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Editorial on the Research Topic
 Cell-based Therapies for Stroke: Promising Solution or Dead End?



The introduction of recanalization procedures has revolutionized acute stroke management, although factors such as the narrow time window, strict eligibility criteria, and logistical limitations still exclude the majority of patients from treatment. In addition, residual deficits are present in many patients who undergo therapy, preventing their return to premorbid status. Hence, there is a strong need for novel, and ideally complementary, approaches to stroke management.

In preclinical experiments, cell-based treatments have demonstrated beneficial effects in the subacute and chronic stages following stroke (1–3) and therefore are considered a promising option to supplement current clinical practice. At the same time, great progress has been made in developing clinically feasible delivery and monitoring protocols (4). However, efficacy results initially reported in clinical studies fell short of expectations (5) raising concerns that cell treatment might eventually share the “dead end fate” of many previous experimental stroke therapies. This Research Topic reviews some of the latest and most innovative studies to summarize the state of the art in translational cell treatments for stroke.


NEW MECHANISTIC INSIGHTS FROM PRECLINICAL EXPERIMENTS

Umbilical cord blood (UCB)-derived cells are a widely available and rich source of relatively young cells. However, it is unclear which fraction of this heterogeneous population is responsible for the therapeutic effects reported after stroke. Gornicka-Pawlak et al. investigated CD34− mononuclear cells (MNCs) either freshly prepared or cultured for 3 days vs. a UCB derived neural stem cell line. The study particularly focused on restoring cognitive functions after stroke what is a novel endpoint for the UCB derived neural stem cell line. Freshly prepared cells were found most effective, which is in line with what has been reported for motor and sensory functions using UCB-MNCs after stroke (6). An enriched environment was provided to the animals, further fostering cognitive recuperation in a clinically meaningful setup. Mu et al. revealed that a combination of adipose stem cells and rehabilitation after experimental stroke is beneficial. This approach follows the newest STem Cells as an Emerging Paradigm in Stroke (STEPS) recommendations and is expected to provide more translationally relevant data (7). Hwang et al. proved that a combination of UCB-MNC and erythropoietin is also beneficial. Green et al. stereotaxically applied neural stem cells in the subacute stage after large cortico-striatal and smaller striatal strokes. Cell graft vitality was better preserved in smaller, striatal lesions, which are associated with a stabilization of functional neuronal networks. However, this effect was only transient, indirectly pointing to other long-term degenerative mechanisms and processes that thus far have not been identified. Encouraging results were reported regarding the efficacy of bone marrow-derived mesenchymal stem cells (MSCs) which have been applied in numerous preclinical trials for almost two decades. Satani et al. performed a systematic review and meta-analysis on 141 preclinical studies, confirming robust efficacy in acute and subacute time windows. It is noteworthy that comparable effects were seen in multiple labs around the world. Based on these robust data, the authors suggest that this approach should advance to carefully planned and implemented clinical trials.



TRANSLATIONAL AND CLINICAL CONSIDERATIONS

Defining the best-suited cell source is crucial to taking the translational process from the preclinical to the clinical stage. Ideally, the respective cells should be applicable for autologous and allogeneic use, and should exert beneficial effects via indirect (“bystander”) effects while also exhibiting the potential for replacement of brain cells including astrocytes, oligodendrocytes and, most challenging, neurons thus covering all potential aspects of brain tissue regeneration (8). Recent research by Gancheva et al. revealed that dental pulp stem cells may perfectly fill this role. Another relevant aspect to translation is the safety of cell applications. Potential adverse events, such as secondary microinfarction, were reported when intraarterially administering large diameter cell populations such as MSCs. However, this phenomenon seems to depend on infusion speed and, in particular, cell dose, since lower doses can be safely delivered to the brain (9, 10). Cell engineering is another approach used to mitigate these potential adverse effects, for instance by increasing cell egress from cerebral capillaries (11). Moreover, no strong evidence of such complications has been observed after MSC delivery in clinics (12). The use of MSC-derived extracellular vesicles in place of MSCs also may help circumvent this problem. Bang and Kim, both working at the forefront of clinical translation, summarize the state of the art in this field, focusing on emerging clinical applications and remaining challenges.

Results from clinical cell therapy studies in stroke have been reported for intravenous injections (13, 14) and intracerebral grafts (15). Although overall safety has been confirmed, analysis of efficacy endpoints suggests that magnitude of effect may be smaller in human than animal studies, and a number of logistical challenges also have been identified. Krause et al. reviewed such problems, providing an unbiased overview of bottlenecks in the translational process, and discussing relevant aspects such as cost-to-benefit ratios and the role of industry-driven clinical research. Despite the moderate collective tepid enthusiasm regarding cell-based approaches, encouraging clinical data is available. Haque et al. report metabolic changes observed by magnetic resonance spectroscopy in the brains of patients being treated with autologous bone marrow-derived MNCs. These changes correlated with NIHSS scores and might not only indicate efficacy, but could also be used as surrogate markers for treatment efficacy in future clinical trials.



SUMMARY AND OUTLOOK

Although clinical translation of cell-based therapies is clearly gaining momentum, a number of open questions remain. One is the role of co-morbidities, which are abundantly present in human patients but are rarely modeled preclinically. Laso-Garcia et al. have analyzed this discrepancy and provide a comprehensive summary on effects of the most relevant comorbidities including hypertension, diabetes, and obesity both from clinical and preclinical perspectives. Aspects such as potential cell-drug interactions also await clarification (16). Finally, remarkable developments toward precision stem cell medicine have been achieved, which may facilitate stem cell-based therapies. Stem cell labeling and real-time imaging are capable of improving precision of transplantations (17). Progress in biomarker research (18) and artificial intelligence (19) may soon revolutionize research on outcome assessment, which will be pivotal to the future success of stem cell therapies. In summary, the road on which we travel with cell therapies for stroke is probably not a dead end but the journey remaining is challenging and long. Nevertheless, the overall research progress may finally shed light on the path, with this Research Topic identifying some of the most important past and future milestones along the way.



AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual contribution to the work, and approved it for publication.



REFERENCES

 1. Boltze J, Schmidt UR, Reich DM, Kranz A, Reymann KG, Strassburger M, et al. Determination of the therapeutic time window for human umbilical cord blood mononuclear cell transplantation following experimental stroke in rats. Cell Transplant. (2012) 21:1199–211. doi: 10.3727/096368911X589609

 2. Shen LH, Li Y, Chen J, Zacharek A, Gao Q, Kapke A, et al. Therapeutic benefit of bone marrow stromal cells administered 1 month after stroke. J Cereb Blood Flow Metab. (2007) 27:6–13. doi: 10.1038/sj.jcbfm.9600311

 3. Yang B, Strong R, Sharma S, Brenneman M, Mallikarjunarao K, Xi X, et al. Therapeutic time window and dose response of autologous bone marrow mononuclear cells for ischemic stroke. J Neurosci Res. (2011) 89:833–9. doi: 10.1002/jnr.22614

 4. Guzman R, Janowski M, Walczak P. Intra-arterial delivery of cell therapies for stroke. Stroke. (2018) 49:1075–82. doi: 10.1161/STROKEAHA.117.018288

 5. Cui LL, Golubczyk D, Tolppanen AM, Boltze J, Jolkkonen J. Cell therapy for ischemic stroke: are differences in preclinical and clinical study design responsible for the translational loss of efficacy? Ann Neurol. (2019) 86:5–16. doi: 10.1002/ana.25493

 6. Weise G, Lorenz M, Posel C, Maria Riegelsberger U, Storbeck V, Kamprad M, et al. Transplantation of cryopreserved human umbilical cord blood mononuclear cells does not induce sustained recovery after experimental stroke in spontaneously hypertensive rats. J Cereb Blood Flow Metab. (2014) 34:e1–9. doi: 10.1038/jcbfm.2013.185

 7. Boltze J, Modo MM, Mays RW, Taguchi A, Jolkkonen J, Savitz SI. Stem cells as an emerging paradigm in stroke 4: advancing and accelerating preclinical research. Stroke. (2019) 50:3299–306. doi: 10.1161/STROKEAHA.119.025436

 8. Janowski M, Wagner DC, Boltze J. Stem cell-based tissue replacement after stroke: factual necessity or notorious fiction? Stroke. (2015) 46:2354–63. doi: 10.1161/STROKEAHA.114.007803

 9. Janowski M, Lyczek A, Engels C, Xu J, Lukomska B, Bulte JW, et al. Cell size and velocity of injection are major determinants of the safety of intracarotid stem cell transplantation. J Cereb Blood Flow Metab. (2013) 33:921–7. doi: 10.1038/jcbfm.2013.32

 10. Cui LL, Kerkela E, Bakreen A, Nitzsche F, Andrzejewska A, Nowakowski A, et al. The cerebral embolism evoked by intra-arterial delivery of allogeneic bone marrow mesenchymal stem cells in rats is related to cell dose and infusion velocity. Stem Cell Res Ther. (2015) 6:11. doi: 10.1186/scrt544

 11. Cui LL, Nitzsche F, Pryazhnikov E, Tibeykina M, Tolppanen L, Rytkonen J, et al. Integrin alpha4 overexpression on rat mesenchymal stem cells enhances transmigration and reduces cerebral embolism after intracarotid injection. Stroke. (2017) 48:2895–900. doi: 10.1161/STROKEAHA.117.017809

 12. Savitz SI, Yavagal D, Rappard G, Likosky W, Rutledge N, Graffagnino C, et al. A Phase 2 randomized, sham-controlled trial of internal carotid artery infusion of autologous bone marrow-derived ALD-401 cells in patients with recent stable ischemic stroke (RECOVER-Stroke). Circulation. (2019) 139:192–205. doi: 10.1161/CIRCULATIONAHA.117.030659

 13. Hess DC, Wechsler LR, Clark WM, Savitz SI, Ford GA, Chiu D, et al. Safety and efficacy of multipotent adult progenitor cells in acute ischaemic stroke (MASTERS): a randomised, double-blind, placebo-controlled, phase 2 trial. Lancet Neurol. (2017) 16:360–8. doi: 10.1016/S1474-4422(17)30046-7

 14. Levy ML, Crawford JR, Dib N, Verkh L, Tankovich N, Cramer SC. Phase I/II study of safety and preliminary efficacy of intravenous allogeneic mesenchymal stem cells in chronic stroke. Stroke. (2019) 50:2835–41. doi: 10.1161/STROKEAHA.119.026318

 15. Kalladka D, Sinden J, Pollock K, Haig C, McLean J, Smith W, et al. Human neural stem cells in patients with chronic ischaemic stroke (PISCES): a phase 1, first-in-man study. Lancet. (2016) 388:787–96. doi: 10.1016/S0140-6736(16)30513-X

 16. Ikhsan M, Palumbo A, Rose D, Zille M, Boltze J. Neuronal stem cell and drug interactions: a systematic review and meta-analysis: concise review. Stem Cells Transl Med. (2019) 8:1202–11. doi: 10.1002/sctm.19-0020

 17. Walczak P, Wojtkiewicz J, Nowakowski A, Habich A, Holak P, Xu J, et al. Real-time MRI for precise and predictable intra-arterial stem cell delivery to the central nervous system. J Cereb Blood Flow Metab. (2017) 37:2346–58. doi: 10.1177/0271678X16665853

 18. Sloan Smith-Warner SA, Ziegler RG, Wang M. Statistical methods for biomarker data pooled from multiple nested case-control studies. Biostatistics. (2019) doi: 10.1093/biostatistics/kxz051. [Epub ahead of print].

 19. Heo J, Yoon JG, Park H, Kim YD, Nam HS, Heo JH. Machine learning-based model for prediction of outcomes in acute stroke. Stroke. (2019) 50:1263–5. doi: 10.1161/STROKEAHA.118.024293

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Boltze, Abe, Clarkson, Detante, Pimentel-Coelho, Rosado-de-Castro and Janowski. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	ORIGINAL RESEARCH
published: 25 February 2019
doi: 10.3389/fneur.2019.00141






[image: image2]

Serial Cerebral Metabolic Changes in Patients With Ischemic Stroke Treated With Autologous Bone Marrow Derived Mononuclear Cells


Muhammad E. Haque1*, Refaat E. Gabr2, Sarah D. George1, Seth B. Boren1, Farhaan S. Vahidy1, Xu Zhang3, Octavio D. Arevalo2, Susan Alderman1, Ponnada A. Narayana2, Khader M. Hasan2, Elliott R. Friedman2, Clark W. Sitton2 and Sean I. Savitz1


1Institute for Stroke and Cerebrovascular Diseases, McGovern Medical School, The University of Texas Health Science Center at Houston, Houston, TX, United States

2Diagnostic and Interventional Imaging, McGovern Medical School, The University of Texas Health Science Center at Houston, Houston, TX, United States

3Biostatistics, Epidemiology, Research Design Component, Center for Clinical and Translational Sciences, McGovern Medical School, The University of Texas Health Science Center at Houston, Houston, TX, United States

Edited by:
Johannes Boltze, Fraunhofer-Institut für Zelltherapie und Immunologie (IZI), Germany

Reviewed by:
Christopher G. Sobey, La Trobe University, Australia
 Tracy D. Farr, University of Nottingham, United Kingdom

* Correspondence: Muhammad E. Haque, muhammad.e.haque@uth.tmc.edu

Specialty section: This article was submitted to Stroke, a section of the journal Frontiers in Neurology

Received: 06 December 2018
 Accepted: 04 February 2019
 Published: 25 February 2019

Citation: Haque ME, Gabr RE, George SD, Boren SB, Vahidy FS, Zhang X, Arevalo OD, Alderman S, Narayana PA, Hasan KM, Friedman ER, Sitton CW and Savitz SI (2019) Serial Cerebral Metabolic Changes in Patients With Ischemic Stroke Treated With Autologous Bone Marrow Derived Mononuclear Cells. Front. Neurol. 10:141. doi: 10.3389/fneur.2019.00141



Purpose: Cell-based therapy offers new opportunities for the development of novel treatments to promote tissue repair, functional restoration, and cerebral metabolic balance. N-acetylasperate (NAA), Choline (Cho), and Creatine (Cr) are three major metabolites seen on proton magnetic resonance spectroscopy (MRS) that play a vital role in balancing the biochemical processes and are suggested as markers of recovery. In this preliminary study, we serially monitored changes in these metabolites in ischemic stroke patients who were treated with autologous bone marrow-derived mononuclear cells (MNCs) using non-invasive MRS.

Materials and Methods: A sub-group of nine patients (3 male, 6 female) participated in a serial MRS study, as part of a clinical trial on autologous bone marrow cell therapy in acute ischemic stroke. Seven to ten million mononuclear cells were isolated from the patient's bone marrow and administered intravenously within 72 h of onset of injury. MRS data were obtained at 1, 3, and 6 months using a whole-body 3.0T MRI. Single voxel point-resolved spectroscopy (PRESS) was obtained within the lesion and contralesional gray matter. Spectral analysis was done using TARQUIN software and absolute concentration of NAA, Cho, and Cr was determined. National Institute of Health Stroke Scale (NIHSS) was serially recoreded. Two-way analysis of variance was performed and p < 0.05 considered statistically significant.

Results: All metabolites showed statistically significant or clear trends toward lower ipsilesional concentrations compared to the contralesional side at all time points. Statistically significant reductions were found in ipsilesional NAA at 1M and 3M, Cho at 6M, and Cr at 1M and 6M (p < 0.03), compared to the contralesional side. Temporally, ipsilesional NAA increased between 3M and 6M (p < 0.01). On the other hand, ipsilesional Cho showed continued decline till 6M (p < 0.01). Ipsilesional Cr was stable over time. Contralesional metabolites were relatively stable over time, with only Cr showing a reduction 3M (p < 0.02). There was a significant (p < 0.03) correlation between ipsilesional NAA and NIHSS at 3M follow-up.

Conclusion: Serial changes in metabolites suggest that MRS can be applied to monitor therapeutic changes. Post-treatment increasing trends of NAA concentration and significant correlation with NIHSS support a potential therapeutic effect.

Keywords: autologous mononuclear cells transplantation, cells therapy, ischemic stroke, cerebral metabolites, magnetic resonance spectroscopy


INTRODUCTION

The only therapeutic options for patients with ischemic stroke are approaches that promote recanalization and reperfusion to restore blood flow to the brain. Currently, there are no effective post stroke interventions that can promote repair of damaged tissues and restore brain function. Cell based therapies offer great potential to promote possible repair of damaged tissue, prevent atrophy, and help restore brain function. Extensive animal data have shown the safety and feasibility of the bone marrow-derived mononuclear cells (MNCs) as an attractive therapeutic option for stroke (1–4). Significant physical and cognitive improvement was shown to occurs in animals treated with cell therapies by providing a protective mechanism to attenuate progressive tissue damage (5–8). Clinical trials have shown the feasibility and safety of both autologous and allogenic cell administration in stroke patients (9–13). An important advancement in this field would be to develop post-stroke therapeutic biomarkers.

Number of post-stroke magnetic resonance spectroscopy (MRS) studies have shown elevated lactate (Lac), decreased N-acetylaspartate (NAA) and Creatine (Cr), and variable changes in choline (Cho) concentration in the ipsilesional hemisphere (14–18). Restoration of these cerebral metabolites concentration could facilitate in the evaluation of recovery (19). NAA is synthesized in neurons and is crucial for cerebral lipid synthesis and energy production (20, 21). The cerebral Cr is associated with energy recycling via converting adenosine diphosphate (ADP) to ATP (22). Choline is involved in memory function and muscle control (23). These metabolites have been extensively used as surrogate markers of neuronal health (NAA), membrane integrity (Cho), cellular energy (Cr) and oxidative stress (Lac) (14, 16, 24–28).

The application of MRS to characterize neural progenitor cells (NPCs) in-vivo, which can differentiate into neurons, astrocytes, and oligodendrocytes, has been reported (29). Furthermore, two separate studies presented MRS as a tool for monitoring NPCs and human umbilical mesenchymal stem cells differentiation (30, 31). Number of in-vitro studies showed the ability of MRS to identify cell types based on their metabolic profile in the cell culture (31). Previously, Brazzini reported an increase in NAA concentration in both left and right basal ganglia in patients with Parkinson treated with bone marrow-derived autologous MNCs transplantation (32). Metabolic improvement was also documented in amyotrophic lateral sclerosis patients treated with stem cells (33).

In this prospective study, we serially monitored NAA, Cho, and Cr concentrations with MRS as possible therapeutic biomarkers following intravenous infusion of autologous MNCs in patients with acute ischemic stroke. Our findings in this preliminary study encourage pursuing a larger study that can be correlated with therapeutic efficacy to predict post-stroke recovery.



MATERIALS AND METHODS


Human Protection

This study was conducted under Federal Investigational New Drug Application BB IND 13775 and was approved by the University of Texas Health Sciences Center at Houston Committee for the Protection of Human Subjects and by the Memorial Hermann Hospital Office of Research.



Patient Enrollment and Serial MRI

A sub-group of nine patients (3 males, 6 females) participated in this serial MRS study, which was an add-on scan to clinical trial testing autologous bone marrow mononuclear cells in patients with ischemic stroke. Written informed consent was obtained after a thorough discussion with the patient family prior to enrollment. The inclusion and exclusion criteria are described elsewhere (10). Post MNCs follow-up imaging was done at one (1M), three (3M), and six (6M) months of onset.



Intervention

Bone Marrow Cells Harvesting

The procedural details about mononuclear cells isolation and intravenous infusion are described elsewhere (10). Briefly, a total of 2 ml/kg bone marrow was harvested aseptically from the posterior iliac bone. All patients were placed in the prone position and a 11-gauge bone marrow needle was placed into the posterior iliac crest, and about 5 to 7 cc was aspirated with a 20-cc syringe and the procedure repeated. IV normal saline was administered if there were changes in the patient's hemodynamics, and all the patients were monitored for oxygen saturation, blood pressure, heart and respiratory rate before, during and after the procedure.

