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Background: Mesenchymal stem cells (MSCs) 
possess neurotrophic and neuroprotective effects. Two prior pilot studies in our center showed that a single intrathecal (IT) or intravenous (IV) administration of MSCs was safe and well-tolerated and provided evidence of clinical efficacy in multiple sclerosis (MS) and amyotrophic lateral sclerosis (ALS).
Objective: To evaluate the safety and efficacy of autologous bone marrow-derived mesenchymal stem cell (MSC) transplantation in active progressive MS.
Methods: This was a randomized double-blind crossover trial that enrolled 48 progressive MS-patients (expanded disability status scale [EDSS] range, 3.5–6.5; mean, 5.60.8; median, 5.8). The patients did not receive any immunomodulatory treatment during the 14 months of the trial. The study started in February 2015 and was completed in summer 2018. During a 2-month run-in period, functional evaluations (EDSS, walking speed test, nine-hole peg test, neurocognitive evaluation, quantitative and functional magnetic resonance imaging [MRI], optical coherence tomography [OCT], visual evoked potential [VEP], and visual functions) were performed monthly before transplantation and at 3-month intervals after treatment for a total of 12 months. Patients were randomized and treated with either IT or IV autologous, bone marrow-derived MSCs (1×106/kg) or placebo. At 6-months, the patients received a second injection of MSC or placebo and followed for safety and efficacy measures for an additional 6 months. The study was approved by the local ethics committee and MOH, 
registered with NIH (NCT02166021), and monitored by an external contract research organization (CRO) and safety committee.
Results: No serious treatment-related adverse events were observed. Only one patient withdrew consent and stopped the trial 1 month after the first transplantation. Twenty-two of the 48 patients deteriorated in EDSS during the 2–3 months before treatment (indicating that our group included patients with very active disease)
. A per-protocol analysis of the pre-determined primary endpoint showed that significantly fewer patients had clinical progression/treatment failure (increase in EDSS or deterioration in any functional system) in the MSC-IT and MSC-IV groups compared wih the placebo-treated patients (6.7%, 9.7%, and 48.4%, respectively; p=0.0003, chi-square test using pooled data of the thirty-two 6-month periods in both phases of the study). A total of 58.6% of the MSC-IT-treated patients and 37.5% in the MSC-IV group were 6-month-NEDA (no evidence of disease activity; no relapse, no EDSS progression, no new T2 activity, no gadolinium lesions in MRI) compared with 9.6% in the placebo groups. Statistically significant beneficial changes were also found in monthly changes in T2 lesion load, 25-feet walking, nine-hole peg test, OCT (retinal nerve fiber layer; RNFL), and paced auditory serial addition test (PASAT) and OWAT/KAVE 
cognitive tests, favoring the IT-treated patients vs. the placebo group. A beneficial (but less significant) effect was also observed in the MSC-IV group. In several of these parameters, there was a significant superiority of IT vs. IV treatment.

Conclusion: IT and IM 
administration of autologous MSCs was well-tolerated. Our trial, which is the first controlled study comparing the IT and IV administration of MSCs with placebo in MS, shows a robust beneficial effect of the treatment in active progressive MS. All the primary safety and efficacy endpoints of the trial were met with a high level of statistical significance. Additional parameters that were examined (secondary endpoints), enhanced these observations. 
IT administration seemed to induce a more profound effect, suggesting that this was the most efficient method of stem cell administration in our setting. A phase 3 trial is warranted to confirm these findings.

1. Introduction
Mesenchymal stem cells (MSCs) are non-hematopoietic stromal cells residing mainly in the bone marrow compartment (but also in adipose tissue and other tissues). Their classical role is to support hematopoiesis and hematopoietic stem cell (HSC) engraftment and give rise to cells of the mesodermal lineage such as osteoblasts, adipocytes, and chondrocytes 1,2. MSCs can also transdifferentiate into cells of the endodermal and ectodermal lineages (including neural trans-differentiation 3-7) and have strong immunomodulating potential 8-10. These immunomodulatory effects are mediated by both humoral (production of soluble factors) and cell-to-cell contact-dependent mechanisms 10. MSC suppress experimental autoimmune encephalomyelitis (EAE) when administered intravenously (IV) 11 or intrathecally (IT) 8,12 and support remyelination following spinal trauma or induced demyelination 13-15.

Some open pilot clinical trials 16-21 and one small controlled study 22 have reported beneficial effects of MSCs in diseases like multiple sclerosis (MS), amyotrophic lateral sclerosis (ALS), and stroke. However, it is unclear whether these beneficial effects are mediated by immunomodulatory mechanisms or neurotrophic and neuroprotective effects.
Here, we report the results of a double-blind crossover trial with IV or IT injection of autologous bone marrow (BM)-derived MSCs (1×106/Kg) or placebo in 48 progressive MS patients. At 6-months, the patients were re-treated with a second injection of MSC or placebo. The patients did not receive any immunomodulatory treatment during the 14 months of the trial. The study (NIH registration: NCT02166021) started in February 2015 and was completed in June 2018.
2. Methods

