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Mesenchymal stem cell (MSC) transplantation improves recovery from ischemic stroke in animals. We examined the
feasibility, efficacy, and safety of cell therapy using culture-expanded autologous MSCs in patients with ischemic stroke.
We prospectively and randomly allocated 30 patients with cerebral infarcts within the middle cerebral arterial territory
and with severe neurological deficits into one of two treatment groups: the MSC group (n � 5) received intravenous
infusion of 1 � 108 autologous MSCs, whereas the control group (n � 25) did not receive MSCs. Changes in neuro-
logical deficits and improvements in function were compared between the groups for 1 year after symptom onset.
Neuroimaging was performed serially in five patients from each group. Outcomes improved in MSC-treated patients
compared with the control patients: the Barthel index (p � 0.011, 0.017, and 0.115 at 3, 6, and 12 months, respectively)
and modified Rankin score (p � 0.076, 0.171, and 0.286 at 3, 6, and 12 months, respectively) of the MSC group
improved consistently during the follow-up period. Serial evaluations showed no adverse cell-related, serological, or
imaging-defined effects. In patients with severe cerebral infarcts, the intravenous infusion of autologous MSCs appears to
be a feasible and safe therapy that may improve functional recovery.
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The only specific therapies currently available for
stroke are intervention to prevent inappropriate coagu-
lation, surgical procedures to repair vascular abnormal-
ities, and thrombolytic therapy. To date, relatively little
attention has been devoted to developing methods to
restore function after ischemic stroke.

Recently, the transplantation of bone marrow mono-
nuclear cells (mainly hematopoietic stem cells) achieved
clinical efficacy by inducing angiogenesis in patients
with myocardial infarction1,2 or limb ischemia.3 How-
ever, in addition to neovascularization, more complex
processes are involved in the restoration of function af-
ter ischemic stroke, including neurogenesis and neuro-
nal plasticity. Cell therapy should provide an exoge-
nous supply of cells capable of neurogenesis or
modulatory effects, or both, on the environment to en-
hance plasticity and the survival and differentiation of
host cells, but such capacities are limited in hemato-
poietic stem cells. Therefore, candidate cells other than
hematopoietic stem cells are required for cell therapy in
stroke patients.

The use of mesenchymal stem cells (MSCs) as ther-
apy for stroke is attractive. MSC therapy has already
been used to treat patients with cancer. Moreover, it is
conceivable that autologous MSCs could be used,

which would allow immune reactions to be avoided.
Preclinical studies have established the potential for
MSCs to be a useful and safe treatment for stroke in
humans. After peripheral injection, MSCs cross the
blood–brain barrier preferentially in areas that have ex-
perienced brain damage.4,5 Intravenous application of
MSCs reduced apoptosis and promoted endogenous
cellular proliferation after stroke.6 Animal models of
stroke have improved with MSC transplantation.4,7,8

Although MSC infusion is a promising strategy to aug-
ment recovery from stroke, to our knowledge, trans-
plantation of MSCs into stroke patients and the long-
term effects of this approach have not been reported.
To date, the only report of cell therapy in stroke pa-
tients was that in which cell lines derived from human
embryonic carcinomas were used.9

Transplantation after ex vivo culture expansion of
MSCs is mandatory to meet the dose requirements that
have been effective in animal models, because few
MSCs can be obtained by bone marrow aspiration. We
aimed to test the feasibility, efficacy, and safety of cell
replacement therapy using cultured autologous MSCs
in patients with ischemic stroke. In this study, we eval-
uated the long-term prognosis and neuroradiological
features after intravenous injection of autologous
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MSCs in patients with cerebral infarcts within the
middle cerebral artery (MCA) territory and with severe
neurological deficits.

Patients and Methods
Patients
This study was a randomized, controlled phase I/II clinical
trial. The clinical trial protocol and the consent form were
approved by the Institutional Review Board for Human In-
vestigation of Ajou University Hospital. We obtained written
informed consent from all patients. The overall trial profile is
shown in Figure 1.

