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Abstract
While acute neuroprotection in acute stroke has pro-
ven difficult and ended in many failures, there is
increasing interest in restorative therapies that target
brain remodelling. Cell therapy (transplantation of
cells) shows promise, with a growing body of pre-
clinical evidence demonstrating improved functional
outcomes in animal models; however, questions still
remain concerning mechanisms of action. Clinical
trials are already underway and will increase in the
next few years; their appropriate design and execu-
tion along with continued pre-clinical work are nec-
essary for the field to advance and satisfy a large
unmet clinical need.

Acute neuroprotection in human stroke has been largely
unsuccessful with many failed clinical trials; the tradi-
tional big pharma ‘small molecule’ approach has yielded
no positive results. To date, the only FDA-approved phar-
macological agent for acute stroke is the biological one,
tissue plasminogen activator (tPA). While initially the
time window for tPA administration has been restricted to
3 h, the ECASS clinical trial has now shown that this time
window can be extended to 4.5 h (1). As cascade of inju-
ries in acute ischaemic stroke is mostly complete within
24–48 h, neuroprotection to be effective, must be started
within a small number of hours of injury. One of the rea-
sons for failure of neuroprotective treatments for stroke
has been the need to start treatments so soon, within 3–6 h
of the onset of ischaemia. This has proven to be difficult
in clinical practice. On the other hand, for restorative treat-
ment, the target of therapy is to promote repair processes
such as angiogenesis, neurogenesis and synaptogenesis.
The window for restorative treatment is not precisely
known but it may extend to as much as 1 week or even as
far as 1 month or perhaps longer. Neurorestorative treat-
ment can be initiated later than neuroprotective treatment

and therefore many more stroke patients could potentially
benefit (Fig. 1).

Ischaemic stroke (cerebral ischaemia) involves
destruction of multiple cell types including neurons, astro-
cytes, oligodendrocytes, endothelial cells and pericytes.
Thus, regenerative strategy needs to target not only neural
elements but also supportive structures such as blood ves-
sels. After cerebral ischaemia, the brain undergoes active
remodelling and Nestin is upregulated in astrocytes after
cerebral ischaemia (2,3). In rodents, subventricular pro-
genitor cells proliferate after middle cerebral artery occlu-
sion and cerebral ischaemia and migrate to the striatum
where they contribute to formation of striatal medium-
sized spiny neurons and glial cells (4). However, most of
these neuroblasts undergo apoptosis and die. Subventricu-
lar progenitor cells continue to migrate to the striatum for
at least 4 months and this migration is directed by a
gradient of stromal derived factor 1 stromal cell-derived
factor 1 (SDF-1), upregulated in ischaemic tissue, and
CXCR4 expressed on the migrating neuroblasts (5).
SDF-1 is upregulated in astrocytes and endothelial cells
for at least 1 month after cerebral ischaemia and serves to
direct migration of bone marrow-derived cells involved in
tissue repair (6). There is a close association between
angiogenesis and neurogenesis. Neuroblasts in the subven-
ticular zone migrate along blood vessels to the peri-infarct
cortex, mediated by SDF-1 and angiopoietin (Ang-1) (7).
In squirrel monkeys, after injury to the primary motor cor-
tex, axons sprout and establish new connections to distant
sites, providing evidence of ‘rewiring’ the injured brain
(8). In this way there is evidence of an endogenous repair
mechanism operating after cerebral ischaemia; however, it
is insufficient for recovery of function.