2.1 Patients

Over 200 patients from Hadassah MS Center and Unit of Neuroimmunology were pre-screened for inclusion in the trial. Forty-eight patients met all inclusion criteria (patients with active and progressive MS, with or without relapse, failed at least one line of MS treatment, expanded disability status scale [EDSS] score 3.0–6.5, aged <65 years) and were enrolled to the trial. One exceptional patient aged 66 at inclusion received a special license from the steering committee (Profs. Dimitrios Karussis, Tamir Ben-Hur, Yoram Weiss, and Zohar Argov). A contract research organization (CRO; Dr. Moshe Neuman, BRD, Israel) randomized patients into three groups (n=16) according to EDSS score at inclusion (<5.5 or 5.5–6.5).
 In total, 48 patients were included (20 female and 28 male) with a mean EDSS score at inclusion of:5.540.9, mean age of 47.39.3,  and mean duration of disease of 12.07.4 years. All patients had progressive disease: 39 secondary progressive MS (SPMS; 10 with over-imposed relapse “relapsing-progressive”) and nine primary progressive MS (PPMS). All patients had been previously treated with at least one accepted immunotherapeutic drug for MS; most were treated with more than two medications. All treatments (except symptomatic ones) were stopped 3–6 months before the screening visit (detailed demographic data of individual patients are presented in complimentary Table 1). Three groups of 16 patients received the following: an IT injection of MSC (1 million cells per kg bodyweight; MSC-IT) and an intravenous injection of saline, an IT injection of saline and IV MSC (1 million cells per kg bodyweight; MSC-IV), and IV and IT saline (placebo). The study flowchart is shown in Figure 1. The three groups did not differ significantly in EDSS score, gender, or duration of disease (EDSS: 5.630.81 in the MSC-IT group, 5.560.87 in the MSC-IV group, and 5.441.05 in the placebo group; Table 1).
At screening (visit 1), the patients signed informed consent forms and were examined neurologically, checked to ensure that they met the inclusion and exclusion criteria, and underwent a first brain magnetic resonance imaging scan (MRI). One month after the screening visit, the patient underwent under light general anesthesia (at the Hadassah Bone Marrow Department day care) and BM aspiration to harvest an inoculum of crude BM cells (150 ml); two-thirds of the cells were frozen
 (visit 2). One third was cultured under GMP conditions at the human cell cultures “grade A (ISO 5) clean room” facility of Hadassah HMO, as described previously 16,17. One month later (visit 3), the patient was admitted to the Neurology Department for two days, underwent a full neurological evaluation (including EDSS scoring, ambulation index evaluation, nine-hole peg test, timed 25-feet walking, a battery of four cognitive tests, optical coherence tomography (OCT), visual evoked potential (VEP), brain MRI (including DTI 
and resting functional MRI [fMRI]) and dynamic visual tests), general blood tests, and immunological tests to analyze the proportion of lymphocyte subpopulations expressing various cell markers (by flow cytometry). The patients were examined by the examining physician (P.P. and N.Y.) on the next day (visit 3B) for side effects and neurological evaluation. At 6 months (visit 6), the patients were re-admitted and re-treated according to the randomization assignment (Figure 1) using the same protocol as in the first treatment course. All patients in the placebo group received either IV MSC (n=8) or IT MSC (n=8) as the second treatment. During the second cycle, half the patients in the MSC-IV and MSC-IT groups received a second injection of the same treatment and the other half received placebo.
The examining physicians followed up the patients in the outpatient MS Clinic at 1, 3, and 6 months after each treatment cycle (Figure 1). EDSS score, nine-hole peg test, timed 25-feet walking, and screening for signs of relapse was performed at each visit and MRI (including DTI and resting fMRI), VEP, OCT, and cognitive, immunological, and visual dynamic tests were performed every 3 months (Figure 1).
Only one patient (patient 005) withdrew consent and stopped the trial 3 weeks after the first treatment due to issues related to difficulty performing MRI. 
Both the treating and the evaluating neurologists were blinded to the patient and treatment assignment.

The compliance of the patients was excellent and only nine of the scheduled 528 visits were missed (six related to the withdrawn patient). EDSS was evaluated by two experienced (EDSS-certified) neurologists (P.P. and N.Y.). The nine-hole peg test
 was performed by an experienced MS nurse or the evaluating neurologist in two trials in each hand
.
The study was approved by the local Ethics committee and MOH
, registered to NIH (NCT02166021), and monitored by an external contract research organization (CRO; Dr. Moshe Neuman, BRD, Israel) and safety committee.

2.2 MSC preparation and administration
MSC were prepared as described previously 16,17. 
Briefly, after testing negative for hepatitis B virus (HBV), hepatitis C virus (HCV), and human immunodeficiency virus (HIV), fresh bone marrow (BM) was aspirated from the patient’s iliac-crest under local anesthesia and sedation according to the routine medical center procedure. BM was aspirated into sterile bags using aspiration needles and then transferred immediately to the GMP-facility and labeled by the physician or attending technical assistant. BM aspirates were transferred from the BM aspiration bags into sterile tubes using tubing sets and diluted. Cells were centrifuged several times, and mononuclear cells (MNC) 
were counted, evaluated
, and harvested. Cells were subcultured at regular intervals (when the culture reached sufficient confluence)
 each subculture was counted as a new passage. During sub-culture, the cells were transferred into centrifuge tubes, washed, re-suspended, reseeded, and incubated for further culturing.