Patients between 30 and 75 years old were eligible for the
study if they had the following characteristics: (1) they had
been observed within 7 days of the onset of symptoms; (2)
there were relevant lesions within the MCA territory as as-
sessed using diffusion-weighted imaging (DWI); and (3) they
had experienced severely disabling deficits that persisted for
longer than 7 days (according to the National Institutes of
Health Stroke Scale [NIHSS], a score of 7 or more points
after 7 days of admission is severe). We excluded patients
who met one of the following criteria: lacunar syndrome, he-
matological causes of stroke, malignant diseases, severe co-
morbidity, hepatic or renal dysfunction, or unwillingness to
participate. Patients were randomly allocated to one of two
groups, the MSC or control group, by use of a randomiza-
tion table. The randomized allocation to groups was per-
formed on the seventh day of admission by a blinded, inde-
pendent coordinator; after the initial random allocation of
patients to treatment groups, experimental procedures were
not blinded.

Bone Marrow Aspiration, Isolation of Mesenchymal
Stem Cells, and Cell Culture
Bone marrow (5̃ml) was aspirated, under local anesthesia,
from the posterior iliac crest of patients in the MSC group 7
days after admission. Bone marrow mononuclear cells were
isolated by Ficoll density centrifugation. Mononuclear cells
(1 � 106/ml) were placed in a 175cm2 flask (Falcon, Frank-
lin Lakes, NJ) and were cultivated in low-glucose Dulbecco
modified eagles’ medium (Gibco-BRL, Grand Island, NY)
containing 10% fetal bovine serum (Hyclone, Irvine, CA)
and 1% penicillin/streptomycin (Sigma, St. Louis, MO) in a
humidified incubator at 37°C under 5% CO2. After 5 days,
nonadherent cells were removed by replacing the medium.
Attached cells developed into colonies within 5 to 7 days.
When these primary cultures of MSCs reached 8̃0% conflu-
ence, the cells were harvested using 0.25% trypsin and sub-
cultured. Thus, autologous MSCs were culture expanded to
reach 1 � 108 cells/patient within a relatively short period of
culture (mean � SD: 30.8 � 5.5 days; range, 23–37 days),
as reported previously.10 Based on mean body mass, 1 � 108

cells/patient is the human dose equivalent to the dose that
was effective in a rat model of stroke (1 � 105 ˜ 3 � 106

cells/rat).4,6–8,11,12

Cell Preparation for Transplantation
Because stem cells are highly likely to be differentiated, the
surface expression of SH-2 (Src homology, CD105) and
SH-4 on culture-expanded MSCs was measured using flow
cytometry (FACScan; Becton-Dickinson, Rutherford, NJ)
before infusion. Every harvest of MSCs showed a homoge-
nous population of cells with high side and forward scatter

Fig 1. Study protocol.
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and high expression levels of SH antigens (�91% of cells;
Fig 2). These cells did not express CD34, CD45, human
leukocyte antigen-D related, or class I human leukocyte an-
tigen (not shown). Cell viability was determined by trypan
blue staining at the end of the harvest and before infusion;
viability was greater than 95% for every infusate at both time
points. Cell cultures were tested weekly for sterility; there
was no evidence of bacterial, fungal, viral, or mycoplasmal
contamination in any of the flasks tested. We used GMP
(Good Manufacturing Practice) conditions (FCB-Pharmicell
Co Ltd, Sungnam, South Korea) and clinical grade reagents
for preparation of the cells.

On the day of injection, the cells were harvested using
trypsin, washed with phosphate-buffered saline, and resus-
pended in 10ml saline. Freshly harvested autologous MSCs
were infused into patients through the port of a running in-
travenous infusion of 50 to 80 ml saline into a peripheral
catheter over 15 to 20 minutes. MSC-treated patients re-
ceived 5 � 107 cells twice: 4 to 5 (first boosting) and 7 to 9
weeks (second boosting) after symptom onset (see Fig 1).

