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Abstract

While preclinical stroke studies have shown that mesenchymal stem cells (MSCs) promote recovery, few randomized controlled
trials (RCT) have assessed cell therapy in humans. In this RCT, we assessed the safety, feasibility, and efficacy of intravenous
autologous bone marrow-derived MSCs in subacute stroke. ISIS-HERMES was a single-center, open-label RCT, with a 2-year
follow-up. We enrolled patients aged 18—70 years less than 2 weeks following moderate-severe ischemic carotid stroke. Patients
were randomized 2:1 to receive intravenous MSCs or not. Primary outcomes assessed feasibility and safety. Secondary outcomes
assessed global and motor recovery. Passive wrist movement functional MRI (fMRI) activity in primary motor cortex (MI) was
employed as a motor recovery biomarker. We compared “treated” and “control” groups using as-treated analyses. Of 31 enrolled
patients, 16 patients received MSCs. Treatment feasibility was 80%, and there were 10 and 16 adverse events in treated patients,
and 12 and 24 in controls at 6-month and 2-year follow-up, respectively. Using mixed modeling analyses, we observed no
treatment effects on the Barthel Index, NIHSS, and modified-Rankin scores, but significant improvements in motor-NIHSS (p =
0.004), motor-Fugl-Meyer scores (p=0.028), and task-related fMRI activity in MI-4a (p =0.031) and MI-4p (p =0.002).
Intravenous autologous MSC treatment following stroke was safe and feasible. Motor performance and task-related MI activity
results suggest that MSCs improve motor recovery through sensorimotor neuroplasticity.

ClinicalTrials.gov Identifier NCT 00875654.

Keywords Stroke - Mesenchymal stem cell - motor recovery - fMRI - biomarker - cell therapy

Introduction rehabilitation reliably facilitate recovery [1]. Experimental

stroke studies have shown that mesenchymal stem cell
Stroke is a leading cause of acquired disability, affecting 70%  (MSC) administration may lead to statistically significant im-
of survivors. After the acute stage, no treatments other than ~ provements in functional outcome [2, 3]. Nevertheless, the
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clinical use of MSCs has raised safety concerns [4—6], as they
may sometimes promote subsequent inflammation [7], tumor
growth, metastasis, and unwarranted differentiation [8].

In subacute ischemic stroke, the few RCTs assessing cell
therapy have shown good safety [9—11]. Among them, only
one RCT examined intravenous (IV) autologous MSC effects,
showing good short- and long-term safety, but questionable
feasibility, as only one third of patients received MSCs and the
group mortality rate was 48% [9, 12].

Regarding efficacy, while a recent meta-analysis showed
that cell therapy may be beneficial in stroke [13], individual
trials have not shown statistically significant results. It is pos-
sible that the use of global clinical outcome measures accounts
for some of the observed poor efficacy. While motor perfor-
mance has been widely used in experimental studies to test
cell therapy effects, motor behavior outcomes are not usually
tested in stroke recovery RCTs. We thus hypothesized that
using motor performance measures would result in more sen-
sitive detection of treatment effects.

The mechanisms by which the MSC secretome may pro-
mote recovery during the subacute phase of stroke include
inflammation modulation, increased angiogenesis and endog-
enous neurogenesis, and decreased apoptosis, all contributing
to brain repair [3]. Brain repair based on the reorganization of
damaged brain networks [14, 15] can be captured by function-
al MRI (fMRI) activity measures [16]. In fact, there is strong
evidence that primary motor cortex (MI) activity can serve as
a motor recovery biomarker, and that fMRI can provide ob-
jective, precise and accurate measures of outcome, as com-
pared with quantitative motor behavior measurements
[16-19].

We did a 2-year randomized controlled trial (RCT) using
autologous IV bone marrow-derived MSCs in patients with
subacute ischemic stroke with two aims: (1) to assess safety
and feasibility of IV autologous MSCs administered 1 month
after stroke and (2) to perform exploratory analyses of MSC
treatment effects on global and sensorimotor behavioral out-
comes and MI activity assessed longitudinally during a 2-year
follow-up period.

Methods
Study Design and Intervention

The trial was a single-center (Grenoble Alpes University
Hospital (CHUGA), France), prospective, open-label RCT
with blind outcome evaluation (PROBE design) assessing
the effects of a single IV injection of autologous bone
marrow-derived MSCs. The trial included both a clinical
study, Intravenous Stem cells After Ischemic Stroke (ISIS)
RCT and an MRI substudy “heuristic value of multimodal
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MRI to assess mesenchymal stem cell therapy in stroke”
(HERMES).

Patients were randomized 2:1 to receive an IV injection
of MSCs coupled with rehabilitation (treated group) or re-
habilitation alone (control group). All patients followed a 3-
to 6-month rehabilitation program including 5 days each
week of both intensive physiotherapy and occupational ther-
apy in a neurologic rehabilitation center. The rehabilitation
program was planned by a multidisciplinary team including
several physicians, physiotherapists, and speech-language
and occupational therapists who were not aware of treatment
status. The MSC group received two different doses: the first
ten patients assigned to treatment received low-dose MSCs
(100 million) and the next ten patients received high-dose
MSCs (300 million) (Fig. 1). The rationale for these doses
was based on previous pre-clinical work in rats [20-22] and
clinical trials in humans [9]. The treatment delay, designed
to target the subacute stroke period during which MSCs may
exert immunomodulatory effects, was constrained by the
time required for autologous cell expansion (i.e., 3—
4 weeks).

