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Stem cells in stroke management
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Summary

Stem cells are a potential means of tissue regeneration
in the brain that hold promise for treatment of the
large number of stroke survivors who have permanent
disability. Animal studies with stem cells derived from
many different sources indicate that cells can migrate
to the site of ischaemic injury in the brain, and that
some survive and differentiate into neurones and glia with
evidence of electrical function. Cells additionally promote
endogenous repair mechanisms, including mobilization
of neural stem cells resident within the adult brain.
Whether the behavioural benefits seen with stem
cell administration in rodent models reflect enhanced
endogenous recovery or tissue regeneration is unclear.
Production of stem cells to clinical standards and in
quantities required for clinical studies is technically
challenging. To date only a handful of patients have been
involved in preliminary clinical studies of cell therapies
for stroke, and there are therefore insufficient data to
draw conclusions about either safety or efficacy. Further
trials with several cell types are ongoing or planned,
including neural stem cells, and bone marrow-derived
stem cells and endothelial progenitor cells.
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Background

Despite wider provision of organized stroke
unit care and increasing use of reperfusion
therapies that limit the extent of brain injury
in the acute phase of stroke, a high proportion
of patients remain permanently disabled. Even
with optimal acute care, over 50% of stroke
survivors have residual disability that restricts their
independence.1 Conventional physical therapies
can facilitate recovery of function and prevent
maladaptive responses, but at present few inter-
ventions have evidence of sustained superiority
over endogenous recovery processes, and some
are applicable only to very specific deficits (for
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example, constraint-induced movement therapy
for upper limb function2). Novel therapeutic
approaches that have restorative or regenerative
potential and that can be applied to the entire
range of neurological deficits following stroke are
therefore needed.

Stem cells are self-renewing cells that have the
potential to differentiate into a range of specialized
adult cells and offer an attractive possible approach
to regeneration within the central nervous system
(CNS) – a biological niche that was until recently
thought to be devoid of significant endogenous
regenerative potential. The broad range of cell
types that are included under this general heading
leads to much public and medical confusion,
fuelled by a tendency for media commentaries to
imply the imminence of revolutionary therapeutic
changes. Clinical studies within properly regulated
frameworks remain few, and all include only small
numbers of subjects.

It is important to remember that stem cells
represent only one therapeutic possibility – and one
that has many practical, and some ethical, hurdles
compared with alternatives that include small
molecules acting on conventional neurotransmitter
systems (e.g. dopamine agonists, amphetamines
and other noradrenergic stimulants), antibodies
directed against neural growth blocking molecules
(e.g. anti-MAG), novel neurotransmitter systems
(e.g. sigma site agonists such as SA4503), growth
factors (e.g. granulocyte colony stimulating factor,
G-CSF), and physical stimulation (e.g. transcranial
magnetic stimulation).3 Judging the likely strategy
or strategies that will prove to be clinically useful
at the present time is an exercise in crystal ball
gazing.

Search methods

Background knowledge was supplemented by a
PubMed search using the terms ‘stem cell’ AND
‘stroke’ AND ‘human.’ Reference lists of papers
were also reviewed and content of recent meetings
on the theme taken into account.
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Translation of stem cell therapies

Stem cell approaches present a series of additional
and unique issues for translation to clinical use
beyond those of conventional small molecule drug
therapies. However, they enter a field with a
difficult background in general.

Safety and efficacy testing is undertaken in
animal model systems where focal brain ischaemia
is induced, usually by means of middle cerebral
artery occlusion (MCAO) in rats. Cells may
be derived from the same species as used
for the ischaemia model, but are more often
xenografts from other species, predominantly
humans. Xenografting raises issues that include
the routine use of immunosuppressant treatment,
and its potential interactions with the cell graft, as
well as difficulty in extrapolating cell engraftment
and survival data to potential human use. In the
field of stroke, there is ongoing debate about
the failure to translate neuroprotective strategies
that are highly effective in predominantly rodent
models of focal ischaemia but almost uniformly
ineffective or harmful in the clinic, and concern that
the model systems may themselves inadequately
represent the clinical situation.4 There is particular
concern over potential bias introduced when
randomization, treatment allocation concealment
and blinding of outcome measures are not
rigorously undertaken.4,5 Publication bias has also
been highlighted as a major factor that skews
the literature towards over-optimistic assessment
of likely effect sizes. Not all published animal
studies using stem cell implantation have identified
benefit,6 and there are inconsistent findings
between different laboratories for the same cell
type in similar models.