MNCs Isolation and Infusion

Bone marrow was transported in an anticoagulated blood collection bag for isolation and enrichment of the MNCs. The bone marrow was filtered (170-ml blood filter) to remove spicules. The MNCs were enriched from the bone marrow using Ficoll-Paque (GE Healthcare, Milwaukee, WI) and Plus density gradient separation using the density gradient procedure on the Sepax device (Biosafe SA, Geneva, Switzerland). The MNCs were then washed twice with 5% human serum albumin in normal saline and adjusted to the appropriate concentration for administration (final concentration of 1.25%). A maximum of 10 million cells/kg in normal saline was administered into the antecubital vein over 30 min. Cells Transplantation was done within 72 h from onset of the stroke.

Clinical Assessments

National Institutes of Health Stroke Scale (NIHSS) (34), modified Rankin scale (mRS), and Barthal Index (BI) were recorded at baseline and NIHSS at each follow-up visit.

Imaging Acquisition Protocols

All imaging experiments were performed on a whole body 3.0 T Philips system (Philips Healthcare, Best, The Netherlands) using 8-channel head coil. Structural MRI was obtained using 3D T1-weighted volumes (TE/TR = 3.66 ms/8.2 ms, acquisition matrix = 256 × 256 × 170, FOV = 256 × 256 mm2) and T2-weighted (TE/TR/ = 80 ms/2.5 s, acquisition matrix = 256 × 256 × 170, and FOV = 256 × 256 mm2) images. Anatomical localizations of the lesions were performed using 2D fluid-attenuated inversion recovery (FLAIR, TE/TI/TR = 95 ms/2.6 s/11 sec, acquisition matrix = 256 × 256, FOV = 256 × 256 mm2) images. Single voxel (SV) proton MRS was obtained with point-resolved spectroscopy (PRESS, voxel size 20 × 20 × 20 mm3 TE/TR = 35/2,000 ms, sampling frequency = 2,000 Hz, data points = 1,024, number of scans = 128) on both the ipsilesional and contralesional regions. Volumes of interest (VOIs) were carefully placed within the infarct and contralateral normal appearing gray matter tissue using FLAIR images. Standard 3-pulse chemical shift selective scheme was used for water suppression with automated shimming. Unsuppressed water spectra were also obtained as an internal reference for metabolite quantification. Saturation bands were placed around the VOI to minimize lipid contamination.

Spectral Analysis and Metabolite Quantification

All the spectral analysis were performed using publicly available Totally Automated Robust Quantitation in NMR (TARQUIN) software (35), available at https://www.nitrc.org/projects/tarquin/. Absolute concentration was calculated in milli-mole (mM) units by scaling the fitted signal amplitude by the amplitude of the unsuppressed water signal. A detailed description of the measurements are described elsewhere (36, 37). Metabolite peaks at 2.01, 3.03, 3.19 ppm were referenced to NAA, Cr, and Cho, respectively, with respect to unsuppressed water signal at 4.7 ppm. Typically metabolite concentrations are normalized to creatine or choline concentration assuming they were constant; here, we reported absolute concentrations because they were not constant.

Lesion Volume Measurements

A semi-automated seed growing algorithm within Analyze 12.0 (Analyze Direct Inc., KS, USA) was used to delineate lesion volume on T2-weighted images by a single rater. The rater selected two seed points within the hyper and hypointense regions within the lesions and a region-growing algorithm automatically expanded the seed points within the 3D space of the image. Manual editing of the lesion volume was done when necessary.




STATISTICAL ANALYSIS

Cerebral metabolites concentration was analyzed by the mixed model (38) The fixed effects in the model included brain hemisphere (ipsilesional and contralesional), polychotomous time (1, 3, and 6 month), and interaction between hemisphere and polychotomous time. The random effects in the model included patient and interaction between patient and hemisphere. These random effects led to a nested covariance matrix accounting for correlation of measurements due to the same patient and a different level of correlation for measurements due to the same hemisphere of brain. Correlation between cerebral metabolites concentrations and NIHSS scores was depicted in scatter plot, together with Pearson correlation coefficient. Two-sided p-values were reported and p-values less than 0.05 were considered as significant. All statistical analyses were performed using the SAS software (version 9.4, the SAS Institute, Cary, NC).



RESULTS

After cellular intervention, six female and three male patients with average age of 56.5 ± 17.6 years (range 31–78 years) underwent serial metabolite measurements. Patient demographics and lesion laterality, size, location, and severity are summarized in Table 1. Patient P01 data were removed from spectroscopic measurement because of noisy spectra at two time points. The lesion size was 13.9–74.4 cc at 1M, and NIHSS was 5–34 at the onset. There was a significant (p < 0.03) decrease in lesion volume between 1 and 6 months.



Table 1. Patient demographics, clinical score, and lesion volume.
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Figure 1 shows a representative MRI of a patient illustrating typical MRS voxel placement in the lesion and contralateral tissue at the three follow-up scans, with their corresponding spectra below it. The contralateral voxel was placed on the normal appearing gray matter regions with some expected partial volume. Spectra were scaled and normalized to the unsuppressed water signal. As shown, the signal amplitude of NAA on the lesion spectra increased at 6 months as compared to 1 month, with minimal change in the contralateral NAA.


[image: image]

FIGURE 1. Serial Flair MR images illustrating typical MRS voxel placement in the lesion and contralateral tissues and corresponding MR spectra. The first row of images (A–C) is a single slice showing voxel placement in the lesion at 1, 3, and 6 months, respectively. The second row shows the corresponding spectra within the lesion. Each plot shows the raw spectrum (black), library spectra of matching metabolites (red), and fitted function (green). Third row (D–F) shows voxel placement in the contralesional gray matter with corresponding spectra in the fourth row. Note the questionable peak at 1.33 ppm at 1 month that disappears at the later time point.



Metabolite changes in individual participants and its average values over the study cohort are summarized in Figure 2. All three metabolites showed statistically significant or clear trends toward lower ipsilesional concentrations compared to the contralesional side at all time points. Statistically significant reductions were found in ipsilesional NAA at 1M and 3M, Cho at 6M, and Cr at 1M and 6M (p < 0.03), compared to the contralesional side.
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FIGURE 2. Overall summary of post treatment serial change in metabolite concentration in the lesion and contralesion voxels. (A,B) Show serial ipsilesional and contralesional NAA concentrations in individual participants, respectively. (C) Shows overall trend of significant hemispheric decrease of NAA concentration between 1 and 3 months. Temporally, ipsilesional NAA increased between 3 and 6 months. (D,E) Show serial ipsilesional and contralesional choline concentrations in individual participants, respectively. (F) Shows an overall significant continual decline of ipsilesional choline concentration between 1 and 6 months, whereas in the contralesion it decreased between 1 and 3 months and then stabilized between 3 and 6 months. (G,H) Show serial ipsilesional and contralesional creatine concentrations in individual participants, respectively. (I) Illustrates the overall hemispheric and temporal decrease of creatine concentration between 1 and 3 months that stabilized between 3 and 6 months. A correlation between ipsilesional NAA concentration and NIHSS at 1, 3, and 6 months is shown in (J). A significant (p < 0.03) correlation was observed at 3 months.



The temporal NAA concentration within the lesion showed an initial decreasing trend between 1 and 3 months (2.88 ± 2.1 to 2.37 ± 1.9 mM, p = 0.24) followed by an increase between 3 and 6 (2.37 ± 1.9 to 3.72 ± 2.6 mM, p < 0.01) months. The contralesional NAA also showed a strong trend toward lower concentration between 1 and 3 months (5.95 ± 1.0 to 5.09 ± 0.93 mM, p < 0.053), but stabilized between 3 and 6 months (5.09 ± 0.93 to 5.17 ± 0.70 mM, p = NS). Post graft Cho concentration in the lesion showed a continuing trend for reduction, which reached statistical significance at 6 months (1.62 ± 0.51 to 1.09 ± 0.78 mM, p < 0.01), while contralesional measurements revealed a decreasing trend between 1 and 3 months (1.77 ± 0.31 to 1.58 ± 0.49 mM, p = NS) that stabilized through 6 months (1.58 ± 0.44 mM). Ipsilesional Cr was stable over the study period, but contralesional Cr reduced between 1 and 3 month (6.23 ± 1.12 to 4.99 ± 0.89 mM, p < 0.02).

Ipsilesional NAA concentration and NIHSS score were significantly correlated (p < 0.05) at 3 month follow-up and almost reached statistical significance at 6 months (p = 0.07), but no correlation was found at 1 month as shown in Figure 2J. There was no statistically significant correlation between Cho, Cr, and NIHSS in either ipsi or contralesional hemisphere. There was no significant correlation between lesion volume change and metabolite concentrations.



DISCUSSION

A handful of clinical trials have shown safety and feasibility of cell administration as an exploratory new therapeutic option in patients with recent ischemic stroke; however, to the best of our knowledge, this is the first prospective study in which patient's cerebral metabolites were serially measured over 6 months after the cellular intervention.

Our finding is in-line with an animal study reporting a significant increase in NAA/Cr and NAA/Cho ratios within the lesion in treated animals with gadolinium labeled mesenchymal stem cells compared to the sham group (39). In another animal study, Qian reported an initial decrease followed by an increase in ipsilesional NAA concentrations without any treatment after inducing transient ischemic stroke (TIA). However, unlike the permanent stroke model, both the lesions and symptoms resolve within a few hours of onset in most patients with TIA (40).

The correlation between the NAA and NIHSS is in support of the previous study (19) suggesting NAA as a marker of therapeutic efficacy. However, the small sample size is the major limitation of our study. Interestingly the decreasing trends of all three metabolites concentrations in the contralesional measurement suggest global depletion of available energy which is supported by a decrease in Cr concentration which is considered a marker of neuronal energy.

Prior studies investigated brain metabolites as a marker of post-stroke recovery especially NAA because it is exclusively found within neurons. A reduction in NAA in the ipsilesional hemisphere has been associated with continued neuronal death and expansion of the infarct (41–43). A continued decline in NAA concentration within the lesion or other ipsilesional tissues at 1, 3, and 6 months has been documented, with few exceptions (44–46). Contrary to the literature, our preliminary results show a trend of regaining NAA concentrations within the lesion between 3 and 6 months following MNC infusion. This is in agreement with a previous study in patients with Parkinson disease who were also treated with MNCs, which reported an increase in NAA in the basal ganglia. Here we found increased NAA within the lesion.

We also noted that most of the patients had one or two broad peaks between 0.9 and 1.5 ppm, resonance regions of lipid and lactate, in the ipsilesional voxel at 1 month (Figure 1) suggesting possible hypoxic environment or cells proliferation which resolved at later follow-up visits. Interestingly, there was no peak between 0.9 and 1.5 ppm in the contralesional voxel. Further investigation of this finding requires a non-treated matching control patients as a control group.

A higher choline concentration around the penumbra region in acute phase has been documented (47). Here we observed a decreasing trend of choline concentration in both ipsilesional and contralesional measurement between 1 and 3 months. While the choline signal stabilized in the contralesional side, it continued to decrease in the lesion suggestion progressive membrane disintegration. The opposite trend between NAA (increasing) and Cho (decreasing) between 3 and 6 months in the lesion could be due to a higher number of immature neurons without membrane, which is typically developed at the final stages of neuronal maturation. However, we will investigate this hypothesis in future animal study combining MRS and histology.



STUDY LIMITATION

The limitations of this exploratory pilot study included the small sample size, the absence of non-treated patient group, the limited coverage of single voxel spectroscopy, and known partial volume effects. Future studies will address these limitations by increasing sample size, adding non-treated patients group and obtaining multi-voxel MRS.



CONCLUSION

Our study supports using MRS as an innovative means to evaluate treatment efficacies by quantifying lesion metabolites. In this preliminary study we observed signals of a slow treatment effect, regain in NAA concentrations in a damaged tissue area, and patients with increased NAA recovering better on clinical deficits scores.
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Stroke is the leading cause of physical disability among adults. Stem cells such as mesenchymal stem cells (MSCs) secrete a variety of bioactive substances, including trophic factors and extracellular vesicles (EVs), into the injured brain, which may be associated with enhanced neurogenesis, angiogenesis, and neuroprotection. EVs are circular membrane fragments (30 nm−1 μm) that are shed from the cell surface and harbor proteins, microRNAs, etc. Since 2013 when it was first reported that intravenous application of MSC-derived EVs in a stroke rat model improved neurological outcomes and increased angiogenesis and neurogenesis, many preclinical studies have shown that stem cell-derived EVs can be used in stroke therapy, as an alternative approach to stem cell infusion. Although scientific research regarding MSC-derived EV therapeutics is still at an early stage, research is rapidly increasing and is demonstrating a promising approach for patients with severe stroke. MSC therapies have already been tested in preclinical studies and clinical trials, and EV-mediated therapy has unique advantages over cell therapies in stroke patients, in terms of biodistribution (overcoming the first pass effect and crossing the blood-brain-barrier), cell-free paradigm (avoidance of cell-related problems such as tumor formation and infarcts caused by vascular occlusion), whilst offering an off-the-shelf approach for acute ischemic stroke. Recently, advances have been made in the understanding of the function and biogenesis of EVs and EVs therapeutics for various diseases. This review presents the most recent advances in MSC-derived EV therapy for stroke, focusing on the application of this strategy for stroke patients.
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INTRODUCTION

Stroke is the leading cause of physical disability among adults. One-fourth to a half of stroke survivors are left with significant disabilities. Stem cell therapy is considered a potential regenerative strategy for patients with neurologic deficits. Adult stem cells, such as mesenchymal stem cells (MSCs) may be a good option for stroke therapy, as they secrete a variety of bioactive substances, including trophic factors and extracellular vesicles (EVs, 30 nm−1 μm sized circular membrane fragments shed from the cell surface) into the injured brain, which is associated with enhanced neurogenesis, angiogenesis, and synaptogenesis (1–5). In addition, MSCs are thought to play multiple roles, such as attenuating inflammation (6), reducing scar thickness (7), enhancing autophagy (8), and possibly replacing damaged cells (9), in various brain diseases. Over the past 15 years, several randomized stem cell therapy trials have been conducted in patients with ischemic stroke (10–17), which showed mixed results. Possible reasons for conflicting results include, heterogeneous study populations (therefore requiring the selection of optimal candidate patients), delayed treatment (thus requiring an off-the shelf approach as soon as possible following a stroke), the limited restorative potential of stem cell therapy (especially in elderly patients with chronic illness), and a lack of objective measurements for the assessment of efficacy in stem cell therapy (5, 18).

It is widely accepted that MSCs exert their action via paracrine effects via secretomes or EVs, rather than through transdifferentiation to replace damaged neurons. Approximately 80% of cells disappeared in the infarcted brain within several days after transplantation with MSCs (19), yet the effects of stem cells persisted for several weeks following treatment. Our biodistribution study showed that MSCs exhibit a dynamic release of EVs in the ischemic brain condition, and that systemic administration of MSC-derived EVs led to a dose-dependent increase of MSC EVs in the infarcted hemisphere (bypassing the lung and liver) and functional improvement, suggesting that MSC EV therapy has a similar functional outcome, yet an improved safety profile compared to MSC administration (20).

This review presents the most recent advances in MSC-derived EV therapy for stroke, focusing on the clinical application of this strategy for stroke patients.



BIOLOGY AND FUNCTION OF EXTRACELLULAR VESICLES


EV Biogenesis

EVs are a broad term that usually refers to heterogeneous vesicles that are released from cells. EVs containing cellular proteins, DNAs and RNAs of cells are classified into exosomes (30–200 nm), microvesicles (200–1000 nm) and apoptosomes (1–10 μm) depending on their size (21). Among them, exosomes and microvesicles released from living cells, are involved in many processes, such as proliferation, differentiation and angiogenesis, and are known to act as a means of intercellular communication (22–24).

Exosomes and microvesicles originate from the plasma membrane, and are formed through distinct mechanisms (Figure 1) (23). The generation of microvesicles begins with the recruitment of cytoplasmic proteins and nucleic acids by the endosomal sorting complex required for transport (ESCRT)-dependent and independent pathways {mediated by ADP ribosylation factor 6 [ARF6] and phospholipase D2 [PLD2]. Lipid flipping then occurs, and membrane budding takes place.


[image: image]

FIGURE 1. Biogenesis of extracellular vesicles. EVs are released through two different pathways. When extracellular adenosine triphosphate (ATP) increases in response to external stimuli, the P2X7 receptor opens and calcium ions enter the cell. Membrane-associated proteins, tetraspanins, and cytoplasmic cargos are clustered in discrete membrane of the plasma membrane for microvesicles. The cargo of MVs are composed of cytoplasmic proteins, mRNAs, miRNAs, and DNAs. Similar to exosomes, RAS-related protein (RAB), actin, the endosomal sorting complex required for transport (ESCRT), ADP ribosylation factor 6 (ARF6) and phospholipase D2 (PLD2), and soluble N-ethylmaleimide-sensitive protein receptor (SNARE) proteins play important roles in MV release. However, MVs differ from exosomes in that they bud directly through flipping of lipid from the plasma membrane. The cargo of multivesicular bodies (MVBs) are either derived from endocytosis of the plasma membrane or from the trans-Golgi network. The reverse flow in the direction of the Golgi or recirculation to the plasma membrane is controlled by various Rab GTPases. Once MVB has matured, it is transported to the plasma membrane along the microtubule, and not by lysosomes. As a final step in exosome release, MVBs are docked and fused with the plasma membrane. Rab, actin, and SNARE proteins play important roles in these exosome release steps.



Microvesicles are a more heterogeneous population and more sensitive to external stimulation than exosomes. For example, an increase in the extracellular concentration of ATP induces activation of the P2X7 receptor and consequential release of microvesicles (21). The production of exosomes begins with the membrane folding inward, the creation of empty intraluminal vesicles (ILVs), and the maturation of ILVs into multivesicular bodies (MVBs). They are released into the extracellular space through fusion of MVBs and the plasma membrane by small GTPases, such as RAB27A, RAB11, and RAB35, or by ESCRT (25).

Knowledge regarding EV biogenesis is essential for understanding EV characteristics and for the development of EV therapeutics. For example, activation of P2X7R by the pathogen-associated molecular pattern (PAMP) or damage-associated molecular pattern (DAMP) can induce membrane blebbing, or fusion of MVBs. PLD2, which regulates lipids by degrading phosphatidylcholine into choline and phosphatidic acid, and ARF6, which regulates membrane trafficking and actin cytoskeleton remodeling, may play an important role in endocytosis and exocytosis (23). Studies have shown that overexpression of ARF6 increases the number of exosomes released from the cells, whereas inhibition of ARF6 and PLD2 reduces the release of exosomes (26, 27).



Mechanisms of Action of Stem Cell-Derived EVs

Stem cell-derived EVs could play a critical role in the exchange of information between stem cells and damaged cells and alter the behavior of the target cells. Ischemia induces an increase in the circulating or regional levels of EVs, and it has been identified that EVs have their own function. Stroke triggers the mobilization of bone marrow (BM) MSC-derived EVs in patients with severe stroke (28), and EVs released by ischemic stimulation have restorative capacity (20). In addition, EVs from ischemic tissue facilitated vasculogenesis in the ischemic limb model (29). EVs from ischemic muscles induce BM mononuclear cell differentiation into cells with an endothelial phenotype (29).

Formation of new neuronal cells and blood vessels are the fundamental processes for the recovery after ischemic brain injury. During acute phase of stoke, both ischemic/reperfusion injury and inflammatory response are pivotal to the pathophysiology of ischemic stroke. In addition, stroke patients are often elderly and have chronic diseases, which may attenuate regenerative potential after stroke. As shown in Table 1, regenerative potential could be enhanced by treatment of MSCs or MSC-derived EVs (67). In addition, treatment of MSC-derived EVs in animal models of brain diseases resulted in central and peripheral immunotolerance (63, 68). EVs harbor bioactive molecules and EVs secreted from stem cells carry more complex cargos than other cellular sources (69). Stem cell-derived EVs contain many molecules that may have therapeutic effects in stroke (70), such as microRNAs, proteins, and mitochondria (Table 1). MicroRNAs, are a class of short, single-stranded, non-coding RNAs that can be horizontally shuttled by EVs, and EVs-encapsulated proteins have been implicated in the regulation of protective and restorative processes (71). Beside microRNAs, MSC EVs may shuttle other genetic components, such as mRNAs (72). In addition, damage to the mitochondria caused by tissue injury, aggravates the severity of injury. Restoration of mitochondria dysfunction, through stem cell-derived mitochondria transplantation via EVs could potentially be an effective therapeutic strategy (66, 73).