The inclusion visit occurred 10+ 5 days following stroke
onset. After the time required for cell expansion (3—4 weeks),
the baseline visit (M0) occurred 1 day before MSC injection,
31+ 7 days following stroke onset. Follow-up visits were per-
formed after 15 + 2 days (M0.5), 60 + 7 days (2 months (M2)),
120+ 7 days (4 months (M4)), 180+ 15 days (6 months
(M6)), 365 £ 30 days (12 months (M12)), and 730 =30 days
(24 months (M24)) following MO.

Participants

Patients aged 18—65 years with an MRI confirmed carotid
ischemic stroke less than 2 weeks previously were enrolled
in the study if they fulfilled all inclusion criteria
(Supplementary Table 1). All patients had a National
Institute of the Health Stroke Scale (NIHSS) score above
10 at the time of cell injection. Because possible participants
frequently exhibited spontaneous recovery in the first month
after stroke, the protocol was amended in July 2013, after 20
patients had been included, extending the upper age limit to
70 years and reducing the minimum baseline NIHSS to 7.
Patients were screened for eligibility in the Stroke Units of
CHUGA, Annecy and Chambery Hospitals (France). All pa-
tients were transferred to the CHUGA Stroke Unit for treat-
ment and follow-up visits, received standard medical care, and
were admitted to a stroke rehabilitation center. All patients
gave written informed consent. The trial and the amendments
were approved by the local ethics committee (“Comité de
Protection des Personnes”). ISIS was monitored by an inde-
pendent data and safety monitoring board (DSMB) and was
registered with ClinicalTrials.gov NCT00875654.
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Q4 Fig. 1 RCT Flow chart. MSCs,
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boxes indicate patients included
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Randomization

Using the “Clininfo” program, we randomly assigned patients
in a 2:1 distribution to receive MSCs (treated group) or no
MSCs (control group) (Fig. 1). Real-time dynamic randomi-
zation included three stratification criteria: lesion side (right or
left hemisphere), age, and stroke severity (NIHSS score).

Cell Manufacturing

Patients were included and randomized during an inclusion
visit that occurred less than 2 weeks after stroke onset. After
inclusion, patients assigned to the treatment group underwent
20 mL bone marrow sampling from the iliac crest to harvest
cells for MSC expansion. For ethical reasons, only treated
patients underwent bone marrow aspiration. MSCs were

intravenously administered 3 weeks after inclusion, at base-
line (MO0), to allow time for MSC expansion.

All of the isolation and culture procedures were conducted
in the authorized Cell Therapy and Engineering Unit of EFS
Auvergne Rhone Alpes (Agreement TCG/04/0/008/AA) ac-
cording to Good Manufacturing Practices for Cell Therapy
products and French regulations. MSCs were expanded in a
semi-closed system. Quality controls were performed on the
bone marrow aspirate, after the first passage, and on the final
harvested MSCs, with measurements of cell viability, MSC
identity (phenotype), MSC functionality (colony-forming fi-
broblast unit), tumorigenicity (soft-agar test and telomerase
activity), and cytogenetic stability (karyotype). MSCs were
isolated following plastic adhesion, and then cultured at
37 °C in a humidified atmosphere containing 5% CO,.
Alpha Minimum essential medium (Macopharma, Mouvaux,
France) was supplemented with ciprofloxacin 0,01 mg/mL,
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bFGF 1 ng/mL (CellGenix Technologie Transfer GmbH,
Germany) and 10% fetal calf serum (Hyclone, USA)).

After two cell passages for expansion, autologous MSCs
were injected in patients allocated to treatment if the results of
quality controls allowed batch release. The dose of injected
MSCs for each treatment group was constant, requiring cell
expansion duration from 20 to 29 days in different individuals,
thereby minimizing the risk of incomplete doses. We admin-
istrated MSCs intravenously by gravity at 810 mL/min.

Clinical Assessment

All patients underwent serial functional and physiotherapy
assessments, including NTHSS (0 to 42, with higher scores
indicating greater stroke severity) [23], Barthel Index (0 to
100, with higher scores indicating greater ability to complete
activities of daily life) [24], and a modified Rankin scale
(mRS; 0 as no symptoms to 6 as death) [25] to assess inde-
pendence and handicap. The motor component of the NIHSS
(motor-NIHSS, range 0—10), and the motor Fugl-Meyer Score
(motor-FMS, range 0—100) [26], were used as motor outcome
measures, as previously described [27]. Behavioral assess-
ments were performed at each visit by a stroke neurologist,
and the motor-FMS was administered at MO, M6, and M24 by
a physiotherapist, all blind to treatment assignment. We also
recorded rehabilitation time, defined as the total number of
hours of motor rehabilitation from stroke onset to the end of
follow-up, including walking and hand physiotherapy.