Stimulating and enhancing this endogenous repair
response is an attractive therapeutic target. The so-called
golden time – the period of active brain remodelling, rich
with targets, is restricted to days to weeks after ischaemic
stroke. Most growth factor and cell therapies are best
delivered in this golden time (Fig. 1). The period of 24 h
after onset of ischaemia is the tail end of the neuroprotec-
tive period, at which time a therapy may still salvage some
penumbral tissue and also act to stimulate brain repair.
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Neurorestorative approach using cytokines and
growth factors

An early attempt to use fibroblast growth factor in the first
6 h after acute stroke failed as the treatment showed no
effect in a late phase randomized trial (9). However, there
was some evidence that the drug used might be effective
if given late, after 5 h (9). Haematopoietic growth factors,
granulocyte colony-stimulating factor (G-CSF) and eryth-
ropoietin (EPO), combine both neuroprotective and neuro-
restorative effects in the brain, and are hence ideal
therapeutic agents. G-CSF as a drug, is FDA-approved,
and can be used to mobilize CD34 positive cells for bone
marrow transplantation and to treat neutropenia after can-
cer chemotherapy. G-CSF is effective in rodent stroke
models with a therapeutic window extending for up to
24 h (10). The G-CSF receptor is dramatically upregulat-
ed on neurons during cerebral ischaemia (11) and G-CSF
has direct effects on neurons, reducing neuronal apoptosis
and stimulating endogenous neural progenitors (11). A
further mechanism of action of G-CSF in stroke is mobi-
lizing bone marrow-derived stem cells to participate in
neurogenesis and angiogenesis (12). Similarly, erythropoi-
etin is neuroprotective in rodent models for cerebral
ischaemia (13) and erythropoietin has a restorative effect
when administered 24 h after the stroke, improving func-
tional outcome and stimulating angiogenesis and neuro-
genesis (14). However, in a clinical trial using
erythropoietin within 6 h of symptom onset, it had no
effect on functional outcome and increased mortality, sug-
gesting safety issues when used in combination with tPA

(15,16). An early phase trial combining erythropoietin and
beta human chorionic gonadotrophin delivered between
24 and 48 h after stroke appeared to be safe and well toler-
ated in 15 patients (17) and development of carbamylated
erythropoietin, although devoid of erythropoietic benefit
has maintained neuroprotection and may also be of poten-
tial use (18).

Cell therapy approaches

Cell therapy may offer advantages over direct delivery
of individual trophic or growth factors. First, cells pro-
vide regulated release of trophic factors rather than
bolus-type delivery. Second, cells release a variety of
growth factors simultaneously, rather than a solitary one.
Third, cells have the ability to migrate to areas of dam-
age. Fourth, many cell types, such as mesenchymal stem
cells and neural stem cells, display an immunomodula-
tory effect. Bone marrow and umbilical cord ⁄placental-
derived stem and progenitor cell types show therapeutic
promise and represent a notion of cellular therapy that is
likely to have the earliest impact on neurological dis-
eases. As cell therapy products they generate no ethical
concerns, they are easily obtainable from bone marrow
or placental tissue, are highly expandable in culture and
are scalable. Blood banking is already a well-established
technique and cell therapy with blood and bone marrow-
derived stem cells is a logical commercial and technical
extension.

Mesenchymal stem cells or bone marrow stromal cells
(MSC) are a particularly promising source for cell therapy

Golden time

Figure 1. Depiction of the three time windows
for therapeutic intervention after stroke. This
so-called golden time is the period of most active
brain remodelling.
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for stroke. MSC can be isolated from the bone marrow
(and other tissues) and differentiated into cartilage, bone,
and adipose tissues, amongst others. They can be induced
to express a neuronal phenotype in vitro and engraft and
migrate in the brain in vivo (19); importantly also, MSC
can secrete cytokines and trophic factors that support
other cell types (20). MSC have shown efficacy in pre-
clinical animal models of stroke, head trauma and multiple
sclerosis (21,22). The therapeutic effect of human MSC in
rodent models of cerebral ischaemia is enhanced when
they are modified with growth factor genes such as that
for brain-derived neurotrophic factor (BDNF) and pla-
cental growth factor (PlGF) (23,24). MSC are also
anti-inflammatory, immunomodulatory and immune privi-
leged, allowing them to be potentially used in allogeneic
transplantation (25,26). This is a major advantage for cell
therapy as it may permit their isolation from healthy
donors (versus autologous) and provide an off-the-shelf
product (Table 1).

