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Background: Stem cell transplantation is emerging as a potential therapeutic strategy in several autoimmune diseases. However, the safety and feasibility of long-term combined intravenous (IV) and intrathecal (IT) administration of hUC-MSCs in relapse remitting multiple sclerosis (RRMS) and neuromyelitis optica (NMO) is largely unknown.

Objectives: In this study, we followed up the long-term safety and feasibility of combined IV and IT human umbilical cord mesenchymal stem cells (hUC-MSCs) transplantation in patients with RRMS and NMO.

Methods: Five NMO patients and 5 RRMS patients were treated intravenously (4 times) and intrathecally (3 times) over a 21-day period with low-dose allogeneic umbilical cord blood–derived MSCs. All of the patients were monitored regularly by an investigator in a blinded manner to access the Expanded Disability Status Scale, MRI characteristics, and adverse events every 3 months within 12 months and once every year thereafter for 10 years after transplantation.

Results: During the long-term follow-up, our data suggested that combined IV and IT administration of hUC-MSCs transplantation is safe and feasible. None of the intolerant adverse events, such as tumor formation and peripheral organ/tissue disorders, were observed throughout the 10-year follow-up.

Conclusions: These data suggest that combined intravenous and intrathecal low-dose hUC-MSCs transplantation is safe and feasible in RRMS and NMO patients in the long term. The conclusion requires confirmation by future clinical trials in a larger cohort.
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INTRODUCTION

Multiple sclerosis (MS) is a chronic, immune-mediated, demyelinating disorder of the central nervous system (CNS) (1). The eventual demyelination and secondary axonal degeneration can cause damage in sensation, mobility, balance, sphincter function, vision, and cognition. The disease predominantly affects individuals in their early adult lives. There are about 2.3 million people living with multiple sclerosis globally, which crucially increases the burden of family and society. The first-line treatments mainly depend on steroids for acute episodes and disease-modifying drugs (DMDs) for chronic stage; however, these therapeutic approaches share some common characteristics, such as suppressed immune system and compromised host defense to bacterial and virus infection. In addition, some deadly events like progressive multifocal leukoencephalopathy were reported after some long-term DMD treatment. It is still required and necessary to investigate and develop safer and better tolerated therapeutic strategy for MS.

Neuromyelitis optica (NMO), characterized by recurrent episodes of longitudinally extensive transverse myelitis and/or optica neuritis, is another autoimmune inflammatory demyelinating disorder of CNS, which is distinct from MS in both mechanism of action and clinic treatment after discovery of the serum aquaporin 4 antibody (AQP4-Ab). AQP4 is the main water channel of the CNS that is dominantly expressed on astrocytes (2). AQP4-Ab was found in around 80% of NMO patients, whereas GFAP-Ab and MOG-Ab were also identified as the pathogenic factor in some NMO patients. Recent studies have extended the phenotype of NMO, with MRI revealing the clinically relevant abnormalities within the brain involving the diencephalon, area postrema, corpus callosum, hemispheric white matter, and corticospinal tracts. Treatments for temporary flare-ups include steroids, intravenous immunoglobulin therapy (IVIG), B-cell depletion, and plasma exchange. The management of NMO recurrence was mainly dependent on the immunosuppressive approaches, which caused a variety of adverse reactions including opportunistic infection, leukopenia, and organ damage.

Stem cell–based therapies are considered promising strategies for these inflammatory demyelinating diseases (3–6). Experimental evidence in preclinical models of MS suggests that mesenchymal stem cells (MSCs) from different sources such as bone marrow (BM), umbilical, adipose tissue, and autologous hemopoietic system are capable of modifying both immune reactions and endogenous repair mechanisms (7). Autologous hemopoietic stem-cell transplantation has achieved impressive efficiency and significantly enhanced improvement than DMDs in MS patients in a phase III large-scale clinical trial (3); however, allogeneic umbilical cord stem cell transplantation in NMO and MS patients still lacks a large cohort study, and the safety issue is only partially known in short-term but not long-term studies. In addition, almost all of the stem cells were transferred intravenously with very limited cells passing the blood–brain barrier. The feasibility of combined intravenous and intrathecal administration in NMO and MS is not completely understood. Although human umbilical cord–derived stem cells (hUC-MSCs) have unique advantages owing to their convenient sampling, easy amplification, and non-antigenicity, its feasibility and safety are still uncertain (8–11). To date, previous clinical trials with stem cell transplantation referred to short-term follow-ups were mostly monitored <5 years. Here, we present the results of a 10-year follow-up of 10 patients who suffered from relapse remitting multiple sclerosis (RRMS) (5 patients) or NMO (5 patients) after hUC-MSCs transplantation and did not observe any severe adverse events, suggesting hUC-MSCs transplantation may be safe and feasible in MS and NMO patients.