Table 1. Mode of action of stem cell-derived EV in animal models of stroke or other ischemic disease.
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ADVANTAGES OF EXTRACELLUALR VESICLES OVER STEM CELLS IN STROKE

Allogeneic stem cells have many advantages over autologous stem cells. Allogeneic MSCs are scalable from a manufacturing perspective, with standardized procedures. The use of allogeneic MSCs reduces the time required to obtain a sufficient number of cells (the “off the shelf” approach). Through the application of allogeneic stem cell therapy in the acute phase of stroke, both neurorestorative and neuroprotective actions can be expected (74). In recent clinical trials of intravenous application of allogeneic stem cells (MultiStem® in patients with acute stroke, stem cells were applied within 24–48 h, following the onset of symptoms (16). In addition, MSCs from younger healthy donors may differ in terms of their proliferation and neurorestorative capacity, from those obtained from elderly stroke patients with chronic illness (75).

However, conflicting results exist. Following serum contact, allogeneic MSCs can be injured by complement, and the viability of allogeneic MSCs after infusion is greatly reduced, compared with autologous MSCs (76). High mortality following intravenous transplantation of MSCs in animal stroke models, and reports of pulmonary embolism following intravenous injection of allogeneic adipose-derived MSCs have been accounted (77). MSC-related procoagulation status could be a possible explanation for such lethal pulmonary thromboembolism (78). Lastly, cell diameters of MSCs are large, ranging from 15 to 30 μm, which leads to passive arrest of MSCs in small diameter vessels, causing vascular occlusion and reduction in cerebral blood flow, when administered through intra-arterial routes, and also trapping in systemic vessels such as the lungs, when administered systemically (the first pass effect) (79–81).

The cell-free paradigm, using allogeneic MSC-derived EVs could avoid such cell-related problems of allogeneic stem cell therapy. EVs have low toxicity, high stability in the circulation, advantages in scalable production and storage, and high transport efficiency to donor cells (passing the blood-brain barrier [BBB] and avoiding the first pass effect).



APPLICATIONS OF STEM CELL-EXTRACELLULAR VESICLES FOR TREATING STROKE


Preclinical Evidence of the Effects of EVs Derived From Various Stem Cells in Stroke

Xin et al. reported for the first time, that intravenous application of MSC-derived EVs in a stroke rat model improved neurological outcomes and increased angiogenesis and neurogenesis (47). Other investigators have also demonstrated that stem cell-derived EVs can be used for stroke therapy, as an alternative approach to stem cell infusion methods (Table 2) (67, 87, 88). In addition, several advances in EV-based strategy were introduced, including: (a) the use of stem cells other than MSCs, such as EVs from embryonic stem cells (ESCs), neural stem cells (NSCs), or induced pluripotent stem cells (iPSC)-derived MSC/NSCs (64, 84, 86), (b) application of EVs via the intra-nasal approach (84), (c) EV production other than conventional two-dimensional (2D) culture methods to increase the production of EVs and regulate the contents of EVs, e.g., 3D dynamic culture (37) and stimulation with ischemic brain extracts (20, 59), and (d) various EV isolation methods other than ultracentrifugation (82, 83, 85). Very recently, the effects of EVs on stroke has been tested in a large animal model of stroke (86).



Table 2. Various applications of stem cell-derived EV in stroke.
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Recent Advances for EV Therapeutics

Various approaches are currently being employed to drive the MSC secretome toward a more anti-inflammatory and regenerative phenotype (88). Because secretomes include a wide array of growth factors, cytokines, and EVs, such approaches could also improve the efficacy of EV-based therapy.

Firstly, conventional 2D cell culture systems often disregard the mechanical stimuli that significantly influence the intricate in vivo cellular microenvironment. Characteristics of EVs as well as phenotypes of stem cells could be affected by mechanical forces (89). For example, shear stress enhances the immune regulatory function of MSCs (90). In addition, compared to conventional 2D cultured MSCs, MSCs cultured in spheroid showed higher efficacy and safety profiles, and decreased the expression of integrins, resulting in increased secretion of EVs (91, 92). Cha et al. successfully amplified EV sections and therapeutic EV contents (microRNAs and cytokines) from MSCs using a dynamic 3D culture method, instead of using the conventional culture method (37). In a traumatic brain injury model, EVs derived from MSCs cultured in 3D scaffolds provided better outcomes than EVs from MSCs cultured in 2D conditions, probably by promoting neurogenesis and angiogenesis (93). Either native (decellularizing tissues) or synthetic 3D extracellular matrix-based scaffolds can be utilized to provide a 3D environment for cell attachment and growth (23).

Second, although MSC-derived EVs show promise in their application for regenerative therapies, their use is often limited by very low-yield conventional cell culture systems. Both microcarriers and hollow-fiber bioreactors are currently used for large-scale cell expansion of MSCs in the 3D environment (23) (89). These methods may be particularly useful in MSC EV production, because (a) large volumes of media would be required to get a sizable number of EVs for clinical use, (b) viability of MSCs could be maintained by continuous medium perfusion and avoiding metabolic by-product accumulation in a bioreactor, without the use of serum, which contains a large number of xenogeneic EVs, and (c) continuous processing, by controlling culture medium flow in and out of a bioreactor, as is often required because of the high advantages of reproducibility and safety of the resulting EV products.

Third, preconditioning of sublethal stimuli can trigger an adaptive response to further injury or damage. A wide variety of molecules and culture methods can be used to prime MSCs and modify their EVs. For example, Moon et al. showed that cultivation of MSCs with either serum obtained from stroke patients, or treatment of ischemic brain extracts on culture media, could activate restorative properties of MSCs and the release of EVs, suggesting that signals from an ischemic brain can affect the efficacy of MSCs and MSC-derived EVs and activate the secretion of EVs from MSCs (20, 94). Similar findings were also reported by another research group (59). It is widely accepted that hypoxic conditions (i.e., 0.1–2% O2, conditions similar to BM) were beneficial to MSCs and might stimulate MSCs to exhibit adaptive responses. MSC culture in hypoxic conditions with/without serum deprivation amplified EV sections, increased therapeutic EV contents (e.g., microRNAs), and improved the EV efficacy in tissue-injury models (48, 49, 56, 95). Inflammatory stimulation of MSCs renders release of EVs that have enhanced anti-inflammatory properties (96).

Fourth, as mentioned before, there have been advances in our current knowledge on the regulation of EV biogenesis (Figure 1). The modification of certain molecular pathways in EV biogenesis could lead to increased yield of EV production (23). For example, activation of EV biogenesis during membrane blebbing (P2X7 receptor, phospholipase D2) or multivesicular body fusion with the plasma membrane (Rab GTPase, SNARES) could increase EV secretion, leading to an increased yield (23, 25, 97–100). In addition, genetic modification to overexpress certain therapeutic proteins or RNAs within EVs (Table 2) could lead to an increased efficacy of EVs. For example, EVs harvested from microRNA-133b-overexpressing MSCs improved neuronal plasticity and functional recovery following stroke (33). Furthermore, bioengineering techniques can be applied to produce semi-synthetic artificial EVs to increase the expression of functional/traceable molecules on EV surfaces/membranes or cargo, and fully synthetic artificial EVs can be engineered to increase the yield of EV production (101). For example, “exosome-like nanovesicles,” which have morphological and biochemical characteristics similar to EVs, can be made from cells through cell membrane fragmentation (102).

Lastly, the source of EVs could be an important determinant in the efficacy of stem cell-derived EVs in stroke. MSCs have limited restorative potential in elderly patients. Similarly, MSC EVs may have significant age-dependent differences in their cargo contents (103). The transfer of EVs from young MSCs rejuvenated aged stem cells (65). Fetal MSCs from amniotic fluid, cord blood, or Wharton's Jelly-derived stem cells are reported to have intermediate cellular phenotypes between ESCs/iPSC and MSC, in terms of expression patterns of both marker/transcription factors of pluripotency and mesenchymal commitment, as well as their broadly multipotent nature (104). Although the use of ESC/iPSC-derived EV therapy may be safer than the use of ESC/iPSC cell therapy, in terms of tumorigenicity, limited data is available within the field of stroke and in human trials (64, 84). Therefore, fetal MSCs could be good sources of EVs in clinical application.




CLINIAL APPLICATIONS OF EXTRACELLULAR VESICLE-BASED THERAPY

The effects of EV therapeutics have increasingly been reported in various animal disease/injury models (87). However, only a few clinical studies on the effects of EV therapy have been reported in humans. Kordelas et al. reported a case study, whereby refractory graft-versus-host disease was treated with allogeneic MSC EVs (105). In this report, allogeneic MSCs were cultured in MSC conditioned media and EVs were isolated by the polyethylene glycol (PEG) precipitation method. EVs obtained from 4 × 107 MSCs were administered repetitively four times. Clinical symptoms were improved, and no adverse effects were observed. Katagiri et al. applied allogeneic MSC EVs via local injection for alveolar bone regeneration in eight patients who were diagnosed as needing bone augmentation prior to dental implant placement, which revealed this method was safe and may have great osteogenic potential (106). Lastly, Zhang et al. applied MSC EVs via intravitreal injection in five patients with refractory macular holes (107). All three clinical studies are small case series, and although this data suggests that MSC EVs are safe and may improve patient outcomes, randomization trials are needed to investigate the efficacy and safety of MSC EV therapy. No studies have examined the effects of stem cell-derived EVs in stroke patients. Several phase I/II clinical trials are ongoing to evaluate the application of EVs in cancer patients (108–110).

Considering MSC EVs are the therapeutically active component of MSCs, are non-self-replicating and small sized, the regulatory items required to produce EV fractions for clinical treatment strategies could be less complicated than for MSC therapies. However, compared to MSC therapy, clinical evaluation of EV therapeutics is still at an early stage. Several issues must be considered and need to be solved before the clinical application of EVs, including specific guidelines targeting EV-based therapeutics, characterization, isolation, and storage of EVs, quality control requirements, and in vivo analyses of EV. These issues were discussed precisely elsewhere (87, 111, 112), yet the following issues deserve mention in the application of EV for stroke patients.

First, the optimal time and mode of application of EVs should be studied in stroke patients. Most recovery occurs in the first few months following a stroke, with only minor additional measureable improvements occurring thereafter. The levels of chemokines, trophic factors, and related miRNAs increase markedly in the infarcted brain during the acute phase of stroke but decrease over time. Such changes in the brain microenvironment may greatly affect the biodistribution of EVs, as well as the degree of recovery and neurogenesis/angiogenesis after EV therapeutics in stroke patients.

Second, since EVs have many therapeutic components and multiple modes of action, markers for potency and quality control should be chosen carefully and should be measured during the freezing/thawing procedures and storage period. EV therapeutics for stroke patients may differ depending on the time (acute vs. chronic phase) of application. For example, EV cargo components targeting neuroprotection and immunomodulation are needed in patients with acute ischemic stroke, while EV components targeting neurogenesis and angiogenesis are required for neurorestoration in both acute and chronic stroke patients. Differential markers for the potency of EVs (in vitro bioassays) may be needed for patients with acute and chronic ischemic stroke. In addition, customized stem cell-EV properties for stroke treatment are needed. Given the heterogeneity of EVs in terms of cargo proteins and RNAs, further studies are needed to increase the therapeutic components of EVs for stroke patients in clinically feasible ways (33, 37, 56, 96, 113).

Lastly, the BBB is formed by the brain capillary endothelium and excludes ~100% of large-molecule neurotherapeutics from the brain and more than 98% of all small-molecule drugs (114). As a result, compared with local application of EVs for topical diseases or other systemic illnesses, stroke patients often require large amounts of stem cells and stem cell-derived EVs. Therefore, selection of culture media and isolation methods are particularly important in EV therapeutics for stroke. Many different cell culture media have been used in the production of EVs, including serum-supplemented media, serum-free media, and EV-free/reduced serum-supplemented media. Because a prior elimination of EVs from fetal bovine serum is crucial, and commercial exosome/EV-depleted serum is expensive and may be imperfect, various methods to deplete EVs are being investigated, such as through the ultrafiltration method (115). In addition, various techniques have currently been used for EV isolation that include (but are not limited to) ultracentrifugation, PEG precipitation, size exclusion chromatography, and tangential-flow filtration. However, each method has advantages and disadvantages, and there is no reliable method for isolation techniques for EVs (112). Recently, GMP-compatible methods for clinical scale production, purification, and isolation of EVs have been introduced (116). Another important issue in improving the therapeutic effects of EV-based therapy in stroke is BBB manipulation, which may enhance endogenous repair mechanisms following stroke, by allowing entry of paracrine factors (e.g., trophic factors and EVs) more easily to the brain (117).



CONCLUSION AND FUTURE PERSPECTIVES

Cell therapy using EVs derived from stem cells could represent a new, clinically feasible, and cell-free paradigm that would avoid cell-related problems. Development of scientific research has just begun in this stem cell-derived EV strategy when compared to that of stem cell therapy. However, MSC-derived EV is rapidly expanding and could be a promising approach for patients with severe stroke, as MSC therapies have already been tested in preclinical and clinical trials and EV-mediated therapy has unique advantages over MSC therapies in stroke patients, in terms of biodistribution (cross the BBB and avoid the first pass effect) and off-the-shelf approaches for acute ischemic stroke.

There have been significant advances in the application of stem cell-derived EVs for human diseases and our understanding of the function and biogenesis of EVs. The efficacy of stem cell-derived EV therapeutics will be improved with advances in our understanding of the biology of stem cells and their EVs, together with advances in techniques to modulate stem cell-derived EV characteristics, including biotechnology and bioengineering. Future studies should focus on our need for more well-designed preclinical studies of EV therapeutics in animal models of stroke. Further studies should particularly focus on biodistribution studies, optimal time/dose/mode of application, and functional outcome measures with neuroimaging data. In addition, the optimal cargo of EVs for EV therapies for stroke patients is unsettled. Moreover, quality management of EVs and establishing standard operating procedures for EV therapeutics are needed, as randomized trials of EV for stroke patients are warranted.
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Background/Objective: Stroke is a leading global cause of adult disability. As the population ages as well as suffers co-morbidities, it is expected that the stroke burden will increase further. There are no established safe and effective restorative treatments to facilitate a good functional outcome in stroke patients. Cell-based therapies, which have a wide therapeutic window, might benefit a large percentage of patients, especially if combined with different restorative strategies. In this study, we tested whether the therapeutic effect of human adipose tissue-derived mesenchymal stem cells (ADMSCs) could be further enhanced by rehabilitation in an experimental model of stroke.

Methods: Focal cerebral ischemia was induced in adult male Sprague Dawley rats by permanently occluding the distal middle cerebral artery (MCAO). After the intravenous infusion of vehicle (n = 46) or ADMSCs (2 × 106) either at 2 (n = 37) or 7 (n = 7) days after the operation, half of the animals were housed in an enriched environment mimicking rehabilitation. Subsequently, their behavioral recovery was assessed by a neurological score, and performance in the cylinder and sticky label tests during a 42-day behavioral follow-up. At the end of the follow-up, rats were perfused for histology to assess the extent of angiogenesis (RECA-1), gliosis (GFAP), and glial scar formation.

Results: No adverse effects were observed during the follow-up. Combined ADMSC therapy and rehabilitation improved forelimb use in the cylinder test in comparison to MCAO controls on post-operative days 21 and 42 (P < 0.01). In the sticky label test, ADMSCs and rehabilitation alone or together, significantly decreased the removal time as compared to MCAO controls on post-operative days 21 and 42. An early initiation of combined therapy seemed to be more effective. Infarct size, measured by MRI on post-operative days 1 and 43, did not differ between the experimental groups. Stereological counting revealed an ischemia-induced increase both in the density of blood vessels and the numbers of glial cells in the perilesional cortex, but there were no differences among MCAO groups. Glial scar volume was also similar in MCAO groups.

Conclusion: Early delivery of ADMSCs and combined rehabilitation enhanced behavioral recovery in an experimental stroke model. The mechanisms underlying these treatment effects remain unknown.

Keywords: stroke, cell therapy, rehabilitation, combination therapy, functional outcome, mechanisms, translational research


INTRODUCTION

Stroke is one of the leading global causes of death and long-term disability, with about 5 million survivors becoming permanently disabled annually (1–3). Despite advances in acute stroke care (4), the narrow therapeutic time windows for early thrombolysis and thrombectomy make them available to only about 10% of stroke patients (5, 6). Safe and effective treatments beyond the acute phase are urgently needed.

Cell therapy represents a potential breakthrough in the treatment of stroke. In particular, mesenchymal stem cells (MSCs) are of major interest due to their advantages over other cell types, including their abundance and good availability (7), their relatively low immunogenicity (8) and tumorigenicity (9), and the lack of ethical concerns (10, 11). The non-invasive intravenous (IV) route has been most commonly used for delivery of MSCs in both preclinical and clinical studies (Cui et al. in press). More importantly, preclinical studies have revealed evidence for facilitation of behavioral recovery in animal models of stroke, e.g., improvements in sensorimotor functions (12–14).

Although still unclear, the putative mechanisms include secretion of neurotrophic factors that promote neuroprotection against inflammation (15), oxidative stress (14), and apoptosis (16). Neurorestorative mechanisms such as angiogenesis (17), neurogenesis (18), synaptogenesis (12), oligodendrogenesis (18), repair of white matter fiber tracts (19), and remodeling of neural circuits (20, 21) have also been proposed. In particular, local angiogenesis is required to provide sufficient oxygen and nutrients during cerebral reconstruction and remodeling of damaged tissue, thus this phenomenon plays an important role in the recovery of neural function after stroke (22). Indeed, it has been reported that a higher density of blood vessels resulted in reduced morbidity and prolonged survival of stroke patients (23, 24).

Recently, adipose tissue-derived mesenchymal stem cells (ADMSCs) have demonstrated their therapeutic potential in stroke models by improving the gross neurological condition (17, 18, 20, 25, 26), sensorimotor function (14, 15, 18, 19, 25, 27), as well as exerting beneficial effects on spatial learning and memory (7). In fact, the promising preclinical data laid the foundation for the first safety trial of ADMSCs in stroke patients (28). Unfortunately, the limited therapeutic efficacy in early patient studies have indicated that further preclinical studies are necessary in order to optimize the current cell treatment protocols.

After the acute phase, rehabilitation therapy is the only approved treatment for stroke survivors presenting with neurological deficits (29). In experimental settings, various rehabilitative approaches such as physical training (30, 31), skilled training (32–34), and special rehabilitative training devices (35, 36) have all been employed. In addition, housing the experimental animals in an enriched environment (EE) has also been used to provide multiple sensory, motor, social, and visual stimuli (37). Although very non-specific, housing in EE is one of the most promising approaches for improving an animal's sensorimotor functions after an experimental stroke (38, 39). EE has also been shown to improve spatial learning and memory in ischemia-reperfusion models (40).

The combination of different restorative approaches represents an intriguing approach to maximize treatment effects (41). Furthermore, cell-based therapies offer the possibility of combining different neurorestorative strategies to achieve an additive or even a synergistic therapeutic effect. However, only a few studies have been published (12, 13, 37, 42–45), and thus, more research is required in this regard to examine not only the stand-alone effects of each therapy, but also their potential combined effect (46, 47). Here, we hypothesized that the combination of an enriched environment with the IV infusion of ADMSCs after permanent middle cerebral artery occlusion (MCAO) would result in an improved behavioral recovery, perhaps even a maximal therapeutic effect. In order to explore the therapeutic window, we infused ADMSCs at either 2 or 7 d post-MCAO. Angiogenesis was evaluated as a possible repair mechanism related to treatment effect. In addition, glial cell staining was used to assess the extent of gliosis since the presence of a glial scar is considered to impede neuronal plasticity and prevent the functional recovery.



MATERIALS AND METHODS


Animals

Ninety-seven adult male Sprague Dawley rats (Envigo, operation weight 274–340 g) were maintained in a controlled environment (temperature 20 ± 1°C; humidity 50–60%; light period 07:00–19:00) with free access to food and fresh water throughout the experiment. Animal care procedures were conducted according to the guidelines set by the European Community Council Directives 86/609/EEC; and this work was approved by the Animal Ethics Committee (Hämeenlinna, Finland).