Acute treatments can be assessed by tissue-
based criteria (such as volume of early brain
infarction), but in order to assess regenerative
therapies, longer term testing involving histolo-
gical, electrophysiological and behavioural testing
is necessary. Behavioural testing in particular is
undertaken as a surrogate for functional recovery
after stroke. Rodents do not exhibit hemiplegia
for any significant length of time after recovery
from MCAO and a range of behavioural tests
that seek to discriminate on the basis of more
subtle aspects of neurological function have been
developed.7 Whether changed performance on
behavioural testing reflects adaptation rather than
tissue regeneration, which tests are most sensitive

to change, or whether there are differences
depending on time point after MCAO, are the
subject of debate. Certainly there are differences
in the apparent sensitivity of different tests.7

Sources of stem cells

Stem cells can be derived from a variety of sources,
from the early embryo through to adult tissues, and
exhibit varying degrees of pluripotency depending
on their source, and also their environment.
Embryonic stem cells have the capacity to self-
replicate indefinitely in their undifferentiated state
and to differentiate into any cell lineage: properties
shared by the more recently developed induced
pluripotent stem cells. The differentiation of ‘adult’
stem cells, in contrast, is more restricted.

The clinical development of cells as therapy
presents challenges that differ from drug
treatments, or devices, and which vary according
to the source of cells and any subsequent –
often genetic – manipulation that is undertaken.
Medicines regulatory systems for handling cell
therapies are developing approaches, but at present
have only extremely limited experience.

Since cell culture is fundamental to the
expansion of stem cell numbers regardless of
their origin, cells are inevitably exposed to
media that include human or animal blood
products or cells. Transmission of infectious agents
(including non-human viruses or prions) therefore
is a concern. Retention of cell characteristics
through multiple passages in culture is also clearly
required, as well as confirmation of karyotypic
and genetic stability.8 These present significant
technical hurdles in bringing cells to the clinic in
the quantities required for clinical studies.

Embryonic stem cells (eSCs) are pluripotent cells
derived from the inner wall of the blastocyst.
Use of human embryonic material to obtain eSCs
presents particular ethical issues that are frequently
confused in media reports with other types of stem
cell.

Murine eSCs grafted into the contralateral
hemisphere after MCAO in rats migrate to the site
of infarction9,10 but risk of tumour, particularly
teratoma or teratocarcinoma, formation is a
concern that has been raised in model systems.11

To add further complexity, a mouse stroke
study found that teratoma risk was absent in
xenografts but present in allografts.11 Clinical use
of undifferentiated eSCs is therefore unlikely, and
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most studies have developed lineage-restricted cell
lines such as neuronal precursors derived from
eSCs by biochemical manipulation, for example,
oligodendrocyte progenitor cells (the GRNOPC1
cell line) now entering a phase I clinical trial in
thoracic spinal cord injury.12

Induced pluripotent stem cells (ipSCs) poten-
tially avoid ethical and practical issues associated
with eSCs as these are produced from an
individual’s own somatic cells by ‘reprogramming’
to induce pluripotency. This was first achieved in
mice by retroviral insertion of four transcription
factor genes that regulate cell differentiation,13 and
subsequently replicated in cells from other species
including humans.14 Recent developments include
the introduction of relevant genes without the use
of viral vectors15 or without transgenes. However,
the reported methods are slow (several weeks),
have very low efficiency for production of ipSCs,16

and there are concerns about tumorigenicity
both with respect to persistent undifferentiated
cells17 and the additional growth factor genes
used, even when potentially oncogenic retrovirus
delivery is avoided. Careful selection of cell
populations from derived ipSCs appears to be
necessary to mitigate this risk. There are a limited
number of studies in animal disease models
to date, including Parkinson’s disease in rats
and spinal cord injury in mice;18 in the latter,
grafted ipSC-derived neural stem cells delivered
9 days after injury differentiated into functioning
neurons and improved function, without any
evidence of teratoma formation over a 24 week
follow-up.18

Neural stem cells have more restricted
differentiation, into neurones and glia, and may be
derived from foetal tissue, cultured eSCs or ipSCs
that exhibit neural differentiation markers and are
induced to develop along neural lines by treatment
with mediators such as retinoic acid, or tumour-
derived neuronal tissues, including immortal
teratocarcinoma-derived cells (e.g. NT2N and
hNT cells).19,20 Human foetal cortex cells have
been immortalized by insertion of transcription
factor genes including v-myc21 and c-myc.22

The potential for adult somatic stem cells to
differentiate into neural precursors has also been
explored, with evidence that adult dermal cells
can be induced to produce neural cells by
culturing in a medium containing astrocyte-derived
material.23 Animal studies with a number of NSC
lines have been undertaken, with evidence of

cell survival and in some studies improvement
in behavioural outcomes after focal ischaemic
injury.19,20,22,24–28

The majority of NSC studies have used
intraparenchymal delivery of cells,19 with fewer
studies of intravascular administration.25,27 The
time of cell implantation after focal ischaemia has
ranged from 24 hours to 1 month.

