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ABSTRACT

Objectives: To evaluate the quality of preclinical evidence for mesenchymal stromal cell (MSC) treat-
ment of ischemic stroke, determine effect size of MSC therapy, and identify clinical measures that
correlate with differences in MSC effects.

Methods: A literature search identified studies of MSCs in animal models of cerebral ischemia. For
each, a Quality Score was derived, and effect size of MSCs was determined for the most common
behavioral and histologic endpoints.

Results: Of 46 studies, 44 reported that MSCs significantly improved outcome. The median Quality
Score was 5.5 (of 10). The median effect size was 1.78 for modified Neurological Severity Score,
1.73 for the adhesive removal test, 1.02 for the rotarod test, and 0.93 for infarct volume reduction.
Quality Score correlated significantly and positively with effect size for the modified Neurological
Severity Score. Effect sizes varied significantly with clinical measures such as administration route
(intracerebral . intra-arterial . IV, although effect size for IV was nonetheless very large at 1.55)
and species receivingMSCs (primate. rat.mouse). BecausemanyMSCmechanisms are restorative,
analyses were repeated examining only the 36 preclinical studies administering MSCs $24 hours
poststroke; results were overall very similar.

Conclusions: In preclinical studies, MSCs have consistently improvedmultiple outcomemeasures, with
very large effect sizes. Results were robust across species studied, administration route, species of
MSC origin, timing, degree of immunogenicity, and dose, and in the presence of comorbidities. In con-
trast tometa-analyses of preclinical data for other stroke therapies, higher-qualityMSCpreclinical stud-
ies were associated with larger behavioral gains. These findings support the utility of further studies to
translate MSCs in the treatment of ischemic stroke in humans. Neurology® 2014;82:1277–1286

GLOSSARY
mNSS 5 modified Neurological Severity Score; MSC 5 mesenchymal stromal cell; STAIR 5 Stroke Therapy Academic
Industry Roundtable.

Stroke remains a major source of disability. Only approximately 5.2% of patients receive tissue plas-
minogen activator for acute stroke across the United States,1 with higher rates in some stroke
systems.2 In addition, many patients who do receive acute reperfusion therapies nonetheless have
significant long-term disability. Additional forms of therapy are needed to improve outcomes.
Abundant evidence suggests that restorative therapies have the potential to reduce poststroke disa-
bility.3 Many such therapies are under study, most with a time window measured in days or weeks
rather than hours. This includes many different types of stem cell therapeutic candidates.4,5

Mesenchymal stromal cells (MSCs) (also known as marrow stromal cells and marrow stem cells)
are a form of multipotent adult stem cells that have received considerable attention, in part because
of their relative ease of isolation from tissues such as bone marrow and their immunoprivileged sta-
tus. The International Society for Cellular Therapy defines MSCs on the basis of adhering to plastic
in standard culture conditions, expressing characteristic surface antigens (e.g., CD105 and CD90,
but not CD45 or HLA-DR), and having the ability to differentiate in vitro to osteoblasts,
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adipocytes, and chondroblasts.6 Preclinical stud-
ies suggest that MSCs do not replace lost neu-
rons after stroke but instead provide benefit
through multiple parallel processes that modu-
late the tissue microenvironment, including par-
acrine delivery of growth factors, local and
distant immunomodulation, reduced apoptosis,
reduced perilesional glial scar formation, promo-
tion of axonal outgrowth and synaptic remodel-
ing, astrocytic and oligodendrocyte precursor
cell proliferation, neurogenesis, and angiogene-
sis.4,7–11 This is a potential advantage over
pharmacologic therapies that act via a single
treatment mechanism.7,8,11 In addition, MSCs
have an excellent safety record in clinical trials
of humans with many different diseases.12–14

The purpose of the current study was to
review preclinical studies examining MSC ther-
apy after ischemic stroke. The current review,
by focusing on one specific cellular therapy for
one specific clinical indication, builds on prior
meta-analyses that took a broader approach to
stem cell therapy.4,5,15 First, in accordance with
recent Stroke Therapy Academic Industry
Roundtable (STAIR) recommendations16 and
a recent NIH workshop,17 the quality of the
studies was reviewed. Second, the effect size of
MSCs was determined for the most frequently
used behavioral and histologic outcomes. Third,
the relationship between study quality and effect
size was examined, because lower-quality
preclinical stroke studies tend to overestimate
efficacy.18–22 Finally, the robustness of MSC
efficacy was examined across clinical measures
of interest such as dose and timing relative to
stroke onset. Given the potential for MSCs as a
restorative therapy, analyses were repeated using
only preclinical studies that initiated MSC ther-
apy 24 hours or more after stroke onset.

METHODS Search strategy. Studies of MSCs in animal

models of cerebral ischemia were identified from electronic searches

of PubMed and Institute for Scientific Information Web of Sci-

ence. The following search strategy was used: (mesenchymal OR

mesenchymal stem cell OR mesenchymal stromal cell) AND

(stroke OR cerebrovascular OR middle cerebral artery OR MCA

OR anterior cerebral artery OR ACA). Secondary references were

also reviewed. Studies were excluded if the stroke model was hem-

orrhagic rather than ischemic, published in a language other than

English, or the MSC therapy involved additional active compo-

nents such as gene modification or bioscaffolding.