Preparation and Characterization of Human ADMSCs

The adipose tissue stem cell line RESSTORE01 (Master Cell Bank/Stock n°1—Donor RESSSTORE01, Batch n°: 591133643763) was cultured in the growth medium Alpha MEM (Gibco, Life technologies) supplemented with 5% human platelet lysate (Stemulate, Cook Medical, USA) and 1% Penicillin-Streptomycin (Lonza, Belgium). The medium was changed twice each week and cells were passaged when they reached 100% confluence. The cells were detached with TrypLE Select (Life Technologies™, Thermo Fisher Scientific) for 10 min at 37°C and then centrifuged at 1,000 rpm for 5 min. The RESSTORE01 cell phenotype was analyzed with flow cytometry (FACSAria Fusion Cell Sorter, BD Biosciences) at passage PX +1. Monoclonal antibodies against CD19-phycoerythrincyanine (PE-Cy7), CD45RO-allophycocyanin (APC), CD73-PE, CD90-APC (BD Biosciences), CD11a-APC, CD105-PE (R&D Systems Inc., Minneapolis, MN, USA), CD34-APC and HLA-DR-PE (Immunotools GmbH, Friesoythe, Germany) were used. The cells expressed (>95%) surface markers CD73, CD90, and CD105 and lacked the expression (<2%) of CD11a, CD19, CD34, CD45, and HLA-DR. Cells at passages PX +2/3 were used for the study.



Permanent Middle Cerebral Artery Occlusion

Anesthesia was induced with 5% isoflurane in 30 O2/70% N2O and maintained during the operation with 2% isoflurane. The temperature of the rats was kept constant (37 ± 0.5°C) with a heating blanket and rectal probe (Harvard Homeothermic Blanket Control Unit; PanLab, Barcelona, Spain). In the occlusion of the right middle cerebral artery (MCA), the temporal muscle was removed to expose the temporal bone and a 2–3 mm diameter hole was drilled on top of the artery while cooling the bone with ice-cold 0.9% NaCl. The dura was carefully removed after which the artery was occluded with an electrocoagulator (Aesculap, Center Valley, PA, USA). Immediately after the MCA occlusion, both common carotid arteries (CCA) were occluded with micro-aneurysm clips for 60 min. After 1 h, the clamps were slowly released, the temporal muscle was replaced, and the incision/wound was sutured. The sham-operated rats went through all of the same procedures except for the occlusion of MCA and CCAs. To assist rehydration, 5 ml of 0.9% NaCl was given intraperitoneally. Buprenorfine (Temgesic, 0.03 mg/kg) was injected subcutaneously immediately after surgery as an analgesic.



Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) was performed 24 h after the operation and on post-operative day 43 (Figure 1) using a Bruker 9.4 T horizontal scanner. The rats were anesthetized with 5% isoflurane in 30 O2/70% N2. After induction, the anesthesia was maintained throughout the imaging with 1.5% isoflurane inhaled through a nose mask. In the determination of the infarct volume, T2 weighted multi-slice images were acquired using a RARE sequence with the following parameters: time-to-repetition TR = 2.5 s, effective time-to-echo effTE = 40 ms, RARE factor 8, matrix size of 256 × 256, field-of-view of 30 × 30 mm, 15 slices with a slice thickness of 1 mm. [image: image] weighted images were obtained using a standard gradient echo imaging sequence from the same slices with identical resolution and TR = 700 ms, TE = 15 ms, flip angle ~50°. The cortical infarct volume was measured using in-house written Matlab software. Animals with infarct size <20 mm3 (n = 5) or >150 mm3 (n = 2) were excluded from the data analysis. These exclusion criteria had been decided before the experiment.


[image: image]

FIGURE 1. Study design.





Cell Treatment and Housing in Enriched Environment

The animals were sequentially assigned to experimental groups based on initial screening on MRI to ensure that the infarct size did not differ between experimental groups before treatment (Table 1). Two days after the occlusion procedure, isoflurane anesthetized rats were slowly infused with 2 million cells/1 ml 0.9% NaCl into the tail vein. Vehicle groups were treated with 1 ml 0.9% NaCl. Additional animals were treated 7 days after MCAO (Figure 1). Body weight was recorded during the follow-up as part of the safety assessment. After the infusion of the cells, half of the rats were moved to an enriched environment that consisted of two large metal cages (61 × 46 × 46 cm) that were connected by a tunnel. The cages contained ladders, tunnels, shelves and a running wheel to provide sensorimotor stimuli. Novel objects (e.g., toys, wooden balls) were changed every second day. Altogether, 8–9 animals were housed per cage. The animals in the non-rehabilitation group were housed in groups of three rats in standard cages (53 × 32.5 × 20 cm).



Table 1. Experimental groups.
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Behavioral Testing

All behavioral tests were carried out in a blinded manner 1 day before the occlusion procedure and on post-operative days (between 9 and 12 a.m.) as shown in Figure 1. Behavioral impairment was assessed using the Rogers', cylinder and sticky label tests. Two animals were excluded from the sticky label test analysis due to problems with their teeth and behavioral peculiarities.

Rogers' Test

The Rogers' functional evaluation scale was used to assess the gross behavioral impairment, including reflexes, sensory responses, and simple motor functions (17). It consists of a 7-point behavioral rating scale: score 0—no functional deficit; score 1—failure to extend left forepaw fully; score 2—decreased grip of the left forelimb while tail gently pulled; score 3—spontaneous movement in all directions, contralateral circling only if pulled by the tail; score 4—circling or walking to the left; score 5—walking only when stimulated; score 6—unresponsive to stimulation with a depressed level of consciousness; and score 7—dead.

Cylinder Test

The cylinder test was used to measure spontaneous forelimb use and imbalance between the non-impaired and impaired forelimbs (48). In this test, the rat was placed in a transparent plastic cylinder (Ø 20 cm) and video-recorded (5 min) through a mirror placed under the cylinder. The videotaped exploratory activity in the cylinder was analyzed for 1 to 3 min using a program with slow motion capabilities. The number of contacts on cylinder by either the impaired or the non-impaired forelimb or both forelimbs was counted (minimum 30 contacts). The imbalance in forelimb use was calculated as: [(use of impaired forelimb + 0.5 × use of both forelimbs) ÷ (total contacts)] × 100%.

Sticky Label Test

The sticky label test was used to evaluate sensory function and motor learning, and was performed as previously described (48). Before testing, the animals were familiarized with handling and the testing cage. In the test, a white colored circular label (Ø 9 mm, Tough-Spots, Diversified Biotech) was placed on the distal-radial region of both wrists and rat was moved to a test cage. The time for the first contact to the label and time to remove the label were measured. A maximum time of 120 s was set if the rat was not able to contact or remove the label.



Histology

After the behavioral assessment, rats were perfused on post-operative day 44 (Figure 1) with 0.9% NaCl followed by 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4. The brains were carefully removed from the skull, post-fixed, and cryoprotected. Brain sections (35 um) were cut using a sliding microtome and stored in antifreeze solutions at −20°C. Systematically sampled sections with a random start covering the entire infarct were selected for staining and analysis. One series of sections was stained with the angiogenesis marker, anti-RECA-1 antibody, and another series with the gliosis marker, anti-GFAP antibody.

RECA-1 Immunohistochemistry

The sampled sections were stained with anti-RECA-1 antibody to visualize blood vessels. Briefly, free-floating sections were washed in 0.1 M phosphate buffer (PB) (3 × 15 min) and kept overnight in a cold room. They were then rinsed with 0.5 M Tris buffered saline + Triton (TBS-T) at pH 7.6 (3 × 5 min) before treatment with the primary antibody mouse anti-rat RECA-1 (AbD Serotec, Bio-Rad) at 1:2000 in TBS-T at pH 7.6 for 18 h on a shaker table in the dark at room temperature. Afterwards, the sections were rinsed in TBS-T at pH 7.6 (3 × 5 min) and then treated with secondary antibody biotinylated anti-mouse IgG (Vector) made in goat at 1:500 in TBS-T at pH 7.6 for 2 h on a shaker table, room temperature. Subsequently, the sections were rinsed in TBS-T at pH 7.6 (3 × 5 min), followed by treatment with Streptavidin-horseradish peroxidase conjugate (GE Healthcare UK Limited) at 1:1000 in TBS-T at pH 7.6 for 2 h on a shaker table at room temperature. The sections were again rinsed in TBS-T at pH 7.6 (3 × 5 min) and then carefully developed with filtered nickel-intensified DAB (Sigma) for ~3 min. Excess DAB was rinsed with PB (3 × 4 min) before the sections were mounted and kept at 37°C overnight. The mounted sections were then washed in PB for 5 min before they were counterstained with thionin to reveal the neuroanatomy and delineate the perilesional area. They were then cleared in xylene (2 × 5 min) and coverslips were mounted using Depex.

GFAP Immunohistochemistry

Other sets of sampled sections were stained with anti-GFAP antibody to visualize astrocytes. Briefly, free-floating sections were washed in PB (3 × 15 min) and kept overnight in a cold room. They were then washed in TBS-T at pH 8.6 (2 × 5 min) before incubating in primary antibody mouse anti-GFAP (Sigma) at 1:1000 in TBS-T at pH 8.6 for 18 h on a shaker table in the dark at room temperature. The sections were again rinsed in TBS-T at pH 8.6 (3 × 5 min) and then treated with secondary antibody goat anti-mouse IgG-HRP conjugated (Invitrogen) at 1:500 in TBS-T at pH 8.6 for 2 h on a shaker table at room temperature. Afterwards, the sections were rinsed in TBS-T at pH 8.6 (3 × 5 min) and then carefully developed with filtered nickel-intensified DAB for ~3 min. Excess DAB was rinsed with PBS (3 × 4 min) before the sections were mounted and kept at 37°C overnight. Finally, the mounted sections were cleared in xylene (2 × 5 min) and coverslips were mounted using Depex.



Histological Analysis

The analysis was done with the aid of Stereo Investigator software (MicroBrightField, Inc., VT, USA) attached to an ECLIPSE E600 microscope (Nikon, Japan) via a 3-Chip CCD color video camera (QImaging, Canada). A motorized stage with a microcator (Heidenhain EXE 610C) attachment (providing a 0.1 μm resolution in the Z axis) was mounted on the microscope.

In the assessment of angiogenesis, the perilesional tissue 200 μm from the ischemic border around the lesion was first outlined under 4x magnification (N.A. 0.06) and thereafter blood vessels were counted under 20x magnification (N.A. 0.75). To determine the vessel density in sections stained with RECA-1, we used the virtual sphere method (49). A three-dimensional sampling hemisphere (“space ball”) with a radius of 20 μm was placed within a sampling box with known dimensions (x = 200 μm, y = 200 μm, and z = 20 μm) and focused through the section thickness. The x-y steps giving the distance between sampling areas was 400 μm (x-axis) by 400 μm (y-axis), aimed at generating counts of about 300 vessel intersections per animal. In order to calculate the total length of blood vessels, the following equation was used: Ltotal = ΣQ × 2 × 1/ssf × 1/asf × 1/tsf × [v/a], where Q is the number of intersections between vessels and the probe, ssf (section sampling fraction) is 1/15, asf (area sampling fraction) is 0.03, tsf (tissue sampling fraction) is 1, and v/a is 19.2 μm [defined as the ratio of the volume (v) of the counting frame (sampling box) to the surface area (a) of the hemisphere probe (space ball)]. The vessel density was counted as the ratio of measured length and the total volume of perilesional area.

The optical fractionator technique was used to measure the glial scar and to assess the total number of GFAP labeled cells in the perilesional area (50). The glial scar was defined as glial cell aggregation. The perilesional zone was defined as a 200 μm wide cortical zone directly surrounding the scar. The cut thickness of the tissue was 35 μm and the average mounted thickness was 20 μm. The size of the counting frame was 100 × 100 μm, with the height of the dissector cube of 20 μm and a grid of 200 × 200 μm. The perilesional area and the scar area were traced using a 2x objective (N.A. 0.10) and the number of GFAP positive cells was counted using a 20x objective (N.A. 0.75). A GFAP positive cell was counted when the cell soma did not intersect with the uppermost focal plane (exclusion plane) and the lateral exclusion boundaries of the counting frame. The perilesional area reference volume was determined by adding the traced perilesional area for each section multiplied by the distance between sections sampled. For the total number of GFAP positive cells, the following equation was used: Ntotal = ΣQ × 2 × 1/ssf × 1/asf × 1/tsf. The number of GFAP labeled cells was then related to a total perilesional volume. The enclosed volume of the scar was acquired from the contour summary provided by Neurolucida software (MicroBrightField, Inc.).



Statistical Analysis

Statistical analyses were performed using SPSS software for Windows (version 25). One-way analysis of variance (ANOVA), followed by the LSD post-hoc test if necessary, was used to analyze the statistical differences between groups in infarct volume, RECA-1, and GFAP staining. The Kruskal-Wallis H test, followed by the Mann-Whitney U-test if necessary, was used to compare the neurological scores. Repeated measures ANOVA, followed by the LSD post-hoc test if necessary, was used to analyze behavioral data from the cylinder and sticky label tests. Spearman and Pearson correlations were used to examine the relationship between behavioral impairment and infarct size, angiogenesis, and gliosis. Data are expressed as mean ± standard deviation (SD).




RESULTS


Intravenous ADMSC Infusion Was Not Associated With Mortality or Adverse Effects

To assess the safety of ADMSC treatment, we carefully monitored the rats during the follow-up. There was no mortality after infusion of either cells or vehicle. Weight gain was similar in all experimental groups (see Supplemental Table 1). Safety was also evaluated using the Rogers' scale on post-operative days 1, 2, 3, 5, 7, 21, and 42 (see Supplemental Table 2). There was a statistically significant difference (P < 0.001) in neurological scores at all time points after the occlusion procedure, demonstrated by the better performance in the sham-operated groups compared to the MCAO groups. No statistically significant differences were found between vehicle- and cell-treated groups at all post-operative time points (data not shown).



Infarct Size Was Not Affected by ADMSCs

There were no differences in the cortical infarct size between the experimental groups at 24 h after operation (Figure 2A). In order to determine whether the therapeutic effect would be related to delayed neuroprotection, the infarct size was measured also at the end of the follow-up (Figure 2B). A variable maturation of infarct was observed, in many cases leading to a liquid-filled cyst. However, the infarct size did not differ between control and cell-treated groups on post-operative day 43.
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FIGURE 2. Infarct size and location. Infarct size 24 h (A) after MCAO in rats and at the end of the follow-up on day 43 (B). MRI images show the location of a typical infarct in the sensorimotor cortex at these time points.





ADMSC Infusion and EE Improved Spontaneous Forelimb use in MCAO Rats

Treatment effects were assessed by the performance of the animals in the cylinder and sticky label tests on post-operative days 7, 21, and 42.

Cylinder Test

The imbalance in the spontaneous forelimb use during vertical exploration was assessed in the cylinder test (Figure 3). There was a significant overall group effect (P < 0.001) and time × group interaction (P < 0.001). In the more detailed analysis, significant time × group interactions were found between standard-housed vs. EE-housed (P < 0.01) as well as with vehicle-treated vs. ADMSCs-treated (P < 0.05) animals, showing that recovery of the impaired forelimb was different between the groups. All MCAO groups were different from SHAM+V+S on post-operative day 7. The MCAO+V+S group displayed a slower recovery on post-operative day 21. MCAO+V+S control rats were different from the MCAO+C+EE group on post-operative days 21 and 42 (P < 0.01). The amount of spontaneous forelimb use at the end of the follow-up correlated with infarct size on post-operative day 1 (r = −0.440, P < 0.01), blood vessel density (r = −0.278; P < 0.01), and number of glial cells (r = −0.550; P < 0.001) (Table 2).


[image: image]

FIGURE 3. Cylinder test. Impaired forelimb use during the vertical exploration in the cylinder test was improved by ADMSC treatment and housing in an enriched environment in MCAO rats. Statistical significance: **P < 0.01; ***P < 0.001 (compared to SHAM+V+S), ##P < 0.01 (compared to MCAO+V+S). SHAM, sham-operated; MCAO, middle cerebral artery occlusion; V, 2 d vehicle; C, 2 d cell infusion; S, standard housing; EE, enriched environment.





Table 2. Correlations of behavioral outcome at the end of the follow-up with infarct size (24 h), angiogenesis and gliosis.

[image: image]




Sticky Label Test

The sticky label test was performed to evaluate sensorimotor function and motor learning (Figure 4). With respect to the impaired forelimb, there were no significant overall group effect (P = 0.055) or any time × group interaction (P = 0.138) on the time for the first contact with the label (Figure 4A). With respect to the time to remove the label, there was a significant overall group effect (P < 0.01) and a time × group interaction (P < 0.01). MCAO+V+S rats used more time to remove the label as compared to SHAM+V+S (P < 0.01) or animals in the other MCAO groups (P < 0.01) on post-operative day 21. At the end of the behavioral follow-up, MCAO+V+S controls were different from SHAM+V+S (P < 0.01), MCAO+C+S (P < 0.05), and MCAO+C+EE (P < 0.01) groups (Figure 4B). With respect to the non-impaired forelimb, there were no significant overall group effects and time × group interactions for the time to the first contact with the label or for the time required to remove the label (data not shown).
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FIGURE 4. Sticky label test. Time needed before the first contact was not different between the experimental groups (A). The time to removal of sticky label from impaired forelimb was increased in MCAO rats, an effect partially reversed by ADMSCs an EE (B). Statistical significance: **P < 0.01 (compared to SHAM+V+S); #P < 0.05, ##P < 0.01 (compared to MCAO+V+S). SHAM, sham-operated; MCAO, middle cerebral artery occlusion; V, 2 d vehicle; C, 2 d cell infusion; S, standard housing; EE, enriched environment.





Cell Infusion on Post-operative Day 7 Was Not Effective as When Cells Infused on Day 2

The optimal therapeutic time window for combined therapy was assessed by comparing treatment starting on days 2 and 7. There were no significant overall group effects or time × group interactions in the cylinder test (Figure 5A) or sticky label test (Figures 5B,C), when cell infusion on days 2 and 7 were compared. However, a trend toward a better recovery was observed when cells were delivered earlier.
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FIGURE 5. Timing of cell delivery. Early ADMSC delivery (48 h) in MCAO rats seemed to improve forelimb use when compared to delayed delivery (7 d) as assessed in the cylinder test (A) and sticky label test: time to touch (B), time to remove (C). MCAO, middle cerebral artery occlusion; V, 2 d vehicle; C, 2 d cell infusion; V7, 7 day vehicle; C7, 7 day cell infusion; EE, enriched environment.





The Extent of Angiogenesis or Gliosis Was Not Related to the Behavioral Recovery

Perilesional cortex undergoes a major reorganization after cerebral ischemia, a phenomenon thought to be related to the behavioral recovery. Here, we measured the formation of new blood vessels as a mechanism behind the behavioral recovery and we also assessed the extent of glial scar formation that might hinder the recovery process.

Angiogenesis

The overall distribution of RECA-1 stained blood vessels in the cortex is shown for a sham-operated rat (Figure 6B) and for a MCAO rat (Figure 6C). Figure 6A shows how the perilesional cortex was defined. There was a significant difference (P < 0.01) in the blood vessel density in the cortex due to the difference between sham-operated and MCAO animals. However, there was no significant difference between the MCAO groups (Figure 6D).
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FIGURE 6. Quantification of perilesional angiogenesis. Definition of perilesional cortex 200 μm from the border of ischemic core (A). Representative RECA-1 staining with thionin counterstaining in sham-operated (B), and MCAO (C) rats. Stereological analysis showed ischemia-induced increase in blood vessel density in perilesional cortex (D). Scale 1 mm (A), 50 μm (B,C). Statistical significance: *P < 0.05 (compared to SHAM+V+S). SHAM, sham-operated; MCAO, middle cerebral artery occlusion; V, 2 d vehicle; C, 2 d cell infusion; S, standard housing; EE, enriched environment.