Measurement of Improvements and Adverse Effects
All patients were evaluated according to a protocol that in-
cluded demographic data, medical history, vascular risk fac-
tors, and stroke scales, as in our previous study.13 Patients
were evaluated for safety and efficacy at admission and at 1,
4 to 5 (first boosting), 7 to 9 (second boosting), 14, 28, and
52 weeks after admission. Brain magnetic resonance imaging
(MRI; 1.5 Tesla) was performed in all patients at admission.
A follow-up MRI was performed at 52 weeks after the onset
of symptoms in all MSC-treated patients and in 5 control
patients. Volumetric analysis was performed to measure the

volumes of the infarcted areas (using initial DWI and fluid-
attenuated inversion recovery image at follow-up) and the
lateral ventricle (using T2-weighted imaging). Volumes were
computed by multiplying the measured area per slice by the
section thickness (slice thickness, 4mm; gap, 1mm). These
analyses were performed by technicians who were blind to
the group allocation and clinical data. The NIHSS score, the
Barthel index (BI), and the modified Rankin Scale (mRS)
were checked serially by a neurologist who was blind to the
group allocation and radiological data.

We assessed the safety of intravenous autologous MSC in-
fusion by the development of an immediate or a delayed re-
action. Immediate reaction included allergic reactions (tachy-
cardia, fever, skin eruption, leukocytosis), local complications
(hematoma, local infection at the site of bone marrow aspi-
ration), vascular obstruction (tachypnea, oliguria, peripheral
vascular insufficiency, recurrence of stroke), and systemic
complications (systemic infections, increased aspartate ami-
notransferase and alanine aminotransferase or blood urea ni-
trogen/creatinine levels). To evaluate tumor formation as a
delayed reaction, we performed a physical evaluation, a visual
inspection of the skin and oral mucosa, and a follow-up
MRI.

Statistical Analysis
Differences between the groups with respect to the clinical
and radiological features and the prognoses were examined
using �2, Fisher’s exact, and Student’s t test or a one-way
analysis of variance. Statistical significance was established at
p � 0.05.

Fig 2. Flow cytometric analysis of the mesenchymal stem cells of each patient with antibody directed against SH-2 (CD105). Left
histogram of each analysis indicates isotype control.
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Results
Patient Characteristics
The clinical and neuroradiological characteristics of the
MSC group are presented in Table 1.

Because of the experimental nature of the treatment,
only five patients of the MSC group were included in
this study. All individuals had massive cerebral infarcts
that involved cortex within the MCA territory as doc-
umented by DWI, and all patients had cortical dys-
function on neurological examination. All patients had
at least one risk factor for stroke, and all were severely
disabled despite appropriate treatment during the acute
stage of stroke.

The clinical and radiological characteristics of the
control group were not significantly different from
those of the MSC group (Table 2). The sex ratio was
the same in both groups. Control patients were signif-
icantly younger than those of the MSC group (p �
0.046). The risk factors for stroke and mechanisms of
stroke were similar in both groups. The NIHSS score
on admission, the BI and mRS score on the seventh
day of admission, and the DWI lesion volume were
not different between the groups (p � 0.05).

Safety
Clinical, laboratory, and radiographic evaluations of
the MSC-treated patients showed no deaths, stroke re-
currence, or cell-related serious adverse events. There
was no immediate or delayed toxicity related to intra-

venous MSC infusion during the therapeutic window
or within the 1-year follow-up period. One patient
(Patient 5) experienced development of cellulitis in his
right foot 6 months after MSC infusion; this was
caused by tinea pedis and was treated with antifungal
agents.

Functional Outcome
The NIHSS score as an index of neurological deficit
and the BI and mRS as indices of functional recovery
were administered at regular intervals for up to 1 year
after the onset of stroke. Despite similar baseline val-
ues, the BI of MSC-treated patients after MSC infu-
sion was greater than that of the control patients (p �
0.011, 0.017, and 0.115 at 3, 6, and 12 months, re-
spectively; Fig 3). Similarly, there was a tendency for a
lower mRS score in the MSC group than in the con-
trol group (p � 0.076, 0.171, and 0.286 at 3, 6, and
12 months, respectively; Fig 4), although this differ-
ence was not statistically significant.