Data extraction. Data were extracted from all available sources in

each paper, including text and graphs. When only graphic

presentation was available, values for mean and SD were obtained

via quantitative methods on highly magnified images using the line

length measuring tool in PowerPoint (Microsoft, Redmond, WA).

A Quality Score estimating methodologic quality was deter-

mined for each preclinical study using the scale of Lees et al.,5

which defined 10 criteria based on STAIR guidelines16,23: (1)

publication in a peer-reviewed journal, (2) statements describing

control of temperature, (3) random assignment of animals to

treatment group, (4) allocation concealment, (5) blinded out-

come assessment, (6) avoidance of anesthetics with known

marked intrinsic neuroprotective properties, (7) use of animals

with relevant comorbidities, (8) inclusion of a sample-size calcu-

lation, (9) statement of compliance with animal welfare regula-

tions, and (10) inclusion of a statement declaring presence or

absence of any conflicts of interest. One point was given for each

criterion reported. Potential scores range from 0 to 10, with high-

er scores indicating greater methodologic rigor.

The effect size of MSC therapy was determined for the 4 end-

points that appeared most frequently across preclinical MSC

studies: (1) modified Neurological Severity Score (mNSS), (2)

adhesive removal test, (3) rotarod test, and (4) infarct volume.

For each, effect size was defined as the improvement in outcome

in MSC-treated animals relative to untreated ischemic controls,

and calculated using Hedges’ g, which is similar to Cohen

d but more appropriate when examining effect size in smaller

samples.24 Effect size values for the rotarod test were multiplied

by 21 because larger values indicate superior outcome, in con-

trast with the other 3 measures. Two studies scored mNSS in the

opposite direction of all other studies; for these, directionality was

reversed to maintain consistency. When outcomes were reported

at multiple time points, only the final assessments were examined.

Statistical analysis. In bivariate analyses (JMP 9.0; SAS Insti-

tute, Cary, NC), 6 clinical variables of interest were examined

in relation to Quality Score and each effect size using nonpara-

metric methods (Wilcoxon rank-sum test for categorical

variables and Spearman rank-order correlation for continuous

variables). The 6 clinical variables of interest were (1) route of

administration, (2) species receiving MSCs, (3) species that was

MSC source, (4) time of MSC administration relative to stroke

onset, (5) degree of MSC immunogenicity (autologous,

allogeneic, or xenogenic), and (6) MSC dose. For the 2 effect

sizes with the largest number of published data points (mNSS

and infarct volume), analyses were repeated using forward

stepwise multiple regression (p 5 0.1 to enter the model; p 5

0.15 to leave); time and dose were not normally distributed and

could not be transformed and so were converted to categorical

variables for multiple regression modeling.

Mean effect size, 95% confidence intervals, forest plots, and

significance were examined using the inverse-variance method,

and with standard mean differences, in Review Manager 5.2.25

Because substantial heterogeneity was present across endpoints

(I2 5 47%–76%), random effects models were used.25

The potential for publication bias was examined using Funnel

plots.26 These were analyzed in Comprehensive Meta Analysis

version 2 (Biostat, Englewood, NJ). Evidence for significant pub-

lication bias was assessed using a 2-tailed Egger regression inter-

cept method. Adjusted effect sizes were then estimated by

adjusting for any asymmetry using the Duval and Tweedie trim

and fill approach.

RESULTS All studies. Study characteristics. A total of 46
studies and 62 MSC treatment arms were identified
(table 1, and table e-1 on the Neurology® Web site at
Neurology.org). MSCs improved outcomes (behavioral
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or histologic) in 44 of the 46 studies and in 54 of the 62
treatment arms.

Quality Score. The median Quality Score across the
46 studies was 5.5 (interquartile range 4–7, range
2–8; table 2). The Quality Score was not related
(p . 0.1) to any of the 6 clinical variables of interest
(route, species receiving, species of MSC source, time,
immunogenicity, and dose).

Effect size. The effect size for MSC administration
was consistently very large (table 3 and figure 1, A–D),
ranging from 0.93 to 1.78 and exceeding 1 for all 3
behavioral measures. The Quality Score correlated with
effect size for mNSS (r 5 0.39, p , 0.04), indicating
that the higher the study quality, the greater the
improvement in behavioral recovery associated with
MSC treatment.

Clinical correlates of effect size. Bivariate analysis re-
vealed that effect size was related to some of the clin-
ical variables of interest (table 4). Clinical variables
correlating with behavior (mNSS) differed from those
correlating with infarct volume reduction.

Multiple regression using stepwise forward model-
ing reached findings that were overall concordant
with bivariate analyses. For mNSS effect size, dose
survived as the only significant predictor (larger
behavioral gains from MSCs were associated with
lower doses). For infarct volume reduction effect size,
time of MSC administration (larger effect when
MSCs were given early, i.e., 0–8 hours poststroke)
and degree of MSC immunogenicity (larger effect
when MSCs were autologous or xenogeneic) survived
as significant predictors.