Glial Cells and Glial Scar

Figure 7A shows GFAP staining for resting glial cells in a sham-operated rat with Figure 7B revealing the change in the phenotype into hypertrophic reactive astrocytes and scar-forming astrocytes in the perilesional cortex after ischemia. There was a significant overall effect in the number of glial cells in perilesional cortex (P < 0.001) (Figure 7C); this was due to an increase in the number of glial cells in MCAO animals. However, there was no significant difference between the MCAO groups nor was there any significant difference between MCAO groups in the glial scar volume (Figure 7D).
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FIGURE 7. Quantification of perilesional gliosis. Representative staining of GFAP-stained sections from a sham-operated rat (A) and an MCAO rat (B). Stereological analysis revealed an ischemia-induced increase in the number of glial cells in the perilesional cortex (C). Glial scar volume did not differ between the MCAO groups (D). Scale 50 μm. Statistical significance: ***P < 0.001 (compared to SHAM+V+S). SHAM, sham-operated; MCAO, middle cerebral artery occlusion; V, 2 d vehicle; C, 2 d cell infusion; S, standard housing; EE, enriched environment.






DISCUSSION

In this experimental model of stroke, we investigated whether the therapeutic effect of human ADMSCs could be further enhanced by rehabilitation. We found that cell therapy or rehabilitation alone improved the functional recovery of the impaired forelimb, when treatment was started 2 days after the induction of ischemia. Combined therapy further improved the behavioral outcome. Delayed neuroprotection, angiogenesis or altered gliosis did not explain the behavioral improvement.


Methodological Issues

ADMSCs are easy to obtain in large quantities (7), have no ethical concerns (10, 11), and have an excellent safety profile (9, 17). The same cell product is being used in the ongoing RESSTORE clinical trial (NCT03570450). The MCAO stroke model was selected according to recent SRRR guidelines (51). It produces a consistent infarct in the sensorimotor cortex causing a moderate behavioral impairment and partial spontaneous recovery in the long-term follow-up. The somewhat large variability in infarct size, which was also reflected in behavioral scores, and thus complicating the statistical analysis, is possibly due to the rat strain. The selected outcome measures are sensitive at identifying treatment effects and are not affected by repeated testing, but combined treatment effects can be missed by the presence of spontaneous recovery and of a ceiling effect.

Our study also has some methodological limitations. Young male rats were used, although the main unmodifiable risk factor for stroke is aging, which may impair brain repair including angiogenesis (52), and also decrease the therapeutic effect of cells (53). Thus, aging as well as co-morbidities such as hypertension and diabetes (54) should be addressed despite the fact that they further complicate the study design. As far as we are aware, this is the first time that stereology has been used to evaluate the extent of brain repair in a stroke model. However, since the RECA-1 antibody stains all blood vessels, perhaps CD31 (PECAM-1) staining would have revealed post-stroke angiogenesis (52). The only reliable way to differentiate between new and old blood vessels would be to conduct BrdU/RECA-1 double staining.



Intravenous ADMSC Delivery Is Safe

The safety of new therapies is of the utmost importance (55); however, it is often overlooked unless demanded by the regulatory authorities. In the present study, we did not observe mortality due to pulmonary embolism or any other reasons; weight gain was similar in all groups; the gross neurological evaluation revealed no abnormalities in sham-operated or ischemic rats after cell treatment; and MRI images were clean with no sign of bleeding. These all support the concept that the used cell product, dose and delivery route were safe in our rat stroke model. However, regulatory safety studies will need to be carried out before embarking on patient trials.



Early ADMSC Transplantation Improves Sensorimotor Recovery

Promising behavioral improvements have been reported in experimental stroke models following IV infusion of MSCs (12, 13), including ADMSCs (15, 19, 20, 27). Consistent with these studies, we observed that the spontaneous use of the impaired forelimb in the cylinder test had been improved by the infusion of the ADMSCs. In addition, 2 d post-stroke delivery of ADMSCs to the MCAO rats resulted in a significant decrease in the time needed to contact and particularly, to remove sticky labels from the impaired forelimb.

The critical time window during which the brain is most responsive to cell therapy is not known. In most of the experimental studies, cells have been infused within 24 h after brain ischemia (Cui et al. in press), although later time points have also been evaluated (7, 56). Here we found a trend toward a better recovery when the cells were delivered earlier. While early delivery might provide neuroprotection, that hypothesis was however not supported by the present data. Furthermore, the recent phase II MASTERS study in stroke patients supports the efficacy of early delivery (57). In addition, there is accumulating evidence suggesting that intravenously delivered cells modulate peripheral immune systems within another specific time window i.e., 24–48 h post-stroke, improving functional recovery (58). This is the target in the ongoing phase III MASTERS-2 study in stroke patients (NCT03545607).

The relatively modest behavioral improvement in our study could be due to the loss of cells after xenogenic transplantation. The differences in the clearances of human and rat bone marrow-derived MSCs after systemic infusion support this proposal (59). However, both allogenic and xenogenic delivery of ADMSCs have been effective in experimental stroke (7, 15, 17, 26, 27, 56). Cell entrapment in lungs might also affect the efficacy of the treatment, although it is still not clear whether the cells have to enter the brain parenchyma to play a role in behavioral recovery (60). Lastly, when robust study quality criteria are applied (e.g., randomization, blind assessment), the preclinical results are not so convincing and are more in line with the relatively modest evidence of efficacy emerging from small patient studies.



EE Results in a Modest Improvement in Sensorimotor Functions

Experimental stroke rehabilitation is an emerging research area. The available data does not support the belief that one particular approach is superior to the others (61). In our study, we examined the benefits of an enriched environment, which provides spatial, sensory, motor, and social stimuli for rodents. This is known to be one of the most powerful forms of experimental rehabilitation (39), improving not only gross neurological and sensorimotor functions (38, 62–64), but also spatial learning and memory after cerebral ischemia (40, 65). In our study, housing in the enriched environment, when started on post-operative day 2, improved spontaneous forelimb use in the cylinder test and reduced the removal time in the sticky label test.

A major problem with enriched environment is that the overall stimulation varies and is dependent on the activity of the animal. Thus, it remains to be determined whether intensive or forced physical training or a more controllable and task-specific exercise such as skilled forelimb reaching to supplement the enriched environment would have been more effective (66). One way to increase treatment contrast would be to house control rats in single cages. In the present study, three rats were housed in the same cage as demanded by the animal ethics committee.



Combined Therapy Seems to Further Improve Sensorimotor Functions

The wide therapeutic time windows for both cell therapy and rehabilitation allow their combination. Although the prospect of combining different neurorestorative approaches to maximize the therapeutic effect is theoretically very interesting (41), to date, very few studies have utilized this research strategy (12, 13, 37, 42–45). In our study, we found that combining ADMSC at 2 d cell delivery with EE in MCAO animals increased the spontaneous use of the impaired forelimb during vertical exploration. The impaired forelimb had almost completely recovered by the end of the follow-up. In addition, the time needed to remove sticky labels from their impaired forelimb was significantly reduced. However, the spontaneous recovery, complex study design and challenging statistics did not make it possible to discriminate the add-on therapeutic effect. To achieve this, multicenter preclinical trials with greater statistical power will be needed (67).

Cell treatment and housing in EE was started at the same time but it is not known whether this is the most optimal approach. Interestingly, there is recent evidence that a timed sequence of treatments could maximize the therapeutic effects in experimental stroke animals (68). In the case of cell therapy, stabilization with nonselective stimulation such as an enriched environment might be preferable after the initiation of the brain plasticity by the infused cells.

Neuroprotection may also be a prerequisite for delayed cortical plasticity and functional recovery. In the elegant work of Fernández-García et al. (69), transplantation of mesenchymal stem cells alone into stroke mice was not effective as these animals showed permanent sensorimotor deficits in the grid walking test. However, when cells where encapsulated in silk fibroin hydrogel, significant cortical neuroprotection was observed, leading to delayed remapping of forelimb representations and a behavioral recovery similar to that associated with rehabilitation.



Perilesional Angiogenesis or Gliosis Does not Explain the Behavioral Recovery

The brain repair mechanisms underlying spontaneous or therapy-induced recovery after stroke are still poorly understood (70). However, there is emerging evidence that in particular the perilesional tissue undergoes a major remodeling to foster restitution of function in damaged areas (71).

Angiogenesis, i.e., the formation of new capillaries, is restricted to the border of the infarct and it is claimed to aid in cleansing the necrotic brain tissue (72) as well as providing a site for neuroblast migration (73). MSCs further promote angiogenesis and this has been associated with improved behavioral outcome (74). Consistent with previous studies, we could confirm the ischemia-induced increase of angiogenesis in MCAO rats but were not able to demonstrate any treatment effect. Previous studies that reported increased angiogenesis and improved behavioral performance employed a follow-up period between 14 and 21 days (14, 17, 18). In our study, it may be that ADMSCs only transiently promoted angiogenesis during the early behavioral recovery and this was missed when evaluated after a relatively long follow-up. A temporal monitoring of the extent of angiogenesis at different time points until the end of the follow-up could have been helpful. Furthermore, as previously stated, perhaps a BrdU/RECA-1 double labeling to differentiate old and new blood vessels would have better revealed a treatment effect.

The glial cell response to brain ischemia and glial scar formation are also involved in perilesional remodeling and functional recovery (75). The presence of a glial scar has been claimed to impair repair processes (76). MSCs including ADMSCs decrease perilesional GFAP labeling, a marker for glial cells (17). We detected an increase in the number of glial cells in the perilesional cortex, but no differences between the MCAO groups. In addition, there were no differences in glial scar volume between the MCAO groups. Nonetheless, possible temporal changes in glial cell phenotype attributable to either the ADMSCs and/or the enriched environment cannot be excluded.



Clinical Implications

Most stroke patients receive some form of rehabilitation. Nonetheless, there is still no agreement about which modalities should be used nor how and when they should be applied. Rehabilitation is a major confounding factor in clinical stem cell trials and it should be taken into account or carefully controlled. Our data strongly support this view. Indeed, the importance of rehabilitation has already been included into the STEPS 3 recommendations (47). However, complex study designs are needed to discriminate add-on and stand-alone therapeutic effects, although these might not be feasible in experimental studies and even less so in clinical trials.




CONCLUSIONS

The combination of multiple regenerative treatments to improve stroke recovery is an attractive strategy. Here we demonstrated that intravenous delivery of ADMSCs and housing in an enriched environment is a safe treatment and improved the behavioral recovery of MCAO rats with a further improvement associated with the combined treatment. The treatment effect was not associated with neuroprotection or altered perilesional angiogenesis or the extent of glial scar formation, but this does not exclude the possibility that there was altered neuronal excitability or axonal sprouting. Further studies with greater statistical power to cope with complex study designs will be needed to determine the optimal protocol and to reveal the true value of combination therapies in stroke.
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Stem cell treatment after stroke has demonstrated substantial outcome improvement. However, monitoring of stem cell fate in vivo is still challenging and not routinely performed, yet important to quantify the role of the implanted stem cells on lesion improvement; in several studies even mortality of the graft has been reported. Resting state functional magnetic resonance imaging (rs-fMRI) is a highly sensitive imaging modality to monitor the brain-wide functional network alterations of many brain diseases in vivo. We monitor for 3 months the functional connectivity changes after intracortical stem cell engraftment in large, cortico-striatal (n = 9), and in small, striatal (n = 6) ischemic lesions in the mouse brain with non-invasive rs-fMRI on a 9.4T preclinical MRi scanner with GE-EPI sequence. Graft vitality is continuously recorded by bioluminescence imaging (BLI) roughly every 2 weeks after implantation of 300 k neural stem cells. In cortico-striatal lesions, the lesion extension induces graft vitality loss, in consequence leading to a parallel decrease of functional connectivity strength after a few weeks. In small, striatal lesions, the graft vitality is preserved for the whole observation period and the functional connectivity is stabilized at values as in the pre-stroke situation. But even here, at the end of the observation period of 3 months, the functional connectivity strength is found to decrease despite preserved graft vitality. We conclude that quantitative graft viability is a necessary but not sufficient criterion for functional neuronal network stabilization after stroke. Future studies with even longer time periods after stroke induction will need to identify additional players which have negative influence on the functional brain networks.

Keywords: stem cell graft, graft vitality, stroke, functional neuronal networks, resting state fMRI, bioluminescence imaging


INTRODUCTION

Ischemic stroke is the third most common cause of death and the leading cause for disabilities worldwide (1). There is still no clinically accepted therapy available except for the FDA-approved thrombolysis, which is only available to a small proportion of patients due to a limited time window for treatment and serious risks for side effects (2). Therefore, new therapeutic approaches are urgently required. With the enormous progress in stem cell biology during the past several years application of stem cells for regenerative therapy has rapidly gained high interest. Several experimental studies on rodent models of stroke have reported outcome improvements after stem cell implantations (3–8). Most of these studies focused on the stem cell effect on lesion volume or relied on behavioral assays for the read-out of outcome improvement (7–11). Other reports concentrated mainly on the structural and functional integration of the stem cell grafts in the host tissue (12, 13).

A novel approach based on resting state functional magnetic resonance imaging (rs-fMRI) accesses the functional networks of the whole brain and thereby allows to reveal functional network alterations during brain diseases (14–17). Applying rs-fMRI to stroke we (18) and others (19–21) have reported on the whole-brain network deficits after stroke, characterized by substantial decrease of the functional connectivity strength and by the far reaching extension of this decrease to both hemispheres, irrespective of localization of the ischemic tissue.

In the first report on response of functional networks to stem cell implantation after induction of large cortico-striatal ischemic lesion we described an early paracrine effect (18). This paracrine effect was reflected by the early and complete stabilization of the functional connectivity by the stem cell graft. However, in that report, this stabilization was lost after a few weeks when the graft viability was substantially decreasing by ~70% of its original level (18), as monitored by bioluminescence imaging (BLI).

In the present investigation we compare functional networks in large cortico-striatal lesions, in correspondence with our previous study (18), with those of animals with lesion extension limited to the striatum. This comparison is of specific interest, as it can provide insight on the effect of later expansion of the ischemic territory on the cortical graft. We hypothesized that graft vitality in the striatal lesion group will persist long-term and that in consequence the functional connectivity stabilization will continue, thus leading to an enduring therapeutic effect. To that aim, we monitored in all animals the graft viability by BLI (22–24) and repetitively recorded rs-fMRI up to 3 months after stroke induction. We compared the results of both groups, with small striatal and with large cortico-striatal lesions, and looked for connections between graft viability and successful functional connectivity stabilization for therapeutic assessment.



MATERIALS AND METHODS


Experimental Animals and Experimental Design

All animal experiments were carried out in accordance with the guidelines of the German Animal Welfare Act and approved by the local authorities (Landesamt für Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen). Animals were socially housed under a fixed 12:12 h light/darkness cycle with ad libitum access to food and water.

A total of 15 adult, male NMRI-Foxnlnu/nu mice (12–14 weeks old, 32–37 g; Janvier, France) were used in this study. All surgical experiments were performed under anesthesia with 1.5–2% Isoflurane in a mixture of 70/30% N2O/O2 atmosphere. Analgetic treatment included subcutaneous injection of 4 mg/kg Carprofen (Rimadyl, Zoetis, Berlin, Germany) twice a day, for 3 days following surgery. Two days after stroke induction by the filament occlusion method (18, 23), the animals received an intracortical stem cell implantation on the ipsilateral hemisphere. Resting state fMRI was performed 1 week before, as well as 1, 2, 4, 8, and 12 weeks after stroke induction and cell implantation (2 days after stroke induction), while vitality of the transgenic graft was monitored by BLI at weeks 2, 3, 4, 5, 7, 9, 10, and 12 after stroke.



Transient Middle Cerebral Artery Occlusion

After MRI baseline measurements, focal ischemic stroke was induced by transient occlusion of the middle cerebral artery (MCA) with an intraluminal filament as described previously (23, 25). In brief, mice were anesthetized with Isoflurane and the right common carotid artery (CCA), the external and the internal carotid artery (ICA) were exposed. A rubber-coated filament (length of 20 mm, diameter of 170 μm at the tip; Doccol Corp., Sharon, USA) was inserted into the ICA until blockage of the MCA. After 30 min occlusion time, the filament was removed and the CCA was ligated permanently. Analgesic medication was started directly before surgery and further provided during 3 days thereafter. Location and size of the ischemic damage was assessed at 48 h after stroke induction by MRI.



Intracortical Implantation and Monitoring of Transgenic Neural Stem Cells

The commercially available human neural stem cell line H9-NSC (WA09, Life Technologies) was lentivirally transduced with the construct EF1α-Luc2-T2A-eGFP to express the light emitting imaging reporter firefly luciferase (Luc2) and an enhanced green fluorescence protein (eGFP) under the constitutive promotor of the elongation factor 1 alpha (EF1α), as described earlier (26).

Two days after stroke induction and before cell implantation, all animals received a T2-weighted MRI scan to determine successful stroke induction and, based on MRI results, were divided into cortico-striatal and striatal lesion group, respectively. For cell implantation, NMRI-Foxnlnu/nu mice were anesthetized and the head was fixed in a stereotaxic frame (Stoelting, Dublin, Ireland). A small hole was drilled into the skull above the planned injection site, and a Hamilton syringe (26 G needle) was slowly inserted ipsilesionally into the somatosensory cortex (S1) at the injection site with AP: +0.5 mm, DV: −0.5 mm according to bregma. The lateral coordinate had previously been selected individually based on the respective T2-weighted MRI at 48 h and was set to implant the cells adjacent to but outside the lesion for each individual animal, at approximately L: 1–2 mm.

Nine animals which had a cortico-striatal stroke and six animals with a striatal stroke were injected with a total of 2 μl of H9-EF1α-Luc2-T2A-eGFP cells at a concentration of 150,000 cells/μl, resuspended in Hank's balanced salt solution (HBSS, Life Technologies), at a flow rate of 150 nl/min. After injection, the needle was kept in place for 5 min before withdrawal.

Cell vitality was monitored via BLI, which was recorded once every 1–2 weeks for the duration of the study. For BLI measurements the mice were intraperitoneally injected with 300 mg/kg D-Luciferin sodium salt (Synchem, Felsberg, Germany) solved in Dulbecco's phosphate-buffered saline (Life Technologies) and subsequently anesthetized with a mixture of 2% Isoflurane in 70/30% N2O/O2 atmosphere (24). Photon Emission (PE) was recorded for 30 min with the Photon Imager IVIS SPECTRUM CT (Perkin-Elmer, Waltham, MA, USA) under Isoflurane anesthesia.



Structural and Functional MRI Data Acquisition

All experiments were conducted on a small animal 9.4 T horizontal MRI system with a 20 cm bore diameter and actively shielded gradient coils (BGA12S2, >660 mT/m, Bruker BioSpin, Ettlingen, Germany). RF excitation and signal reception were performed with a 1H quadrature cryogenic surface coil (CryoProbe, Bruker BioSpin). Image acquisition was executed with ParaVision 5.1 software (Bruker BioSpin GmbH). Physiological parameters were monitored with the SA Instruments 1025T System (SA Instruments, NY, USA) and recorded with DASYlab Software (Measurement Computing, Norton, USA). Body temperature was measured via a fiber optic rectal probe (SA Instruments, NY, USA) and kept constant at 37°C ± 1.0°C by a water circulating system (medres, Cologne, Germany). Animals were anesthetized with 2% Isoflurane in a mixture of 70/30% N2/O2 and the head was fixated in the animal cradle with ear bars and a tooth bar in a nose cone with continuous gas flow. At the beginning of the imaging session, Isoflurane was reduced to 1.5%.

Functional activity was acquired as resting state functional MRI. All MRI sessions were preceded by a three-plane scout scan (Tripilot), adjustment of the RF signal receiver gain, and a FieldMap with consecutive local shim to optimize magnetic field homogeneity and image quality. An anatomical reference scan was acquired with a T2-weighted TurboRARE sequence with a field of view (FOV) of 17.5 × 17.5 mm2, 48 contiguous slices of 0.2 mm slice thickness, matrix dimension of 256 × 256, repetition time (TR) = 5,500 ms, echo time (TE) = 32.5 ms, and a RARE factor of 8 with two averages. Moreover, a T2-weighted spin echo sequence was recorded at 48 h after stroke induction, directly before the stem cell grafting, with equivalent parameters.