In MSC-treated patients, the BI increased dramati-
cally after the MSC infusion, from 9.0 � 20.1
(mean � SD) on the seventh day of admission and
29.0 � 23.6 on the day of the first injection to 55.0 �
17.0, 62.0 � 12.0, and 62.0 � 20.8 at 3, 6, and 12
months after the onset of symptoms, respectively. By
contrast, changes in the NIHSS scores were less prom-
inent than were changes in the BI. Although all the
scores of MSC-treated patients improved according to

Table 1. Characteristics of Patients of the MSC Group

Characteristic Patient 1 Patient 2 Patient 3 Patient 4 Patient 5

Sex/age M/66 M/54 F/58 M/72 M/68
Risk factor Smoking, stroke his-

tory
Hypertension, smoking Diabetes Hypertension,

Smoking
Atrial fibrillation

Symptoms Agnosia and
hemiparesis

Agnosia and
hemiparesis

Agnosia and
hemiparesis

Agnosia and
hemiparesis

Aphasia and
hemiparesis

Infarct location
on DWI

NIHSS at
admission

7 12 10 10 14

Time onset to
MSC
infusion

41 day 55 day 44 day 32 day 61 day

No. of injected
cells

5 � 107, two times 5 � 107, two times 5 � 107, two times 5 � 107, two times 5 � 107, two times

Acute
treatment

Conservative Conservative Conservative Conservative Thrombolytics

Preventive
medication

Aspirin and
clopidogrel

Aspirin and
clopidogrel

Aspirin and
clopidogrel

Aspirin Warfarin

MSC � mesenchymal stem cell; DWI � diffusion-weighted magnetic resonance imaging; NIHSS � National Institutes of Health Stroke Scale.
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Fig 3. The Barthel index before (day 7) and after (3, 6, and 12 months) cell therapy.

Table 2. Clinical Characteristics at Baseline

Characteristic Control Group (n � 25) MSC Group (n � 5) p

Age, mean � SD 59.3 � 11.5 63.0 � 7.5 0.046
Male sex 14 (56%) 4 (80%) 0.622
Severity of illness, mean � SD

NIHSS on admission 11.6 � 4.9 10.6 � 2.6 0.104
Barthel index at seventh day 13.4 � 22.2 9.0 � 20.1 0.731
Modified Rankin score at seventh day 4.6 � 0.7 4.8 � 0.5 0.516
DWI lesion volume (ml) 89.1 � 77.4 127.4 � 70.3 0.180

Risk factors
Hypertension 17 (68%) 2 (40%) 0.327
Diabetes 2 (8%) 1 (20%) 0.433
Smoking 7 (28%) 3 (20%) 0.143
Hyperlipidemia 6 (24%) 0 (0%) 0.553
Atrial fibrillation 2 (8%) 1 (20%) 0.433
Previous stroke history 7 (28%) 1 (20%) 0.640

Stroke mechanisms 1.000
Atherosclerotic 17 (68%) 4 (80%)
Cardioembolic 5 (20%) 1 (20%)
Cryptogenic 3 (12%) —

Treatment
Duration of rehabilitation therapy, days 53.4 � 38.2 61.2 � 42.0 0.686
Thrombolytics 5 (20%) 1 (20%)
Drugs AP 19, AC 6 AP 4, AC 1

MSC � mesenchymal stem cell; SD � standard deviation; DWI � diffusion-weighted magnetic resonance imaging. NIHSS � National
Institute of Health Stroke Scale; AP � antiplatelet agent; AC � anticoagulant.
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the NIHSS (mean � SD: 4.2 � 0.5; range, 4–5), the
degrees of improvement from the day of first boosting
until 1 year after the onset of symptoms were not sub-
stantial (mean � SD, 2.0 � 1.4; range, 1–4).

Imaging
Serial MRI was performed at 12 months after the onset
of symptoms in all patients. No patients showed any
structural changes (including tumor formation) within
the brain after the MSC infusion relative to baseline.
The volumetric analysis indicated that the magnitude
of apparent changes in infarct volume between the ini-
tial DWI and the follow-up MRI were not different
between the groups (p � 0.661; Fig 5A, C). However,
atrophy within periinfarct areas and secondary dilations
of the adjacent ventricle were less prominent in MSC-
treated patients than in the control patients (see Fig
5B,C).