Much of the early pre-clinical work on MSC trans-
plantation has been performed by Chopp and colleagues.
They improve functional outcome in a dose-response
fashion in rodent middle cerebral artery occlusion models
when given intracerebrally, intra-arterially or intrave-
nously (27–29) and intravenous transplantation is effec-
tive at improving functional outcome even when given as
late as 1 month after the insult (30). There was no reduc-
tion in infarct size but instead there was a neurorestorative
effect with increases in angiogenesis, neurogenesis and
synaptogenesis in MSC-treated groups (31,32). The mech-
anism of action here was not direct cell replacement,
rather the MSC acted as a kind of trophic factory, elaborat-
ing a host of trophic and growth factors (21). A major
advantage of MSC and other bone marrow-derived stem
cells is their effectiveness in stroke after intravenous deliv-
ery. Combining MSC with a transgene for a trophic factor
may enhance their therapeutic effects and MSC expressing
a transgene for placental-derived growth factor or for
BDNF have been shown to be more effective than MSC
alone in reducing infarct volume and improving functional
outcome, in a rodent permanent middle cerebral artery
occlusion model. In these studies, MSC were intrave-
nously infused at either 3 or 6 h after onset of ischaemia,

used to measure neuroprotective effects more than a
restorative benefits (23,24).

Numbers of investigators have isolated and cultured
pluripotential cells from human umbilical cord blood
(33,34). These expressed Oct3 ⁄4 and had wide differentia-
tion potential, making them attractive for regenerative
therapies. Moreover, Ratajczak et al. (35) isolated very
small embryonic stem cells (VSEL) from both bone mar-
row and umbilical cord blood; they were pluripotential,
expressed SSEA-1(stage specific embryonic antigen) and
Oct3 ⁄4, and displayed characteristics of embryonic stem
cells.

Intravenous and intrastriatal delivery of human umbili-
cal cord blood (HUCB) stem cells has been shown to be
effective in animal models of cerebral ischaemia (36–39);
the intravenous route appeared to be more effective than
intrastriatal delivery (40) and the intravenous time win-
dow extended to at least 48 h post-stroke (41). Cord
blood-derived CD34 positive cells improved functional
outcome and increased angiogenesis and associated neu-
rogenesis when delivered intravenously 48 h after cortical
occlusion in mice (39) and entry into the CNS of intrave-
nously delivered HUCB did not appear to be a prerequi-
site for their beneficial effects (36). However, one issue
with umbilical cord stem cells is their scalability (or lack
of it); presently, it is difficult to expand HUCB ex vivo
making a human clinical product still difficult to achieve.

A subset of MSC that copurify with other MSCs is
that of multipotent adult progenitor cells (MAPC) isolated
by Verfaillie and colleagues (42–44). MAPC are multipo-
tent, differentiating into cell types of all three germ layers
including neurons. Moreover, they generate all tissues
when injected into blastocysts but have never been
reported to form teratomas. MAPC can be isolated from
human and rodent bone marrow as well as from other tis-
sues such as those of brain and muscle (42); MAPC are
highly expandable and represent a promising form of cell
therapy. Intracerebral transplantation of MAPC 1 week
after cortical stroke has resulted in improved sensorimotor
function, but although some of the transplanted cells
expressed neuronal markers, their paucity of number
suggested that improvement was from a trophic effect of
the transplanted cells on the host brain (45). Similarly,

Table 1. Allogeneic versus autologous cell
therapy Allogeneic Autologous

Scalable Difficult to scale
Universal stem cells obtained Costly isolation and preparation for everyone
From young, healthy patients Senescent cells from ‘older’ stroke patients
‘Ready to go’ transplantation at early time points Long preparation period needed – weeks
Patentable and commercialized easier Difficult to patent; little industry interest
No bone marrow aspirate or collection needed Painful bone marrow aspirate
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intravenous delivery of commercial grade MAPC, known
as Multistem, improved long-term functional outcome in
rodents when administered 1 day to 1 week after cerebral
ischaemia (46).

Can the effect of intravenously delivered bone
marrow stem cells be explained by distant effects
from other organs?

