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COMPREHENSIVE REVIEW

The Rise of Cell Therapy Trials for Stroke:
Review of Published and Registered Studies

Paulo Henrique Rosado-de-Castro, Pedro Moreno Pimentel-Coelho? Lea Mirian Barbosa da Fonseca,
Gabriel Rodriguez de Freitas?® and Rosalia Mendez-Otero?

Stroke is the second leading cause of death and the third leading cause of disability worldwide. Approximately
16 million first-ever strokes occur each year, leading to nearly 6 million deaths. Nevertheless, currently, very few
therapeutic options are available. Cell therapies have been applied successfully in different hematological dis-
eases, and are currently being investigated for treating ischemic heart disease, with promising results. Recent
preclinical studies have indicated that cell therapies may provide structural and functional benefits after stroke.
However, the effects of these treatments are not yet fully understood and are the subject of continuing inves-
tigation. Meanwhile, different clinical trials for stroke, the majority of them small, nonrandomized, and un-
controlled, have been reported, and their results indicate that cell therapy seems safe and feasible in these
conditions. In the last 2 years, the number of published and registered trials has dramatically increased. Here, we
review the main findings available in the field, with emphasis on the clinical results. Moreover, we address some

of the questions that have been raised to date, to improve future studies.

Introduction

STROKE IS RESPONSIBLE FOR ~ 11.1% of all deaths, and is the
second leading cause of death worldwide after ischemic
heart disease [1]. After a stroke, roughly a quarter of patients
die within a month, and half within 1 year [2]. There were an
estimated 16 million first-ever strokes and 5.7 million deaths
in 2005 [3]. These numbers are expected to increase to 23
million first-ever strokes and 7.8 million deaths in 2030 [3].
Stroke was responsible for 102 million disability-adjusted life
years (DALYs) in 2010, an increase to the third leading cause
of DALYS from the fifth leading cause in 1990 [4]. Approxi-
mately 80% of all strokes are ischemic, and currently, tissue
plasminogen activator (tPA) is the only pharmacological
agent approved for treatment of acute ischemic stroke.
However, tPA therapy has important limitations, notably the
narrow therapeutic window of 4.5h, which limits its use to a
small minority (2% to 4%) of patients [5]. Moreover, tPA
prevents disability in only six patients per 1000 ischemic
strokes, and does not reduce the mortality rate [6]. The ad-
ministration of aspirin within 48 h of onset of ischemic stroke
decreases the mortality rate or the incidence of disability in
about nine patients per 1000 treated, probably due to early
secondary prevention [2]. The injury produced by stroke is
largely complete after 24-48 h, and neuroprotective therapies
that must be administered within a time window such as
3-6 h are difficult to apply in clinical practice [7]. On the other

hand, neurorestorative therapies, including cell therapies,
seek to enhance regenerative mechanisms such as angiogen-
esis, neurogenesis, and synaptogenesis, and have been in-
vestigated extensively in the preclinical models of ischemia
[7,8]. Neurorestorative cell therapies can be grossly divided
into endogenous or exogenous. Endogenous therapies are
those that aim to stimulate, for example, bone marrow-cell
migration to the blood stream, with pharmacological agents
such as granulocyte-colony stimulating factor (G-CSF). The
exogenous approach involves the injection of a variety of cells
to produce structural or functional benefits, and will be the
focus of this article. Although excellent reviews have been
recently made on different aspects of cell therapies for stroke
[9-13], there has been a dramatic increase in the number of
published and registered trials in the past years that has not
been comprehensively assessed. In the following sections, we
will review the main preclinical and clinical results to date and
comment on some of the questions that have been raised.

Main Cell Types Used in Neurorestorative Cell
Therapies for Stroke

Neural stem/progenitor cells

Neural stem/progenitor cells (NSPC) are cells with a self-
renewing capacity and the potential to generate neurons and
glial cells. NSPC can be isolated from the fetal brain or from
one of the two neurogenic niches that persist in the adult
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brain: the subventricular zone of the lateral ventricles and the
hippocampal subgranular zone [14-16]. Despite the evidence
that transplanted fetal NSPC can functionally integrate into
the brain of patients with Parkinson’s disease [17], there are
several obstacles to the use of NSPC from these two sources
in clinical trials in stroke. For instance, the need for multiple
fetal donors to treat a single patient could raise ethics con-
cerns and may not be feasible in large-scale trials. Moreover,
the isolation of adult NSPC for autologous transplantation
would require brain biopsies and many days in culture for
expansion, and may have some limitations, given that adult
NSPC are regionally specified to generate a limited number
of neuronal subtypes, even after cerebral ischemia [18].

NSPC can also be generated from pluripotent stem cells,
including embryonic stem cells (ES, derived from the inner
cell mass of blastocysts) and induced pluripotent stem cells
(iPS, obtained after epigenetic reprogramming of adult cells
by a combination of transcription factors). In each case,
NSPC can be expanded in vitro, forming floating cell clusters
called neurospheres, composed of a heterogeneous popula-
tion of proliferating cells, which can be induced to differen-
tiate into diverse phenotypes of the neuronal or glial lineage.
However, the clinical use of ES-derived NSPC is still asso-
ciated with the risks of neural overgrowth or teratoma for-
mation, if undifferentiated ES persist in the transplant pool
[19]. In addition, transplantation of allogeneic NSPC grafts
requires immunosuppression, which is also associated with
several side effects.

iPS-derived NSPC can be obtained after reprogramming
of somatic cells from the patient himself, allowing an autol-
ogous transplantation. Although a recent study has cau-
tioned that mouse iPS-derived teratomas can trigger
immunogenicity in matched mice through a T-cell immune
response [20], immunogenicity may not occur when ES- or
iPS-derived terminally differentitated cells are transplanted
[21]. Nevertheless, the creation of public banks of human
leukocyte antigen-typed ES- or iPS-derived cell lines (and
their differentiated cells) could be a more practical form of
generating these cells using good manufacturing practices, at
the appropriate time for transplantation, while reducing the
immunogenicity of NSPC [22]. Other potential sources of
neural cells for transplantation include induced neuronal
cells and induced NSPC generated directly from fibroblasts
or other somatic cells by a combination of transcription fac-
tors [23-25]. Human teratocarcinoma-derived neurons have
also been used in clinical trials in stroke, as discussed below
[26-30].