In studies of NSCs derived from various
sources, cells have migrated to the region of
ischaemia after implantation in brain parenchyma
(including contralesional striatum),24,29–31 or after
intravenous injection,25,32 in most but not all
studies. Cell migration has been documented both
by histology and in vivo using magnetic resonance
imaging (MRI).33–35 Initial cell proliferation
and subsequent survival of grafted cells, and
differentiation into electrically active neurones and
glia, has been seen 4–12 weeks after acute (24 hours
post-ischaemia)10,32,36 or 7 days post-ischaemia31

administration, and some human NSCs have
been observed to survive in rat brain 540 days
after IV injection.25 After IV administration,
most peri-infarct human NSCs had differentiated
into glia, with around 10% having neuronal
characteristics,32 but others report predominantly
neuronal differentiation of intrastriatal human
NSCs.37

In one study, intraparenchymal injection of
human NSCs was performed 7 days after MCAO
in three Cynomolgus monkeys, the only study of
non-human primates reported.38 Cells survived up
to 105 days post-implantation, with the estimated
proportion between 3 and 30% and no clear
relationship to time of histological examination.
However, most cells were evident in the vicinity
of the needle tracks, and few had migrated to the
peri-infarct area. Also, few cells expressed neuronal
phenotypes.

Different cell types may differ in their effects
on behavioural outcome (e.g. hNT cells compared
with foetal rodent striatal cells),39 and in one study
were further improved by combination treatment
with IV human NSCs and vascular endothelial
growth factor (VEGF), presumed to be mediated
by enhanced angiogenesis.40

Although most studies have routinely admin-
istered immunosuppressant drug treatments, one
study found no difference in host immune response
to intraparenchymal implantation of human cells
in a rat model in the presence or absence of
immunosuppressant drugs.41

https://doi.org/10.1017/S0959259810000390 Published online by Cambridge University Press

https://doi.org/10.1017/S0959259810000390


128 Keith W Muir

Mesencyhmal stem cells (MSCs) are non-
haematopoietic stem cells that are present in adult
bone marrow (also commonly referred to as bone
marrow stromal cells as they are derived from the
same niche as cells that support haematopoietic
cells), and represent a multipotent cell population
with therapeutic potential that can be obtained
fairly readily for clinical use. As their name
indicates, MSCs can differentiate into mesodermal
cell lineages including adipocytes, chondro-
blasts, fibroblasts and osteocytes, but in vitro
and in vivo they may also differentiate
into cells expressing markers of ectodermal
tissue (including neurones) and also endodermal
tissue (hepatocytes),42 depending upon the local
environment. The nomenclature of bone marrow-
derived cells has been confused as cells of multiple
types can be obtained from this source, not all
of which have properties that are truly those of
stem cells. Consensus criteria for nomenclature
and definition of MSCs were published in 2005–
2006 to address the difficulties in interpreting the
literature. Studies before that time require careful
review to ensure that the cell type corresponds to
what would now be classed as MSCs. Criteria are
based on behaviour in culture (plastic adherence),
expression of specific cell surface markers (CD105,
CD73 and CD90) and lack of expression of
some other markers (CD45, CD34, CD14 or
CD11b, CD79a or CD19, and HLA class II), and
multipotent differentiation potential.43

When injected into the brain in a rat
focal ischaemia model, adult rat MSCs express
neuronal and glial markers,44 and human MSCs
also exhibit neural phenotypes.45 As for neural
stem cells, MSCs migrate to the ischaemic
brain region46 after intravascular (intracarotid47

or intravenous) administration, and systemic
administration improves functional outcomes.48

Functional improvement is evident despite only
a small percentage of injected cells reaching the
brain,48 the great majority being cleared rapidly
and appearing in lungs, spleen and kidneys after
systemic administration.49 Acutely injected MSCs
persist in the brain 1 year after stroke, but by
then have been cleared from systemic organs.50

Several potential mechanisms of benefit include
production of neurotrophic factors, stimulation
of angiogenesis and neurogenesis, immunomodu-
lation, and stimulation of endogenous stem cell
mobilization.50–56 Whether migration to the brain
in sufficient numbers for a therapeutic effect is

dependent on blood–brain barrier disruption in
the subacute phase of ischaemic stroke, or persists
for longer is not clearly established, although it is
probable that cells can also cross an intact blood–
brain barrier. The majority of animal studies
administered MSCs within a week of ischaemia,
and the longest interval reported is 1 month.57

Many of the outcome studies established reduction
in infarct volume as an effect, in keeping with a
‘neuroprotective’ effect. This may have a bearing
on the design of clinical studies with MSCs.