Structural and Functional MRI Assessment

The regional fMRI BOLD-contrast signal is monotonically
related to underlying neural activity in primary sensory and
motor cortices. Comparing movement and rest periods, it is
possible to measure changes in sensorimotor system activity
reflecting motor recovery after stroke [19, 28]. During the last
decade, fMRI has been widely used in clinical applications
[29] and has been recommended for use as a clinical trial
biomarker [30]. In patients who are not able to perform vol-
untary movements on command, passive motion fMRI tasks
can evoke sensorimotor cortical activity in most patients [31],
with activity patterns similar to those observed during volun-
tary movement [32—35]. As most participants were not able to
produce voluntary hand movements in the subacute phase
following stroke, we used a passive wrist flexion/extension
task [19]. An examiner standing inside the room administered
timed movements by moving a forearm splint with an axis of
rotation through the wrist. Movements were visually cued
using a screen placed in front of the examiner. The patients’
affected hand was moved with alternating 20 s epochs of 1 Hz
40° passive wrist flexion/extension and rest during 8 cycles
over 340 s (Fig. 2a). The fMRI data were collected on an
Achieva 3.0T-TX Philips MRI system at the IRMaGe MRI
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facility (Grenoble, France) with a 32-channel head coil, using
echo-planar imaging (TR 3 s, voxel size 2.2%2.2%2.5 mm>).
High resolution (I mm®) sagittal 3D-T,-weighted and 3D-
FLAIR images were acquired for lesion delineation to com-
pute lesion volume and obtain lesion masks. Both T1 images
and lesion masks were used for segmentation preprocessing
before spatial normalization.

For safety assessments (recurrent stroke, hemorrhage, tu-
mors, and inflammation), we acquired additional 4 mm axial
images including T-weighted with gadolinium contrast, T,-
weigthed FLAIR, diffusion and MRA scans. Chest radio-
graphs were also obtained. To assess long-term effects of au-
tologous MSCs, appropriate biological tests and imaging were
performed when other pathology, such as cancer, was
suspected from clinical signs or symptoms.

MRI sessions were done at M0, M0.5, M2, M6, and M24
months after baseline. Functional MRI was performed at each
session unless severe wrist spasticity developed.

Functional MRI data analysis was performed using SPM12.
Preprocessing included: (1) rigid body realignment for head
motion correction, (2) slice timing correction, (3) rigid body
co-registration of EPI with high resolution anatomical data,
(4) lesion masked spatial normalization to the Montreal
Neurological Institute (MNI) anatomical space, and (5) spatial
smoothing (5 mm full width at half maximum). Outliers in EPI
time series were identified using a scan-to-scan movement
threshold of 1 mm and global signal scan-to-scan changes >3
SD. Statistical modeling of movement-related effects involved
a summary statistics approach. At the first level, for each sub-
ject, signal variation was predicted with a set of regressors using
a general linear model (GLM). The wrist movement timing
vector was convolved with a canonical hemodynamic response
function, resulting in explanatory regressors for each participant
(first level analysis). Then, d effect size estimates were derived
from the FE-task SPM-t images. We measured task-related ac-
tivity within MI-4a and MI-4p subregions of the damaged MI
provided by SPM Anatomy toolbox (http://www.fz-juelich.de/
inm/inm-1/DE/Forschung/_docs/SPMAnatomyToolbox/
SPMAnatomyToolbox node.html) and used MI-4a and MI-4p
regional activity measures to assess MSC effects (Fig. 2b) in
second level group analyses performed contrasting the control
and treated groups. An extended description of MRI acquisi-
tion, preprocessing and analysis procedures is reported else-
where [19].

Outcomes

The primary study outcomes were safety and feasibility.
Safety was defined as adverse events or changes in deficit
and disability scores assessed using clinical evaluation,
NIHSS, mRS, and the Barthel Index. Short-term safety was
assessed based on the monitoring of patients’ clinical condi-
tion (blood pressure, heart rate, oxygenation, fever, rash,
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Fig.2 a fMRI paradigm: the movement task involved alternating passive
flexion and extension of the paretic wrist and rest. b ROIs including MI-
4a (red) and MI-4p (blue). c—e Motor cortex activity was associated with
passive movement. Axial MRI slices z=60 mm above AC-PC axis
showing flexion/extension task activity in the canonical motor areas

shock, and thromboembolic events) every 10 min during the
first hour, then every 2 h for the first 24 h, and then every day
for the first week following IV MSC administration. Long-
term safety was assessed at each clinical visit, focusing on
signs and symptoms of malignant disease, as stem cell therapy
may promote tumor growth [8]. Feasibility was defined as the
proportion of treatment allocated patients who received MSC
injection. The secondary outcomes of the ISIS RCT were
global behavioral recovery assessed using NIHSS, mRS and
the Barthel Index, and motor recovery assessed using motor-
FMS and motor-NIHSS. The main outcome of the MRI
HERMES substudy was ipsilesional MI fMRI activity mea-
sured at M6 and M24. Recovery was assessed from baseline
(MO) to the end of follow-up (M24) with repeated
measurements.

Statistical Analysis
Sample Size

The main clinical study (ISIS) was designed to assess IV au-
tologous bone marrow derived MSC safety and feasibility and
was not specifically powered to detect MSC effects on behav-
ior. The only previous study of TV MSC stroke therapy includ-
ed 30 participants and did not report any safety issues. Thus,
without an empirical estimate for the expected low rate of
MSC therapy complications, a sample of 30 participants was
again used. In the MRI part of the trial (HERMES), the

(»<0.001 uncorrected for multiple comparisons) for ¢ healthy
participants (healthy). d Stroke control group (no MSC) at 6-month
follow-up and e stroke-treated group (MSC) at 6-month follow-up. R,
contralesional hemisphere

assessment of MSC treatment effects on motor outcome was
based on MI activity, serving as a neurophysiological bio-
marker of motor system recovery [16]. Using a previous
fMRI dataset, we calculated that a sample size of 13 patients
per group would allow detection of 50% MI task-related ac-
tivity treatment effects, with 90% power and 10% alpha.