Non-NSPC

Mesenchymal stem cells (MSC) and hematopoietic stem/
progenitor cells (HSPC) are the two non-neural cell types
that are most frequently used in preclinical and clinical
neurorestorative studies in stroke.

HSPC can be isolated from bone marrow or from umbil-
ical-cord blood (UCB), or can be mobilized into the blood by
the administration of pharmacological agents such as G-CSF
and plerixafor. Most of the studies in animal models of
stroke have transplanted the whole mononuclear cell (MNC)
fraction from one of these sources, which also contains other
cell types, including monocytes and lymphocytes, in addi-
tion to HSPC, MSC, and endothelial progenitor cells [31].
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Alternatively, a smaller group of studies have transplanted
human CD34" MNCs, a subpopulation enriched in HSPC
and endothelial progenitor cells.

MSC are multipotent cells with the capacity to give rise to
cells of the osteogenic, chondrogenic, and adipogenic line-
ages. MSC can be isolated, and the culture expanded from
several tissues, including bone marrow, adipose tissue, and
UCB. Although a set of minimal criteria defined by the In-
ternational Society for Cellular Therapy can be used to
identify MSC, there are some functional and phenotypic
differences among MSC derived from different sources
[32,33].

Potential Mechanisms of Action of Cell-Based
Therapies in Stroke

Neural stem/progenitor cells

Intracerebrally administered human NSPC migrate to-
ward the sites of injury in the ischemic brain [34], where
they survive for up to 2 months and differentiate into
functional neurons, astrocytes, and oligodendrocytes [35].
However, the need to generate several neuronal subtypes
that must extend long axons and form the appropriate
synaptic connections is still one of the main challenges in
regenerative medicine, and has been extensively reviewed
elsewhere [13,36].

In addition to the potential of NSPC to replace the lost
neurons, recent preclinical studies have observed that part of
the therapeutic effects of NSPC in the ischemic brain could
be attributed to a paracrine mechanism, since NSPC consti-
tutively express mRNA and secrete several neurotrophic and
growth factors in vitro [37-39]. For example, it has been
shown that human NSPC transplantation increases neo-
vascularization and enhances the integrity of the blood—brain
barrier after stroke, through a human vascular endothelial
growth factor (VEGF)-dependent mechanism [40]. VEGF is
also one of the main factors involved in the modulatory role
of an NSPC-derived conditioned medium in microglia
function [41]. Accordingly, NSPC remain in close contact
with microglial cells, even when injected into the brain of
control animals [34], suggesting that a similar mechanism
may occur in vivo [41].

Interestingly, NSPC transplantation contributes to the
functional recovery in animal models of stroke, independent
of the route of injection [42-44]. NSPC migrate to the sites of
injury, even when intra-arterially delivered, and this re-
cruitment is dependent on the chemokine receptor CCR2
[43,45]. In contrast, intravenous (IV) transplantation of NSPC
results only in marginal migration of cells to the damaged
brain, and in an animal model of intracerebral hemorrhage,
the injected NSPC migrated mainly to the spleen. Never-
theless, the treatment resulted in the reduction of inflam-
mation, edema formation, and apoptosis in the brain. Since
these effects were not observed in splenectomized animals,
the authors suggested that NSPC could provide neuropro-
tection by modulating the inflammatory response in the
spleen [46].

Similarly, despite the low levels of engraftment and neu-
ronal differentiation in the ischemic brain, intravenously
transplanted adult NSPC showed neuroprotective and anti-
inflammatory effects in a rodent model of stroke [42].
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Taken together, these studies provide evidence that besides
neuronal replacement, NSPC could contribute to functional
recovery after a stroke by a combination of mechanisms,
including neuroprotection and immunomodulation. NSPC
could also stimulate endogenous mechanisms of brain plas-
ticity and regeneration, enhancing hippocampal neurogenesis
[47], stimulating the repair of the neurovascular unit [40],
rescuing axonal transport, and inducing dendritic plasticity
and axonal sprouting [38].