Presence of comorbidities did not reduce MSC
effects: for the 6 studies (8 treatment arms) that used
animals with comorbidities (hypertension, increased
age, 2 weeks of hyperglycemia [“diabetes mellitus”]),
MSC effect sizes did not differ from values found in
the 40 studies (54 treatment arms) that did not include
animals with comorbidities. Also, although 18 of the
studies (22 of the treatment arms) involved one inves-
tigator (Dr. Michael Chopp), this cluster of high pro-
ductivity did not drive the current results, because
effect sizes were actually smaller in Dr. Chopp’s studies
as compared with other laboratories (mean mNSS
effect size 1.66 vs 3.11, p 5 0.022; mean infarct vol-
ume reduction effect size 0.41 vs 2.15, p 5 0.0004).
The other behavioral effect sizes and the Quality Score
from Dr. Chopp’s laboratory did not significantly dif-
fer from other laboratories.

Forest plots and effect size.Effect sizes were substantial
and significant for each of the 4 measures examined
(figure 1, A–D, and table 3). In figure 1, A and B,
selected examples of subgroups are shown to further
illustrate the impact of some of the clinical variables
of interest. Thus, while the mNSS effect size was
found to vary according to route of administration
(table 4), results remained significant for all 3 routes
(figure 1A). For infarct volume reduction (figure 1B),

Table 1 Characteristics of reviewed studies

Clinical measure All studies
Studies administering
MSCs ‡24 h poststroke

No. of publications 46 36

No. of MSC treatment arms 62 46

Source of MSCs

Rat 35 27

Human 22 16

Mouse 5 3

Species receiving MSCs

Rat 56 40

Mouse 4 4

Primate 2 2

Range of MSC doses, MSCs/kg 3.6 3 104 to 4.3 3 107 2.6 3 105 to 4.3 3 107

Route of MSC administration

IV 43 31

IC 14 11

IA 5 4

Time of MSC administration

0–8 h poststroke 16 —

24 h poststroke 25 25

>24 h to 1 wk poststroke 16 16

>1 wk to 30 d poststroke 4 4

MSC immunogenicity

Autologous 1 —

Allogeneic 37 30

Xenogenic 24 16

Abbreviations: IA 5 intra-arterial; IC 5 intracerebral; MSC 5 mesenchymal stromal cell.
Note that the primate data are derived from Macaca fascicularis, a subhuman primate with
a gyrencephalic brain.

Table 2 Proportion of studies meeting each
Quality Score criterion

Quality Score criterion

Studies
meeting
criterion, %

Published in peer-reviewed journal 100

Control of temperature 80

Avoided neuroprotective anesthetics 80

Statement confirming compliance with
animal welfare requirements

80

Random treatment assignment 70

Blinded outcomes 65

Allocation concealment 26

Conflict of interest statement 22

Animals with comorbidities 15

Sample size calculation 2.2
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MSC effects were highest in the early hours post-
stroke and remained significant out to 1 week post-
stroke but not thereafter.

Evaluation for publication bias. Funnel plots (figure e-1)
examined effect size in relation to standard error and in
each case suggested significant (p# 0.0001) publication
bias to the left of the estimate, i.e., studies with a smaller
effect size than current mean values were underreported.
However, after adjusting for these asymmetries, mean
effect sizes nonetheless remained very large (1.41 for
mNSS, 1.23 for adhesive removal, 1.14 for rotarod,
and 0.62 for infarct volume reduction).

Studies administering MSCs ‡24 hours poststroke. Study

characteristics. MSCs may have particular utility as a
restorative therapy given their mechanisms of action,
and so analyses were repeated examining only the 36
preclinical studies that administered MSC$24 hours
poststroke, among which there were 46 MSC treat-
ment arms (table 1).

Quality Score.Among these studies, median Quality
Score remained 5 (interquartile range 4.25–7). The
Quality Score varied in relation to time poststroke
(r 5 20.37, p , 0.02), being higher in studies
with shorter times from stroke onset to MSC
administration.

Effect size. In this subgroup of studies, effect sizes re-
mained large for all 4 measures (table 3, figure e-2).
Quality Score was again related to effect size for mNSS
(r 5 0.42, p , 0.04; figure 2A).

Clinical correlates of effect size. Bivariate analysis
found that the relationships between clinical variables
and MSC effect size that were observed across all
studies generally remained significant when examin-
ing only those studies administering MSCs $24
hours poststroke (figure 2, B–D).

Multiple regression using stepwise forward model-
ing found that for mNSS effect size, route
(intracerebral . intra-arterial 1 IV) and degree of
immunogenicity (xenogeneic . allogeneic) remained
as significant predictors, while for infarct volume reduc-
tion effect size, species receiving MSCs (primate .

rat 1 mouse) survived as a significant predictor.

Forest plots of effect size. Overall, results were little
changed when restricting analysis to studies adminis-
tering MSCs $24 hours poststroke, with effect size
remaining.1.0 for all 3 behavioral measures (table 3,
figure e-2).

Evaluation for publication bias. Funnel plots (figure
e-3) again suggested significant (p # 0.0002) pub-
lication bias in each case, to the left of the estimate.
Despite this, effect size estimates adjusted for fun-
nel plot asymmetry again remained very large for
the 3 behavioral measures (1.43 for mNSS, 1.29 for
adhesive removal, and 1.07 for rotarod), and was
0.42 for infarct volume reduction.