Discussion
It remains uncertain which type of cell would be most
appropriate for transplantation into stroke patients.
Various cell types (eg, porcine fetal cells, embryonic
stem cells, and immortalized neuronal cells and bone
marrow stromal cells) are being investigated. However,
the ethical dilemmas of embryonic stem cell research
and the problems associated with allotransplantation
and xenotransplantation limit the clinical use of stem
cells. Recent experimental studies raised the possibility
of using MSCs as stroke therapy. There is increasing
evidence that MSCs promote functional recovery in
animal models of ischemic stroke. First, unlike hema-
topoietic stem cells, MSCs adhere to plastic and cause
a variety of tissue/cell types, including bone, cartilage,

adipose, muscle, hepatocytes, glia, and neurons.14–17

In specific culture conditions, human MSCs can dif-
ferentiate into cells that express markers of neuronal
progenitor cells14 and can engraft and migrate along
paths that resemble those of neuronal progenitor
cells.15 It is still controversial, however, whether spon-
taneous cell fusion18,19 or true differentiation20,21 was
the primary cause for these unexpected cell outcomes.
Second, MSCs are eminently suitable for human trials
because these cells can be obtained readily from bone
marrow under local anesthesia, are easily expanded by
culture, and potentially could be delivered to injured
brain tissue without the need for invasive stereotaxic
operations.7 This is in contrast to hematopoietic stem
cells, which reportedly experience a dramatic decline in
homing capacity after culture expansion.22 Moreover,
the use of patients’ own bone marrow cells should cir-
cumvent the problems of host immunity and graft-
versus-host disease. In this study, we assessed the use of
autologous MSCs as therapy for ischemic stroke.

Chen and colleagues4 introduced the idea of a rela-
tion between cell dose and effect after finding that an-
imals with ischemia-induced brain damage infused
with a high dose of MSCs (3 � 106) recovered better
than did control animals infused with a low dose of
MSCs (1 � 106). Adult mononuclear bone marrow
cells contain few (�1%) stem cells. Moreover, paren-
teral injection distributes MSCs to other organs (in-
cluding muscle, spleen, kidney, lung, and liver), which
further decreases the number of cells that reach the
brain.23 The limited number of available MSCs re-
quires that there be a process to isolate and increase the
number of these cells ex vivo. Although rare (1 per 106

bone marrow mononuclear cells), MSCs proliferate

Fig 4. The modified Rankin score before (day 7) and after (3, 6, and 12 months) cell therapy.
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rapidly in vitro (48–72 hour doubling time) and have
been expanded by more than 60 cell doublings.24 Con-
sidering these facts, we decided to transplant MSCs at
a dose that had been shown to be effective in rats. Al-
though the stem cells are highly prone to differentia-
tion, our flow cytometry data indicated that the
culture-expanded MSCs had a high level of expression
of MSC surface markers (SH-2 and -4).

The therapeutic modalities that would offer MSCs
the best chance to reach the brain include intraarterial
delivery, as in patients with myocardial infarcts,1,2 or

intralesional implantation, as in animal models of isch-
emic stroke.11,12 However, intraarterial infusion of
high doses of cells and angiography itself may cause
adverse effects, including recurrent stroke.25 Moreover,
surgical procedures in patients with severely disabling
stroke are often impossible and exacerbate the patient’s
state. In addition, animal experiments have demon-
strated that behavioral recovery after both intracarotid
and intralesional administration of bone marrow stro-
mal cells was similar to that after intravenous adminis-
tration.4,7,11