Non-NSPC

Although it has been proposed that HSPC and MSC could
differentiate into neural cells in vitro, HSPC- or MSC-derived
neuronal-like cells do not fire action potentials [48,49], and
this phenomenon has not been reproduced in vivo [50,51].
An interesting study has estimated that only a small fraction
(around 0.02%) of intravenously injected bone marrow-
derived HSPC migrate to the ischemic brain, where most of
the transplanted cells adopt a macrophage/microglial phe-
notype. In spite of this, HSPC transplantation decreases the
infarct size and reduces inflammation in the brain and the
spleen of the treated animals [51]. Moreover, it has been
observed that MSC only transiently engraft the ischemic
brain after an intra-arterial infusion [52], and that systemi-
cally delivered UCB-MNCs promote the behavioral recovery
in an animal model of stroke, despite the low engraftment
level in the host brain [53]. In summary, MSCs, bone marrow
MNCs (BM-MNCs), and UCB-MNCs can improve neuro-
logical function in several models of stroke, through a
combination of effects, such as neuroprotection, immuno-
modulation, and stimulation of neural plasticity [54-64], but
these effects are not necessarily due to the presence of the
cells at the injury site. In addition, MSC and HSPC trans-
plantation can also induce angiogenesis and neurogenesis in
the ischemic brain [65,66], two processes that are tightly
linked by several regulatory mechanisms [67]. These mech-
anisms of action seem to rely on the secretion of neurotrophic
factors and immunomodulatory molecules by the trans-
planted cells [68,69], an effect that can be further modulated
by the host microenvironment. A recent study has raised the
possibility that MSC could also exert their therapeutic ac-
tions by a mechanism of exosome-mediated transfer of mi-
croRNAs to neurons and astrocytes. Interestingly, the
microRNA 133b levels in MSC exosomes increased when
these cells were exposed to the ischemic brain extracts [70].
Thus, the transient engraftment of the transplanted cells and
the dynamic changes that occur in the ischemic brain during
the repair process may suggest that multiple injections may
be required to optimize the release of the appropriate factors
by the injected cells [71]. In addition, stroke-induced sys-
temic inflammation can also modulate the phenotype of the
BM-MNC populations, improving their potential to induce
recovery after cerebral ischemia, if the cells are harvested and
transplanted on the first day after the insult [72]. Hence,
it is still necessary to evaluate the best timing for bone
marrow harvest after stroke, in the case of autologous
transplantation.

Finally, endothelial progenitor cells can be isolated and the
culture expanded from the peripheral blood or from the
UCB. These cells home to the ischemic brain through a
stromal-derived factor 1-dependent mechanism, reducing

2097

the infarct size and improving the neurological outcome in
mice [73]. The coadministration of culture-expanded UCB-
derived endothelial and smooth-muscle progenitor cells has
also been shown to increase angiogenesis and neurogenesis
in an animal model of stroke [74]. Therefore, preclinical
studies comparing the efficacy of endothelial progenitor
cells, MSC, and HSPC from different sources are needed. In
this regard, it has been shown that an intravenous admin-
istration of bone marrow-derived MSC promotes a similar
degree of functional recovery to bone marrow-derived
mononuclear cell transplantation in a rodent model of stroke,
as long as the dose is optimized for each cell type [59]. An-
other study showed that there was no difference in the
therapeutic effects of bone marrow-derived and umbilical
cord tissue-derived MSCs (UC-MSCs) in a model of focal
ischemia [75].

Published Clinical Trials

We found 31 articles in the English language involving 20
different trials of cell therapies for stroke, with a total of 243
treated patients. Sixteen of these articles and 12 of the trials
were published in the last 2 years. Twelve trials were for
ischemic, two for hemorrhagic, and six for ischemic or
hemorrhagic strokes (Table 1 and Fig. 1). Six trials performed
intravenous transplants; five injected the cells in the paren-
chyma; five used the intra-arterial route; three carried out
intrathecal administrations; and one trial compared intra-
arterial and intravenous routes (Table 1 and Fig. 1).

Trials with Intracerebral Administration

Human teratocarcinoma-derived neurons

Kondziolka et al. [26] conducted the first clinical trial of
cell therapy for stroke. It involved the transplantation of LBS-
Neurons (Layton BioScience, Inc., Sunnyvale, CA), derived
from a human teratocarcinoma cell line (NT2N) that was
induced to differentiate into neurons by the addition of re-
tinoic acid. This phase I, nonrandomized, observer-blind
study included 12 patients with basal ganglia stroke and
fixed motor deficits that occurred 6 months to 6 years before
the transplantation. Eight of these patients received a total of
2 million cells, divided into three injections, into the area of
the infarction, and the other four patients received 6 million
cells divided into nine implants. Immunosuppression was
accomplished with cyclosporine A started 1 week before
surgery and continued for 8 weeks. One patient had a single
generalized seizure 6 months after surgery, and another
patient had a new brainstem stroke distant from the area of
neuronal cell transplantation. However, these complications
were thought not to be connected to the procedure, and no
cell-related adverse effects were observed in the 5-year
follow-up. Seven of 11 positron-emission tomography (PET)
scans carried out at 6 months indicated an increase in
fluorodeoxyglucose uptake at the implant site, while at 12
months, this number decreased to three [30]. The authors
suggested that this could be related to cell viability in the
area of the stroke, or alternatively to increased metabolic
activity due to an inflammatory process, although no mod-
ifications indicative of inflammation were seen on magnetic
resonance imaging (MRI). The procedure was evaluated as
safe and feasible, and autopsy on one patient who died of
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FIG. 1. Schematic illustrating the different cells and routes of administration used in published trials. The schematic also
illustrates other types of cells used in registered trials (in dotted rectangles). NT2N, human teratocarcinoma-derived neurons;
UC-MSCs, umbilical cord-derived mesenchymal stem cells; UCB-MNCs, umbilical cord blood-mononuclear cells; BM-MNCs,
bone marrow-mononuclear cells; BM-MSCs, bone marrow-mesenchymal stem cells; PB-HSPC, peripheral blood-hemato-
poietic stem/progenitor cell; NSPCs, neural stem/progenitor cells; OECs, olfactory-ensheathing cells; MSCs, mesenchymal
stem cells; EPCs, endothelial progenitor cells. Color images available online at www liebertpub.com/scd

myocardial infarction 27 months after cell transplantation
showed that NT2N cells survived in the brain [28].