DISCUSSION The current meta-analysis examined
preclinical studies of MSCs in the treatment of
ischemic stroke and found that this cellular
therapy improves outcome, with very large effect
sizes. Effects were robust across species, delivery
route, time of administration in relation to stroke,
MSC immunogenicity, and MSC dose. These
results support further translational studies of
MSCs in the treatment of ischemic stroke in
humans.

The quality of preclinical MSC studies was re-
viewed given the important bearing this has on
translational potential.16,17 The median Quality
Score value in the current study was 5.5, slightly
higher than the value of 4 found across all preclinical
stem cell stroke studies by Lees et al.5 using the same
Quality Score. It is important that higher study
quality was associated with larger behavioral gains
related to MSC administration (figure 2A). This is
in contrast to the preclinical data for many other
stroke therapies, where higher study quality has
repeatedly been associated with smaller efficacy.18

The tendency for lower-quality studies to overestimate
intervention effects also exists in human trials27 and
meta-analyses of human stroke therapies.19–22 That
the reverse was true, with MSC higher-quality studies
showing larger behavioral gains, increases confidence in
their therapeutic translational potential.

Table 3 Effect size for MSC administration in preclinical studies of ischemic stroke

Measure

All studies
Studies administering MSCs ‡24 h
poststroke

Effect size, mean 95% CI No. Effect size, mean 95% CI No.

mNSS 1.78 1.43–2.12 28 1.76 1.41–2.10 26

Adhesive removal test 1.73 1.26–2.19 22 1.80 1.32–2.28 21

Rotarod test 1.02 0.49–1.55 14 1.07 0.45–1.69 12

Infarct volume reduction 0.93 0.62–1.24 43 0.57 0.35–0.80 34

Abbreviations: CI 5 confidence interval; mNSS 5 modified Neurological Severity Score; MSC 5 mesenchymal stromal cell.
For each effect size, reported as Hedges’ g, the 95% CI does not cross zero and the p value for overall effect was #0.001,
indicating that results favor MSCs.
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Figure 1 MSC effect size across all studies

Forest plot shows mean effect size and 95% CI for (A) mNSS, (B) infarct volume reduction, (C) adhesive removal test, and (D) rotarod test. Values for effect
size were very large and highly significant and were robust across numerous variables such as (A) route of MSC administration and (B) time of MSC admin-
istration after stroke. CI 5 confidence interval; hd 5 higher-dose group; IA 5 intra-arterial; IC 5 intracerebral; ld 5 lower-dose group; mNSS 5 modified
Neurological Severity Score; MSC 5 mesenchymal stromal cell; P2 5 2 passages in culture; P6 5 6 passages in culture.
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A significant favorable effect of MSCs was reported
in 44 of the 46 studies and in 54 of the 62 treatment
arms. Mean MSC effect sizes were overall very large,
for example, for mNSS averaging 1.78 across all studies
and 1.76 across studies administering MSCs $24
hours poststroke. In general, an effect size of 0.2 equa-
tes to a small effect, 0.5 to a medium effect, and$0.8
to a large effect.27,28 In this context, MSC effects in the
preclinical ischemic stroke literature can be classified as
very large. Overall, effect sizes for structural (infarct
volume reduction) and behavioral (mNSS, adhesive
removal test, and rotarod test) MSC effects were of

comparable magnitude, similar to the findings by Ja-
nowski et al.4 Effect sizes remained substantial after
adjusting for potential publication bias.

Therapies given in the early hours after stroke gener-
ally aim to reduce the injury, while therapies started days
to weeks after stroke generally aim to promote repair.
MSCs may have potential for both therapeutic time
windows. Regarding acute stroke therapies, MSCs
reduced infarct volume (table 3). This reduction was
highest when MSCs were initiated at the earliest times
(table 4 and figure 1B), i.e., at 0 to 8 hours after stroke
onset, a finding that is consistent with acute stroke

Figure 2 Clinical correlates of effect size among studies introducing MSCs in the restorative therapy time
window

For the studies that introduced MSCs $24 hours poststroke: (A) higher Quality Score was associated with greater behav-
ioral effects ofMSCs (r50.42, p, 0.04). (B) LowerMSC doses were associated with greater behavioral effects (r520.58,
p , 0.002). (C) The effect size of MSCs on infarct volume reduction varied in relation to the species being studied and was
highest in subhuman primates (mean 6 SEM, p , 0.03). (D) The effect size of MSC therapy for the rotarod test varied in
relation to time of MSC administration relative to stroke; effect sizes were higher in studies with later time of MSC intro-
duction (r 5 0.77, p , 0.004). Values for effect size are Hedges’ g. MSC 5 mesenchymal stromal cell.