Bone marrow offers the possibility of autologous
cell transplantation, with obvious advantages in
avoiding rejection (and thus immunosuppressant
drug treatment) and circumventing ethical con-
cerns and practical barriers to availability that
are inherent in other cell sources. However,
the number of cells that can be obtained by
marrow aspiration alone is significantly smaller
than doses that are likely to have therapeutic
effects, and there is evidence from animal models
that functional recovery after stroke is dose
dependent.48 It is therefore necessary to expand
cells in culture ex vivo, and then administer
cultured cells after sufficient numbers have been
obtained. This process introduces inevitable delay
in preparation of cells for clinical use, of the
order of several weeks.58 Infusion of autologous
cells is not without potential problems, particularly
in a patient population with manifest circulatory
disease who are often elderly, and there are
reports of ischaemic stroke complicating infusion
of stored MSCs.59 However, it appears that
MSCs are not a target for immune rejection even
when administered allogeneically, probably due to
reduced expression of major histocompatability
complex (MHC) antigens and T-cell stimulatory
molecules, and they may therefore represent a
source of adult-derived stem cells that may be
suitable for therapeutic use as allografts.

Bone marrow mononuclear cells include other
progenitor cell populations that may have
therapeutic value in ischaemic disease including
stroke. The mixed mononuclear cell population
includes cells expressing the endothelial progenitor
surface marker CD34 (CD34+ cells, also referred
to as endothelial progenitor cells) that promote
angiogenesis. Therapeutic angiogenesis has been
attempted by infusion of bone marrow mononuc-
lear cells in a number of clinical studies of subacute
myocardial infarction60,61 or peripheral arterial
disease,62 cells being delivered by intracoronary,
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intramyocardial, or intravenous delivery. Safety
data are not directly applicable to stroke
trials as small volumes of bone marrow-derived
cells were generally delivered without ex vivo
culture expansion to numbers equivalent to those
used for stroke.

Multipotent adult progenitor cells (MAPCs)
are a population of marrow cells with broad
differentiation potential63,64 that can be culture-
expanded to quantities suitable for commercial
use.65 MAPCs have immunomodulatory properties
that make them potentially suitable as allografts
without the need for immunosuppressant drugs.
MAPCs are found in the hippocampus and are
associated with improved functional outcomes in
neonatal hypoxia–ischaemia models when given
intravenously.66

Other peripheral blood stem cells

Bone marrow contributes a small number of
circulating stem cells in peripheral blood in adults.
Reduction in numbers of CD34+ endothelial
progenitor cells (EPCs)67 appears to correlate
with severity (and possibly pathological subtype)
of stroke in observational clinical studies.68

Infusion of human EPCs in a mouse transient
focal ischaemia model was associated with
migration of cells to the peri-infarct zone, reduced
infarct volume, improved behavioural recovery,
and evidence of angiogenesis in the ischaemic
region.69 Ischaemia in any organ, including stroke,
stimulates release of CD34+ cells into peripheral
blood from bone marrow,70–72 and migration of
cells to the site of ischaemia, and CD34+ cell
release can be further stimulated by administration
of the polypepetide growth factor granulocyte-
colony stimulating factor (G-CSF),73 which is at
least one of the endogenous factors that stimulate
stem cell release and migration in response to tissue
injury. Cells with other surface markers have also
been considered to be EPCs but are probably not
true endothelial progenitors; however, they may
contribute to angiogenesis by release of trophic
factors to support true EPCs.16

Umbilical cord blood contains a small
proportion of haematopoietic stem cells (estimated
to be around 2%) and also other mononuclear
cells that express non-haematopoietic stem cell
markers74 that can be induced to express
neural markers. Acute administration of human
umbilical cord blood mononuclear cells was

found to improve behavioural recovery indices
in rodent focal ischaemia,74–76 and, in further
studies, to have a dose-dependent benefit on
behavioural outcomes and infarct size,77 with
possible superiority of IV administration over
striatal implantation.78 However, others found no
behavioural benefits of acute IV administration
in a transient MCAO model.79 Rodent studies
demonstrate reduction in infarct size that is not
dependent on entry of cells to the CNS.76

Xenografts

Cells derived from porcine foetal tissue have been
used in a small clinical study,80 but there are
major logistical and safety issues with the use of
xenografts. Clinical studies to date have predom-
inantly been in neurodegenerative diseases.

Genetic modification

A number of genetic modifications to stem
cells have been tested in model systems. The
majority of these involve insertion of trophic
factor genes in order to enhance the delivery
of specific molecules thought to be involved in
neurogenesis or angiogenesis, including brain-
derived neurotrophic factor (BDNF),81 placental
growth factor,82 G-CSF, or VEGF.83 Others have
included the anti-apoptotic gene bcl-2.28 The
introduction of novel genes, particularly growth
promoters, raises additional safety issues for
clinical studies since it is necessary to ensure that
no adverse tumorigenic effects arise in the modified
stem cells. The use of a growth factor gene to
conditionally immortalize cells has been exploited,
for example, in the CTX0E03 cell line that is
in clinical trials at present, and has been used
previously in other neural cell lines.84