This trial was followed by a phase II, randomized, single-
blind trial that included nine patients with ischemic and nine
with hemorrhagic strokes from 1 to 6 years previously and
with a fixed motor deficit that was stable for at least 2
months [29]. Seven patients received 5 million cells and se-
ven patients 10 million cells, distributed in 25 sites, while 4

patients served as a nonsurgical control group; all subjects
participated in a stroke rehabilitation program. One patient
suffered a single seizure the day after the surgery, and an-
other presented a burr-hole drainage of an asymptomatic
chronic subdural hematoma 1 month after surgery. There
was no significant improvement in the primary endpoint
outcome, that is, European Stroke Scale motor score or
the Fugl-Meyer (FM) Stroke Assessment, but there was
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improvement in the Action Research Arm Test gross hand-
movement scores compared with the control and baseline
values.

Fetal porcine cells

Savitz et al. [76] carried out stereotactic implantation of
fetal porcine cells in five patients with basal ganglia infarcts,
after pretreatment of the cells with an anti-MHC1 antibody.
No immunosuppressants were administered. One patient
presented transitory deterioration of motor deficits 3 weeks
after cell implantation, and another patient had seizures 1
week after therapy. The study was initially designed to enroll
12 patients, but the FDA (U.S. Food and Drug Administra-
tion) ended it due to safety concerns.

Autologous BM-MNCs

Suarez-Monteagudo et al. [77] performed a trial with in-
tracerebral transplantation of BM-MNCs, which included
three patients with ischemic strokes in the thalamus, stria-
tum, or cortex, and two patients with hemorrhagic strokes in
the thalamus or striatum, from 3 to 8 years after the lesion. A
total of 1.4x 107 to 5.5x 10" BM-MNCs were stereotactically
implanted along several tracts around the lesion. There were
no important adverse effects during the 1-year follow-up.
The authors also reported significant neurological improve-
ments at 12 months in comparison to baseline, with a re-
duction in motor defect evaluated by the Medical Research
Council Scale and Ashworth’s Scale for Spasticity; increased
functional capacity evaluated by the Barthel index (BI); im-
proved neurological condition evaluated by the National
Institutes of Health Stroke Scale (NIHSS) and the Scandina-
vian Stroke Scale; and better equilibrium and locomotion,
evaluated by the Tinneti scale. The same group [78] later
reported the 5-year neuropsychological follow-up of one of
the patients of the previous study and reported that positive
cognitive changes in verbal and executive functions were
maintained and seemed to be related to increased blood flow
to the prefrontal areas. However, the unblind evaluation, the
lack of a control group, and the small sample size did not
allow definitive conclusions regarding efficacy.

In the largest clinical trial up to now, Li et al. [79] de-
scribed a phase I, nonrandomized, single-blind study in
which 60 patients received intraparenchymal BM-MNC
transplantation 5 to 7 days after basal ganglion hemorrhagic
stroke, and 40 patients formed the control group. Adminis-
tered doses ranged from 25x10° to 2.3x10° cells. At 6
months after transplantation, the NIHSS score in the treated
patients was significantly lower than in the control group,
while the BI scores were higher. Moreover, there was sig-
nificant neurological and functional improvement in BM-
MNC-treated patients (86.7% versus 42.5% in the control
group, P=0.001).

Trials with Intrathecal Administration
Human fetal cells

Rabinovich et al. [80] reported on a case-series, non-
randomized, open-label study that included three patients
with hemorrhagic strokes in the middle cerebral artery
(MCA) territory and seven patients with ischemic strokes in
the MCA territory, with or without additional involvement
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of the anterior cerebral artery (ACA) territory. Sub-
arachnoidal injections of 2 x 10° human fetal cells were made
between 4 and 24 months after the disease onset. The cells
were obtained from human fetuses after spontaneous or
prostaglandin-induced abortions, and were described as a
10:1 ratio of nerve cells to hemopoetic hepatic cells. The au-
thors reported that some patients had fever and meningism
during 48h after transplantation. Although a retrospective
control group of 11 patients was described, the measures of
outcome were not adequately explained, thus not permitting
comparisons between the two groups. Moreover, the study
lacks a detailed characterization of the phenotype of the
transplanted cells.

Autologous BM-MNCs

Sharma and collaborators [81] described a case report in
which 5x10”7 BM-MNCs were injected intrathecally in a pa-
tient 1 year after an hemorrhagic stroke. Even though there
was no control group and only one patient was included, the
authors attributed improvements in cognition, motor func-
tion, and activities of daily living to the cell transplantation.
The follow-up period was not specified.

Allogeneic umbilical cord-MSCs

Han et al. [82] intrathecally injected 3.6 x 10" UC-MSCs in
a patient 35 days after a basilar artery dissection that caused
an infarction in the pons, midbrain, and right superior cer-
ebellum. Two other injections were performed 15 and 41
days after the first treatment. Although the neurological and
imaging were followed-up for only 2 months and in only one
patient, the authors concluded that the improvement of
clinical symptoms and a recanalization of the basilar artery
were helped by the cell transplantation.