Very few intravenously delivered bone marrow stromal
cells or other bone marrow-derived cells, persist in the
brain after a few days. It is therefore unlikely, that even a
robust paracrine effect from such a small number of en-
grafted cells in there could explain improved functional
outcome observed in many of the animal stroke models.
Most intravenously administered stem cells migrate to
and are trapped and concentrated in the lung and spleen
(47); but such trapping in the lung after intravenous deliv-
ery may itself lead to a therapeutic effect. In a rodent
model of myocardial infarction, intravenously delivered
MSC trapped in lung secreted anti-inflammatory ‘‘tumour
necrosis factor-inducible gene 6 protein’’ or TSG6, that
reduced myocardial damage and improved cardiac perfor-
mance. MSC transduced with siRNA for TSG6 did not
reduce myocardial damage, reduce inflammation nor
improve cardiac function.

Similarly, stem cells migrating to the spleen may also
exert a therapeutic effect. There is evidence that after cere-
bral infarction, immune cells in the spleen are activated
and splenocytes migrate to the brain where they partici-

pate and contribute to tissue injury (48,49) (Fig. 2). This
is associated with shrinking of the spleen and later im-
munodepression that may be associated with and predis-
pose to infections after stroke. Haematopoietic stem cells
delivered intravenously after stroke reduce this inflamma-
tory response in the spleen and associated shrinkage of
spleen size, and reduce the size of the cerebral infarct
(50). Similarly, HUCB intravenously transplanted into
rodents with MCA occlusion, prevent reduction of spleen
size and in splenic CD8+ T cells and also increase the
anti-inflammatory cytokine, IL-10 (51). Intravenous
administration of cell therapy may lead to an indirect ther-
apeutic effect on the brain by cells migrating to and acting
in peripheral organs such as the lung and spleen – an
effect that might be lost if they were administered intrace-
rebrally or intra-arterially.

Human clinical trials with bone marrow-derived
stem cells

To date, there have been only early phase clinical trials of
cell therapy for stroke patients, one of which is a phase I
trial of intravenous autologous MSC in ischaemic stroke
(52). Thirty patients were randomly assigned to receive
MSC; five received MSC and 25 did not, serving as con-
trols. Autologous MSC were delivered intravenously at a
dose of 1 · 108 within 1 month of incidence of the ischae-
mic stroke. The treatment proved to be feasible and safe
and there was a trend towards functional improvement. In
an extension of this study, an open-label, blinded endpoint

Figure 2. The effect of intravenously deliv-
ered stem cells on the peripheral immune
response. After ischaemic stroke, there is activa-
tion of an inflammatory response in the spleen as
T and B cells from the spleen migrate to the brain
where they activate local microglial cells and
contribute to cerebral injury (49). On the right,
an intravenously administered stem cell migrates
to the spleen, and reduces this splenic inflamma-
tory response, reduces migration of spleen
immune cells to the brain and attenuates splenic
atrophy associated with later immunodepression.
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trial of 16 patients treated with MSC appeared to have
improved outcomes compared to a control group of 36
patients (53). In a further study, bone marrow mono-
nuclear cells were transplanted using an intra-arterial
approach, in a small number of patients 59–82 days after
the stroke (54).

Delayed time window

Most human functional recovery after stroke is complete
by 30 days when a plateau is reached (55). At this point,
the brain has finished its period of remodelling and there
is gliosis and cavitation; there are fewer targets then in
days and weeks after stroke. However, there are some
advantages to a later time of transplantation. Baseline defi-
cit is well established and hence, changes from the base-
line are easier to detect and there are thousands of
desperate stroke victims with few other options. As it is
doubtful that intravascularly delivered stem cells would
naturally home to areas of damage, it is more likely that
an intracerebral approach to deliver neural stem cells to
the point of injury would be effective.