2.3 Administration of MSCs to patients
A lumbar puncture was performed at the L4-5 lumbar level under standard conditions and local anesthesia and 3 ml of CSF was removed for future testing. The treating physician received two sealed syringes (covered with black adhesive) that were prepared by the laboratory investigator (Dr. Kassis) according to the randomization number he received from the CRO. The syringes contained MSC (1×106/kg bodyweight) in 3 ml of normal saline or saline alone. The treating physician (D.K.) injected 3 ml from the sealed syringe using a three-way canula and 3 ml from the second syringe into a 500-ml bag containing normal saline, which was infused to the patient over 30 min.
2.4 Conventional MRI and fMRI
Raw data were sent to Berlin Neuroimmunology/MS Unit and were evaluated in a blinded way using a semi-automated technique with SIENA-based software.
2.5 fMRI: motor network, default network, visual network
2.5.1 fMRI
Resting-state blood oxygenation level-dependent fMRI data were obtained with an echoplanar imaging sequence. fMRI analysis was performed using BrainVoyager software, version 20.4 (Brain Innovation). Motor and visual networks were analyzed via seed region analysis.

For each subject, the left and right M1 and left and right V1 were defined as seed regions, demarcated as 10 mm boxes, as defined by the Yale atlas of Brodmann areas 23. Individual connectivity maps from these seed regions were generated for each subject, with an FDR of 0.01. t-scores reflecting the level of connectivity between the seed region and the generated map were extracted
2.5.2 DMN
The default mode network (DMN) was analyzed by independent component analysis 24. A single functional z score was extracted per visit for each subject, reflecting network connectivity.

2.6 DTI: corticospinal tract, optic tract, optic radiation
Diffusion tensor imaging data were acquired via diffusion-weighted imaging. Preprocessing and tractography were performed with mrVista software package (VISTA Lab, Stanford University). Optic tracts, optic radiations, and corticospinal tracts were delineated using a probabilistic fiber-tracking algorithm (ConTrack; VISTA Lab, Stanford University) 25. White matter integrity was estimated using fiber fractional anisotropy (FA).

2.7 OCT: RNFL (G & T fields
), macula (thickness, volume), INL (thickness, volume)
The peripapillary retinal nerve fiber layer (pRNFL) thickness and macula, including inner nuclear layer (INL, thickness and volume), were analyzed by trained technicians using spectral-domain optical coherence tomography (Spectralis, Heidelberg Engineering, Germany
) with automatic real time (ART) function for image averaging. Standard ring scans around optic nerve head were used to extract pRNFL and custom macula scans (30°×25°; 61 B-scans; ART, 13 frames) to extract the macular volume. All scans underwent quality control 26 and automatic segmentation errors were corrected manually when necessary.

2.8 VEP latency
Visual evoked potentials (VEP) were recorded by trained technicians using standard full-field pattern-reversal VEP parameters (Bravo VEP device, Nicolet Biomedical), with lateral electrodes at O1 and O2, the reference electrode at Fz, and the ground electrode at the vertex. Values were considered abnormal above 114 ms. P100 latencies and amplitudes were extracted.

2.9 Cognitive testing
Cognitive functions were evaluated using standard methods with sensitivity in MS (PASAT, BVMT-R, SDMT, OWAT-KAVE, RAVLT, TMT
). The values were expressed using Z-scores, which were calculated according to normative data sensitive to age, gender, and education level27-31.
2.10 Statistical analysis
The size of the groups (three parallel groups of 16 patients) was calculated (Medstat, Israel) based on an expected treatment efficacy of ≥50% vs. placebo, to provide 80% power, and assuming a standard deviation of differences of <75%, using paired t-tests with a 0.050 two-sided significance level.

The locked database was transferred from the CRO (BRD, Israel) to an external medical statistics company (MedStat, Israel). All measured variables and derived parameters were listed individually and tabulated by descriptive statistics.
For categorical variables, summary tables were provided giving sample size with absolute and relative frequencies by study group. 
For continuous variables, summary tables were provided giving sample sizes, arithmetic mean, standard deviation, median, minimum, and maximum by study group. 
Within-group changes from baseline or from the run-in period were analyzed using paired t-tests.

Each 6-month treatment cycle was first analyzed separately to assess differences between the MSC-IT and MSC-IV groups vs. placebo-treated patients. For pooled analysis, both 6-month treatment periods of the two cycles (16 patients in the first cycle and 16 in the second cycle) were combined for each treatment group (MSC-IT, MSC-IV, or placebo) and compared.
Missing values were excluded from the analyses. Specifically, for the 25-feet timed walking and nine-hole peg tests, patients with high variations (>50% between examinations) or with performance times >60 sec were excluded due to the low reliability in these measurements in highly disabled patients. One patient was excluded from the MRI analysis due to inconsistencies and disagreement in the evaluation of gadolinium-enhancing lesions between three experienced neuroradiologists. The steering committee excluded these patients before locking the data and opening the treatment codes (treatment arm assignments).
Two-sample non-parametric Wilcoxon-Mann-Whitney rank sum tests were applied to analyze differences in quantitative parameters between the MSC-IT or MSC-IV groups and placebo.
 Chi-square tests were used to analyze differences in binary parameters between the MSC-IT or MSC-IV groups and placebo. 
All tests were two-tailed, and p<0.05 was considered statistically significant. 
Data were analyzed using SAS ® version 9.3 (SAS Institute, Cary, NC, USA).
3. Results

3.1 Primary endpoints
3.1.1 Safety
Three serious adverse events occurred during the study that resulted in patient hospitalization; two were related to MS relapse and one was due to an upper respiratory infection that resolved after treatment with antibiotics. No other serious adverse events were observed
. Minor or moderate adverse events included headache (n=27) and backache (n=8; usually occurred a few days following treatment and was probably related to the lumbar puncture procedure), minor viral infections (n=12), urinary tract infections (n=3), and sinusitis (n=2).
Only one patient withdrew consent and stopped the trial 1 month after the first transplantation. There was no significant difference in the incidence of adverse events between the placebo- and MSC-treatment periods (Table 2). The full list of all adverse events is presented in Table 2.