Trials with Intra-Arterial Administration
Autologous BM-MNCs

The first reports of studies using BM-MNC therapy for
stroke were published from 2005 to 2007 [83-85] and were
part of a nonrandomized, open-label phase I study. In the
first case report [83,84], a 54-year-old patient was treated
with intra-arterial injection of 3x 10" BM-MNCs 5 days after
an MCA ischemic stroke. A PET carried out 7 days after BM-
MNC transplantation demonstrated augmented metabolism
in the left parietal cortex, which could occur in the presence
of transplanted cells or due to local inflammatory processes.
In the second case report [85], a 37-year-old patient received
3x10” BM-MNCs 9 days after an MCA ischemic stroke.
Approximately 1% of the cells were labeled with Techne-
tium-99m (*™Tc) by incubation with hexamethylpropylene
amine oxime (HMPAO) and delivered together with the rest
of the cells. Whole-body images demonstrated high uptake
in the left hemisphere, liver, and spleen. Single-photon-
emission computed tomography (SPECT) images 8h after
cell transplantation showed that the homing of *™Tc
HMPAO-labeled cells occurred mainly in the territory of the
anterior division of the MCA, while the stroke was in the
territory of the posterior branch of the left MCA, probably
because of the occlusion of the posterior branch. It is im-
portant to note that these patients were transplanted in the
first 10 days after stroke.
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Barbosa da Fonseca et al. [86,87] and Battistella et al. [88],
respectively, reported the imaging and clinical results of a
trial that included six patients 59 to 82 days after an MCA
ischemic stroke. Afterward, another case where cells were
injected 19 days after the stroke was also reported [89]. The
cell dose ranged from 1 x10® to 5x10° BM-MNCs, and
~2x107 of the cells were labeled with *™Tc and delivered
intra-arterially together with the unlabeled cells to the MCA.
There were no cell-related adverse effects, and the cell uptake
was greatest in the liver and lungs. Although cell homing
was greater in the ischemic hemisphere, total uptake in the
brain was low, <2% of the total activity for five of seven
patients. Two patients had generalized seizures ~200 days
after cell injection, which were controlled pharmacologically,
but due to the small sample, it was not possible to determine
if the seizures occurred by chance or due to the cell trans-
plantation.

In a study by Friedrich et al. [90], 20 patients with a
moderate-to-severe MCA ischemic stroke received BM-
MNCs infused intra-arterially between 3 and 7 days after
stroke. The injected dose ranged from 5x 107 to 6x10° cells.
There were no procedure-related adverse events, and eight
patients (40%) exhibited good clinical outcome, defined as a
modified Rankin score (mRS) <2 at 90 days. Although the
mortality level was below the expected level for similar
populations, there was no control group, and the authors
could not exclude the possibility that the good results could
be explained by chance.

Moniche et al. [91] performed a nonrandomized single-
blind phase I/1I trial in which 10 patients received an intra-
arterial injection of BM-MNCs 5 to 9 days after an MCA
ischemic stroke, with an untreated control group of 10 pa-
tients. The mean infused dose was 1.6x10% cells. Two sub-
jects who received BM-MNCs had an isolated partial seizure
3 months after the transplantation, which was considered a
serious adverse event. In both patients, an antiepileptic
medication was initiated, with no recurrent seizures. No
other serious adverse events occurred during the 6-month
follow-up. There was no significant improvement in neuro-
logical evaluation in comparison with the control patients.
Even though there was no association involving the neuro-
logical condition and the number of injected BM-MNCs, the
authors reported a trend toward a better outcome when a
larger amount of CD34 + cells was injected, mainly in the BI
at 1 month after cell therapy. Also, higher concentrations of
B-nerve growth factor were observed in the serum of BM-
MNC-treated patients 8 days after cell transplantation.

Allogeneic umbilical cord-MSCs

Jiang et al. [92] included three patients with ischemic and
one with hemorrhagic MCA strokes. One dose of 2x 10 al-
logeneic umbilical cord-MSCs was transplanted into the
MCA 11 to 50 days after the disease onset. No immuno-
suppression was used, and the neurological follow-up was
not clearly defined; the mRS score was the only neurological
scale analyzed. No adverse events such as fever, stroke, or
death were observed during the 6-month follow-up. The
authors reported that two of the ischemic patients demon-
strated improved mRS scores, while no improvement was
seen in the other two patients, which the authors interpreted
as an indication that stem cells improved the neurological
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function after an ischemic, but not after hemorrhagic, stroke.
However, the small number of patients and the absence of a
control group do not permit such a conclusion regarding the
efficacy of the approach.

Trials with Intravenous Administration
Allogeneic UCB-MNCs

Man et al. [93] included six patients with ischemic and
four with hemorrhagic strokes that occurred 3 to 7 years
before transplantation, in a trial for intravenous transplan-
tation of allogeneic human UCB-MNCs. Each patient re-
ceived six infusions of >1x10% cells, 1 to 7 days apart.
Immunosuppressive drugs were not used, and there were no
cell-related adverse events during the 3-month follow-up.
Patients had a significant improvement in the neurological
function deficiency, FM assessment, and BI, but there was no
control group for comparison.

Autologous bone marrow-MSCs

Bang et al. [94] described the first trial with autologous
bone marrow-MSCs (BM-MSCs) for stroke. In the first report
of this phase I/II randomized controlled trial, 30 patients
were prospectively and randomly allocated at the seventh
day of admission after stroke. Five patients received two
intravenous injections of 5x 10 cells after culture expansion
in fetal calf serum at 4 to 5 and 7 to 9 weeks after an MCA
ischemic stroke, 25 patients served as controls, and all pa-
tients underwent rehabilitation therapy. At 1-year follow-up,
there were no adverse cell-related, serological, or imaging-
defined effects, and there was a nonsignificant trend toward
improved Bl and mRS. Afterward, the same group [95] in-
cluded a larger number of patients in the same treatment
protocol, and received a 5-year follow-up. Sixteen patients
were treated, and 36 patients served as controls. No signifi-
cant side effects were seen during the follow-up, and co-
morbidities such as seizures and recurrent strokes were
similar between the groups. In comparison to the control
group, there was a decrease in the mRS score of cell-treated
patients. Interestingly, neurological recovery in the BM-MSC
patients was related to the extent of involvement of the
subventricular zone of the lateral ventricle and to the plas-
matic levels of stromal cell-derived factor-1.