A bolus of 0.1 mg/kg Medetomidine (Domitor®, Elanco), suspended in 250 μl NaCl, was administered subcutaneously 15–20 min prior to the functional imaging scan, with subsequent reduction of Isoflurane level to 0.5%, following an earlier reported protocol (18, 27). A gradient-echo echo-planar imaging (GE-EPI) sequence was used for rs-fMRI with the following parameters: FOV: 17.5 × 17.5 mm2, matrix size: 96 × 96, in-plane resolution: 182 × 182 μm2, TR = 2,840 ms, and TE = 18 ms. One hundred and five image sets were acquired with 16 slices each, with slice thickness of 0.5 mm and inter-slice gap of 0.1 mm, recorded non-interleaved and covering the whole forebrain, starting only after a minimal time of 10 min on reduced Isoflurane levels.



rs-fMRI Data Processing

All datasets were brain extracted, slice-wise motion corrected with FSL (FMRIB Software Library; http://www.fmrib.ox.ac.uk/fsl) and linearly detrended (28). To allow for comparison of different imaging sessions for analysis of specific Regions of Interest (ROIs), we co-registered our datasets to publicly available mouse brain atlases of the whole brain (29) and the neocortex (30) through the following multi-step process: (1) First, an in-house made MRI mouse brain template was warped to both brain atlases with FSL. (2) The acquired anatomical reference scan from each individual session was linearly co-registered to the in-house mouse brain template and (3) the functional datasets to the anatomical datasets via rigid-body transformation. (4) Finally, the co-registration results themselves were discarded but the transformation matrices from all steps were concatenated, inverted, and then applied to the mouse brain atlas to fit the atlas to the individual original data, thus avoiding deformation bias of the raw data. Six ROIs, or nodes, were extracted from the sensorimotor network, separate for each hemisphere: The primary and secondary motor cortex (M1/M2), the primary somatosensory cortex excluding the limb regions (S1 w/o limbs), the S1 fore- and hindpaw limb regions (S1 limbs), the secondary somatosensory cortex (S2), the thalamus (Th), and the caudate putamen (CPu) (Supplementary Figure 1). Bilateral ROIs were only analyzed until week 2 after stroke induction for accuracy purposes of ROI extraction. For longer periods after stroke, due to brain swelling and/or atrophy, only the contralateral hemisphere was analyzed.

Regression of physiological noise was performed by regressing out the recorded respiratory signals, motion parameters, and drifts up to the second order (28). Furthermore, the data were spatially smoothed in-plane with a Gaussian filter of FWHM = 0.3 mm. To limit contributions from low-frequency signal drifts and high-frequency physiological noise, the time series signal was bandpass-filtered to 0.01–0.08 Hz and normalized. Group-wise full Pearson correlation between pairs of ROIs (i.e., nodes) of the average time series was calculated with FSLNets (v0.6; www.fmrib.ox.ac.uk/fsl) and compiled in matrix form. All correlation values were transformed to z-values by taking the Fisher transformation of the r-values prior to averaging.



Statistical Analysis

Statistical analysis was performed with IBM SPSS 24 software (IBM Corporation, New York, NY, USA), Matlab 2014b (The MathWorks Inc., Natick, MA, USA) and GraphPad Prism v.8.0.2 for Windows (GraphPad Software, La Jolla California USA). Statistical significance levels were set to *p < 0.05, **p < 0.005.

Functional Connectivity

Univariate repeated measures ANOVA was used for the statistical analysis of the cross-correlation, within-group results and mixed ANOVA for the cross-correlation between group effects with post-hoc Bonferroni corrections, respectively. Most of the comparisons did not survive the most conservative statistical correction for multiple comparisons. We refrained from the less accurate statistical analysis but decided to present the changes over time and the difference between groups as strong trends, unless where statistical significance is explicitly given.

Bioluminescence Imaging

A mixed-effects model with restricted maximum likelihood was applied to the BLI data to calculate statistical within-group effects of consecutive time points. The alpha level was set to 0.05, a Greenhouse-Geisser correction was enabled for non-spherical data and a Sidak's post-hoc test corrected for multiple comparison.




RESULTS


Ischemic Lesion Types

Forty eight hours after intraluminal filament occlusion of the MCA, all animals received T2-weighted MRI to confirm successful stroke induction. Two types of ischemic lesions were found on the MRI: a small lesion restricted to the striatum (n = 6), and a large lesion encompassing the striatum plus a large part of the cortex (n = 9). Figure 1 presents the ischemic lesion on T2-weighted MRI of a representative mouse of both lesion types.
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FIGURE 1. Acute ischemic stroke lesion on T2-weighted MRI. Multislice T2-weighted MR images at 48 h after stroke induction, directly before implantation of neural stem cells. The hyperintensity on the MR images clearly demarcates the extent of the ischemia-affected tissue: the upper row shows the spread of the lesion across the cortical and sub-cortical tissue areas of a representative animal with cortico-striatal lesion. The lower row presents the situation for a representative mouse of the striatal lesion group.





Vitality of the Stem Cell Graft During 12 Weeks

Forty eight hours after stroke induction, 300,000 neural stem cells, previously transduced to express luciferase under constitutive control, were implanted into the S1 cortex. BLI was performed every 1–2 weeks, starting at week 2 post MCA occlusion. At the time point two weeks after implantation, BLI signal intensity was strong and indistinguishable between both lesion groups. In the group of animals with striatal lesion, BLI signal remained high with little non-significant [F(7, 30) = 4.02] changes throughout the 12 weeks observation. In the cortico-striatal lesion group, BLI signal started to decrease, non-significantly [F(7, 59) = 0.67] between consecutive weeks, shortly after 2 weeks after cell implantation (Figure 2A). The quantitative analysis of the BLI signal intensity of the cell grafts is given in Figure 2B, clearly showing the persistent high level of stable graft viability for the striatal lesion group (black line). The strong signal decrease in the cortico-striatal lesion group to approximately 30% on average of the original average value indicated a vitality loss of a large graft fraction within the first weeks after implantation (red line).
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FIGURE 2. Stem cell graft viability during 3 months after implantation. Bioluminescence imaging of the luciferase-expressing neural stem cells was recorded over 3 months every 1 or 2 weeks after implantation into the cortex of the ischemic hemisphere. (A) Representative animals of the cortico-striatal and striatal lesion group at various time points after implantation. The BLI intensity of the cortico-striatal lesion animal shows a continuous decrease over time, while the BLI intensity of the mouse with striatal lesion remains stable over the whole 3 months. (B) Quantitative analysis of BLI intensity of both lesion groups with in-group standard deviations: the striatal lesion group (black line) shows an overall stable BLI signal intensity on the pre-stroke level. The BLI signal intensity of the cortico-striatal group (red line) presents a rapid decrease with time, leveling off at ~30% of the pre-stroke value.





Functional Neuronal Network Changes

Both Hemispheres During the First 2 Weeks After Stroke

Presentation of the functional connectivity strength of the sensorimotor networks in matrix form is schematically presented in Figure 3 (top left), with values of both lesion groups combined in one matrix to better visualize the differences between them. Before stroke induction, the functional connectivity values (z-score values; Figure 3, top right) show equal correlation strength in both hemispheres within each lesion group, as presented in the two triangular segments of the matrix triangle for the respective group. Furthermore, comparison of the matrices of both groups does not show statistically significant differences before stroke induction (Figure 3, top right). At week 1 after stroke induction, a small, but non-significant increase of connectivity strength is noted in the cortico-striatal group across the whole brain, irrespective of the hemispheric side (Figure 3, bottom left; upper matrix triangle), while the functional connectivity values remained widely unchanged in the striatal group (Figure 3 bottom left; lower matrix triangle). Interestingly, in the striatal group, the intra-hemispheric cross-correlations of both hemispheres remained indistinguishable among each other and from pre-stroke condition, while parts of the inter-hemispheric cross-correlations show a clearly demarcated rectangle with reduced values (Figure 3, bottom left, blue field in lower matrix triangle). After 2 weeks, the functional connectivity values have renormalized in both groups, with the inter-hemispheric connectivity field with reduced values of the striatal group being less pronounced and showing a clear trend toward normalization (Figure 3, bottom right). Interestingly, of all six calculated interhemispheric homotopic connectivties, thalamic connectivity decreases the most in both groups, with an even higher reduction in the striatal group (−76% vs. −40.9% for the cortico-striatal group).
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FIGURE 3. Functional connectivity matrices of the whole brain. The matrices contain the connectivity values (z-score) of selected brain regions. The distributions of values within the matrices are laid out in the schematic at the upper left. The upper, red triangle stands for the cortico-striatal group, the lower, blue triangle stands for the striatal group. The regions representing intra-hemispheric connectivities of ipsi- and contralateral hemisphere, and the inter-hemispheric connectivities are marked. The three matrices show the ipsi- and contralateral brain connectivity values at pre-stroke time (upper right), at week 1 post-stroke (lower left) and at week 2 post-stroke induction (lower right). During the control time point (pre-stroke) both groups show closely equal connectivity strength across the whole brain (upper right). At week 1 post-stroke induction, the cortico-striatal group shows a slight hyperconnectivity, while the connectivity values of the striatal group remain unaffected by stroke induction, with the exception of a small field of reduced connectivities within the inter-hemispheric connections. At week 2 post-stroke (lower right), both groups show values close to the pre-stroke condition in the intra-hemispheric parts. The inter-hemispheric parts show a reduction relative to the pre-stroke condition.



The Contralateral Hemisphere During 12 Weeks After Stroke

Brain swelling followed by later brain atrophy prohibited the reliable co-registration of the ipsilateral, ischemic hemisphere with the assigned regions of the anatomic brain atlas to determine corresponding functional connectivities at times later than 2 weeks post stroke induction. Therefore, the connectivity matrices of the sensorimotor networks were limited to the healthy hemisphere after week 2 (Figure 4). The matrices of the contralateral hemisphere up to week 2 are already included in the whole brain matrices in Figure 3. Analysis of the functional connectivity changes on the ipsilateral hemisphere during the chronic phase, though also highly interesting, will have to await future development of more complex co-registration strategies of the rs-fMRI data with the mouse brain atlas, assuring correct anatomical alignment under severe brain deformations.
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FIGURE 4. Connectivity matrices of the contralesional hemisphere over 3 months. The connectivity matrix of the contralateral hemisphere for the cortico-striatal group in the upper triangle, and for the striatal group in the lower triangle, with data presented for pre-stroke, weeks 1, 2, 4, 8, and 12 post stroke induction and neural stem cell implantation. The z-score values of the sensorimotor functional network of the cortico-striatal lesion group present a connectivity decrease, being substantial from week 4 on, and reaching its minimum at week 8. In the striatal lesion group, z-score values remain without clear changes to the pre-stroke situation during the first 8 weeks. Only at the last time point, at week 12 post implantation, the connectivity values decrease approximating those of the cortico-striatal group.



The functional connectivity strength of the cortico-striatal group at week 2 is still closely similar to the pre-stroke situation. However, a substantial reduction of connectivity strength is noted beginning at week 4. This reduction becomes very pronounced at week 8, remaining at similarly low values at week 12 (Figure 4; upper matrix triangles) with the strongest reduction noted for the connection between the primary somatosensory cortex wo limbs and the secondary somatosensory cortex (−67.2% reduction in z-score value between pre-stroke and 12 weeks post MCA occlusion), as well as the caudate putamen with the S1 wo limbs (−59.1%) and S2 (−66.9%).

On the contrary, in the striatal group functional connectivity values remain high until week 8, similar to the pre-stroke situation. Only in week 12, this group shows distinctly lowered connectivity strengths, approximating the state of low cross-correlations of the cortico-striatal group. For the striatal group highest differences are observed between the lS1 wo limbs with the thalamus (−44.9% from before stroke, to 12 weeks after), and with the caudate putamen (−46.7%). Some correlations in the striatal group even increase slightly between pre-stroke measurement and the last time point. This is specifically observed for anatomically adjacent regions, such as the lS1 limbs and lS1 wo limbs (+13.4%), and the lM with the lS1 limbs (+11%). On average the functional connectivity strength measured in z-score correlation coefficient reduces between the pre-stroke situation and 12 weeks after stroke induction for the cortico-striatal group by 39.4 ± 15.3%, whilst the striatal-only group only shows a reduction by 15.0 ± 21.4% averaged over all connection pairs.

Scatterplot Analysis of Functional Connectivity Changes Over Time

Additional to the matrix presentation of individual correlations between specific ROIs above, we also aimed to analyze the overall functional differences over time after stem cell grafting and stroke. Scatter plots were generated plotting all functional connectivity matrix elements at the pre-stroke condition against the ones of three time points after grafting. The values at week 1 were chosen for the acute time window and the values at weeks 8 and 12, respectively, for the late changes. In the case of no changes of the individual matrix elements between two time points, all matrix elements would be expected to lie on the central diagonal through zero with a slope of 1 (identity line). Deviation of the fitted slope from the central diagonal (slope = 1.000, red line in Figure 5) hereby indicates the overall increase or decrease of the z-score values from the pre-stroke condition to the selected second time point.
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FIGURE 5. Scatterplots of matrix elements between two time points. The z-score values of all connectivities of the contralateral hemisphere, contained in the matrices of Figure 4, are compared for different time points with their respective values before stroke induction, as presented in scatter plot diagrams. Deviation of the scatterplots from the identity line is presented for the two time points in each diagram. The identity line indicating no changes for the individual matrix elements between two time points is marked in red, while the fit through the scatter plot and passing through zero is given in black. The slope of the fit, in deviation from slope = 1.000 for the identity line, indicates the overall increase or decrease of the z-score values from the pre-stroke time point to the second selected time point. For the cortico-striatal group (upper row diagrams), the diagram at week 1 shows the slight slope increase (slopewk1; cortico−striatal = 1.144) for the hyperconnectivity; at weeks 8 and 12, the slopes have substantially decreased (slopewk8; cortico−striatal = 0.681, slopewk12; cortico−striatal = 0.717), demonstrating the weakening of the sensorimotor functional network at those times. For the striatal group (lower row diagrams), complete superposition with the identity line is preserved for week 1 and also at the late chronic period at week 8, indicating complete stabilization of the pre-stroke connectivity strength by the neural stem cells (slopewk1; striatal = 1.026, slopewk8; striatal = 1.016). Only at week 12, here the slope has noticeably decreased to slopewk12 = 0.869, which, however, remains still above the slope of the cortico-striatal group at this time point.



In the cortico-striatal lesion group (Figure 5, upper row) the slope at week 1 is only slightly increased (slopewk1; cortico−striatal = 1.144) indicating little change from the baseline condition. At weeks 8 and 12, the slope has substantially deviated from the identity diagonal, with strongly decreased values (slopewk8; cortico−striatal = 0.681; slopewk12; cortico−striatal = 0.717).

In contrast, for the striatal lesion group (Figure 5, lower row), the slope at week 1 and still at week 8 is indistinguishable from the identity diagonal (slopeweek1;striatal = 1.026; slopeweek8;striatal = 1.016). Only at the end of the monitoring period, at week 12, the slope has decreased from the identity diagonal, reaching a low value at slopeweek12;striatal = 0.869. However, this deviation from the identity diagonal remained still less than the corresponding value of the cortico-striatal lesion group.




DISCUSSION

We have combined the two imaging modalities, resting state functional MRI and BLI to (i) observe modulations of the functional neuronal network changes after stroke by stem cell grafts and to (ii) monitor the viability of the stem cells during 3 months following stroke induction. Our present results indicate that stabilization of the functional connectivity of the sensorimotor networks after stroke requires persistent and quantitative viability of the stem cell graft.


Quantitative Determination of Graft Survival

Many investigations have been concerned with functional improvement of the brain after stem cell implantations (4–6, 12, 13, 31). They mostly relied on behavioral evaluations of the functional deficit and improvement, while histological analysis was used for demonstration of existing stem cell grafts and their potential neuronal differentiation (7–11, 32). However, these histological studies are commonly qualitative assessments of the existence of implanted stem cells, without quantification of the fraction of stem cells survived at the end of the observation period and in correspondence to the functional status. This means that those studies missed a clear temporal relationship between the functional improvement and the persistent survival of the graft. This is, however, of high importance as several studies had reported high mortality of engrafted stem cells (33–39). Rather than on qualitative histological assessment, here, we have relied on the well-established quantitative BLI as a tool to quantitatively determine cell viability. As the firefly luciferase which we used as imaging reporter to follow vitality of our engrafted stem cells depends on the presence of ATP and oxygen for the photon generation, the BLI signal intensity is directly proportional to the number of luciferase positive stem cells (40). It should be noted though, that in an earlier report, we had described differentiation of the exact same stem cells, used in the present study, into neurons 3 months after implantation into the corticostriatal lesion model reporting HuNu/NeuN double-positive cells in a qualitative immunohistochemical analysis (18).

We have demonstrated that correct placement of the graft, sufficiently distant to the ischemic lesion, allows long-term and fully quantitative preservation of the graft viability. However, in the case of our cortico-striatal stroke lesion, the stem cells had been implanted too close to the acute lesion rim, resulting in a later substantial loss of viability as the lesion expansion jeopardized the survival of the stem cell majority (18). This was demonstrated by the severe reduction of BLI signal intensity of the stem cell graft. In contrast, in the case of the striatal lesions, the cortical graft preserved its early full level of vitality over the 3 months observation time, as demonstrated with the steady BLI signal over 3 months following engraftment. This finding is in full agreement with earlier reports of the same stem cell line, H9, in NMRI-Foxnlnu/nu mice. There, a stable quantitative preservation of cortical graft viability in the healthy mouse brain (26, 41) and also in a different cortical stroke model (41) was seen with robust and stable BLI signal intensity for 7 weeks (26) and even for 3 months (41).



Functional Connectivity of the Sensorimotor Networks

Persistent strong reduction of the functional connectivity strength of both hemispheres had been shown by us (18) and others (19–21) for stroke situation without cell treatment. In correspondence with our earlier study (18), we found a transient stabilization of the functional connectivity after cortical stem cell engraftment in animals with large cortico-striatal lesions. The stabilization remained for ~4 weeks when the connectivity strength decreased to approach that of animals with stroke only. Those reductions in functional connectivity affected also the contralateral hemisphere showing the massive far-range effect of the stroke lesion on the neuronal networks. In contrast, our data on the striatal lesions showed a robust stabilization of the functional connectivity by the stem cell graft, remaining stable beyond the 2 month time point, and still being stronger at week 12 than in the case of cortico-striatal lesions. Interestingly, also the selective intermittent inter-hemispheric connectivity decrease, seen in the striatal lesions with stem cells, showed a clear tendency for re-normalization within 2 weeks.



Correlation Between Graft Vitality and Functional Network Stabilization

In the large cortico-striatal lesions, the lesion expanded into the adjacent graft location, thereby jeopardizing the graft vitality. When the graft vitality is reduced, the connectivity stabilization is weakened in consequence and is finally lost, here after about 4 weeks. However, some cells were still surviving and had been shown earlier to differentiate into neurons (18). In contrast, in the small striatal lesion, the graft is not threatened by expansion of the ischemic territory into the cortical cell location and vitality of the graft remains stable over the whole observation period of 12 weeks. In consequence, functional connectivity strength remains at the level of control before stroke at least till week 8. Surprisingly, at week 12 the connectivity strength is also substantially weakened in the striatal lesion group, approximating the lower values of the cortico-striatal group—despite persistent vitality. From our findings we conclude that vitality of the stem cell graft is a necessary, but not a sufficient condition for stabilization of functional neuronal networks.

From our present results it becomes plausible that full quantitative graft vitality is required for functional connectivity stabilization. Previously, we had concluded from comparison of the functional connectivity strength of animals after stroke with and without stem cell engraftment that a paracrine effect must be the responsible mechanism for the stem cell mediated functional network stabilization (18). The here observed much delayed functional connectivity weakening at week 12 post-stroke induction and engraftment points to additional effects that further influence the functional networks stability. Late rejection of the graft can be excluded because of persistent high BLI signal intensities. However, interaction of the graft with other mechanisms must be sought that modulate the paracrine effect, which is therapeutically active during the first 2 months. Here, a hot candidate with time dependent activity are the immune cells of which a strong interaction with stem cells has been discussed (42). Microglia and macrophages have been shown to be of anti-inflammatory, protective polarization phenotype in the acute stroke phase and switch to a pro-inflammatory, aggravating polarization phenotype at later time points (43). Although little is known about the immune cells' activity in the chronic phase of 3 months, it may be speculated that the immune cell activity may affect the paracrine effect of the graft by modulating the stem cell mediated secretion of cytokines and growth factors. Then, external modulation of the polarization state of the immune cells, which has previously been demonstrated to have a protective neuronal effect (44, 45) may also contribute to the recovery of the graft's therapeutically active paracrine effect. Future studies may follow this interaction between stem cell graft and immune cells by multicolor BLI (46), allowing simultaneous monitoring of the graft viability and of the immune cell polarization (47), while assessing the effect of polarization status modulation on the functional brain networks over time.