3.1.2 Clinical efficacy
EDSS deteriorated in 22 of the 48 patients in the 2–3 months before treatment (0.292±0.39), indicating that the study included patients with very active disease. 
A per-protocol analysis of the pre-determined primary endpoint (clinical progression evidenced by any increase in EDSS or deterioration in any of the functional systems) showed that the percentage of patients with treatment failure was significantly lower in the MSC-IT and MSC-IV groups compared with the placebo group (6.7 %, 9.7 %, and 48.4 %, respectively; p=0.0003, chi-square tests for pooled data of the thirty-two 6-month periods in both phases of the study). 

For changes in the mean EDSS score, patients in the placebo group deteriorated during the 6 months of the first cycle of the study (delta: +0.333±0.450) and by +0.281±0.407 during the second cycle. In the MSC-IT group, the mean EDSS score improved by –0.031±0.221 in the first cycle and –0.393±0.289 in the second cycle (p=0.02 and p=0.0002, respectively vs. placebo; Mann-Whitney test). In the MSC-IV group, the mean EDSS score improved by 0.063±0.250 during the first cycle and –0.233±0.458 in the second cycle (p=0.01 and p=0.007, respectively vs. placebo; Mann-Whitney test). These differences between baseline and 6 months were highly significant only in the MSC-IT group (p=0.0029, Wilcoxon rank test). The changes from baseline in the MSC-IV group were borderline (p=0.08).
When the two cycles were pooled, comparisons of the changes in both the MSC-IT and MSC-IV pooled groups vs. placebo were highly statistically significant (p<0.0001 and p=0.0014, respectively; Mann Whitney test) (Table 3). The same high level of statistical significance was also observed for the changes in ambulation scores and the sum of all functional systems grading (Table 3). The beneficial effects of MSC-IT treatment on EDSS were statistically superior to those of MSC-IV at 3 months (p=0.037) and close to significant (p=0.06) at 6 months. The difference between MSC-IT and MSC-IV in terms of changes in the sum of all functions scores (EDSS subsystems scoring) was significant (showing superiority with IT administration) at both 3 and 6 months (p=0.017 and 0.012, respectively) (Table 3). Figures 3
 and 4 show the slopes of progression in EDSS over the whole study in the different treatment subgroups.
Comparison between the patients treated once with MSC-IT and those treated twice showed a statistically significant difference favouring the double vs. single treatment. The visit 9 EDSS, ambulation score, and sum of functional sub-scores (i.e. after 12 months in the study) were compared between baseline and visit 3 (Table 4).
Half the patients treated twice with MSC-IT (4 out of 8) had a confirmed disability improvement (CDI) at the end of the whole trial (one year), verified in at least two examinations 3-months apart, compared with the baseline score and none of the patients treated twice with MSC-IT had confirmed deterioration after one year (i.e., they remained stable or improved).

Fifteen of 32 patients in the placebo-treated arms experienced at least one relapse during both 6-month periods of the study (pooled) compared with only seven of 32 in the MSC-IV group and two of 32 in the MSC-IT group (46.9%,. 21.9%, and 6.3%, respectively, p=0.0002 for IT and p=0.035 for IV vs. placebo). There were 18 relapses in both 6-month periods in the placebo group and 10 and two in the IV- and IT-treated groups, respectively (Figure 5
). The mean numbers of relapses per patient in pooled analysis of both cycles of treatment were 0.06+0.25, 0.28+0.57, and 0.56+0.67 in the MSC-IT, MSC-, and placebo groups, respectively (p=0.0005, IT vs. placebo; p=0.052, IV vs. placebo; p=0.07, MSC-IT vs. MSC-IV, Wilcoxon test). A total of 
58.6 % of the MSC-IT-treated and 37.5% of the MSC-IV-treated group achieved 6-months no evidence of disease activity (NEDA; no relapse, EDSS progression, new T2 activity, or gadolinium lesions in MRI), compared with 9.6% in the placebo group (Table 3).
3.2 Secondary endpoints
3.2.1 MRI
Four gadolinium-enhancing lesions were seen in the two pooled periods of MSC-IT treatment vs. 15 in the placebo periods of treatment (73% reduction) (Figure 5). Statistically significant beneficial changes were found in monthly changes in T2 lesion load. The mean monthly change in T2 flair lesion volume was –0.024±0.053 in the pooled group of patients treated with MSC-IT, –0.016±0.036 in the MSC-IV group, and +0.003±0.029 in the placebo group (p=0.029, MSC-IT vs. placebo; p=0.123, MSC-IV vs. placebo) (Table 3).
3.2.2 fMRI
Motor network analyses revealed a significant +0.156 annual increase in Z-score in the MSC-IT group vs. a deterioration (–0.288) in the placebo group (p=0.042 and p=0.062 at 6 and 3 months, respectively). fMRI analysis of visual networks showed a similar trend that was more variable and did not reach statistical significance (Figure 6 and Table 3).
3.2.3 25-feet timed walking
There was a 5.3% and 6.4% reduction in 25-feet walking time in the MSC-IT and MSC-IV treated groups, respectively (pooled data of both treatment cycles) during each 6-month period compared with a 14% increase (deterioration) in the placebo-treated group. These differences were statistically significant vs. placebo for both the MSC-IT- and MSC-IV-treated patients (p=0.001 and p=0.0009, respectively; Table 3). In this walking test, there was a significant superiority of the repeat MSC-IT treatment vs single treatment (Table 4).
3.2.4 9-hole peg test
There was a 3.4% and 2.6% decrease in the nine-hole peg test time (dominant hand) in the MSC-IT- and MSC-IV-treated groups, respectively, at 6 months vs. baseline. The mean test performance time was unchanged in the placebo group. However, the difference between placebo and treatment did not reach statistical significance (p=0.09 for MSC-IT and p=0.2 for MSC-IV). With the non-dominant hand, the differences were statistically significant (–5.5% improvement in the MSC-IT group, –1.6% in the MSC-IV group, and +1.3% in the placebo; p=0.0013
, Table 3). The MSC-IT treatment was borderline superior to the MSC-IV group (p=0.06).
3.2.5 Cognitive tests
There was a 69.9% and 11.9% improvement in PASAT test score at 3 and 6 months in the MSC-IT group vs. baseline, compared with 36.1% and 6.5% deterioration at 3 and 6 months, respectively, in the placebo group (p=0.0007 at 3 months, p=0.32 at 6 months) (Table 3).