In another trial, Honmou et al. [96] included 12 patients
with ischemic gray-matter, white-matter, and mixed lesions
in a nonrandomized, open-label trial to analyze the effects of
autologous BM-MSCs expanded in human serum, without a
control group. They found that cell expansion was faster
than in fetal bovine serum, which reduced cell preparation
time. Also, they stressed that the use of human serum re-
duced the hazard of transmitting diseases such as bovine
spongiform encephalomyelitis. BM-MSCs were infused in-
travenously 36 to 133 days after the cerebral infarct. There
were no cell-related side effects. The authors found that the
mean lesion volume as evaluated by MRI decreased by 20%
or more at 1 week after cell therapy. Moreover, the median
daily rate of change in the NIHSS increased in the first week
after cell transplantation, and tended to be correlated with
the decrease in the lesion volume.

Similarly, Bhasin et al. [97] conducted a phase I, non-
randomized, single-blind (for functional imaging interpretation)
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trial where six patients were included with ischemic or hemor-
rhagic MCA strokes ranging from 7 to 12 months previously,
while 6 patients served as controls. After cell culture for 3 weeks
in an animal serum-free medium (Stem Pro SFM), an intrave-
nous injection of autologous BM-MSCs was administered. There
were no cell-related adverse events during the 6-month follow-
up. Although there was an improvement in the FM and modi-
fied BI at the 2- and 6-month evaluations, there was no statistical
difference between the control and BM-MSC-treated groups.
Moreover, there were no statistically significant differences in
the functional MRI (fMRI) analysis between the BM-MSC and
control groups.

Autologous BM-MNCs

Savitz et al. [98] reported the results of a trial in which 10
patients received an intravenous infusion of 7x10°/kg to
1x10” /kg BM-MNCs 24 to 72 h after MCA ischemic strokes.
Two patients had to undergo hemicraniectomy after cell
transplantation, due to infarct expansion between enrollment
and bone marrow harvest. One patient died from a pulmo-
nary embolism at 40 days after cell therapy, which was
judged to be unrelated to the procedure. There were no
study-related severe adverse events.

Prasad et al. [99] carried out a phase I, nonrandomized,
open-label trial where 11 patients received an intravenous
infusion of BM-MNCs between 8 and 29 days after MCA
with or without ACA stroke, with no control group. The
injected dose ranged from 1.9x10° to 1.9x10° cells. No se-
rious adverse event was observed during the study. Seven
patients had a favorable clinical outcome, defined as mRS <2
or a BI score of 75 to 100 at 6 months after cell transplanta-
tion.

After the first study reporting on the transplantation of
BM-MSC for six patients with ischemic or hemorrhagic MCA
strokes [97], Bhasin et al. reported on the intravenous
transplantation of BM-MNCs for 12 patients, between 3 and
14 months after an MCA ischemic stroke [100]. Twelve pa-
tients served as controls. Statistically significant improve-
ment was seen in the modified Bl at 6 months and in the
Laterality index in ipsilateral Broadmann areas 4 and 6 in
fMRI at 2 months, but not at 6 months. The same group also
published a comparison of the results of the six treated pa-
tients and six controls of the BM-MSC group with 14 treated
patients and 14 controls of the BM-MNC group [101]. In this
study, they also found statistical improvement in modified
BI when comparing BM-MNC-treated patients with controls
at 6 months, but no longer found improvement in fMRI. No
statistical difference was found between the BM-MNC and
BM-MSC groups. No adverse reactions were observed in the
study in any of the groups during the follow-up.

Our group recently reported a continuation of the first
trial, with intra-arterial administration of BM-MNCs in pa-
tients with a subacute stroke. In this study, five patients re-
ceived an intravenous injection of BM-MNCs labeled with
9mTc. Analysis of the distribution of cells showed that in-
travenous administration led to higher uptake in the lungs
and lower uptake in the liver and spleen at 2 and 24h, in
comparison with the intra-arterial route. Although SPECT
images at 2h indicated that intravenous injection led to a
lower relative uptake in the lesioned hemisphere in com-
parison with the intra-arterial route, the total uptake in the

2103

brain in comparison to the whole body was low, but similar,
between the two groups. All of the intravenous patients
suffered seizures during the follow-up period, which were
controlled pharmacologically. Although it was not possible
to rule out that these seizures occurred by chance and/or
because of greater stroke severity than the intra-arterial
group, the incidence of seizures warrants caution, and these
patients are under extended follow-up. It is possible that the
infused cells could modify the excitability in the perilesional
regions, generating seizures, and this possibility must be
examined further in the forthcoming trials.

Autologous CD34+ HSPCs

England et al. [102] published a trial where 40 patients
were included 3 to 30 days after an ischemic or hemorrhagic
stroke, to receive subcutaneous injections of G-CSF once per
day for 5 days, and 20 patients were treated with a placebo.
Eight patients (6 from the G-CSF group and 2 from the
placebo group) with ischemic strokes agreed to participate in
a substudy, and on day 6 underwent peripheral blood col-
lection with subsequent immunomagnetic separation of
CD34+ cells with antibodies containing a dextran-coated
iron oxide nanobead. These peripheral blood HSPCs (PB-
HSPCs) were injected intravenously and could be followed
by MRI due to the iron oxide labeling. Patients in the G-CSF
group received 5.0x10° to 4.3x10° PB-HSPCs, while the
placebo group received 2 to 7x10* cells. A hypodensity
consistent with iron deposition within the stroke was seen in
one G-CSF-treated patient after 10 and 90 days.

