurorehabilitation is an important component of post-stroke therapy and can sig-
nificantly improve the neurological function of patients. This is important to con-
sider when designing clinical trials. Many initial studies, especially preclinical, did 
not take into account the potential benefits of patient improvement with rehabilita-
tion. However, more attention is being drawn to this issue, and it is being encour-
aged in the literature and at the recent Stem Cell Therapeutics as an Emerging 
Paradigm for Stroke (STEP3) meeting to include rehabilitation therapy as part of 
clinical trials using stem cell therapy [10].

15.8  �Conclusion

Much of the data from preclinical and clinical trials appears promising for stem cell 
therapy in stroke patients. However, it is important to acknowledge that most trials 
are, in general, small cohorts of patients, and therefore results should be interpreted 
conservatively. Larger and more conclusive studies are needed to show clear patient 
benefit before stem cell-based therapies become widely used clinically. Furthermore, 
as a recently developed technology, the transition from preclinical to clinical trials 
for iPSCs has not occurred. Many questions remain regarding their potential benefit 
for stroke treatment in a clinical setting. Stem cell therapy is a promising technology 
that continues to advance and will likely offer new treatment paradigms in the future.
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