Since the PASAT, 25-feet timed walking, and nine-hole peg tests were performed monthly, comparisons were made by comparing the mean of all tests performed in each patient during the three baseline tests (pre-treatment) with the mean of the six measurements during each 6-month period.

OWAT (KAVE) tests in the first cycle revealed a significant beneficial effect of MSC-IT treatment; the mean Z-score increased from 0.20±1.58 at baseline to +0.474​
±0.83 at 3 months (p=0.04, Wilcoxon test) and to +0.487​±1.77 at 6 months (p=0.01, Wilcoxon test). No significant changes were observed in the MSC-IV treated group. The difference between the MSC-IT and placebo groups was significant (p=0.013) at 3 months (Table 3).

SDMT testing showed a similar trend favoring the MSC-IT group, but did not reach statistical significance (p=0.17). However, there was a significant superiority of IT treatment over IV (p=0.02) (Table 3). Other cognitive tests did not reveal significant differences between groups due to large inter-examination variations (data not shown).
3.2.6 NEDA
A total of 58.6% of MSC-IT-treated patients (17 of 29) had NEDA (no relapse, EDSS deterioration, new T2 activity, or gadolinium-enhancing lesions) compared with 40.6% (13 of 32) in the MSC-IV group and 9.7% (3 of 31) in the placebo group during the pooled 6-month periods (p<0.0001, MSC-IT vs. placebo; p=0.0048, MSC-IV vs. placebo). The percentages of NEDA-4 32 (including annual brain volume loss <0.4 % in MRI) were 44.8% in MSC-IT, 28.1% in MSC-IV, and 9.7% in the placebo group (p=0.005, MSC-IT vs. placebo; p=0.12, MSC-IV vs. placebo).
3.2.7 OCT
The RNFL mean G-volume in the left eye increased in the MSC-IT treated group by 1.0% at 6 months compared with a decrease of 0.7% in the placebo group (p=0.03). Differences in the right eye were not significant. The changes in macula INL volume were borderline significant between the MSC-IT and placebo groups (p=0.06), again only in the left eye (Table 3).
3.2.8 VEP
VEP p100 latency time increased by 3.6% (indicating deterioration) in the left eye and 1.8% in the right eye in the placebo group vs. baseline values. In MSC-IT-treated patients, the respective increases were only 0.4% and 0.8%, compared with 0.7% and –1.8% in the MSC-IV group. These differences did not reach statistical significance.
3.2.9 Immunological tests
A trend toward an increase in various immune populations was noted (including CD3+, CD4+, CD8+, CD69+, CD11+/CD40+, and CD4+/CD25+) in all three groups. The only increase that reached statistical significance over placebo (p=0.05) was Tregs CD4+/CD25+, which increased three-fold in the MSC-IT group and two-fold in MSC-IV-treated patients (Table 3).

4. Discussion
In the current, randomized double blind phase IIb trial, we evaluated the effects of autologous MSC transplantation in progressive MS patients who failed to respond to conventional modalities. The design of the study included three parallel groups of 16 patients each (MSC-IT, MSC-IV, and placebo) for 6 months (first cycle) and a second round in which the treatment groups were crossed for an additional 6-month period. The study was positive in all predefined primary endpoints, including safety and clinical efficacy and clinical disease progression. Our data showed a robust clinical benefit of treatment with MSC in all clinical parameters (EDSS score, ambulation index, sum of functional scores, 25-feet timed walking, nine-hole peg test, cognitive tests), in paraclinical parameters (MRI T2 lesion monthly volume changes, gadolinium-enhancing lesions), as well as novel biomarkers such as OCT and fMRI. A total of 58% of MSC-IT treated patients were NEDA, compared with 9.7% in the placebo group (p<0.0001). In addition, 44.8 % of MSC-IT treated 
patients were NEDA-4 (Table 3).