MATERIALS AND METHODS


Patients

The present study was the follow-up of a previous clinical trial, which was approved by the Ethics Committee of the Affiliated Drum Tower Hospital of Nanjing University Medical school (ClinicalTrials.gov Identifier: NCT b136424). Ten patients, with ages ranging from 19 to 59 years, were recruited from the Department of Neurology of the affiliated Drum Tower Hospital of Nanjing University Medical School, between April 2009 and December 2010. All patients provided written informed consent. The enrollment criteria were (1) diagnosed as clinical RRMS according to McDonald criteria; diagnosed as NMO, beyond the optic nerves and spinal cord damage, NMO-IgG seropositive status is essential; (2) aged 18–65 years; (3) duration of disease longer than 4 years and Expand Disability Status Scale (EDSS) score 2.5–8.5; and (4) failure to respond to the currently available and registered agents for MS and NMO. The exclusion criteria were (1) participation in other clinical trials during 3 months before the trial; (2) severe cardiac, hepatic, and renal failure or any other disease that may influence the result of the study; (3) pregnant or possibly pregnant; (4) significant cognitive decline or inability to understand the treatment protocol or sign the informed consent; and (5) allergies. The baseline characteristics of the patients are described in Table 1.


Table 1. Characteristics of NMO and MS patients.
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hUC-MSCs Preparation and Transfusions

hUC-MSCs were provided by the Clinical Stem Cell Center of Jiangsu Province (Jiangsu Beike Bio-Technology). The exact procedures for hUC-MSCs preparation were described as follows. The UCs were carefully washed in 1 × PBS containing antibiotics and were cut into small pieces (1–2 mm) and moved into DMEM medium, containing human basic fibroblast growth factor (bFGF), epidermal growth factor (EGF), platelet-derived growth factor-BB (PDGF-BB), and transforming growth factor (TGF)-1. After incubation in a humidified incubator containing 5% CO2 and 95% oxygen at 37°C for about 10 days, well-developed colonies of fibroblast-like cells could be found and subculture could proceed. All hUC-MSCs used for transfer were passage 2 with viability > 95%. All the hUC-MSCs were CD73, CD90, CD105 positive and CD45, CD34, CD79, CD14 negative. Every patient received four infusions: on day 0, 40 ml of hUC-MSCs (4 × 107 cells) were intravenously infused and then 20 ml (2 × 107 cells) were injected intravenously combined with 1 ml (2 × 107 cells) intrathecally on days 7, 14, and 21, respectively. In other words, all participants completed four times infusions (4 × 107, 2 × 107, 2 × 107, 2 × 107 hUC-MSCs were administrated intravenously to patients on day 0, 7, 14, and 21, respectively, and 2 × 107, 2 × 107, 2 × 107 hUC-MSCs were administrated intrathecally to patients on day 7, 14, and 21, respectively) during the remitting disease stage. None of the immune-modified medicines were applied during hUC-MSCs treatment.



Clinical Evaluation of Efficacy and Safety

The clinical evaluation was assessed by an investigator who is blinded to this study. EDSS score and occurrence of relapses were obtained at baseline and follow-up for 10 years. The relapse was defined by identification of new lesion on brain/spinal cord as determined by MRI, as well as having new symptoms or an increase in existing symptoms. MRI were performed at the time of recruitment, 6 months after transplantation and each relapse. The examination were performed by two independent radiologists blind to the intervention. Follow-up visits were scheduled every 3 months within 1 year and once per year thereafter. Short-term and long-term adverse events were recorded during the follow-up period. Possible short-term adverse events included allergic reactions (fever, tachycardia, rash), respiratory failure, local complications (headache, dizziness, fatigue, infection related to lumbar puncture) whereas monitored long-term adverse events included tumor formation and aberrant connection (newly diagnosed myoclonus, ataxia) that were possibly related to MSC treatment. The evaluation was performed by a neurologist in a blinded manner.