Table 4 Bivariate relationships between clinical measures and MSC effect size

Effect size for mNSS Effect size for infarct volume reduction

Correlates with p Correlates with p

Route of administration (IC . IA . IV) 0.025 Degree of MSC immunogenicity (autologous . xenogeneic . allogeneic) 0.01

MSC dose (r 5 20.63) 0.0003 Time MSCs administered poststroke (r 5 20.32) 0.038

Species studied (primate . rat . mouse) 0.048

MSC source (human . rat . mouse) 0.036

Abbreviations: IA 5 intra-arterial; IC 5 intracerebral; mNSS 5 modified Neurological Severity Score; MSC 5 mesenchymal stromal cell.
In addition, effect size for rotarod test correlated with time MSCs were administered poststroke (r 5 0.61, p 5 0.02). Effect size for adhesive removal test
did not correlate with any of the 6 clinical variables of interest. The results include all available studies; when analyses were repeated using only those
studies administering MSCs $24 hours poststroke, results were very similar.
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neuroprotective therapies in general. It is noteworthy
that MSCs significantly reduced infarct volume even
when initiated at 1 day or 1 week after stroke onset, a
time when ischemic injury is generally completed.29

Infarct volume reduction might therefore reflect
many different processes including tissue salvage,
but also cellular proliferation30 and reduction in
delayed neuronal death.31,32 Regarding restorative
stroke therapies, MSCs introduced $24 hours
poststroke had a very large and favorable effect on
behavioral outcomes (table 3). Restorative thera-
pies, as with acute stroke therapies, have discrete
time windows for maximum therapeutic effective-
ness.30,33,34 For example, Ren et al.33 found that
behavioral outcome was improved when osteogenic
protein-1 was initiated 1 or 3, but not 7, days post-
stroke. Consistent with this, MSCs may also have
optimal therapeutic time windows for neural repair,
because some behavioral gains from MSCs were
increased when therapy was initiated later than 24
hours poststroke (figure 2D). Behavioral gains asso-
ciated with administration of MSCs days to weeks
poststroke might reflect many different restorative
or immunologic processes.4,7,8,11 Together, these
results emphasize that translational MSC studies
need to carefully consider optimal time windows
for various therapeutic targets. This issue is of par-
ticular importance to consideration of autologous
MSC therapies. Current culture methods generally
require 2 to 3 weeks to produce appreciable num-
bers of MSCs from a patient’s own tissues, and the
potential advantages of autologous cell therapy may
be justified if human studies defining the treatment
time window suggest that such a delay does not
compromise therapeutic efficacy.

The current review builds on prior meta-analyses
of stem cell therapy, each of which had its own
approach.4,5,15 Janowski et al.,4 reviewing studies up
to 2006, reported numerous useful findings, but
combined results across many types of stem cells
and neurologic disorders. Lees et al.5 provided key
insights and focused on ischemic stroke, but also
combined results across many different cell therapies,
as well as cell engineering. Dharmasaroja15 reviewed
reports up to 2007, did restrict analysis to MSC treat-
ment of ischemic stroke, but did not consider study
quality or treatment effect size. The current review is
focused on one specific cellular therapy for one spe-
cific clinical indication. This approach is intended to
directly inform therapeutic translation, because regu-
latory approval is generally given for a specific therapy
and a specific clinical indication.

Effects of MSCs after stroke varied in relation to
several clinical measures, and the nature of these find-
ings is promising for human applications. For example,
findings in relation to species studied (primates with

best MSC responses) and species of MSC source
(human MSCs with greatest effects) encourage further
translational studies (figure 2C and table 4). Findings
in relation to route were also encouraging. Administra-
tion of MSCs using more invasive methods provided
significantly greater benefit (table 4). However, effects
of MSCs given IV, while reduced vs invasive routes,
nonetheless remained very large (figure 1A and table
4). Availability of noninvasive treatment options would
likely increase treatment impact. Regarding the time
window for therapeutic efficacy, MSC effects remained
very large when treatment was initiated 1 day, 1 week,
or 1 month poststroke. Many patients do not access
medical care in time to benefit from current acute
stroke reperfusion therapies,35,36 and so current results
provide hope that, should MSCs prove effective in
humans, the time window will be wide enough for
many patients to access treatment.