Univariate Analysis

To measure the effect of the experimental treatment relative to
the control condition, as-treated analyses were performed. The
treated group included patients who received MSC doses (100
or 300 million MSCs). Patients who were initially assigned to
treatment, but did not receive MSCs, were included in the
control group.

Group Comparisons

Comparisons between the as treated and control groups for
safety and efficacy endpoints were explored at M6 and M24
using Mann Whitney and chi-squared tests. As recommended,
we reported 95% confidence intervals, U values, p values and
effect sizes to assess both the statistical significance and mag-
nitude of MSC effects [36, 37], Cohen’s d effect sizes were
calculated with the formula d= (Mean; — Meang) /
(ny — D*SD? + (ng — 1)*SDy?) / (ny + ng — 2) [38, 39].
For reference purposes, we also performed intent to treat
(ITT) analyses.
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Effects of Treatment on Outcome Measures Over Time

The effects of treatment on behavioral scores were analyzed
using longitudinal linear mixed models (LMM) with repeated
measures. Mixed modeling expands the general linear model
to accommodate effects of correlated and non-constant vari-
ability. The mixed linear model, therefore, provides the flexi-
bility of modeling not only the means of the data but their
variance and covariance as well. We chose a LMM with a
normal distribution link function because of the longitudinal
structure of our data, accommodating missing time-points,
and non-equidistant intervals between time points [40-42].

For each behavioral score, we modeled the effects of time
from MO to M24, MSC treatment, and the treatment by time
interaction. Participants were included as random effects and
time and treatment group as fixed effects. The NIHSS col-
lected at inclusion was entered as a covariate to adjust for
initial severity for mRS, NIHSS, motor-NIHSS, and motor-
FMS models. The baseline Barthel was entered for the
Barthel Index model. The effects of demographic and clinical
variables that could influence stroke recovery, including risk
factors and MSC dose, were tested using LASSO regression
and kept if significant in the final LMMs. A critical threshold
of (p<0.05) was used. We employed robust estimation to
ensure consistent inferences from the LMMs even if the
correlation strength between repeated observations varies
from patient to patient [42]. Estimated means at each time
point were contrasted with the last time point (M24) with the
sequential Bonferroni method for test significance
adjustment.

Treatment effects on fMRI activity in ipsilesional MI were
assessed using a LMM as described above. The fixed effects
of time, MSC treatment, and NIHSS at inclusion were includ-
ed in the model. The time by treatment interaction was tested
and kept in the model if significant. The effects of age, gender,
thrombolysis, and lesion volume were tested for each model
and included if significant and if the model fit was improved.
The model fit was estimated with the Akaike Information
Criterion (AIC), and R* to assess prediction accuracy. R
was computed by regression diagnostics included plotting pre-
dicted versus observed values for the behavioral scores [43].
The stability of model parameters was assessed using residual
plots [43]. The residual histogram and residual probability
plot (residuals versus their expected values) examined wheth-
er the data include outliers or showed violations of the as-
sumption of constant residual variance. SPSS 20.0 and R were
used for data analysis.

Results

Thirty-one patients were recruited between 31 Aug 2010 and
31 Aug 2015. Twenty patients were randomized to the MSC

@ Springer

group and 11 to the control group (Fig. 1). There were no
baseline clinical differences between as-treated groups, in-
cluding thrombolysis treatment, except for atrial fibrillation
being more frequent in the control than in the treated group
(p=0.045) (Table 1). No patient was lost to follow-up.

The duration of rehabilitation was collected for all but one
patient. Median duration (IQR) was 90 days (150) in the treat-
ed group and 145 (112.5) days in the non-treated group. No
significant difference was observed between the two groups
(p =0.195).

Individual characteristics of the 31 patients are reported in
Supplementary Table 2. The overlap of stroke lesions is
shown in Fig. 3 and individual lesions in Supplementary
Fig. 1.

Primary Feasibility and Safety Outcomes

Among the 20 autologous MSC cultures begun, four did not
meet quality specifications for batch delivery, resulting in 16
injections performed. Non-conformity for cell delivery includ-
ed karyotype abnormalities (patients 6 and 14), cell death and
weak culture amplification (patient 15), and infection of the
bone marrow sample (patient 31). These non-conformities
were officially reported to the sponsor and to the French au-
thorities. These four patients did not receive MSC injections,
indicating 80% overall feasibility.

Regarding short-term safety, there were no adverse
events during bone marrow sampling, and no adverse
event was attributable to MSC injection during the first
week. Regarding long-term safety, one control group pa-
tient died by drowning after a fall 10 months following
stroke onset (Tables 2 and 3). Half of the adverse events
occurred within 6 months after baseline, with no signifi-
cantly higher rate in the control group. Structural MRI did
not reveal evidence of expanding intracerebral processes or
inflammatory reactions between baseline and study end.
However, diffusion MRI showed a small hyperintensity
in the right insular cortex of a control group patient, indi-
cating a new cerebral infarct that occurred between V2 and
V3. This patient had no additional clinical symptoms relat-
ed to this new event.