An early attempt at cell therapy for stroke involved
intracerebral transplantation of human hNT cells, neuro-
nal-like cells derived from a teratocarcinoma line (NT2-
N) exposed to retinoic acid (56,57). Twelve stroke patients
with basal ganglia stroke and stable motor deficits were
transplanted between 6 months and 6 years after their
stroke. No tumour formation took place and PET scanning
indicated increased uptake of metabolites in six out of 11

patients. A subsequent small randomized early phase II
study showed no functional benefit from such transplanta-
tion but there were no major safety issues (58). In addi-
tion, a small trial with foetal porcine cells transplanted
into the basal ganglia of patients with chronic stroke was
terminated by the FDA after five subjects were enrolled,
due to potential safety issues (59). Intracerebral transplan-
tation of a cloned neural stem cell line, into the basal gan-
glia of chronic stroke patients, with the cells conditionally
immortalized using transgene c-mycERTAM to allow con-
trolled expansion when cultured in the presence of 4-hy-
droxytamoxifen, is about to enter a phase I clinical trial in
Glasgow, UK (60).

For reasons of cavity formation, late transplantation of
stem cells might be best combined with scaffolds of bio-
degradable matrix (61). Neural stem cells transplanted
intracerebrally inside Matrigel led to better cavity filling
than neural stem cells transplanted alone, enhanced sur-
vival of transplanted cells and improved functional recov-
ery, in a rodent model of stroke (62). In the future, ability
to use iPS cells differentiated to neural stem cells would
allow both an allogeneic (more scalable) or autologous
approach (personalized) (Fig. 3). However, there remains
a risk of tumorigenesis if undifferentiated iPS cells are
transplanted. (63)

While cell therapy and neurorestorative treatment of
stroke holds much promise, it will be important to proceed
with prudence and design early phase clinical trials with
care (Table 2). There are sufficient pre-clinical data to
now embark upon early phase clinical trials in stroke.

Figure 3. Schematic diagram depicting poten-
tial use of transplantation of iPS cells differen-
tiated into neural progenitor cells within a
biodegradable matrix in late-stroke patients,
months after injury. This process could allow
autologous or allogeneic therapy. Note that this
would require production of iPS cells with no
viral gene integration and no genomic instability
and careful selection of neural progenitor cells to
ensure that no residual undifferentiated iPS cells
would be transplanted.
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Early trials in both stroke and the cardiac field have
employed autologous cells; however, allogeneic cells
show more long-term potential (Table 1). Intravenous
allogeneic MSC, MAPC, placental stem cells and HUCB
will likely enter early phase clinical trials and be infused
intravenously in the golden time after stroke. It remains
unclear which cell type holds the most promise as direct
head-to-head pre-clinical data are lacking. While early
phase clinical trials will be focused on safety and tolerabil-
ity, evidence of cell activity should also be sought. Bio-
markers to indicate activity, might include MRI measures
(diffusion tensor imaging, volumetric measurements, mea-
sures of angiogenesis), spleen size by ultrasound, or MRI,
and evidence of immunomodulation (serum microarrays,
serum lymphocyte subpopulations, IL-6, IL-10, and
more). Direct implantation of neural stem cells also shows
promise but optimal time to transplantation, need for
matrices to enhance cell survival and lack of tumorigenic-
ity in any iPS-derived NSC will need to be fully investi-
gated before clinical trials can proceed.

Summary

There are promising pre-clinical data showing that a wide
variety of stem and progenitor cells improve nervous sys-
tem functional outcome after stroke. Using intravenously
delivered stem cells, the mechanism of action does not
involve cell replacement but instead may be a paracrine
effect on neighbouring neurons and blood vessels, an
immunomodulatory effect on both brain and peripheral
immune system, and perhaps a distant endocrine effect
from production of TSG-6 from cells embolized and
established in the lung. The large unmet clinical need has
fuelled the industry of stem cell tourism as desperate
patients travel internationally in search of a cure. Careful
selection of optimal cell types and proper design and exe-
cution of clinical trials will be necessary to avoid mistakes
and failures of acute neuroprotection. Allogeneic cell

therapies, more scalable and patentable, are the ones likely
to attract big pharma and move into large clinical trials.
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