Translating these results into clinical trials of
MSCs in human patients raises a number of ques-
tions. First, how will cells be stored until the patient
with stroke is ready to be treated? In order to main-
tain biological stability of the therapeutic product,
cells that have completed expansion in culture must
be administered rapidly or frozen until needed. Opti-
mal translation of MSCs to humans may therefore
require additional studies focused on issues such as ef-
fects of storage, transportation, and thawing.37–39 Sec-
ond, which MSC administration route(s) should be
pursued as a priority? The intracerebral route showed
larger effects than IV, but a neurosurgical procedure
may not be trivial for some patients with recent
stroke, and the IV route did provide very large behav-
ioral benefits (figure 1A). The optimal choice for
MSC administration route might depend on individ-
ual factors and priorities. Third, is the dose-response
curve for MSCs linear or U-shaped? Some behavioral
benefits were reduced at the highest MSC doses
(figure 2B and table 4), possibly reflecting prior
observations that larger MSC doses can potentially
affect organ perfusion.40–42 Fourth, how can concom-
itant experience be controlled, or at least measured?
Brain repair after stroke occurs on the basis of
experience-dependent plasticity43,44—efficacy of flu
vaccine may vary little with posttreatment behavior
but successful brain repair needs behavioral reinforce-
ment—and it remains to be understood how MSC
effects will interact with differences in environment
and rehabilitation care, or with the human psychoso-
cial experience of stroke. Fifth, can allogeneic cells be
administered without concomitant immunosuppres-
sive drugs early after stroke? The current preclinical
data, and at least some nonstroke human data, suggest
that allogeneic MSCs are safe and efficacious, but
studies of MSCs after stroke in humans thus far have
focused on autologous cells,45–48 and so trials
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examining the safety of allogeneic MSCs in humans
are needed. Sixth, other concerns frequently raised in
the study of human brain repair also require atten-
tion: which patient subgroups will be most respon-
sive,49 how do MSC effects interact with common
drugs,50 and does genetic variation affect treatment
efficacy?51 Finally, what are the most important
mechanisms of action of MSCs after stroke in hu-
mans? Cellular therapies such as MSCs act through
numerous restorative and immunomodulatory pro-
cesses in parallel.4,7,8,11 Insight into the mechanism
of action can optimize therapeutic application, e.g.,
for identifying patient subgroups most likely to derive
benefit. However, preclinical models incompletely
recapitulate human disorders,52,53 particularly in the
immune system, important to MSCs. For example,
Seok et al.54 performed a systematic comparison of
genomic responses between murine models and
human inflammatory diseases and found a poor
(“close to random”) correlation. Some questions
related to translating MSCs as a therapy for humans
may therefore be most directly addressed by careful
studies in human subjects, rather than additional
studies in rodents, an approach supported by the
excellent safety record that MSCs have to date in
clinical trials of humans with noncerebrovascular con-
ditions.12–14,55,56

In the current meta-analysis of MSCs in the treat-
ment of ischemic stroke, preclinical studies showed
very large and favorable effects on behavioral out-
comes. A number of factors support translation to hu-
mans, including robustness of preclinical findings
across variables such as species studied, species that
was the source of the MSCs, time of MSC adminis-
tration after stroke, and route of administration. Ini-
tial experience in small studies of MSCs in humans
with stroke has been promising,45–48,57 MSCs have
an overall excellent safety record in clinical trials of
human subjects across numerous diagnoses,12–14,55,56

and MSCs have demonstrated efficacy in nonstroke
conditions such as graft versus host disease, where
MSCs have been the basis for the first stem cell ther-
apy approved in North America. Overall, the current
review suggests utility in further translational studies
of MSCs in human patients with ischemic stroke.

AUTHOR CONTRIBUTIONS
Kate Xie and Quynh Vu: contributed to drafting the manuscript, study

design, data analysis, and statistical analysis. Mark Eckert and Weian

Zhao: contributed to drafting the manuscript, study design, and data

analysis. Steven C. Cramer: contributed to drafting the manuscript, study

design, data analysis, and statistical analysis.

STUDY FUNDING
Supported in part by funds provided by the National Center for Research

Resources, 5M011 RR-00827-29, US Public Health Service, and grants

K24HD074722 and R01 NS059909. Quynh Vu was supported by a fel-

lowship from the American Heart Association/American Stroke

Association. Weian Zhao and Mark Eckert are supported by Department

of Pharmaceutical Sciences startup funds, Sue and Bill Gross Stem Cell

Research Center, and the Chao Family Comprehensive Cancer Center,

University of California, Irvine.

DISCLOSURE
K. Xie, Q. Vu, M. Eckert, and W. Zhao report no disclosures relevant to

the manuscript. S. Cramer has received grant and consulting fees from

GlaxoSmithKline and from Stem Cell Therapeutics; grant support from

Panasonic; and consulting fees from Pfizer, PhotoThera, Allergan, and

Asubio. He is an Assistant Editor for Stroke. Go to Neurology.org for

full disclosures.

Received February 25, 2013. Accepted in final form December 20, 2013.

REFERENCES
1. Adeoye O, Hornung R, Khatri P, Kleindorfer D. Recom-

binant tissue-type plasminogen activator use for ischemic

stroke in the United States: a doubling of treatment rates

over the course of 5 years. Stroke 2011;42:1952–1955.

2. Cramer SC, Stradling D, Brown DM, et al. Organization

of a United States county system for comprehensive acute

stroke care. Stroke 2012;43:1089–1093.

3. Cramer SC. Repairing the human brain after stroke: II:

restorative therapies. Ann Neurol 2008;63:549–560.

4. Janowski M, Walczak P, Date I. Intravenous route of cell

delivery for treatment of neurological disorders: a meta-

analysis of preclinical results. Stem Cells Dev 2010;19:

5–16.

5. Lees JS, Sena ES, Egan KJ, et al. Stem cell-based therapy

for experimental stroke: a systematic review and meta-

analysis. Int J Stroke 2012;7:582–588.

6. Dominici M, Le Blanc K, Mueller I, et al. Minimal criteria

for defining multipotent mesenchymal stromal cells: the

International Society for Cellular Therapy position state-

ment. Cytotherapy 2006;8:315–317.

7. Li Y, Chopp M. Marrow stromal cell transplantation in

stroke and traumatic brain injury. Neurosci Lett 2009;

456:120–123.