Secondary Efficacy Outcomes

Group comparisons are presented in Table 4 for the as treated
analysis. There were no significant differences in global scales
at 6-month and 2-year follow-ups. Regarding the interpreta-
tion of treatment effect on motor outcomes [38, 39] at the 2-
year follow-up, MSCs showed a significant effect on the
motor-NITHHS with a large effect size (0.81), while there
was a non-significant trend for the motor-FMS, with a medi-
um effect size (0.66). MI-4a and MI-4p fMRI measures were
significantly increased in the treated compared with the
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Table 1 Baseline characteristics and group comparisons

Alln=31 Control n=15 Treated n=16 p value* (2-sided)
Demographics
Age (median (IQR)) 53 (46-59) 53 (45-63) 55 (46-58) 1.00
Gender (male) 22 (71.0) 11 (73.3) 11 (68.8) 1.00
Right-handed 30 (96.8) 14 (93.3) 16 (100.0) 1.00
Stroke risk factors
Hypertension history 12 (38.7) 7 (46.7) 5(1.2) 0.47
Atrial fibrillation 4(12.9) 4(26.7) 0 0.04
Diabetes 1(3.2) 1(6.7) 0 0.48
SAS 2 (6.5) 1(6.7) 1(6.2) 1.00
Cholesterol 21 (67.7) 10 (66.7) 11 (68.8) 1.00
Smoking yes 17 (58.1) 7 (46.7) 9 (56.2) 0.83
Alcohol (> 10 g/day) 9(29.1) 4(26.7) 5@31.2) 0.87
Tobacco p-y (median (IQR)) 5(0-30) 7 (0-35) 5 (0-25) 0.96
SBP at inclusion (median (IQR)) 128 (121-137) 128 (121-138) 126 (116-135) 0.58
DBP at inclusion (median (IQR)) 77 (70-85) 74 (70-86) 78 (71-83) 0.70
BMI (median (IQR)) 24 (21-26) 25 (21-28) 23 (20-25) 1.00
Stroke features
Total volume (ml) (median (IQR)) 97 (47-150) 113 (65) 92 (39-121)
Lesion side (left) 21(67.7) 9 (60%) 12 (75%) 0.46
Antidepressant 4 (28.6) 2 (28.6) 2 (28.6) 1.00
Thrombolysis 12 (38.7) 8 (53.3) 4 (25.0) 0.15
MSC-administered doses (M) 0 187 (100-285) NA
Delay stroke onset (MSC (day) - — 32 (28-40) NA
Behavioral scores median (IQR)
Rankin score at inclusion 4 (44) 4 (44 4 (4-4.5) 0.87
Barthel Index at inclusion 20 (0-30) 5 (0-35) 22.5(0-27.5) 0.90
NIHSS at inclusion 17 (14-21) 17 (14-21) 17 (14.5-21.5) 091
Motor NIHSS at inclusion 7 (6-9) 8 (6-9) 6.5 (5-8.5) 0.92
Rankin at baseline 4 (44) 4 (4-4) 4 (3.54) 0.86
Barthel at baseline 45 (10-70) 45 (15-65) 47.5 (10-75) 0.96
NIHSS at baseline 12 (11-19) 12 (11-16) 12 (11-19) 0.39
Motor NIHSS at baseline 7 (5-9) 7 (6-9) 6 (4.5-9) 0.49
Motor-FMS at baseline 28.5 (13-51) 23.5 (13-35) 32 (15-61) 0.87
fMRI activity median (IQR)
MI-4a 0.99 (0.58-1.93) 0.98 (0.58-1.66) 1.19 (0.77-1.93) 0.51
MI-4p 0.99 (0.59-1.91) 0.77 (0.57-1.19) 0.93 (0.68-1.33) 0.65

IOR, interquartile range; V1, first visit performed at inclusion (2 weeks after stroke onset); V2, second visit at baseline i.e. at treatment time (1 month after
stroke, 1 day before MSC infusion); M, millions (106 ); Motor-FMS, motor-Fugl-Meyer Score; SAS, sleep

*p value using exact Chi-squared tests

control group at both times with large effect sizes at 2 years
(1.41 and 1.60, respectively). As expected, results of ITT
analyses did not show any cell therapy effects.

Regarding global scales, LMM analyses did not show sig-
nificant influences of MSC on NIHSS (estimate =— 1.566, —
t=—1.354; p=0.177), Barthel Index (estimate =—2.431, —
t=0.296; p=0.768), or mRS (estimate =— 0.355, #=1.205;
p=0.230) measures, even after controlling for MSC dose,

age, gender, thrombolysis, and lesion volume (Fig. 4). The
MSC by time interactions were not significant.

By contrast, LMM showed significant treatment effects on
motor-FMS and motor-NTHSS (Fig. 5), with significantly
higher scores found for the motor-FMS (1=2.242, p=
0.028). Compared with the 24-month follow-up FMS, there
was a significant effect of time at baseline but not at 6 months,
indicating that recovery occurred mainly during the first
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Fig. 3 Overlap of stroke lesions of all patients (n =31) in Montreal Neurological Institute space

6 months after stroke. The NIHSS measured at inclusion effect
(t=—3.768, p<0.001), indicating that initial severity influ-
enced motor recovery. Significant gains in motor NIHSS
scores were also found for the MSC group during follow-up
(t=3.379, p=0.001), with a significant treatment by time
interaction from bascline to 3 months after stroke, showing
gains after M6. As for the FMS LMM, there was a significant
effect of NIHSS at inclusion (r=—13.768, p=0.001).