Endogenous neural stem cells

The brain’s response to stroke includes re-
organization of neural circuits that is thought
to underpin spontaneous natural recovery of
function. This is not simply functional plasticity,
but also involves structural plasticity with changes
in neuronal connections following ischaemia
including dendritic and axonal sprouting and
growth.85,86 In addition to these changes in the
architecture of existing cells, recovery also involves
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the generation of new neurones from pools of
neural progenitor cells (neural stem cells) that
reside in the adult brain in the subventricular
zone (SVZ) and the dentate gyrus.87 The discovery
of these stem cells contradicted the traditional
teaching that the adult CNS lacked any capacity
to regenerate. Neurogenesis in the SVZ and cortex
is increased after focal ischaemia in animal models
of stroke88,89 due to recruitment of new neural
stem cells,52 and SVZ-derived neuroblasts migrate
to the site of ischaemic injury.52,89 Basal levels of
neurogenesis are reduced with advancing age in
rats, but can be induced by stroke to a similar
degree as in young animals.90 At least in rats,
neurogenesis persists for several months after
stroke.91 There is evidence of neurogenesis near
brain infarct in some cases of stroke in humans,
including one very elderly subject aged 84 years at
the time of death 1 week following stroke.92

While stimulation of endogenous neural stem
cells may represent a therapeutic goal in itself, it
is possible that the mode of action of exogenous
stem cells may include stimulation of this process
by trophic factors released by therapeutically
administered cells.

Mechanisms of stem cell effects

Several stem cell lines that have been administered
within 48 hours of focal ischaemia reduce infarct
volume.19 The presumed mechanisms include the
release of trophic factors with neuroprotective
properties, or modulation of the inflammatory
response to tissue injury. The time window
required for this type of protocol probably
precludes any clinical use of autologous cell
therapies, but may be feasible for allogeneic
treatments with neural or mesenchymal stem cells
if these can be developed as an ‘off the shelf’
treatment. Systemic delivery of cells would be
advantageous, and perhaps essential, in this setting
where a patient’s clinical state is unlikely to allow
delivery by any procedure more invasive than an
intra-arterial approach.

Later administration of cells has targeted time
periods between several days to 4 weeks after
stroke in rodents, when regenerative mechanisms
are potentially involved.

Assumptions that repair would result primarily
from survival and differentiation of engrafted cells
at the site of injury are almost certainly simplistic,
and there is limited evidence for replacement
of functioning neurones by NSCs or other cell
types.6 While cells administered systemically or at

remote brain sites can migrate to the peri-infarct
region34 (although as noted above, some studies
have found no significant migration) and have
been confirmed to survive and differentiate into
cells expressing neuronal and glial surface markers,
only small numbers of cells survive in the longer
term, and the great majority are eliminated rapidly.
Some surviving cells have electrophysiological
properties of neurones and establish synapses with
host cells,93 but whether this structural effect is
sufficient to explain behavioural recovery has been
questioned. Despite uncertainty over the possible
contribution of cell replacement, dose-dependent
therapeutic effects have been seen after delayed ad-
ministration of NSCs,22 and there is evidence that
stem cells promote endogenous repair processes
including neurogenesis,94 dendritic sprouting,
axonal regeneration, and angiogenesis, again
probably through the release of trophic factors
(VEGF and thrombospondins being possible
molecular mediators of several key processes).95

Marrow-derived MSCs have significant immuno-
modulatory properties including suppression
of T-cell responses and suppression of pro-
inflammatory cytokine production by allogen-
eically administered cells that have led to their
development as therapeutic agents for graft versus
host disease in haematological use.96 This im-
munomodulatory activity may also represent part
of the therapeutic effect. The immune-privileged
status of MSCs may be exploited to avoid the
need for immunosuppressant drug treatment in
MSC allografts, for example with commercially
developed MAPCs. Reduced immune response has
also been seen with human MSCs administered in
cancer or neurological diseases.

The potential for stem cells administered
therapeutically to directly form axons and relevant
synaptic connections that ‘rewire’ the brain may
additionally be expected to have limitations based
on anatomy: it is improbable that the very large
malacic regions after large volume infarction
would be amenable to substantial recovery of
function, in contrast to smaller volumes of
neuronal or axonal loss. Experimental findings
where stem cells have been engrafted within a
matrix or scaffold that provides a milieu for cell
survival97 suggest that in future this might also
be a possibility for clinical studies, but present
strategies deliver only small volumes of cells
either systemically or by direct intraparenchymal
injection, which makes restoration of large
volumes of tissue loss unrealistic.
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Table 1. Published human studies of cell treatments for stroke

Interval after
Trial Year Cell type Subjects stroke Delivery

Kondziolka 2000 Teratocarcinoma 12 6 months–6 years Intraparenchymal brain
(LBS neurons)

Savitz 2005 Foetal porcine 5 3 months–10 years Intraparenchymal brain
Kondziolka 2005 Teratocarcinoma 14 6 months–6 years Intraparenchymal brain

(LBS neurons)
Bang 2005 Autologous mSCs 5 5–7 weeks IV
Shyu 2006 G-CSF∗ 7 7 days SC
Sprigg∗ 2006 G-CSF∗ 24 7–28 days IV

∗Refers to trials that administered G-CSF, for which stem cell mobilization represents only one possible moder of
action.