8. Phinney DG, Prockop DJ. Concise review: mesenchymal

stem/multipotent stromal cells: the state of transdifferen-

tiation and modes of tissue repair—current views. Stem

Cells 2007;25:2896–2902.

9. Abumaree M, Al Jumah M, Pace RA, Kalionis B. Immu-

nosuppressive properties of mesenchymal stem cells. Stem

Cell Rev 2012;8:375–392.

10. Chagastelles PC, Nardi NB, Camassola M. Biology and

applications of mesenchymal stem cells. Sci Prog 2010;93:

113–127.

11. Honmou O, Onodera R, Sasaki M, Waxman SG,

Kocsis JD. Mesenchymal stem cells: therapeutic outlook

for stroke. Trends Mol Med 2012;18:292–297.

12. Williams AR, Hare JM. Mesenchymal stem cells: biology,

pathophysiology, translational findings, and therapeutic

implications for cardiac disease. Circ Res 2011;109:

923–940.

13. Figueroa FE, Carrion F, Villanueva S, Khoury M. Mesen-

chymal stem cell treatment for autoimmune diseases: a

critical review. Biol Res 2012;45:269–277.

14. Lalu MM, McIntyre L, Pugliese C, et al. Safety of cell

therapy with mesenchymal stromal cells (SafeCell): a sys-

tematic review and meta-analysis of clinical trials. PloS

One 2012;7:e47559.

1284 Neurology 82 April 8, 2014

http://Neurology.org/


15. Dharmasaroja P. Bone marrow-derived mesenchymal stem

cells for the treatment of ischemic stroke. J Clin Neurosci

2009;16:12–20.

16. Fisher M, Feuerstein G, Howells DW, et al. Update of the

Stroke Therapy Academic Industry Roundtable preclinical

recommendations. Stroke 2009;40:2244–2250.

17. Landis SC, Amara SG, Asadullah K, et al. A call for trans-

parent reporting to optimize the predictive value of pre-

clinical research. Nature 2012;490:187–191.

18. O’Collins VE, Macleod MR, Donnan GA, Horky LL, van

der Worp BH, Howells DW. 1,026 experimental treat-

ments in acute stroke. Ann Neurol 2006;59:467–477.

19. Macleod MR, O’Collins T, Horky LL, Howells DW,

Donnan GA. Systematic review and metaanalysis of the

efficacy of FK506 in experimental stroke. J Cereb Blood

Flow Metab 2005;25:713–721.

20. Macleod MR, van der Worp HB, Sena ES, Howells DW,

Dirnagl U, Donnan GA. Evidence for the efficacy of

NXY-059 in experimental focal cerebral ischaemia is con-

founded by study quality. Stroke 2008;39:2824–2829.

21. Crossley NA, Sena E, Goehler J, et al. Empirical evidence

of bias in the design of experimental stroke studies: a

metaepidemiologic approach. Stroke 2008;39:929–934.

22. Jerndal M, Forsberg K, Sena ES, et al. A systematic review

and meta-analysis of erythropoietin in experimental stroke.

J Cereb Blood Flow Metab 2010;30:961–968.

23. Stroke Therapy Academic Industry Roundtable. Recommen-

dations for standards regarding preclinical neuroprotective and

restorative drug development. Stroke 1999;30:2752–2758.

24. Durlak JA. How to select, calculate, and interpret effect

sizes. J Pediatr Psychol 2009;34:917–928.

25. Higgins J, Green S, editors. Cochrane Handbook for Sys-

tematic Reviews of Interventions, Version 5.1.0. The Co-

chrane Collaboration, 2011 [online]. Available at: http://

www.cochrane-handbook.org. Accessed March 2011.

26. Sterne JA, Sutton AJ, Ioannidis JP, et al. Recommenda-

tions for examining and interpreting funnel plot asymme-

try in meta-analyses of randomised controlled trials. BMJ

2011;343:d4002.

27. Schulz KF, Chalmers I, Hayes RJ, Altman DG. Empirical

evidence of bias: dimensions of methodological quality

associated with estimates of treatment effects in controlled

trials. JAMA 1995;273:408–412.

28. Cohen J. Statistical Power Analysis for the Behavioral Sci-

ences, 2nd ed. Hillsdale, NJ: Psychology Press; 1988.

29. Marchal G, Beaudouin V, Rioux P, et al. Prolonged per-

sistence of substantial volumes of potentially viable brain

tissue after stroke: a correlative PET-CT study with voxel-

based data analysis. Stroke 1996;27:599–606.

30. Kolb B, Morshead C, Gonzalez C, et al. Growth factor-

stimulated generation of new cortical tissue and functional

recovery after stroke damage to the motor cortex of rats.

J Cereb Blood Flow Metab 2007;27:983–997.

31. Bacigaluppi M, Pluchino S, Jametti LP, et al. Delayed

post-ischaemic neuroprotection following systemic neural

stem cell transplantation involves multiple mechanisms.

Brain 2009;132:2239–2251.

32. Guadagno JV, Jones PS, Aigbirhio FI, et al. Selective neu-

ronal loss in rescued penumbra relates to initial hypoper-

fusion. Brain 2008;131:2666–2678.