Registered Trials

A search in the National Institutes of Health clinical trial
registry (www.clinicaltrials.gov) indicated 25 completed (but
unpublished) or ongoing registered studies, which are pro-
jected to enroll 1046 patients (Table 2). Of these, an exclusive
intravenous, intracerebral, or intra-arterial administration
was chosen by 13, 7, and 3 studies, respectively, while one
study opted for intravenous and intrathecal, and another for
intravenous or intra-arterial routes. The majority of the trials
are being conducted in the United States and China, and a
total of 16 studies were started in 2011 and 2012 (Fig. 2).

The results available as of yet from the different above-
mentioned studies suggest that cell therapies with different
cell types in stroke seem to be safe and feasible, indepen-
dently of the route of administration, dose, or time window
after the onset of the disease. However, the many differences
among them preclude further comparisons.

Discussion

Several preclinical studies have indicated that there is a
structural and/or functional recovery after intracerebral,
intra-arterial, and intravenous therapy with different cell
types [8,103]. In clinical studies, most of the available data
come from bone marrow cell therapies for malignant
and nonmalignant diseases [104,105]. A meta-analysis of
50 clinical trials using cell therapies for acute and chronic
ischemic heart disease with a total of 2625 patients has found
that bone marrow cell treatment improves left ventricle (LV)
ejection fraction, infarct size, LV end-diastolic volume, and
LV end-systolic volume [106]. A recent trial investigating the
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registered in www.clinicaltrials.gov from 2000 to 2012. Color images available online at www liebertpub.com/scd

transendocardial injection of autologous or allogeneic BM-
MSCs in 30 patients with ischemic cardiomyopathy im-
proved ventricular remodeling, functional capacity, and
quality of life, with a 13-month follow-up [107]. For pe-
ripheral artery disease, a meta-analysis of 37 trials involving
injection of bone marrow cells, peripheral blood cells, or G-
CSF indicated that cell therapies, but not G-CSF, significantly
improved the indices of ischemia such as the ankle-brachial
index, transcutaneous oxygen tension, pain-free walking
distance, and also hard endpoints such as ulcer healing and
amputation [108].

Although clinical results with other ischemic diseases and
preclinical studies for stroke are encouraging, there are still
many questions regarding the possible mechanisms of action
of the cells and the optimal treatment protocol. One of the
main questions to be answered is related to the best cell type
to be used in these patients. A recent meta-analysis of 117
preclinical stroke studies indicated that for structural effects,
autologous stem cells were more effective than allogeneic
cells, while for functional effects, allogeneic cells were more
effective [109]. Interestingly, the authors found no difference
between the embryonic and adult allogeneic cells for either
structural or functional outcomes. This would support the
use of adult cells rather than embryonic or fetal-derived cells;
the former are preferred because of the ethics concerns as-
sociated with the latter. Moreover, bone marrow cells can be
harvested from the patient for autologous therapy, avoiding
the necessity for immunosuppressants [7,103].

To optimize future cell therapies for stroke, it is also nec-
essary to elucidate the molecular mechanisms controlling the
interaction of the grafted cells with the ischemic brain. Cer-
ebral ischemia is immediately followed by microvascular
dysfunction, oxidative stress, blood-brain barrier disruption,
and excitotoxicity. These events are accompanied by the re-
lease of endogenous danger signals to the extracellular en-
vironment, the activation of the innate immune system, and
the infiltration of blood leukocytes into the brain [110]. In this
scenario, the interaction of transplanted cells with the is-
chemic tissue is mediated by a wide range of receptors, such

as Toll-like receptors (TLRs), adenosine receptors, and che-
mokine receptors, which are activated upon the exposure to
danger-associated molecular patterns and other inflamma-
tory mediators released during the acute/subacute phases of
stroke. It has been demonstrated that several chemokine re-
ceptors are involved in the recruitment of BM-MSCs and
NSPC to the ischemic brain [45,111,112], and that TLR-2
mediates VEGF production and the recovery of myocardial
function by transplanted BM-MSCs [113]. Thus, the postis-
chemic environment can affect the function of transplanted
stem/progenitor cells, which in turn can modulate the in-
flammatory response and the local microenvironment, as
discussed above. Although it has been shown that human
NSPC and iPS-derived long-term expandable neuroepithelial-
like stem cells can give rise to functional neurons, when
transplanted 48 h after stroke in T-cell-deficient rats [114,115],
it is still poorly understood how the postischemic environ-
ment affects the survival, the proliferation, and the differen-
tiation of transplanted NSPC. In one interesting study, for
example, IL-6 preconditioning increased the survival of mu-
rine NSPC transplanted in the ischemic penumbra 6h after
the injury [116], suggesting that pharmacological or genetic
manipulations could be used to improve the effectiveness of
cell therapies for stroke.