Treatment effects on MI-4a and MI-4p activity were sig-
nificant with an effect of initial severity and time but no sig-
nificant time by treatment interaction (Fig. 5). Higher ¢ values
were observed for MI-4p (¢=3.922, p = 0.002) than for MI-4a
(t=3.121, p=0.031). Furthermore, we found no effect of
MSC dose on behavior scales and fMRI activity, as well as
no significant effect of age, gender, thrombolysis treatment, or
lesion side as covariates. All the models showed a significant
effect of time, indicating that some recovery occurred in pa-
tients, independently on other factors. The results for motor
outcomes, including AIC, Rz, estimates and 95% CI, and ¢ and
p values, are presented in Supplementary Table 3.

Discussion
In this RCT, we assessed safety and feasibility of IV autolo-
gous MSCs in 31 patients with subacute ischemic stroke, with

a 2-year follow-up. Consistent with other results, we found
that IV autologous MSC administration was safe [9—11], with

Table 2

similar adverse event rates in treated and control groups.
Although clinical use of MSCs has raised safety concerns
[8], we observed no tumor appearance, pro-inflammatory ef-
fects, or other adverse events related to MSCs, in accordance
with the previous stroke study using IV MSCs using a 4-year
follow-up [12], and with recent meta-analyses [13, 44]. While
patients had moderate to severe stroke and one patient expired,
adverse events were much lower than in previous RCTs using
MSCs [12]. Feasibility reached 80%, indicating good feasibil-
ity relative to previous RCTs using IV autologous MSC [9,
12]. Nevertheless, feasibility could have been improved, since
autologous cell therapy was not administered in two patients
with karyotype abnormalities, which is no longer considered
to be a contraindication for cell therapy [REF]. Moreover,
patients with severe stroke were included since the upper limit
for the NIHSS was 24. We observed weak culture amplifica-
tion in one of these patients. It is possible that an upper limit of
18-20 would allow higher feasibility. In contrast, culture in-
fection was more difficult to prevent based on our protocol.
Secondary efficacy outcomes tested the effect of MSCs on
independence scores, disability scores, and motor perfor-
mance measures. No significant effects were found for the
NIHSS, Barthel Index, and mRS measures. These results are
consistent with previous RCTs assessing MSCs and other cell
therapies using the IV route [9, 10], although significant im-
provements have been noted in post hoc analyses using mRS
and/or Barthel Index categories [10, 12]. The delay before
MSC administration may be relevant, since the Barthel

Serious adverse events in the control, low-dose, and high-dose groups (per protocol sample as treated)

Adverse events (AE) 6-month follow-up (V6)

2-year follow-up (V8)

Control Low dose High dose Control Low dose High dose
Recurrent stroke-TIA 1 0 0 1 0
Seizures 1 0 2 5 3
Death 0 0 0 1 0
All AEs 12 6 4 24 10 6

Of note, differences between groups are not significantly different
TIA, transient ischemic attack

# Severe sepsis related to concomitant urinary tract infection and pneumonia
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Table 3  Individual serious adverse events in the control, low-dose, and high-dose groups (per protocol sample as treated)

Event Control Low-dose  High-dose  Patient number (delay post-inclusion, comments)
n=15 n=7 n=9
Death 1 0 0 No. 2 (M10, accidental drowning)
Depression 0 2 0 No. 1 (M2), No. 7 (M18, paracetamol voluntary intoxication)
Recurrent ischemic stroke 2 0 0 No. 2 (M2), No. 4 (W1)
TIA 1 0 0 No. 28 (M20, speech disturbance and facial deficit during 5 min)
Urinary tract infection 2 3 0 No. 2 (M3), No. 3 (M2), No. 10 (M12 and M18), 31 (W3, severe sepsis”)
Crytpogenic fever 1 0 0 No. 4 (M12, 3-day hospitalization)
Algodystrophia 2 0 0 No. 5 (M1), No. 14 (M1)
Hip pain 0 0 1 No. 23 (M19)
Humeral fracture (fall) 2 1 0 No. 6 (M20), No. 7 (M7), No. 14 (M5)
Foot skin infection 1 0 0 No. 6 M12)
Epileptic seizures 5 3 3 No. 7 (M18), No. 8 (M9 and M14), No. 11 (M17), No. 14 (M7), No. 15 (M14),

No. 16 (M2), No. 21 (M5), No. 29 (M12), No. 30 (M4), No. 31 (M16)

Deep lower limb venous 0 1 0 No
thrombosis
Pneumonia 3 1 1 No.
Gastrostomy 1 0 0 No
Ankle sprain 1 0 0 No.
Atrial flutter 1 0 0 No
Rotator cuff tear 0 0 1 No.
Kidney pain 1 0 0 No.

.10 (W1)

. 10 (M18), No. 14 (M1 and M10), No. 18 (M1), No. 31 (W3, severe sepsis”)
. 14 (M1, persistent swallow disturbance)

. 15 (11 days)

. 24 (W3)

.22 (M12)

.28 (M11)

M, month; W, week; TIA, transient ischemic attack
#Severe sepsis related to concomitant urinary tract infection and pneumon

Index at 1 year was improved in the treated group, which had
cell therapy administered 36 h after stroke onset [10].