RESULTS


Baseline Characteristics, Treatments of Patients, and Follow-Up

Because both NMO and MS diseases were affected more in women, all of the patients enrolled in the current follow-up study were female and the mean disease duration of participants was 6.4 years. Patients 1–5 had a diagnosis of NMO, whose mean EDSS score was 5, and patients 6–10 were diagnosed RRMS with mean EDSS score of 4.7 at baseline (Table 1). Patients were followed up at 1 month and every 3 months within the first year, every 1 year thereafter. Two participants were lost to follow-up after the 2-year visit and three patients died as a result of disease progression. The others were followed up to 10 years (Figures 1, 2).
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FIGURE 1. The impacts of hUC-MSC transplantation on disease severity in NMO and MS. (A,B) EDSS score was used to evaluate the disease severity before and after hUC-MSC transplantation. Each colored line indicates one case. Number in each line indicates the EDSS score at these time points. EDSS = 10 means death of the patients.
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FIGURE 2. The impacts of hUC-MSC transplantation on disease relapse in NMO and MS. (A) Each relapse was colored with red. Gray arrow indicates the remitting treatments. All the medicines applied before and after hUC-MSCs are indicated. (B–D) The relapse of NMO disease in 1, 2, and 10 years after hUC-MSC transplantation. (E–G) The relapse of MS disease in 1, 2, and 10 years after hUC-MSC transplantation.




hUC-MSC Transplantation by Combined IV and IT Administration Is Feasible in Both NMO and MS Patients

EDSS scores and disease relapse were evaluated by an investigator who was blinded to the study to follow up the changes of disease severity (Figures 1A,B). One month after the hUC-MSCs transplantation, EDSS score of all five NMO cases (patients 1–5, Figure 1A) and four MS cases (patients 7–10, Figure 1B) were reduced, and one MS case (patient 6, Figure 1B) was increased. However, these effects could also be a possible result of resolution of disease itself. At 3 and 9 months after the transplantation, one more MS case (patient 7, Figure 1B) and one NMO case (patient 1, Figure 1A) have shown increased disease severity. One of the key shared characteristics of NMO and RRMS is the frequent disease relapse which was also investigated in the current study in a blinded manner to evaluate the safety of hUC-MSCs. Compared with the annual relapse occurrence rate 2 years before the hUC-MSC transplantation, all of the NMO and MS cases demonstrated reduced annual relapse occurrence in 1 and 2 years after the transplantation (Figures 2A–C,E,F). During the long-term follow-up, 9 of 10 patients (except NMO patient 1) showed potentially diminished relapse occurrence without any side effect–related complaints (Figures 2A,D,G), which suggest the feasibility of hUC-MSCs in both NMO and MS.



hUC-MSC Transplantation Was Well-Tolerated in the Long Term

The long-term effects of hUC-MSCs were analyzed by investigation of organ/tissue function and possible adverse events. Although tumor formation and other side effects were reported previously in few cases after stem cell transplantation, (12, 13) we did not observe any case that developed tumors as well as other organ disorders throughout the follow-up in our study, although partial demyelination lesions were still found in the brain and spinal cord of NMO/MS patients (Figures 3A–D). Three patients died as demyelinating disease progress rapidly with the common complications of pneumonia and pulmonary embolism after 24 months; however, these infectious events may not be related to the hUC-MSCs transplantation. Some other possible short-term and long-term adverse events, including allergic reactions, local and systemic complications, and aberrant connections (newly diagnosed ataxia, myoclonus), were neither observed during follow-up nor complained by patients in our study, suggesting hUC-MSCs implantation is safe and feasible in NMO and MS (Figures 3A–D).
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FIGURE 3. Adverse effects after hUC-MSC transplantation in NMO and MS. (A,B) Organ, tissue, and other presentative adverse events in NMO patients after hUC-MSC transplantation. (C,D) Organ, tissue, and other presentative adverse events in MS patients after hUC-MSC transplantation.





DISCUSSION

MSCs have emerged as a valuable resource for cell-based therapies because of their immunomodulatory and neural regenerative effects. There have been more than 20 clinical trials of different kinds of MSC transplantation for demyelinating autoimmune diseases including MS and NMO in recent 15 years, some of which had got promising results (14–16). However, all the previous work regarding of hUC-MSCs in NMO and MS were followed up <5 years, and there is a lack of safety evidence of hUC-MSCs therapy in the long term in NMO and MS (14–16). MSC-based therapies are considered to be relatively safe at short term based on the results of those who completed clinical trials (14–16). However, the long-term safety of MSCs is still lacking evidences. We provided the important data of long-term follow-up of hUC-MSCs transplantation via combined IV and IT administration in MS and NMO patients and did not observe neoplasm formation and any other key organ injury/dysfunction according during the 10-year follow-up.