Regarding the timing of transplantation, preclinical stud-
ies have shown that cell therapy increases functional recov-
ery after acute, subacute, and chronic stroke [103], but few
studies have compared different time windows, with dif-
fering results according to the model and cell type studied. In
an animal model of focal ischemia, de Vasconcelos dos
Santos et al. [59] found significant improvement in the cyl-
inder test after intravenous injection of BM-MNCs at 1 and 7
days or BM-MSCs at 1 day after ischemia, but not in animals
treated 30 days after the lesion. In a model of MCA occlusion
(MCAO), Yang et al. [117] described improvement in the
cylinder and corner tests if BM-MNC injection was per-
formed at 1 or 3 days, but not at 28 days after the lesion. Also
in a model of MCAO, Komatsu and colleagues [118] found a
reduction of the ischemic lesion volume if BM-MSC therapy
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was performed at 7 days, but not at 14 or 28 days, while
improvement in angiogenesis and the treadmill stess test oc-
curred if cell transplantation was carried out up to 28 days
after MCAO. In their meta-analysis of different preclinical
studies, Lees and collaborators [109] found an absolute re-
duction in the efficacy of 1.5% for each day of delay of treat-
ment for structural outcome, while improvement of functional
outcome occurred in both early and late time windows [109].

The appropriate dose to use in clinical trials also remains
unclear. The Stem Cell Therapies as an Emerging Paradigm
in Stroke (STEPS) guidelines recommended a weight-based
translation of cell dose from animal studies. In clinical
studies of acute myocardial infarction, a metaregression in-
dicated a dose-response correlation between the amount of
CD34 + cells injected and the improvement in LVEF. A dose—
response has also been reported by different preclinical
studies for stroke [109,117,119], but has not been reported in
the small clinical trials.

Cell tracking and imaging is also an important aspect to
consider, since these techniques may improve understanding
of several components of the therapy such as, cell homing,
biodistribution, survival, and cell fate. One of the most often
used approaches is labeling with radiopharmaceuticals for
PET or SPECT imaging or exogenous contrasts such as iron
oxide for MRL

A small number of preclinical studies have compared
different routes of injection, with discordant results de-
pending on the experimental model and the moment of
transplantation. Even though intracerebral transplantation
may allow greater cell homing than intravascular injection, it
is an invasive method and leads to poor cell distribution in
the lesion [120,121]. IA administration can lead to a signifi-
cant decrease in the cerebral blood flow, as assessed by laser
Doppler flow, and increase in the mortality rate [120,121].
Kamiya and collaborators [122] found that IA injection of
BM-MNCs resulted in greater brain cell retention and better
functional outcomes compared to IV injection in a model of
transient ischemia. Vasconcelos-dos-Santos et al. [123] re-
ported that IV and IA infusions of these cells led to an
equivalent functional recovery with low brain homing, in a
model of permanent ischemia. Zhang et al. [124] found that
IA, 1V, IC, intra-cisterna magna, and lumbar intrathecal in-
jection of human umbilical tissue-derived cells in a model of
stroke led to similar structural improvements. The only
meta-analysis of preclinical trials for stroke found no im-
portant impact of the delivery route on the efficacy of cell
therapy [109]. In clinical trials, significant stenosis or occlu-
sion of intracranial circulation is often an exclusion criterion,
but it is possible that collateral supply may allow cells to
reach the lesioned region [125].

Another aspect that must be clarified is the appropriate
injection rate of the cells, and the potential effects of heparin
or iodine contrast. A preclinical study by El-Khoury et al.
[126] found that the TA flow rates of 5mL/min reduced BM-
MNC viability by 19%, while the rates of 2mL/min did not
affect viability or cytokine production. Although iodine and
low-dose heparin exposure did not reduce cell viability, high
doses of heparin were cytotoxic. With respect to IC and IV
administration, information is lacking on the effects of in-
jection rate from preclinical studies. In clinical trials pub-
lished to date, the majority of studies did not report either
the volume or the duration of injection (Table 1).
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In addition to the different aspects previously mentioned,
it is extremely important to strictly assess the safety of cell
therapies. Although the currently published clinical studies
indicate that cell therapies for stroke seem to be safe and
feasible, there is a lack of robust scientific data, and many
questions remain unanswered. For instance, the risk of ter-
atoma formation with pluripotent stem cells must be ad-
dressed. In a recent report, Ben-David and collaborators
carried out a high-throughput screen of 52,000 small mole-
cules in cultures of different human ploripotent stem cells
and identified 15 pluripotent cell-specific inhibitors, one of
which prevented teratoma formation [127]. It is also impor-
tant to evaluate the influence of clinical variables such as the
presence of comorbidities. A preclinical study by Chen et al.
indicated that BM-MSC injection 24h after MCAO did not
improve the functional outcome in Type 1 diabetic rats and
increased arteriosclerosis, cerebral artery neointimal forma-
tion, and blood-brain barrier leakage [128], but this remains
to be evaluated in a clinical study. Another facet that de-
serves attention is the influence of administering factors such
as G-CSF. Clinical studies with the injection of G-CSF in
patients with stroke indicate that the procedure seems to be
safe [102,129-134], but only the study by England and col-
laborators [102] evaluated the effects of CD34% cell trans-
plantation after G-CSF injection. Other safety attributes such
as the genetic stability and immunogenicity of cells must also
be observed and have been thoroughly reviewed in an ex-
cellent article by Goldring et al. [135]. Observing such aspects
will not mean a delay for the field and at the same time will
allow a responsible and adequate development of cell ther-
apies for stroke.

Conclusion

The results from preclinical studies have indicated that
cell therapies can lead to the structural and functional
benefits after a stroke. However, there is still a need to
examine the ideal subset of stem cells to be used. Further,
aspects such as the mechanisms for such improvements
and the optimal treament protocol are not yet fully un-
derstood and require further evaluation. Nevertheless,
different clinical studies, the majority of them small, non-
randomized and uncontrolled, have now been reported
and indicate that cell therapy seems safe, feasible, and
potentially efficacious. The increasing number of ongoing
studies, including large randomized double-blind studies,
have the potential to determine the efficacy of cell therapy
for stroke and to translate the preclinical findings into
clinical practice.
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