33. Ren J, Kaplan P, Charette M, Speller H, Finklestein S.

Time window of intracisternal osteogenic protein-1 in

enhancing functional recovery after stroke. Neuropharma-

cology 2000;39:860–865.

34. Biernaskie J, Chernenko G, Corbett D. Efficacy of reha-

bilitative experience declines with time after focal ischemic

brain injury. J Neurosci 2004;24:1245–1254.

35. Adams HP Jr, Robinson RG. Improving recovery after

stroke: a role for antidepressant medications? Stroke

2012;43:2829–2832.

36. Saver JL, Smith EE, Fonarow GC, et al. The “golden

hour” and acute brain ischemia: presenting features and

lytic therapy in 30,000 patients arriving within 60 minutes

of stroke onset. Stroke 2010;41:1431–1439.

37. Naaldijk Y, Staude M, Fedorova V, Stolzing A. Effect of

different freezing rates during cryopreservation of rat

mesenchymal stem cells using combinations of hydrox-

yethyl starch and dimethylsulfoxide. BMC Biotechnol

2012;12:49.

38. Whiteside TL, Griffin DL, Stanson J, et al. Shipping of

therapeutic somatic cell products. Cytotherapy 2011;13:

201–213.

39. Lane T, Garls D, Mackintosh E, Kohli S, Cramer S. Liq-

uid storage of marrow stromal cells. Transfusion 2009;49:

1471–1481.

40. Lu SS, Liu S, Zu QQ, et al. In vivo MR imaging of

intraarterially delivered magnetically labeled mesenchymal

stem cells in a canine stroke model. PloS One 2013;8:

e54963.

41. Sole A, Spriet M, Padgett KA, et al. Distribution and

persistence of technetium-99 hexamethyl propylene amine

oxime-labelled bone marrow-derived mesenchymal stem

cells in experimentally induced tendon lesions after intra-

tendinous injection and regional perfusion of the equine

distal limb. Equine Vet J 2013;45:726–731.

42. Toma C, Wagner WR, Bowry S, Schwartz A,

Villanueva F. Fate of culture-expanded mesenchymal stem

cells in the microvasculature: in vivo observations of cell

kinetics. Circ Res 2009;104:398–402.

43. Feeney D, Gonzalez A, Law W. Amphetamine, haloperi-

dol, and experience interact to affect the rate of recovery

after motor cortex injury. Science 1982;217:855–857.

44. Cramer SC. Issues in clinical trial methodology for brain

repair after stroke. In: Cramer SC, Nudo RJ, editors. Brain

Repair After Stroke. Cambridge, UK: Cambridge Univer-

sity Press; 2010:173–182.

45. Bang OY, Lee JS, Lee PH, Lee G. Autologous mesen-

chymal stem cell transplantation in stroke patients. Ann

Neurol 2005;57:874–882.

46. Lee JS, Hong JM, Moon GJ, Lee PH, Ahn YH, Bang OY.

A long-term follow-up study of intravenous autologous

mesenchymal stem cell transplantation in patients with

ischemic stroke. Stem Cells 2010;28:1099–1106.

47. Honmou O, Houkin K, Matsunaga T, et al. Intravenous

administration of auto serum-expanded autologous mesen-

chymal stem cells in stroke. Brain 2011;134:1790–1807.

48. Bhasin A, Srivastava MV, Kumaran SS, et al. Autologous

mesenchymal stem cells in chronic stroke. Cerebrovasc Dis

Extra 2011;1:93–104.

49. Cramer SC. Stratifying patients with stroke in trials that

target brain repair. Stroke 2010;41:S114–S116.

50. Hermann DM, Chopp M. Promoting brain remodelling

and plasticity for stroke recovery: therapeutic promise and

potential pitfalls of clinical translation. Lancet Neurol

2012;11:369–380.

51. Cramer SC, Procaccio V. Correlation between genetic

polymorphisms and stroke recovery: analysis of the GAIN

Neurology 82 April 8, 2014 1285

http://www.cochrane-handbook.org/
http://www.cochrane-handbook.org/


Americas and GAIN International Studies. Eur J Neurol

2012;19:718–724.

52. Cramer S. Clinical issues in animal models of stroke and

rehabilitation. ILAR J 2003;44:83–84.

53. Institute of Medicine. Improving the Utility and Translation

of Animal Models for Nervous System Disorders: Workshop

Summary. Washington, DC: National Academies Press; 2013.

54. Seok J, Warren HS, Cuenca AG, et al. Genomic responses

in mouse models poorly mimic human inflammatory dis-

eases. Proc Natl Acad Sci USA 2013;110:3507–3512.

55. Devine S. Mesenchymal stem cells: will they have a role in

the clinic? J Cell Biochem Suppl 2002;38:73–79.

56. Hilfiker A, Kasper C, Hass R, Haverich A. Mesenchymal

stem cells and progenitor cells in connective tissue engi-

neering and regenerative medicine: is there a future

for transplantation? Langenbecks Arch Surg 2011;396:

489–497.

57. Bhasin A, Srivastava MV, Mohanty S, Bhatia R,

Kumaran SS, Bose S. Stem cell therapy: a clinical trial of

stroke. Clin Neurol Neurosurg 2013;115:1003–1008.

1286 Neurology 82 April 8, 2014