Clinical trials with stem cells

Completed clinical trials are summarized in
Table 1.

Autologous stem cell treatment

Bang and colleagues58 derived MSCs from bone
marrow aspirate obtained 1 week after stroke
onset, expanded the cell population by ex vivo
culture, and reintroduced the cells intravenously 1–
2 months after stroke in a randomized, controlled
clinical study involving 30 subjects (5 receiving
MSC infusion and 25 controls). Patients were aged
30–75 years with MCA territory ischaemic stroke
causing significant neurological impairment (NIH
stroke scale score of 7 or more at day 7 after stroke
onset). The dose of 1 × 108 cells expressing the
CD105 marker was predefined as one assumed
equivalent to an effective dose in animal studies,
and this dose was obtained after a mean of 31 days
culture. Cells were delivered in two divided doses
4–5 weeks and again 7–9 weeks after stroke, with
no adverse effects related to treatment. Compared
with the 25 control subjects, indices of neurological
deficit and disability were slightly better at 3,
6 and 12 months, but, unsurprisingly given the
small number of subjects, there were no significant
differences. A reduction in ventricular dilatation on
follow-up brain magnetic resonance imaging in the
MSC group was observed.

Honmou and colleagues have reported suc-
cessful use of autologous serum for culture of
autologous MSCs derived from bone marrow in
five patients with stroke,98 and reinfusion of the
cells 1–4 months after stroke onset, with full details

of the study yet to be reported. The potential
advantages of autologous culture include lack of
several major sources of potential infection and
greater speed of cell growth.

Further clinical trials with IV or intra-arterially
delivered MSCs and other bone marrow-derived
cell populations such as CD34+ cells are ongoing
or planned.

Small clinical trials99,100 involving 10 and 36
patients, respectively, and a recently completed
larger recent trial, administered G-CSF to
subacute stroke patients. Amongst other potential
mechanisms, G-CSF mobilizes endothelial pro-
genitor CD34+ cells from marrow, and a dose-
dependent increase in circulating CD34+ cell
counts was seen.100 Safety concerns include the
cell proliferative effect of G-CSF on haematopoietic
cells, with potential for prothrombotic circulatory
complications such as have been encountered in its
use for treatment of haematological disease. While
white cell counts rose in a similarly dose-dependent
manner, no vascular complications were reported
in stroke trials.

Multipotent adult progenitor cells are a
commercially prepared cell population of mixed
bone marrow origin (‘MultiStem’) that are planned
to enter clinical trials in non-stroke patients.
Potential development for stroke treatment is being
kept as a possibility.

Stem cell allografts

Neural cells derived from an immortalized human
teratocarcinoma cell line (NT2N cells, ‘LBS
neurons’) had improved behavioural outcomes
when implanted 1 month after MCAO in rats.20
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This cell line was subsequently administered by
stereotaxic injection to the putamen of human
subjects in two small safety studies in the USA,
with survival of cells documented in one individual
who later died and had a post-mortem.101–103 In the
first study,101 2 or 6 million cells were implanted in
12 patients who had suffered an ischaemic stroke
an average of 27 months earlier, predominantly
involving the basal ganglia alone (8/12 subjects).
All subjects were given oral ciclosporin for 8 weeks
after surgery. No cell-related adverse events were
reported and an improvement in motor function
between implantation and 6-month follow-up was
seen in half of the subjects by one of the clinical
scales used for evaluation (although not evident
on other clinical scales), after being stable over
at least 1 month pre-operatively. An increase in
18F-fluorodeoxyglucose uptake on brain positron
emission tomography scans at 6 month follow-up
was reported in just over half of the subjects.

In a subsequent phase 2 open-label study
conducted at two US centres,102 doses of 5 or
10 million cells were delivered intraparenchymally
to 14 subjects with stroke affecting the basal
ganglia 1–6 years earlier (an average of 3.5 years
since stroke). Participants were randomized to cell
implantation with rehabilitation or rehabilitation
therapy alone in a 7:2 ratio and two ascending dose
groups. Ciclosporin was again used as immune
suppression for 6 months post-surgery. Half of
the strokes were ischaemic in origin, and half
were due to intracerebral haemorrhage. The only
adverse events of note were a single seizure the
day after surgery, and a subdural haemorrhage
detected on imaging alone at 1 month follow-
up. No cell-related adverse events were reported.
Neurological motor scores had been stable for
2 months preceding surgery but thereafter
improved in 6/14 subjects by 6 months, while
in 4/14 subjects motor function deteriorated.
Specific assessments of arm function suggested
improvement in group mean scores compared with
the four control subjects and with pre-operative
scores. There was no indication of a dose-related
effect.