CONCLUSIONS

Our present investigations on functional connectivity after stroke have contributed further evidence for a paracrine effect of stem cells stabilizing the functional neuronal networks already directly after implantation. Further, we have shown here that this paracrine effect of the stem cells requires quantitative preservation of graft vitality. Finally, the quantitative conservation of vitality is a necessary, but not a sufficient condition for the long-term therapeutic effect of functional network stabilization. Additional influencers, indicated to become of increasing importance in the chronic phase, such as immune cell activity, will need to be analyzed in future for complete and enduring preservation of functional networks.
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Supplementary Figure 1. Overlay of regions of interest on MR images. The six regions analyzed on each hemisphere for analysis of functional network changes are overlaid on coronal RARE MR images of a representative healthy mouse brain. This was achieved by co-registration of the mouse brain atlas with the MRI mouse brain template which again was co-registered with the individual RARE MRI data set. This procedure is described in detail in the Methods section. The four coronal images presented here cover the range of the mouse brain for all relevant sensorimotor cortex areas and the thalamus, at the rostral-caudal axis, equidistantly from −1.55 mm to +1.05 mm relative to bregma.
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Stroke is a major health problem worldwide. It has been estimated that 90% of the population attributable risk of stroke is due to risk factors such as aging, hypertension, hyperglycemia, diabetes mellitus and obesity, among others. However, most animal models of stroke use predominantly healthy and young animals. These models ignore the main comorbidities associated with cerebrovascular disease, which could be one explanation for the unsuccessful bench-to-bedside translation of protective and regenerative strategies by not taking the patient's situation into account. This lack of success makes it important to incorporate comorbidities into animal models of stroke in order to study the effects of the various therapeutic strategies tested. Regarding cell therapy, the administration of stem cells in the acute and chronic phases has been shown to be safe and effective in experimental animal models of stroke. This review aims to show the results of studies with promising new therapeutic strategies such as mesenchymal stem cells, which are being tested in preclinical models of stroke associated with comorbidities and in elderly animals.
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INTRODUCTION

Stroke is still the most common cause of permanent disability in adults and the second leading cause of death in the world (1). The pathology of stroke is poorly understood; however, it has been shown that the majority of patients with stroke have at least one comorbidity (2). The contribution of various risk factors to worldwide stroke burden is unknown. The INTERSTROKE study has demonstrated that five risk factors accounted for more than 80% of the global risk for all strokes (either ischemic stroke or intracerebral hemorrhage [ICH]): hypertension, current smoking, abdominal obesity, diet and physical activity (3). Furthermore, stroke incidence rises with increased in age (4). This high prevalence of comorbidities in stroke patients indicates the need for therapies in preclinical studies that take these comorbidities into account (Figure 1).
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FIGURE 1. Comparative evolution of the evaluation of the effect of various comorbidities in animal models of stroke as well as in clinical research. An advanced search was performed in PubMed in December 2018 to find, for each year of publication, all articles using the text word stroke with the given term as text word: age or aging; hypertension or hypertensive or high blood pressure; diabetes or diabetes mellitus; hyperglycemia or hyperglycemic or high blood sugar or high glucose levels; or obesity or overweight. Year of final publication (and not advanced online date) of articles in English (and not other languages) was taken into account. Manual elimination of articles describing a non-comorbid stroke association were excluded.



Of 502 experimental therapies for acute focal ischemic stroke, only 10% were tested in animals with hypertension. Hypertensive animals have larger infarct sizes and reduced efficacy with therapeutic intervention (5, 6). Even fewer preclinical studies assess the effects of diabetes or acute hyperglycemia on the response to therapeutic intervention (7). The majority of preclinical studies for novel therapies use young healthy animal models and this may play a role in the fact that of 1,026 treatments tested on animal models, only one has been effective in clinical trials (8).

In particular, stem cell therapy has been proven to be effective mostly in healthy animals. Various types of stem cells have been used in preclinical stroke models: embryonic stem cells, neural stem cells, induced pluripotent stem cells, mesenchymal stem cells (MSCs) and hematopoietic stem cells (9). Cell therapy has been shown to promote functional recovery, participating in processes such as immunomodulation, neurogenesis, synaptogenesis, oligodendrogenesis, axonal connectivity, and myelin formation, improvement in blood brain barrier (BBB) integrity, neovascularization and reduced lesion size, showing efficacy not only in grey matter, but also white matter injury (10–17). However, its mechanisms of action has not yet been clarified. Recent evidence has suggested that it might be related to long-distance cell-to-cell communication by paracrine function through secretory factors in the extracellular environment. Intercellular communication between stem cells and the damaged organ was thought to be regulated via the release of free molecules that transmit the signal by binding to a receptor. These molecules could in part be trophic factors, inflammation modulators and even exosomes. In order to avoid previous translation failure in stem cell therapy, STAIR guidelines suggest that further studies should be performed on animals with comorbid conditions such as hypertension and diabetes in order to improve the quality of preclinical studies of purported stroke therapies (18).

This review is focused on MSC therapies being tested in preclinical models of stroke with the most common comorbidities (hypertension, hyperglycemia, diabetes, obesity), as well as in elderly animals. We intend to provide insight into the viability of this new strategy, which could lead to an improved translation of cell therapy from bench to bedside.



MESENCHYMAL STEM CELLS IN PRECLINICAL STUDIES


Aging in Stroke

Age is the most important risk factor for developing a stroke. Age has been proven to be a predictive factor for recovery after stroke, independent of stroke severity, characteristics and complications (19). Stroke incidence is also strongly but not solely correlated with an increase in age, in addition to the patient's general fitness (4). As previously stated, patient data shows a direct correlation between age and the occurrence of stroke. For these reasons, the impact of age should be considered carefully in preclinical studies given that the mechanisms of stroke and response to drugs can be very different in the developing, juvenile, adult and elderly brain (20). However, despite being the most important risk factor, there are currently few studies (only 7) on aged animals that evaluate the effect of administering MSC after ischemic stroke (Table 1). In this regard, systemic administration of bone marrow mononuclear cells (BMMNCs) in the acute phase after stroke reduced neurological deficits (21, 22) and reduced infarct volume, modulating post-ischemic inflammatory cytokines within the brain in older rats (21). Also in the acute phase, intravenous administration of human umbilical tissue-derived cells improved recovery of neurological function in aged rats after stroke and was associated with activation of repair processes (23). This beneficial effect of cell therapy is not only observed in the short term, but also in the long term. In one study, intra-arterial administration of bone marrow stromal cells (BMSCs) at 1 day after ischemic stroke had long-lasting beneficial effects on recovery of neurological functional (24). One interesting strategy for reducing ischemic damage to the brain would be based on a combination of therapies to act in different steps of the ischemic cascade. In this sense, the combination the granulocyte colony-stimulating factor (G-CSF) with bone marrow mesenchymal stem cells (BMMSCs) increased neurogenesis and improved microvessel recovery and density in the aged brain (25). However, another study demonstrated that the combination of G-CSF and bone marrow mononuclear cells (BMMNCs) did not further improve post-stroke recovery (26).



Table 1. Original studies evaluating the effect of MSC administration in ischemic stroke models using aged animals, hypertension- and diabetes-induced stroke models.

[image: image]




Currently, all studies with MSCs in elderly animals have been performed on ischemic stroke, none on hemorrhagic stroke. Also, no standardized protocols were used in the above cell therapy studies for observing the various routes of administration and doses used. The number of studies is still very limited and further preclinical research is needed to determine the efficacy of MSCs in aged animal models. In view of the results, however, the aged brain retains the capacity for repair in response to cell therapy.



Hypertension in Stroke

Hypertension is considered one of the most common and important vascular risk factors for stroke (3) and is responsible for approximately 52% of strokes (5); it is also closely correlated with stroke severity. Hypertension has numerous effects, such as reducing BBB integrity and promoting white matter damage and post-stroke edema (5).

In order to test a new therapeutic strategy, a good experimental animal model must first be selected. Several models have been used to induce hypertension in animals. In the past, dogs were used in experiments as a hypertension model. Currently, the rat has become the common model for research as a cost-effective alternative. There are various ways to induce hypertension in rats; for example, spontaneously hypertensive rats (SHRs), stroke-prone SHRs (SHR-SPs), endocrine hypertension by deoxycorticosterone acetate administration, angiotensin II administration and hypertension induced by stress (47–49). Based on consistent reproducibility, the SHR is probably the best model with which to observe hypertension.

Regarding cell therapy, MSCs have been used in hypertensive rats to evaluate the efficacy of functional recovery in animals (Table 1).

In cerebral ischemia, intracerebral transplantation of BMMSCs has been shown to decrease apoptotic neurons in the neocortex and ameliorate brain damage by decreasing cell death (27). This has been shown to play a primary role in brain protection. BMMSCs also act on vasculogenesis in SHR rats. Thus, the cells significantly increased the number of microvessels and their reactivity to collagen IV in the neocortex, which indicates protection of the neurovascular unit and improvement of vascular integrity (27). In this regard, BMMSCs also increase of levels of the antiapoptotic B-cell lymphoma 2 (Bcl-2) gene and decrease superoxide, demonstrating that MSC has antioxidant potential and a protective effect in SHR rats with stroke (28). Also, intravenously administered dual transplantation of human maternal or fetal placenta MSCs produces increased density of glial fibrillary acidic protein-positive cells in the area adjacent to the infarct border which may increase survival rates of regenerative astrocytes, leading to a decrease in infarct volume on day 60, triggering functional improvement in SHRs (29). However, not all studies have reported favorable functional outcomes after ischemic stroke with hypertension SHRs. BMMNCs or cryopreserved human umbilical cord blood mononuclear cells given intravenously did not show a beneficial effect on infarct volume, behavioral outcomes or inflammatory response (30, 31). Pösel et al. performed a study to determine a possible synergistic effect of G-CSF and BMMNCs after stroke in SHR rats, in which they found administration of G-CSF improved long-term functional recovery. However, this effect was negated by cotransplantation of BMMNCs as provoked splenic accumulation of granulocytes and transplanted cells, accompanied by a significant rise in circulating granulocytes and infiltration in the ischemic brain, which was detrimental to stroke outcome (32).

In addition, the Framingham Study clearly demonstrated the relevance of age and high blood pressure for lifetime risk of stroke (50), indicating the need to mimic these risk factors in preclinical stroke studies. Along these lines, animals transplanted with intravenous bone marrow cells from young SHR-SPs displayed an increase in microvasculature density in the peri-infarction zone which led to reduced ischemic brain damage and improved neurological function (33). However, in the same study BM cells led to a significant increase in levels of cytokines such as interleukin 1β (IL-1β) and monocyte chemoattractant protein 1(MCP-1) in the brain and a decrease of IL-6 levels in serum. These results suggest that modulation in the expression of inflammatory cytokines (i.e., favoring recovery/decreased inflammatory profile) did not occur and, therefore, is not likely to explain the beneficial effect of the response to cerebral ischemia observed in older SHR-SPs transplanted with BM cells from young SHR-SPs (33). Additionally, further studies reported negative results, such as the study by Wagner et al. which evaluated the therapeutic efficacy of intravenously transplanted young and aged BMMNCs in aged hypertensive rats. The authors concluded that BMMNCs from both juvenile and elderly donors failed to decrease lesion volume and functional recovery was not improved (34).

There are currently two studies in SHRs with ICH. In both studies, intravenously (35) or intracerebrally (36) transplanted BMMSCs improved neurological function and integrity of the BBB by preventing extravasation of blood through the endothelium (35, 36), resulting in improvements such as reduced brain edema and decreased cell apoptosis (36).

Although several different doses and administration routes have been used for treatment in hypertensive animals post-stroke, contradictory results have been found between different research groups using MSCs in hypertensive animals (Table 1). More studies should be performed to evaluate whether MSC therapy is effective not only in brain protection, but also in brain repair in the treatment of stroke in hypertensive animals.



Diabetes in Stroke

Diabetes is divided into two types: type 1, in which the beta-cells of the pancreas are damaged and affected people need external administration of insulin; and type 2, which is peripheral insulin resistance, and is present in 85% of the patients with diabetes (51, 52). Diabetes causes several metabolic and pathological changes that lead to stroke including arterial stiffness, systematic inflammation, endothelial dysfunction and heart failure (53). In addition, stroke in diabetes patients increases hospital mortality (54).

There are many methods to try to mimic type 1 and 2 diabetes in rats (55). One of the most commonly used models for diabetes type 1 are the Biobreeding rats; these rats develop diabetes spontaneously or it is induced by a virus (55). Recently, however, injection of chemicals to destroy beta-cells in the islets of Langerhans has been growing in importance. Alloxan has been used for some time as a good diabetic model but it has problems such as spontaneous recovery from the diabetic condition or renal toxicity. To solve this, another beta-cytotoxic agent, streptozotocin, is used. One advantage of this chemical is that the damage is dose-dependent, which allows researchers to control the severity of that animals' hyperglycemia (56).

To replicate type 2 diabetes, various spontaneous models are used in laboratories such as the spontaneously diabetic tori rat (57), due to gradual beta-cell degeneration, or Goto-Kakizaki rats, which develop peripheral insulin resistance after 56 days (58). Another option is induction by a high fat diet and intraperitoneal streptozotocin administration, in which the rats develop hyperinsulinemia, obesity and a reduction in beta-cells (59). In addition, administration of nicotinamide intraperitoneally prior to administration of a low dose of streptozotocin protects the cells by attenuating the effect of streptozotocin (60).

Regarding MSC therapy, human umbilical cord blood cells (HUCBCs) and BMSCs have been shown to contribute to an increase in phosphorylated neurofilament marker SMI-31 and synaptophysin expression. These markers are involved in axonal and synaptic plasticity that promotes white matter remodeling in the ischemic brain (37, 38, 41). Vascular remodeling was revealed by an increase in the expression of smooth muscle actin (α-SMA) and Von Willebrand Factor (vWF) (37) in the ischemic brain which led to an improvement in functional outcomes (37, 38). In addition, BMSCs decreased miR-145 expression, which reduces endothelial cell proliferation, contributing to increased functional cells and restorative effects in type 1 diabetic rats (38). However, contradictory results have been reported by other authors. BMSC treatment by tail vein starting 24h after middle cerebral artery occlusion in diabetes type 1 rats resulted in increased brain hemorrhage, BBB leakage and higher expression of angiogenin. This causes accelerated cerebral arteriosclerosis and prevents improvement in functional outcomes (39).

In subsequent studies, however, the harmful effects of BMSC administration were negated when the treatment was administered in combination with Niaspan. Despite the combination, BMSC and Niaspan treatment for stroke did not improve functional outcomes. However, it did decrease BBB leakage and atherosclerotic-like changes (40) and promoted white matter remodeling in type 1 diabetes rats after stroke (41) (Table 1).

Regarding type 2 diabetes, all experimental animal studies have shown a beneficial effect of MSCs. Independent of treatment with HUCBCs, BMSCs or bone marrow stromal cell-conditioned medium initiated at 24 h or 3 days after stroke via intravenous administration improved functional recovery, promoted restorative effects and reduced BBB disruption after stroke in type 2 diabetes rats (42–46) (Table 1). As in type 1 diabetes, MSC therapy is also associated with white matter remodeling in type 2 diabetes (42, 46), participating in axonal regeneration, sprout and remyelination which led to improved long-term functional outcomes (46). MSC therapy after stroke also contributes to vascular remodeling in type 2 diabetes. Specifically, BMSC-CM treatment enhanced expression of angiopoietin 1 (Ang1), tyrosine-protein kinase receptor Tie-2 (45), α-SMA, and vWF (39, 43), which indicates higher cerebral artery and vascular density (42). Ang1 also seems to be related with a reduction in BBB leakage and promotes vascular stabilization in the ischemic brain. Moreover, it plays a role in white matter remodeling (37, 41), which may improve functional outcome. Regarding the immune system, several authors defend the idea that MSC treatment can also regulate pro-inflammatory factors. This has been shown by a decrease in expression of the receptor for advanced glycation end-products (RAGE) after HUCBC (42) and BMSC (44) treatment in diabetic rats. This indicates a decrease in inflammation, neuronal death, vascular injury and brain damage following ischemia in type 2 diabetic rats. HUCBC and BMSC treatment of type 2 diabetic stroke rats also had an effect on macrophage polarization, promoting decreases inflammation (42, 46), decreased the expression of the proinflammatory protein toll-like receptor 4 (TLR4) (42), increasing brain platelet-derived growth factor (PDGF) expression in the ischemic brain, contributing to restoration (46) and promoting functional improvement after stroke (42).

In summary, with regard to type 1 diabetes, although the experimental studies are homogeneous in terms of the route of administration, cell dose and stroke location, the results are contradictory with no good functional recovery observed in any of them. This reveals the need for further research to increase understanding of the interaction between type 1 diabetes mellitus and cell-based therapy with MSCs. Although all the studies performed thus far reveal that treatment of type 2 diabetes with MSCs in ischemic stroke models can be successful, to our knowledge no studies have been conducted to test the efficacy of MSCs in hemorrhagic stroke. The meager interest aroused could be due to the fact that the prevalence of diabetes is higher in patients with ischemic compared with hemorrhagic stroke, as recently demonstrated by a meta-analysis (61).



Hyperglycemia in Stroke

Hyperglycemia plays an important role in stroke and is associated with poorer functional recovery and an increase in mortality in ischemic and hemorrhagic stroke (62, 63). It has been observed that after stroke, hyperglycemia is present in over 50% of patients (64). Given the high percentage of patients who develop post-stroke hyperglycemia, it is important to conduct research in hyperglycemic animal models. Two options have been used to reproduce hyperglycemic situations in preclinical stroke models, depending on the researchers' requirements: acute hyperglycemia after anesthesia can be mimicked in animals with intravenous infusion of glucose (65); or intravenous administration of streptozotocin and continuous administration of insulin, in which the animals develop hyperglycemia after 1 week (66). To our knowledge, no data have been published on how MSC-based therapy affects stroke associated with hyperglycemia.



Obesity in Stroke

Obesity, especially in the abdominal zone (67), is an important risk factor at all ages. An increase in body mass index (BMI) significantly increases the risk of stroke. Compared with healthy weight individuals, the obese population has a 64% greater probability of experiencing an ischemic stroke (68). The association between BMI and ischemic stroke is linear, without differences between sex or race (69). Other studies also linked obesity with hemorrhage, in which people with a high BMI have a 37% higher incidence (70).

Various animal models have been established to induce obesity in rats (71). Yet despite the high prevalence of obesity in stroke, no research has been performed on how MSC therapy affects the pathology of stroke associated with obesity. In conclusion, studies should be conducted to show the interactions between obesity and MSC treatment after stroke.



Take Home Message

Most of the studies carried out on this subject indeed favor BMMSCs. However, compared to other cell types, adipose tissue-derived mesenchymal stem cells (ADMSCs) have several advantages in clinical applications for neurological disorders (72). ADMSCs are derived from adipose tissue and thus are abundant, accessible and easy to obtain using lipoaspiration techniques. Moreover, they provide proliferation and differentiation potential (73) without adverse side effects (12, 74, 75) and they can be administered without ethical concerns. All of these advantages mean that ADMSCs present a great opportunity for the treatment of diseases such as comorbidities in stroke. Further studies should take this into consideration.

It should be emphasized that patients present not only one but also several associated comorbidities at a time. Therefore, it is clear that there is a need for multimodelling for successful translation of preclinical research to the clinic (6). In this sense, not only modifiable factors, but also non-modifiable risk factors such as age and sex, are important to include in animal model studies (6). Moreover, animal models with co-morbidities show higher variability in outcome measures and therefore, higher sample sizes should be estimated with the specific disease model in mind (6). Also, aged animals take longer to recover after stroke, but eventually recovered to the same degree as young mice, making clear the importance of implementing long-term studies (76).