Analysis of MRI total brain volume and gadolinium-enhancing or the total number of enhancing lesions revealed a strong trend favoring MSC-IT treatment but without reaching statistical significance (Table 3), probably due to inter- and intra-scan variability.
An additional aim of our study was to evaluate the optimal method of administration of MSCs. Although the IV administration of MSCs had beneficial effects on several parameters, they were less pronounced than those observed in IT-injected patients (Table 3). For several parameters, there were statistically significant differences between IV and IT administration, favoring the IT-treated group (Table 3). Moreover, a repeat MSC injection at month 6 significantly boosted the beneficial effects observed in the first treatment cycle (Table 4).

The mechanism of action of MSCs in neurological diseases remains controversial. Some claim that their most prominent effects are mediated through peripheral immunomodulation 7,9,10,33-36. Our group has long advocated the IT approach and showed more robust effects with this route of administration in animal models and in pilot trials in MS and ALS 16,17, indicating a neuroprotective and neurotrophic mechanism of action. 
The clinical effects presented here are robust at all levels of functional neurological disability and provide strong evidence of neuroprotection or neurotropism. These beneficial clinical effects seem to have particular clinical significance, since they were observed in patients suffering from resistant (to conventional immunotherapies) progressive forms of active MS, for which no effective treatment exists. 
Although MSC-treated patients experienced less clinical relapse and gadolinium-enhancing lesions in MRI, these effects (especially on gadolinium-enhancing lesions) were less pronounced, 
possibly indicating that the contribution of immunomodulatory mechanisms is less prominent
. 

The differential effects on the eyes (significant effect on OCT only in the left eye and on VEP latencies only in the right eye) are puzzling, but could be explained by different effects of MSCs at different levels of the neuroaxis, possibly related to the migration patterns of the injected cells. Preclinical trials demonstrated that stem cell migration is highly dependent on the site and degree of inflammation in the CNS 37,38-40,41,8. Nevertheless, the presence of beneficial changes (i.e. increased OCT, even in one eye) is novel and cannot be explained other than as a neurotrophic/neuroregenerative effect induced or accelerated by the injected MSCs. The same holds for the observed increased motor network functions in fMRI (Figure 6 and Table 3) and the trend toward brain volume increase in MRI.

Based on modern understanding of MS immunopathogenesis 42,43,44, therapeutic approaches include modalities that downregulate immune elements of the immunological cascade. Since the identification of interferons in 1993, which were the first registered immunotherapies for MS, huge steps have been made in MS immunotherapy. In the last 20 years, more target-focused immunoactive drugs have been introduced that are more efficacious in terms of suppressing disease activity and preventing relapse. However, safety issues have arisen with these new immunomodulators 45. Recent studies indicate that the progression of disability in MS (especially with progressive forms of MS) is related to somewhat “silent” inflammatory and neurodegenerative activity that includes meningeal and follicular inflammation 42,43,44, deep white and gray matter demyelination, and axonal damage 46-48. These types of inflammatory and degenerative activities are less affected by existing immunomodulatory drugs. This could explain the lack of efficacy of immunomodulatory drugs on progressive forms of MS (with the minor exception of ocrelizumab, which has shown a modest effect on primary progressive MS 49,50).
The CNS loses its ability for efficient remyelination after each relapse of MS, which could be attributed to insufficient growth factor production, insufficient mobilization of intrinsic CNS stem cells/oligodendrocyte progenitors, or the presence of factors that compromise regenerative mechanisms 34,51-54.
Despite the development of efficient and more targeted immunotherapies, there are still two major unmet needs in the treatment of MS: a treatment to suppress the slow ongoing (“silent”) inflammation deep in the CNS 42,43,44,47,48; and a treatment to promote regeneration-remyelination and possibly improve neurological disability. 
Cell therapies, especially involving stem cells, are a “logical” approach to overcome the weaknesses of current MS treatments and may theoretically induce neuroprotection, neuroregeneration/remyelination, pro-angiogenetic, and anti-gliotic effects (reviewed by 51,54,55). Moreover, stem cells possess strong immunomodulatory properties and therefore may migrate to CNS lesions and serve as “vehicles” targeting the compartmentalized inflammation and inducing localized immunomodulation in the CNS 42,43,44.

Several animal studies demonstrated that various types of stem cells (including embryonic, neuronal, and other adult stem cells) can induce beneficial clinicopathological effects in animal models of neurological diseases, including MS 12,35,37,54,56,57. MSCs are commonly used for such therapies as they have practical advantages over other types of stem cells: They can be easily cultured and expanded in large quantities; they can be obtained from the patient without need for a donor, risk of rejection, or the need for chemotherapy to prevent it; and they seem to be safe and carry low risks for malignant transformation. During the last decade, MCS treatments have been applied to various neurological diseases in small or pilot trials, including stroke, ALS, and MS 16,18,20,21,51,54, with promising indications. Specifically, one small open trial in 10 patients with progressive MS provided some indication of neurodegeneration in the visual paths after IV infusion of autologous MSCs19. A slightly larger, controlled study with intravenous MSCs did not reveal significant clinical effects22. In our two previous open trials in MS and ALS 16,17, the beneficial clinical effects were more profound using IT administration, which has long been advocated by our group 8,35,36,41,54.
The strengths of our current trial include: the inclusion of patients with progressive and active MS (for which immunotherapies have no significant efficacy) and after failure of approved MS therapies (“real life” active patients); the double-blind design (being the first randomized controlled trial with this type of cellular treatment to compare MSC administration methods and single vs. repeated treatments); and the robust clinical beneficial effects on fMRI, OCT, and cognitive tests. This is the first trial to show a significant effect on longitudinal follow up by fMRI scans.
The limitations of our study include the small number of patients in each group and the crossover design (in the second cycle), which may have introduced a “carry-over” effect from the first cycle of treatment.
Overall, our results provide clear evidence of clinical efficacy and possible neuroprotection or even neuro-regeneration effects with autologous MSC injection in MS patients with progressive disease. The IT method of administration seems to be superior to IV and a repeat injection boosts the beneficial effects. These data may be useful for designing future trials with cell therapies and use of novel biomarkers to evaluate neurodegeneration and neuronal regeneration in MS and possibly other neurological diseases. A larger studies is warranted to confirm these observations and evaluate the therapeutic potential of cellular therapies in neuroinflammatory and neurodegenerative diseases such as MS.
Table 1. 
Patient demographics
.
	