The CTX0E03 cell line is a genetically modified
neural stem cell line derived from a single
sample of 12-week foetal origin. The cells were
conditionally immortalized by the insertion of the
c-mycER construct, a transcription factor linked
to an oestrogen receptor that is activated by the
tamoxifen metabolite 4-hydroxytamoxifen (4-OH

tamoxifen). The genetic modification means that
c-myc is activated – and the cells enter active
reproduction – only in the presence of 4-OH
tamoxifen. This modification is a key element
in it being possible for the CTX0E03 cell line
to be produced on the sort of scale, and with
quality control safeguards, required for conduct of
clinical studies.104 Once removed from culture with
4-OH tamoxifen, cells differentiate and animal
studies indicate no reactivation of the gene after
cell transplantation.105 In rodent focal ischaemia
models, CTX0E03 cells implanted in the striatum
differentiate into neuronal tissue,22 and improve
behavioural deficits in a dose-dependent manner
when administered 4 weeks after the stroke. An
ongoing clinical trial is designed as a safety study
that will involve ascending doses being implanted
into the putamen in neurologically stable patients
6–24 months after an ischaemic stroke involving
the basal ganglia (www.clinicaltrials.gov).

Xenografts

Extrapolating from studies of porcine foetal
striatal tissue in Huntington’s disease models,
a small clinical trial was reported using the
same commercially produced lateral ganglionic
eminence (LGE) cells.80 The open label trial
included patients with disabling ischaemic stroke
involving the striatum 3 months to 10 years before
trial entry. Five subjects with strokes between
1.5 and 10 years after stroke were included and
had 1 million cells delivered by intraparenchymal
injection to the striatum. The study was halted after
procedural complications in two patients, one who
suffered a cortical vein thrombosis and one who
developed seizures, associated with focal imaging
lesions in the region of the injection sites. No
adverse effects related to the cells themselves were
reported.

Do stem cells hold promise for all age groups?

The balance between regeneration and replacement
of neural tissue and promotion of endogenous
repair processes by therapeutic stem cell admin-
istration remains unclear. If the action of stem
cells is dependent predominantly on stimulation
of endogenous repair processes, it is a legitimate
concern that older people may have less likelihood
of benefit than younger subjects who are assumed
to retain greater regenerative capacity in their CNS.
Animal data are limited. There is a decline in
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numbers of endogenous neural stem cells with
ageing in rodents, but some evidence that neural
stem cells can be ‘kick-started’ in the dentate
gyrus in older animals by grafting of neural stem
cells,106,107 and after MCAO 15-month-old rats
exhibited similar numbers of new striatal neurones
to 3-month-old rats despite fewer dividing cells
in the subgranular and subventricular zones.90 In
a single human subject aged 84 years there was
evidence of neurogenesis 1 week after spontaneous
stroke.92 Endogenous NSCs may therefore be
amenable to stimulation in the same manner as
in younger subjects.

The procedural risks involved in cell delivery
are inevitably higher in older people, including
cardiovascular complications such as cardiac
failure and thrombotic events after IV infusion of
cells, or use of growth factors that stimulate cell
proliferation such as G-CSF, stroke risk with intra-
arterial catheterization, and peri-operative risk for
intraparenchymal delivery. Immunosuppressant
drug treatment is potentially hazardous at any
age, but in older people the greater prevalence
of impaired renal function and polypharmacy
presents additional risk. The therapeutic effect may
need to be greater to justify any increased risk even
if the biological action of the cells is identical to
that in younger subjects.

Could stem cells benefit all types of stroke?

The vast majority of animal models have
investigated focal ischaemia with very few studies
in models of intracerebral haemorrhage, which
accounts for 10–15% of incident stroke.108,109

Most animal models of intraparenchymal cell
implantation have employed striatal injection, but
some have reported no effect of cells that appear
to improve behavioural outcomes after striatal
injection when transplanted into cortex.110 It
remains unclear whether the location of ischaemic
lesions might impact clinical utility.

How long after stroke might stem cells be
effective?

The longest delay between ischaemia and cell
administration in rodent focal ischaemia models
has been around 4 weeks. There is no evidence
of a time-dependent benefit of cell administration
at present, and rodent lifespans do not lend
themselves to this type of study. Human safety

trials have predominantly included patients much
later after stroke since this is a situation where
neurological stability can be expected and natural
recovery unlikely. Future efficacy trials are likely to
target earlier administration since this seems likely
to offer a greater potential margin for neurological
improvement.

Are stem cells enough?