As hypothesized, we noted improvements in clinical motor
performance measures. Our findings are supported by previ-
ous experimental evidence showing that cell therapy improves
motor recovery in rats with middle cerebral artery occlusion
[2].

The dissociation between global and motor outcome mea-
sures could be related to their differing variance, with the
motor outcome measures exhibiting less variability [45].
Motor behavior assessment based on continuous scores may
have resulted in precise and accurate recovery predictors. In
contrast, global outcomes capture other dimensions such as
social and emotional components that may not be influenced
by cell therapy in the same way.

According to consensus-based guidelines concerning the
development of cell therapies for stroke, entitled “Stem Cells
as Emerging Paradigm in Stroke” (STEPS), we combined
behavioral and MRI measures to monitor safety and provide
information on surrogate MRI markers of treatment effects
[30]. We measured passive wrist movement-related fMRI ac-
tivity in MI to assess the effect of MSCs. This is the first time
that fMRI has been used as a biomarker in association with
behavioral measures in a cell therapy RCT. MI activity was
significantly increased in the treated compared with the

ia

control group for both 4a and 4p subregions, confirming the
better clinical motor recovery. Increased MI activity has pre-
viously been associated with functional motor improvement
in subacute and chronic stroke [16, 18, 39, 46] and is a poten-
tially robust biomarker of motor system recovery [17, 19].
There is a body of neuroimaging evidence in the literature,
showing that fMRI (using either active or passive hand motor
tasks) can predict outcome [16, 19, 46—48], including three
meta-analyses [17, 18, 49]. In this study, we used the same
passive wrist movement task as Loubinoux et al. [16, 48],
which can be considered an external validation of using
fMRI activity related to a passive hand task to measure stroke
recovery.

The observed effect sizes were larger in MI-4p than in MI-
4a, suggesting that MI-4p and MI-4a, which differ in terms of
chemo- and cytoarchitectonic characteristics [50] and func-
tional specialization [51], may respond differently to MSC
therapy.

There is some evidence that motor cortex neuroplasticity,
reflected by increased task-related M1 activity, is accompanied
by changes in dendritic and synaptic structure [52, 53],
highlighting one of the possible pathophysiological mecha-
nisms by which MSC paracrine secretion may enhance brain
repair [3, 54]. The current literature consensus is that the MSC
secretome may act during the subacute phase of stroke
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t4.1  Table 4 Comparison of behavioral and fMRI activity outcome (SD), 95% contidence intervals (95% CI), patient number (#), and Chi-
measures in the MSC-treated and control groups at 6-month and 2-year square and p values obtained using Kruskal Wallis test
follow-up, with median, interquartile range (IQR), standard deviation
t4.2  Outcome No MSC MSC KW test Effect
measures S1Z¢€
t4.3 Median IQR  Mean, SD  95% CI ny Median IQR  Mean; SD  95% CI n; Chi- P Cohen’s
_— _— square ds
t4.4 Lower Upper Lower Upper
t4.5  6-month follow-up outcome measures
t4.6 mRS 3.00 0.00 3.00 0.66 264 336 15 3.00 0.00 3.00 063 266 334 16 0.00 1.00 0.00
t4.7 BI 85.00 25.00 77.86 2540 63.19 92.52 14 95.00 26.00 80.63 30.87 64.18 97.07 16 1.31 025 0.10
t4.8 NIHSS 8.00 500 940 470 680 12.00 15 8.00 500 894 520 6.17 11.71 16 0.09 0.77 0.09
t4.9 m-NIHSS  6.00 500 507 281 351 6.63 15 3.00 6.00 363 379 160 565 16 1.82 0.18 043
t4.10  Motor FMS 37.50  19.00 39.43 23.63 2578 53.07 14 68.00 61.00 58.07 3291 39.84 76.29 15 1.60 021 0.65
t4.11 MI-BA4a 1.04 1.18 143 090 088 197 13 201 1.28 207 087 152 262 12 427 0.04* 0.73
t4.12 MI-BA4p 122 131 122 062 084 159 13 195 1.50 195 087 140 250 12 4.73 0.03* 0.97*
t4.13 2-year follow-up outcome measures
t4.14  mRS 3.00 2.00 3.07 1.10 246 3.68 15 3.00 1.00 275 093 225 325 16 052 047 031
t4.15 BI 95.00 24.00 85.00 20.48 73.18 96.82 14 100.00 30.00 82.00 27.83 66.59 97.41 15 0.27 0.60 —0.12
t4.16  NIHSS 8.00 9.00 843 496 557 1129 14 7.00 800 7.73 578 454 1093 15 0.46 0.50 0.13
t4.17  m-NIHSS  6.00 375 514 321 329 699 14 0.00 500 253 325 073 433 15 491 0.03*% 0.81%*
t4.18  Motor FMS 35.00 28.50 44.07 28.76 27.47 60.68 14 62.00 53.75 63.79 30.67 46.08 81.49 14 3.06 0.08 0.66
t4.19 MI-BA4a 1.26 095 143 076 088 197 10 2.67 0.57 247 071 192 301 9 6.00 0.01*% 1.41%
t4.20 MI-BA4p 099 .12 122 061 078 1.65 10 2.36 043 223 066 172 273 9 771 0.01* 1.60*
mRS, modified Rankin Score; B/, Barthel Index; m-NIHSS, motor NIHSS; mean, and ny no-MSC group; mean; and n; MSC group
*Significant comparisons and large effect sizes
531  through inflammation modulation that promotes more delayed  at least for studies including patients with severe stroke during
532  mechanisms such as angiogenesis and neurogenesis [3]. Inour  the subacute period.
533  study, MSCs were administered with a median delay of The moderating role of rehabilitation needs be considered,
534 32 days, during the subacute stage of stroke, within a time  as it might have influenced the outcome [56]. In this study,
535  window that might have allowed the MSC secretome to exert  similar efforts were made for rehabilitation in the treated and
536 its immunomodulatory effects [55], support brain repair, and  non-treated groups, since the main criteria for rehabilitation
537  improve stroke recovery. duration and intensity were related to neurological deficits and
538 Surprisingly, we observed clinical recovery until the late  patient’s abilities. As a result, no significant difference was
539  chronic period of recovery, suggesting that recovery might  observed between the two groups in terms of rehabilitation
540  be profitably assessed longer than the usual 90 day time point,  duration. In addition, rehabilitation time was not a significant
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Fig.4 LMM showing no significant effect of MSC over the 24-month follow-up on behavioral scores: a NIHSS, b Barthel, and ¢ modified Rankin score
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effect in the LMMs modeling stroke recovery, suggesting that
the maximum useful time of rehabilitation was reached in our
patients.