	Gender
	Age at inclusion
	Disease course
	EDSS increase at last year
	EDSS at inclusion
	EDSS at Baseline

	MSC IT

(n=16)
	9M

7F
	49.05±7.2
	5 PPMS

11 SPMS

(2 with R)
	0.72±0.51
	5.75±0.77
	6.19±0.31

	MSC IV

(n=16)
	6M

10F
	47.42±10.4
	1 PPMS

15 SPMS

(2 with R)
	0.78±0.75
	5.63±0.83
	5.84±0.77

	Placebo

(n=16)
	11M

5F
	45.89±10.9
	3 PPMS

13 SPMS

(5 with R)
	0.69±0.57
	5.44±1.05
	5.66±1.08

	p-value
(Kruskal–Wallis test)

	0.312
	0.566
	0.480
	0.641
	0.819
	0.583


Table 2. 
Adverse events.
	Adverse Event
	N
	Related to 
Procedure 
	Related to Treatment

	
	Run-in

N=48
	IT

N=16+16
	IV

N=16+16
	PL

N=16+16
	
	

	No AEs
	-
	5
	4
	3
	
	

	Headache
	0
	9
	10
	8
	Yes
	No

	Back pain
	1
	2
	2
	3
	Yes
	No

	Viral infection
	4
	1
	2
	1
	No
	No

	Fever
	1
	1
	1
	2
	
	

	Urinary tract infection
	2
	1
	0
	0
	No
	No

	Sinusitis
	0
	2
	0
	0
	No
	No

	Fall
	1
	1
	2
	1
	No
	No

	Fracture (leg/hand)
	2
	1
	0
	0
	No
	No

	Dizziness
	0
	2
	1
	0
	No
	No

	Hematoma
	1
	1
	0
	0
	No
	No

	Nausea
	0
	0
	2
	0
	No
	No

	Melanoma (in situ)
	1
	0
	0
	0
	No
	No

	Scabies infection
	0
	1
	0
	0
	No
	No

	Peripheral facial nerve palsy
	0
	1
	0
	0
	No
	No

	Toothache
	0
	0
	1
	0
	No
	No

	Anorexia
	0
	0
	1
	0
	No
	No

	Gout
	1
	0
	0
	0
	No
	No

	Facial rash
	0
	1
	0
	0
	No
	No

	Cervical pain
	0
	0
	1
	0
	Possible
	No

	Infection distal arm
	0
	0
	0
	1
	No
	No


Three serious adverse events occurred during the experiment resulting in hospitalization. Two of these were related to MS relapses and one was due to upper respiratory infection, which resolved after treatment with antibiotics.

Table 3. 
Efficacy parameters analysis (pooled data from both cycles of treatment)
	Primary endpoints
	IT-MSC
	IV-MSC
	Placebo
	P value IT vs placebo
	P value IV vs placebo
	P value IT vs IV

	Change in EDSS at 3 months
	–0.3±0.3

(median, –0.5)
	–0.1±0.4

(median, 0)
	+0.2±0.4

(median, 0)
	<0.0001
	0.0010
	0.0624

	Change in EDSS at 6 months
	–0.2±0.3

(median, 0)
	–0.1±0.4

(median, 0)
	+0.3±0.4

(median, 0)
	<0.0001
	0.0002
	0.3280

	Change in ambulation score at 3 months
	–0.9±1.1

(median, –1)
	–0.3±1.2

(median, 0)
	+1.0±1.2

(median, +1)
	<0.0001
	0.1938
	0.0375

	Change in ambulation score at 6 months
	–0.8±1.2

(median, –1)
	–0.4±1.1

(median, 0)
	+1.3±1.3

(median, 1)
	0.0009
	0.0938
	0.1239

	Change in sum of functional scores at 3 months
	–2.8±2.4

(median, –3)
	–1.5±2.1

(median, –1)
	+0.5±1.7

(median, +1)
	<0.0001
	0.0009
	0.0177

	Change in sum of functional scores at 6 months
	–2.9±2.4

(median, –3)
	–1.4±2.3

(median, –1)
	+0.8±2.2

(median, +1)
	<0.0001
	0.0006
	0.0127

	Mean number of relapses per patient
	0.06±0.25
	0.28±0.58
	0.56±0.67
	0.0005
	0.052
	0.074

	Proportion of patients relapse-free
	93.8%

(n=32)
	78.1%

(n=32)
	53.1%

(n=32)
	0.001
	0.1
	

	Secondary endpoints
	
	
	