In a number of settings, animal models suggest
that an ‘enriched environment’ is a necessary
additional requirement for functional recovery
over and above pharmacological or electrical
stimulation. Examples include visual function
recovery stimulated by amphetamine,111 motor
recovery after focal cortical contusion injury
and amphetamine,112 and the use of plasticity
promoting agent chondroitinase-ABC in rat
cervical spinal cord injury.113 In all cases, the
pharmacology intervention alone did not result
in recovery of function and additional visual or
physical stimulation was needed: recovery with
the combination of physical and pharmacological
therapy was better than physical therapy alone.
Logically, the same is likely to apply in the
setting of stroke and stem cell interventions, and
efficacy trials will need to include control groups
in which additional physical therapy is delivered.
Standardizing therapy – which is typically tailored
to an individual’s specific deficit – in clinical trials
is a major logistical problem since it varies across
institutions and health care systems. The feasibility
of starting physical therapy may also be influenced
by the timing and mode of stem cell delivery –
for example, intra-parenchymal injection probably
entails some days to recuperate from the procedure,
with limitations in timing and intensity of therapy.
In studies of transplanted endogenous SVZ-derived
stem cells, mobilization,114 but not longer term
cell survival,115 was enhanced by an enriched
environment, so the necessity for this is not yet
clear.

Challenges and barriers to therapeutic
development of stem cells

Initial clinical trials of cell therapies need to
begin with studies concerning safety, tolerability
and dose-finding, as for any treatment, but they
present particular issues that are absent from drug
trials.116,117 Apart from the predictable risks of
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cell delivery, and possibly immunosuppression,
a specific concern with cell therapies is the
development of tumours arising from continued
unregulated cell growth, particularly if cells
migrate outside the nervous system, or differentiate
into non-neural tissues. Small safety studies
cannot reliably exclude this risk even with
extended follow-up, and the expected incidence
of malignancies in typical stroke populations
means that only specific and unusual tumour types
might be detected with confidence as treatment
related. Evidence that cells have survived and
grafted is likely to come only from opportunistic
post-mortem neuropathology. Cells cannot be
readily imaged, both because any introduced
contrast agent or marker may alter the therapeutic
properties, and because the volume of cells will
probably be beyond the resolution of imaging
methods. Secondary features (like metabolism on
PET imaging used in one LBS neuron study) can
be attributed to either cell engraftment, or cell
rejection reactions, as one chooses.

In order to gain knowledge of appropriate
doses, some index of recovery is required, that
is applicable to fairly small groups of patients.
Conventional clinical scales are either too broad,
and therefore insensitive (e.g. the NIHSS), or
are reasonably sensitive but restricted to specific
deficits (e.g. upper limb motor function tests), with
implications for recruitment and generalizability.
Imaging methods at present are insufficiently
characterized to provide a surrogate marker with
better sample size.

Even if there are some data on safety and dose,
further trials still need to establish what degree
of effect could be achieved; how long after a
stroke patients could be treated; and eventually
controlled trials need to define how large any gain
in recovery might be, and therefore whether it
represents sensible use of resources.

Commercial stem cell treatments and ‘stem cell
tourism’

Increasing numbers of desperate patients are
exploited by commercial operations claiming to
offer ‘stem cell treatment.’ To some extent, this
reflects the wide availability of methods for
autologous haematopoietic cell replacement after
myeloablative therapy, and it is possible that there
will be benefits from bone marrow-derived cell
administration. However, patients are accepted

for these procedures without evidence of benefit,
and with a wide range of disabilities, ages, co-
morbidities and intervals since stroke. Patients
are not routinely or systematically followed,
outcomes are not necessarily reported, and in
some instances the procedures may be repeated.
Since the activity generally proceeds without the
supervision or even knowledge of the physician
responsible for routine medical care, instances of
significant harm may arise (e.g. a high frequency
of meningitis was opportunistically identified in
patients treated overseas for spinal cord injury).118

While some clinics follow standard approaches to
bone marrow aspiration, ex vivo culture expansion
and intravenous reinjection, other clinics offer
much more dubious approaches such as ‘fetal
stem cell’ treatment by subcutaneous injection, or
inject a collection of ‘embryonic cells’ that have in
one instance been associated with development of
widespread tumours.

Finding ways in which patients’ desperation to
find treatments that improve their disability can be
channelled into involvement in properly regulated
trials is a major challenge. The enormous media
inflation of expectations of stem cell therapy at
present largely results in profits for those prepared
to offer intervention in the absence of evidence.

Conclusion

The small number of patients involved to
date in clinical studies of cell therapy for
stroke is indicative of the complexity of this
field. While animal studies provide a broadly
consistent indication of enhanced recovery after
cell administration, the mechanisms for this are
not yet clearly understood. Cell replacement
by differentiation of the engrafted cells may
contribute to recovery, but it seems probable that
enhancement of endogenous repair mechanisms
also makes a major contribution. The design of
future clinical studies may certainly be influenced
by additional mechanistic data. Ongoing trials
will yield further data over the next few years,
but it is likely that limited numbers of patients
will be involved until preliminary safety data
can be generated for the specific cells that are
being developed. In some ways this may be
advantageous, since the surrogate markers for
efficacy that will be required for efficient phase 2
trials are poorly developed at present.
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