Methodological Considerations

The main limitation of this study is related to the use of autol-
ogous MSCs, which imposed several constraints. First, we
performed bone marrow aspiration in the treated group, but
not in the control group for obvious ethical reasons, resulting
in an open-label design, as patients knew the treatment to
which there were assigned. To compensate for this potential
bias, patients’ therapists and investigators assessing clinical
and MRI outcome measures were blind to MSC treatment.
Second, patients with MSC culture abnormalities did not re-
ceive cell therapy. Adopting a pragmatic approach, we
assessed safety and efficacy effects of MSC through “as-treat-
ed” rather than with an “intent-to-treat” analysis. While the
culture abnormalities were due to karyotype abnormalities or
technical contamination of the culture, and were not related to
stroke severity or recovery, our results are not likely to have
been biased by feasibility limitations. Of note, we obtained
similar results when performing per-protocol analyses by ex-
cluding patients who were assigned to MSC treatment and did
not receive MSC (results available on demand). Third, delays
in MSC administration were constrained by the variable cell

Time (Months)

expansion times required to reach the target dose. In this con-
text, we could not treat patients at the early subacute phase,
during which potentially greater effects might have been ob-
served on global scales, as suggested by a recent RCT using
allogenic cells within a time window of 48 h after stroke onset
[10]. These limitations related to the use of autologous MSCs
encourage the use of allogenic cells in future RCTs.

A related limitation is that there is no sample size justifica-
tion for the primary endpoints (safety and feasibility). At the
time of the protocol submission (2007), safety of autologous
stem cells was reported to be excellent, with no side effect in
humans and the literature on MSC in experimental studies had
not reported any side effects or feasibility issues. Therefore, it
was not possible to compute a sample size based on empiri-
cally derived estimates. In this study, we chose to assess safety
and feasibility in a group 30 patients in line with other autol-
ogous stem cell studies [9], which was ethically acceptable.

Another limitation of this study is related to the small sam-
ple size, which does not provide the sensitivity to detect treat-
ment effects based on relatively variable global behavior mea-
sures. Nevertheless, we observed a significant effect of treat-
ment on motor behavioral scores and fMRI measures with
associated medium-large effect sizes, illustrating that our sam-
ple size was adequate for assessing motor recovery effects. As
the effect size measures the treatment effect strength, we can
infer from our data that autologous MSC have medium to
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large effects on motor recovery [39]. The combination of be-
havioral motor scales with fMRI activity biomarkers in a lon-
gitudinal design demonstrates the effect of MSC treatment on
motor recovery after stroke. Moreover, employing a 2-year
follow-up with multiple assessments allowed utilization of
longitudinal linear mixed models to analyze treatment effects
on both behavioral and fMRI measures. This approach better
models the trajectory of recovery, compared with contrasting
outcomes between groups at fixed time points, and allows
incorporation of potential confounding effects such as age
and baseline group differences (i.e., initial severity and atrial
fibrillation) that might be expected in small samples.

Conclusions

Autologous MSC treatment is safe and feasible for treating
moderate to severe stroke. Although our results need to be
replicated in further studies, both behavioral and physiological
motor outcomes showed effects of cell therapy. This initial IV
MSC stroke recovery study provides important preliminary
data that will be useful to plan subsequent studies, incorporat-
ing better estimates of expected behavioral and physiological
effects, allowing more accurate justification of the sample size
required to detect treatment effects. In addition, we found that
passive wrist movement was associated with regional task-
related fMRI activity changes in MI related to cell therapy,
suggesting that physiological measures of sensorimotor cortex
activity may be sensitive recovery biomarkers that can be used
in future studies exploring novel therapies for stroke. The
observation of steadily increasing behavioral and physiologi-
cal effects of stem cell therapy suggest that recovery might be
profitably assessed longer than the usual 90-day time point in
future trials.
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