	
	
	

	25-feet walking time % changes over 6 months
	–5.3±16.3
	–6.4±17.7
	+14.0±25.4
	0.0017
	0.0009
	0.81

	Nine-peg hole test % changes over 6 months (dominant hand)
	–3.0±10.1
	–2.1±5.1
	+0.5±8.9
	0.129
	0.300
	0.43

	Nine-peg hole test % changes over 6 months (non-dominant hand)
	–5.5±7.9
	–1.6±7.5
	+1.3±11.2
	0.0136
	0.391
	0.043

	MRI: % monthly changes in flair T2 lesion volume at 6 months
	–0.024±0.053

(median, –0.004)
	–0.016±0.036

(median, –0.004)
	+0.003±0.029

(median, –0.000)
	0.029
	0.123
	0.50

	MRI: number of gadolinium-enhancing lesions throughout the trial (12 months total)
	9
	49
	30
	
	
	

	MRI: total brain volume changes over 6 months (in ml)
	+6.8 (first cycle)

+7.8 (2nd cycle)
	–10.5 (1st cycle)

+18.7 (2nd cycle)
	–5.5 (1st cycle)

+1.0 (2nd cycle)
	0.14 (3 months), 0.53 (6 months)
	0.62 (3 months), 0.37 (6 months)
	0.02 (3 months), 0.3 (6 months)

	PASAT cognitive test % change at 3 months
	+69.9±204.4
	+37.8±320.0
	–36.1±143.7
	0.0007
	0.240
	0.014

	PASAT cognitive test % change at 6 months
	+11.9±166.2
	+129.5±545.0
	–6.5±203.2
	0.327
	0.939
	0.334

	OWAT (KAVE) cognitive test change at 3 months (Z scores)
	+0.474±0.83
	+0.122±0.80
	–0.282±0.60
	0.013
	0.12
	

	SDMT cognitive test change at 3 months (Z scores)
	+0.1±0.7
	–0.3±0.9
	–0.1±0.6
	0.18
	0.20
	0.02

	OCT RNFL (G) right eye % changes over 6 months
	–0.2±3.2

(median, 0)
	+0.1±2.4

(median, 0)
	–0.3±2.7

(median, –0.4)
	0.844
	0.429
	0.57

	OCT RNFL (G) left eye % changes over 6 months
	+1.0±2.6
	+0.1±3.2
	–0.7±3.1
	0.038
	0.417
	0.273

	% VEP latency changes at 6 months (left eye)
	0.4±6.6
	0.7±6.3
	3.6±15.9
	0.36
	0.26
	

	% VEP latency changes at 6 months (right eye)
	0.8±5.2
	–1.8±6.9
	1.8±5.8
	0.63
	0.034
	

	fMRI monthly changes in motor network (over 3 months) (Z scores)
	+0.009±0.089
	+0.003±0.074
	–0.042±0.089
	0.0675
	0.0312
	0.74

	fMRI monthly changes in motor network (over 6 months) (Z scores)
	+0.013±0.057
	–0.005±0.068
	–0.024±0.051
	0.0425
	0.0774
	0.80

	Immunology: CD4+/CD25+ T regs % change at 6 months vs. baseline
	307.2±487.5
	249.5±382.8
	123.6±281.9
	0.05
	0.11
	0.62

	NEDA over 6 months
	58.6%

(17 of 29)
	40.6%

(13 of 32)
	9.7%

(3 of 31)
	<0.0001
	0.0048
	0.160

	NEDA-4 (including <0.4 % annual change in total brain volume)
	44.8%

(13 of 29)
	28.1%

(9 of 32)
	9.7%

(3 of 31)
	0.005
	0.12
	0.17


Table 4. 
Comparison of last visit at 12 months vs. baseline between single and repeated IT-MSC or IV-MSC treatment.
	
	IT-MSC (×1) (n=8)
	IT-MSC (×2) (n=8)
	IV-MSC (×1) (n=8)
	IV-MSC (×2) (n=8)
	P value of comparison

	Change from baseline to 12 months in EDSS
	0.250±0.27


	–0.188±0.26
	0.063±0.32
	–0.063±0.18
	IT: 0.0238

IV: 0.4965

	Change from baseline to 12 months in ambulation score
	1.250±1.16
	–1.250±1.28
	1.000±1.31
	–0.250±0.89
	IT: 0.0045

IV: 0.0836

	Change from baseline to 12 months in sum of functional systems 
	0.250±2.96
	–4.464±3.34
	–0.375±1.77
	–1.625±2.56
	IT: 0.0183

IV: 0.2263

	Change from baseline to 12 months in 25-feet timed walking
	5.288±7.74
	–5.936±8.35
	4.519±5.69
	–1.169±8.12
	IT: 0.0128

IV: 0.0455


Figure 1. 
Study design and flowchart.
Figure 2
. 
Changes in EDSS scores per treatment group (in pooled two 6-months periods).
P=<0.0001 (3 months) and p=0.0003 (6 months) for IT vs. placebo (chi-square). 
P=0.0085 (3 months) and p=0.0008 (6 months) for IV vs. placebo (chi-square)
Figure 3. 
Slopes of progression in EDSS score in the six study subgroups.
Figure 4. 
Changes in EDSS.
Figure 5. 
Incidence of clinical relapse and gadolinium-enhancing lesions in MRI.
Figure 6. 
Changes in motor network in fMRI.
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