Transplantation of stem cell by intravenous approach is common in clinic; however, most of the cells were trapped in the peripheral with few cell migration to the CNS. Although intravenous transfer of stem cell obtained certain benefit clinically, one of the critical questions is whether the stem cell in the CNS could further enhance the tissue repair and brain damage. One of the hypotheses is that combined intravenous and intrathecal hUC-MSCs transplantation may improve the therapeutic effects of stem cells, which requires assessing the safety and feasibility of combined approach. Allogeneic hUC-MSCs transplantation has the possibility to trigger short-time abnormal immune responses, such as allergy. To reduce the potential risks during the cell transplantation as much as possible, we separate the intravenous infusion from intrathecal infusion. Strategically, three times of intravenous infusion were applied first followed with three times of intrathecal infusion in few weeks.

NMO and MS often have significant degenerative characteristics and a poor prognosis (1, 2). In the current study, 3 patients out of 10 died during the course of this study, which may be a result of disease progression. The common feature of three patients who died is rapid disease progression at a specific time point with a finial EDSS score at 10, a severe clinical score directly resulting in the death. At the same time, the EDSS score of the two cases developed to 10 in 1 year and the other one developed to EDSS score 10 in 3.5 years. Of note, none of the stem cell transplantation–associated side effects (such as tumors, peripheral organ disorders) were observed in these three patients, suggesting the death was an outcome of disease progression but not the consequence of stem cell treatment. Although all three patients received combined treatments, including oral prednisone and IV methylprednisolone, the diseases progression was not mitigated.

The major purpose of this study is to evaluate the safety of the combined IT/IV hMSCs treatment in the long term. Because none of the placebo groups were included in the current study, it is insufficient to make any conclusions on treatment efficiency although the relapse frequency has a reduced trend after combined IT/IV hMSCs treatments. In addition, the treatment, such as IVIG, is not an effective therapy in MS as evidenced previously, which may not impact the conclusion of the safety generated in this study. Although the complicated treatment after the relapse may compromise the immune system and increase the risk of organ disorders and tumor generation, none of the severe side effects were observed during the long-term follow-up, suggesting the combined IT/IV hMSCs treatment is potentially safe.

Transformation to cancer is a common concern and critical possible safety issue after stem cell treatment (17–19) Some studies have shown ex vivo expanded hMSCs were not prone to undergo neoplastic transformation even after exposure to supramaximal doses of ionizing radiation and starvation culture (20). Furthermore, Subramanian et al. (18) reported hUC-MSCs even possessed the unique property of being anti-tumorigenic because they did not transform to tumor-associated fibroblasts in the presence of breast and ovarian cancer cells unlike bone marrow-derived MSCs, which suggested hUC-MSCs are possibly safe for clinical application; however, the long-term effects were still unknown. Our study provided more supporting evidences for safety of hUC-MSCs in clinic in a long time period.

Although some short-term adverse events were reported, we did not observe any transplantation-associated side event in both the short term and long term, which may be due to the difference in total cell number and approaches of transplantation. The adverse events were thought to be in a dose-dependent fashion, that a dose of 1 × 108 cells was related to more low back and leg pain (17). Based on a dose of 1 × 106 MSCs/kg body weight in systemic lupus erythematosus following hUC-MSC transplantation, (21) we used a lower total dose of 4 × 107 MSCs. We elected to administer cells intravenously combined intrathecally to ensure enough cells enter the CNS because the lungs may trap many cells following IV injection. The results from the current study suggest that a lower cell number of transplantations was possibly associated with reduced side effects, which requires further confirmation in a larger cohort study.

Although the most common approach of stem cells transplantation in MS/NMO patients was intravenous, (3, 5) combined intravenous and intrathecal administration in clinic is rare due to the complexities. Allogeneic umbilical cord stem cells have unique advantages, including ease of collection, lower immunogenicity, and faster self-renewal compared with other sources, such as bone marrow–derived MSCs, which allow hUC-MSCs to be an attractive and potential therapy in NMO/MS.



CONCLUSION

In summary, this long-term follow-up study suggests that hUC-MSC transplantation may be safe and well-tolerated in MS and NMO. However, because of the limitation in the current study, such as lack of comparison group and small sample size, future clinical trials with a larger cohort and comparison group are required to confirm the conclusion generated in this study.
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