Fig 5. Neuroimaging findings. Changes in infarct volume were not observed in both groups (A), but ventricular dilations secondary
to atrophic changes of periinfarct area were more prominent in the control group than in the mesenchymal stem cell group (B). (C)
Volumetric analysis of infarct size (left) and ventricular size (right). Asterisk indicates volume ratio of lesions on fluid-attenuated
inversion recovery image performed at 1 year after symptom onset to initial diffusion-weighted imaging lesions. Dagger indicates
volume ratio of the lateral ventricle of symptomatic side to the contralateral lateral ventricle.
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The optimal time at which MSC infusion should oc-
cur after a stroke is unknown. In animal studies, cells
have been injected from one day to one month after
MCA occlusion, and few investigations have examined
whether transplantation at different times after isch-
emic damage affects proliferation, differentiation, inte-
gration, and functional outcome. Transplantation to an
acute infarct would be unlikely to succeed if there were
severe arterial occlusions, because blood flow would be
inadequate to support donor cell viability. In addition,
the release of excitotoxic neurotransmitters, free radi-
cals, and proinflammatory mediators might threaten
cells introduced into the periinfarct region. The timing
of transplantation also must consider the natural course
of recovery from stroke. Many neurologists would de-
lay transplantation until deficits reached a plateau. For
these reasons, we studied patients who remained se-
verely disabled 1 week after a stroke, and the MSC
infusion was performed in all the patients more than 1
month after the onset of stroke symptoms. Additional
studies concerning the time of transplantation are
needed because unnecessarily delaying the procedure
allows for the formation of scar tissue, which might
adversely affect implanted grafts.

This report is the first to describe the successful iso-
lation, ex vivo culture expansion, and intravenous in-
fusion without toxicity of autologous MSCs into pa-
tients with ischemic stroke. Despite the large size of
MSCs and the ex vivo culture expansion of these cells,
there was neither immediate nor delayed infusion-
related toxicity associated with the infusion of 1 � 108

MSCs. The clinical use of culture-expanded MSCs and
the safety of MSC infusion have already been reported
for patients with cancer10 and osteogenesis imper-
fecta.26 Our results indicate that this form of cell ther-
apy is feasible and may have beneficial clinical and ra-
diological effects in patients with MCA territorial
infarcts and with severe neurological sequelae. In pa-
tients with breast cancer, circulating clonogenic MSCs
have been observed up to 60 minutes after infusion,
which suggests that these cells might be distributed to
and survive in tissues.10 Our clinical and neuroimaging
data suggest that transplanted cells are highly viable.
All outcome measurements were consistent in identify-
ing a trend toward improved scores in tests of func-
tional recovery in patients treated with MSCs. Less
prominent atrophy was a consistent finding on serial
MRI scans in patients treated with MSCs. However,
our results should be interpreted with caution because
only five patients were treated with MSCs in this
study, and stroke outcomes are extraordinary heteroge-
neous among patients, even those with identical vascu-
lar and neurological insults.

Because we could not examine brain pathology, we
were unable to determine the mechanisms by which
MSCs facilitate recovery from stroke. Rather than re-

place infarcted tissue, MSCs may up-regulate endoge-
nous recovery mechanisms either at the periinfarct area
(neurogenesis) or at areas that are remote from the in-
farct (neuronal plasticity). Chen and colleagues4 sug-
gest that the mechanism of MSC-induced recovery
may be related to the production of trophic factors re-
leased by the MSCs. Our results support this possibil-
ity: functional recovery (improvement in the BI and
mRS score) was not accompanied by a diminution of
neurological deficits (there was a less prominent im-
provement in the NIHSS score), and functional im-
provement occurred shortly after cell therapy. In addi-
tion, the MRI scans of the MSC group showed less
prominent atrophy throughout the brain including the
periinfarct zones, which was consistent with a diffuse
action of MSCs throughout the brain. We hope to ob-
tain a better understanding of the mechanisms of
action of MSCs from ongoing neuroimaging studies
(diffusion tensor imaging and positron emission to-
mography).

Our findings indicate that intravenous injection of
ex vivo–cultured autologous MSCs is a safe and feasi-
ble method of treatment for ischemic stroke. Double-
blind studies with larger cohorts are needed to reach a
definitive conclusion regarding the efficacy of MSC
therapy. In addition, further studies are needed to de-
termine which stroke patients should undergo trans-
plantation, because the location, severity, and chronic-
ity of the stroke and the adequacy of blood supply will
likely affect the efficacy of MSC therapy.
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