Adequate selection of the experimental model for stroke and comorbidity induction is important to reduce mortality, as it is often higher in models with preexisting comorbid conditions. This strategy leads to decreased costs. Besides, outcome measures should be optimized and adequate for these studies as there is variability in outcomes compared to healthy animals (6).




CONCLUSION

The high prevalence of comorbidities in patients with stroke indicates the need for therapies in preclinical studies that take into account these comorbidities in order to avoid failures in translation to the patient. Preclinical studies are beginning to evaluate the efficacy of MSC treatment in stroke associated with comorbidities, especially hypertension, for ischemic and hemorrhagic stroke. Regarding aging and diabetes, only ischemic stroke studies have been performed. For the moment, few studies have been performed and contradictory results are being reported. These contradictory results may be due to the use of different stroke and comorbidity models, and to the use of different protocols for administering cell-based therapies. This situation indicates a further need to promote standardization of cell concentration and administration routes. Obesity and hyperglycemia have been completely ignored, although they are frequently present in patients with stroke. For this reason, the role of comorbidities should have a more prominent place in preclinical stroke studies. This will hopefully improve bench-to-bedside translation and identify viable therapeutic options.
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Disruption of blood flow in the brain induces stroke, the leading cause of death and disability worldwide. However, so far the therapeutic options are limited. Thus, the therapeutic efficacy of cell-based approaches has been investigated to develop a potential strategy to overcome stroke-induced disability. Human umbilical cord blood cells (hUCBCs) and erythropoietin (EPO) both have angiogenic and neurogenic properties in the injured brain, and their combined administration may exert synergistic effects during neurological recovery following stroke. We investigated the therapeutic potential of hUCBC and EPO combination treatment by comparing its efficacy to those of hUCBC and EPO alone. Adult male Sprague-Dawley rats underwent transient middle cerebral artery occlusion (MCAO). Experimental groups were as follows: saline (injected once with saline 7 d after MCAO); hUCBC (1.2 × 107 total nucleated cells, injected once via the tail vein 7 d after MCAO); EPO (500 IU/kg, injected intraperitoneally for five consecutive days from 7 d after MCAO); and combination of hUCBC and EPO (hUCBC+EPO). Behavioral measures (Modified Neurological Severity Score [mNSS] and cylinder test) were recorded to assess neurological outcomes. Four weeks after MCAO, brains were harvested to analyze the status of neurogenesis and angiogenesis. In vitro assays were also conducted using neural stem and endothelial cells in the oxygen-glucose deprivation condition. Performance on the mNSS and cylinder test showed the most improvement in the hUCBC+EPO group, while hUCBC- and EPO-alone treatments showed superior outcomes relative to the saline group. Neurogenesis and angiogenesis in the cortical region was the most enhanced in the hUCBC+EPO group, while the findings in the hUCBC and EPO treatment alone groups were better than those in the saline group. Astrogliosis in the brain tissue was reduced by hUCBC and EPO treatment. The reduction was largest in the hUCBC+EPO group. These results were consistent with in vitro assessments that showed the strongest neurogenic and angiogenic effect with hUCBC+EPO treatment. This study demonstrates that combination therapy is more effective than single therapy with either hUCBC or EPO for neurological recovery from subacute stroke. The common pathway underlying hUCBC and EPO treatment requires further study.

Keywords: stroke, human umbilical cord blood cell, erythropoietin, functional recovery, neurogenesis, angiogenesis


INTRODUCTION

Stroke, caused by the disruption of cerebral blood flow, is a leading cause of death and major disability throughout the world (1). However, the therapeutic options to deal with stroke are limited. Despite efforts to develop new therapies for stroke, all treatments have thus far failed to show a clinical effect or are known to have potential toxic effects. Although intra-arterial thrombolysis and intravenous tissue plasminogen activator therapy have been developed and used for ischemic stroke as effective approaches, those are actually significant only in acute phase with risk of cerebral hemorrhage (1–3). After the onset of stroke, patients experience the greatest amount of neurological recovery during the 3 months post-stroke, which does not last afterwards (4). Before fixation of the impairment in the chronic stage, subacute stroke patients require an effective therapeutic measure, which has remained elusive to date.

While many drugs from successful preclinical experiments have failed in clinical trials for stroke (5), cell therapy has been introduced and expected to be effective by ameliorating neurological impairments due to stroke in vivo with relevant mechanisms identified in vitro (6–8). Although cell-based therapy has therapeutic potential, to date, the greatest limitation must be the lack of clear evidence related to efficacy (9, 10) and safety issues that limit active clinical trials (10).

Human umbilical cord blood cells (hUCBCs) are a rich source of various progenitor cells, including hematopoietic stem cells that can be used as a cell therapy agent and are known to be safe based on 30 years of clinical application (7, 11). The therapeutic efficacy of hUCBC was supported by significant neurological recovery based on modified Neurological Severity Scores (mNSS) for both acute and subacute brain injury (7). Furthermore, evidence on neurogenesis and angiogenesis, in addition to functional recovery, in a stroke model was observed following hUCBC transplantation (12). Our previous clinical study in children with cerebral palsy also revealed functional improvements following hUCBC administration (13).

As a potential approach to enhance the therapeutic potency of cell therapy, combination therapy with a growth factor can be used (14). In this study, erythropoietin (EPO) was selected among the candidate molecules because it has been used clinically as a safe drug. EPO is a member of the hematopoietic cytokine superfamily and has neuroprotective effects against ischemic brain insults (15, 16). Repeated pre-treatment with EPO produced a neuroprotective effect in both focal and global ischemia models (15, 17, 18). Furthermore, EPO enhances angiogenesis and neurogenesis after ischemic stroke, leading to accompanying functional recovery (19–21). Therefore, EPO may be a promising therapeutic agent to enhance hUCBC treatment in ischemic stroke to induce neurogenesis and angiogenesis.

In recovery from stroke, not only neurogenesis, but also coupled angiogenesis, play central roles (22). For example, treatment with human bone marrow stromal cells (hBMSCs) has been found to enhance angiogenesis in the ischemic boundary zone after stroke (23). Moreover, combination treatment with simvastatin, sodium ferulate, and n-butylidenephthalide following hBMSC administration induced neurological improvement with findings of neurogenesis, angiogenesis, and arteriogenesis after cerebral ischemia (24, 25).

Therefore, in this study, we used a well-established rat model of transient ischemia (26) to represent subacute stroke to analyze the therapeutic efficacy of either hUCBC or EPO, and the additive effects of concomitant treatment with both. In addition, we have systematically investigated the underlying mechanism of neurogenesis and angiogenesis not only in in vivo but also in vitro experiments.



MATERIALS AND METHODS


Preparation of Human Umbilical Cord Blood Cells

Human UCB containing citrate phosphate dextrose adenine as an anticoagulant was provided from the cord blood bank of CHA Medical Center. Informed by previous clinical trials (27), we injected a total of 3 × 107 kg nucleated cells. This experiment was approved by the Institutional Ethics Committee of CHA Bundang Medical Center, Korea.



Animals

Male Sprague-Dawley rats (260–300 g; Charles River Laboratories, South Korea) were acclimated to their environments for 2 days before use. The rats were housed in a temperature-controlled room (22 ± 2°C), kept at constant humidity (50 ± 10%), and maintained on a 12-h light/dark cycle with ad libitum access to food and water. The provision of food was stopped from the night before surgery until the day of surgery, but water was continuously supplied (26). Neural stem cells (NSCs) were isolated from 1-to 3-day-old ICR mice (Charles River Laboratories, South Korea). All experimental procedures involving animals were performed in accordance with the Guide for the Care and Use of Laboratory Animals as adopted and promulgated by the U.S. National Institutes of Health and were approved by CHA University Institutional Animal Care & Use Committee (IACUC150018, IACUC180018, IACUC180181).



In vivo Ischemia Model: Transient Middle Cerebral Artery Occlusion (MCAO)

Rats were initially anesthetized with 3.0% isoflurane in 70% N2O and 30% O2 (v/v) mixture supplied via a facemask and maintained with 2.5% isoflurane. Briefly, to occlude the middle cerebral artery (MCA), a 4-0 monofilament nylon suture (Ethicon Johnson & Johnson, Brussels, Belgium) with a heat-blunted end was inserted into the right external carotid artery and advanced into the internal carotid artery.

After a midline incision was made, the right MCA was occluded for 90 min as previously described. It was then reperfused by gentle removal of the suture. Body temperature was maintained at 37°C with a homeothermic blanket and checked using a rectal temperature probe.



Treatment and Experimental Groups

The number of total nucleated cells of hUCBC used in treatment was based on our previous clinical trial which was performed in patients with traumatic brain injury (27). Furthermore, the dosage of EPO was selected based on a corresponding dose in a clinical trial for cerebral palsy (28) that is considered safe for humans.

A total of adult male Sprague–Dawley rats were randomly divided into four groups: (1) saline group (injected into the tail vein once at 7 d post-MCAO / intraperitoneal injection for five consecutive days from 7 d post-MCAO); (2) EPO group (EPO, 500 IU/kg, intraperitoneal injection for 5 consecutive days from 7 d post-MCAO); EPO set included saline (n = 6) and EPO (n = 5) groups; (3) hUCBC group (hUCBC, 1.2 × 107 total nucleated cells, tail vein injection once at 7 d post-MCAO; hUCBC set included saline (n = 9) and hUCBC (n = 6) groups; (4) hUCBC+EPO group (hUCBC+EPO treatment at the same dose and schedule as the other groups; hUCBC+EPO set included saline (n = 6) and hUCBC+EPO (n = 5) groups. At 7 d post-MCAO, behavioral studies were performed immediately before injections.



Behavioral Tests to Assess Neurological Function

The mNSS is a composite scale assessing motor function, sensory disturbance, reflex, and balance tests. Table 1 shows mNSS scores obtained in this study (7, 29). Neurological function was graded on a scale of 0–18 (normal score: 0; maximal deficit score: 18). Only rats with 11–13 points on the mNSS 1 day post-reperfusion were used in this study. Overall exclusion rate due to score criteria at 1 d post-MCAO was 20%, and survival rate to the end of the experiment was 62.5% among the included subjects.



Table 1. Modified Neurological Severity Score (mNSS).
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The cylinder test was performed to assess the degree of forepaw asymmetry. Rats were placed in a transparent Plexiglas cylinder (diameter: 20 cm, height: 30 cm), and the number of forepaw contacts with the cylinder wall was counted until a total of 20 contacts was reached (30). The study team has previously established the reliabilities (26) of the mNSS and cylinder tests, which were performed at 0, 1, 3, 7, 14, 21, and 28 days after MCAO.



Gross Finding of Brain Section With Cresyl Violet Staining

Serial 8-μm coronal brain sections were prepared using a cryostat and stained with 0.5% cresyl violet. Image of each cresyl violet-stained brain slice was obtained using a light microscope (Nikon, USA).



Immunofluorescence Staining

At 28 d after MCAO (21 d post-therapy), animals were anesthetized with 3.0% isoflurane in 70% N2O and 30% O2 (v/v) and then perfused transcardially with a freshly prepared solution of 4% paraformaldehyde in phosphate-buffered saline (PBS). The brains were removed and post-fixed overnight in the same fixative before being immersed in a solution of 30% sucrose in PBS. Serial 8-μm-thick coronal tissue sections were cut using a microtome and immunostained as free-floating sections. The sectioned brain tissues were washed in PBS and incubated for 1 h in blocking solution (2% normal goat serum, 0.5% TritonTM X-100 in PBS). The fluorescent target was selected according to the desired purpose; Sox2 was used to assess neuronal stem cell, Ki67 as a proliferation marker, NeuN to assess neuronal survival, glial fibrillary acidic protein (GFAP) to reveal astrogliosis status, CD31, which is also known as PECAM-1, to assess endothelial expression, and VEGF as an angiogenic marker. The brain tissues were incubated overnight at 4°C with the following primary antibodies: anti-Sox2 (1:500, Santa Cruz, USA), anti-Ki67 (1:500, Abcam, UK), anti-NeuN (1:1000, Novus, USA), anti-GFAP (1:1000, Abcam, UK), anti-CD31 (1:100, Abcam, UK), and anti-VEGF (1:100, Novus, USA). After rinsing with primary antibodies, the tissues were incubated with secondary antibodies for 1 h at 22–25°C. The brain tissues with DAPI (Molecular Probes, Invitrogen, USA) mounting solution were imaged using a fluorescence microscope (Nikon, USA).



Primary Neural Stem Cell Culture

Neural stem cells (NSCs) were isolated from 1-to 3-day-old ICR mice (Charles River Laboratories, South Korea). The whole cortex of the mouse brain was dissected and cultured with basal medium, including Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/F12; Gibco, USA), 2% B-27 supplement (Gibco, USA), 1 × GlutaMAX (Gibco, USA), basic fibroblast growth factor (bFGF, 20 ng/ml; Gibco, USA), and epidermal growth factor (EGF, 10 ng/ml; Gibco, USA). NSCs were maintained at 37°C in a 5% CO2 incubator and were subcultured when 90% confluence was reached following a 3-day interval.



Mouse bEnd.3 Cell Culture

bEnd.3 mouse brain endothelial cells were purchased from the ATCC (Manassas, VA, USA) and cultured with medium, including DMEM (Gibco, USA), 10% fetal bovine serum (FBS; Gibco, USA), and 1% penicillin and streptomycin (Gibco, USA). bEnd.3 cells were subcultured when 90% confluence was reached using 0.25% trypsin EDTA and were maintained at 37°C in a 5% CO2 incubator.



Oxygen-Glucose Deprivation and Cell Treatment

For hypoxic experiments in bEnd.3 cells and NSCs, cells were seeded in 6-well plates 5 × 105cells per well and underwent oxygen-glucose deprivation (OGD) conditioning under 5% CO2 and 95% N2 at 37°C in the chamber for 24 h for bEnd.3 cells and 5 h for NSCs (31, 32). After OGD, we treated cells with EPO (0.5 IU/ml), co-cultured with hUCBCs (2 × 104 total nucleated cells per well), or combined hUCBC co-culture and EPO treatment to confirm therapeutic effect in a transwell (0.4-μm pore size; SPL, South Korea), and analyzed 24 h after treatment.



Cell Viability

Cell concentration was measured by cell counting after staining with trypan blue (STEMCELL, USA) using a cell counter (Thermo Fisher, USA). Cell viability was evaluated using a Cellrix viability assay kit (Cellrix, USA). Cells were cultured overnight at 1 × 103 cells per well in 96-well plates. After adding 10 μl/per well of WST-8 into the cell media, we detected absorbance at 450 nm after 30 min incubation. In all viability assays, wells were assessed in triplicate for each group.



Conventional Reverse Transcription Polymerase Chain Reaction (RT-PCR)

Total RNA was isolated from bEnd.3 cells and NSCs using TRIZOL (Life Technologies, USA) and cDNA was synthesized using a reverse transcriptase kit (Toyobo, Japan). Using Taq PCR Master mix (Bioneer, South Korea), PCR was performed. The levels of neuronal markers, Sox2 and Nestin (33), and angiogenesis markers, VEGF, and bFGF (34), were measured after administration of EPO, hUCBC, and hUCBC+EPO in OGD-induced cells. The primers for neuronal markers were Sox2 forward, 5′-CAATCCCATCCAAATTAACGCA-3′, Sox2 reverse, 5′- AAGCTGCAGAATCAAAACCC-3′, Nestin forward, 5′-ACCTATGTCTGAGGCTCCCTATCCTA-3′, and Nestin reverse, 5′-GAGGTTGGATCATCAGGGAAGTG-3′; for angiogenic markers, VEGF forward, 5′- CACAGCAGATGTGAATGCAG-3′, VEGF reverse, 5′-TTTACACGTCTGCGGATCTT-3′, bFGF forward, 5′-CAACCGGTACCTTGCTATGA-3′, and bFGF reverse, 5′-TCCGTGACCGGTAAGTATTG-3′. The following cycling conditions were used: 5 min at 95°C for polymerase activation, followed by 95°C for 30 s and 60°C for 30 s. This was repeated for 35 cycles, and findings were normalized to β-actin.



Western Blotting

To confirm the difference in expressed proteins between the bEnd.3 cells and NSCs, proteins were extracted from ipsilesional brain tissue using a RIPA lysis buffer (Thermo Fisher, USA). For western blotting, equal amounts (30 μg) of protein extracts in a lysis buffer were used in a 12% SDS-PAGE analysis and transferred onto the polyvinylidene fluoride membranes. A 5% skimmed milk solution was used to block the membrane for 1 h at room temperature on a rocker. The housekeeping gene, β-actin, was employed as a loading control. Anti-Sox2 (1:1000, Santa Cruz, USA), anti-Nestin (1:1000, Abcam, UK), anti-VEGF (1:1000, Novus, USA), anti-bFGF (1:1000, Santa Cruz, USA), anti-CD31 (1:000, Abcam, UK), and anti-β-actin (1:1000, Santa Cruz, USA) antibodies were incubated with the membranes at 4°C overnight. After washing the membranes with TBST buffer, a horseradish peroxidase-conjugated anti-rabbit IgG antibody (Santa Cruz, USA) at a dilution of 1:20,000 or an anti-mouse IgG antibody (KPL, Inc., Gaithersburg, MD, USA) at a dilution of 1:10,000 was added to the corresponding primary antibodies, followed by incubation for 1 h at room temperature. Bands were detected using ECL reagent (Millipore, USA).



Tube Formation

The tube formation assays were performed using 24-well plates coated with 200 μl of Matrigel (Gibco, USA) per well, which was incubated at 37°C for 30 min to solidify. Next, 1 × 105 bEnd.3 cells were seeded per well in a coated plate. Tube formation was estimated after 8 h of cell culture. As a positive control, bFGF (20 ng/ml) was added to induce angiogenesis in endothelial cell (35). Three random areas in the cortex were imaged using a microscope (Nikon, USA), and the total number of tube structures was calculated.



Statistical Analyses

Data are presented as the mean ± standard error of mean (N = 3–9 per group). Each experiment was repeated at least three times. Statistical comparisons between groups was performed using one-way ANOVA and Prism6.0 software (GraphPad Software, San Diego, CA, USA). P < 0.05 was considered statistically significant.




RESULTS


EPO, hUCBC, and hUCBC+EPO Attenuated Ischemic Brain Damage

We investigated whether EPO, hUCBC, and hUCBC+EPO affect neuronal damage after brain ischemia at 21 d post-therapy. Animals that received hUCBC+EPO exhibited the highest reduction of brain tissue volume loss; the hUCBC-alone group also exhibited more reduction of brain tissue volume loss than the saline group (Figure 1A).
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FIGURE 1. EPO, hUCBC, and hUCBC+EPO attenuated brain damage in MCAO. (A) Gross finding of brain section 28 d after MCAO. (B) Representative images of cresyl violet staining in the cortex (B, scale bar 50 μm). (C) Quantification of the number of neurons in the cortex. Data represent mean ± SEM. N = 3 per group. **P < 0.01, ***P < 0.005 vs. Saline group. ##P < 0.01, ###P < 0.005 for inter-treatment group comparison.



Brains were histologically examined with cresyl violet staining to determine the neuroprotective effects of EPO, hUCBC, and hUCBC+EPO. Treatment with hUCBC+EPO achieved the most significant alleviation of cell damage in rat brains as evinced by the number of intact neurons (Ps < 0.01 vs. saline, EPO, hUCBC); the hUCBC- and EPO-alone groups also exhibited significant reductions in the number of injured and shrunken neurons compared to the saline group (Ps < 0.01 vs. saline) (Figures 1B,C).



Therapeutic Efficacy of EPO, hUCBC, and hUCBC+EPO in the Subacute Stroke Model

Functional performance as assessed using the mNSS and cylinder test showed bigger improvement in the hUCBC+EPO group (P < 0.01 for mNSS at 14 d and 21 d post-therapy; P < 0.05 for cylinder test at 7 d and 21 d post-therapy) than the saline group (Figure 2C). Also, hUCBC-alone (P < 0.05 for mNSS at 7 d, 14 d, and 21 d post therapy; P = 0.05 for cylinder test at 21 d post-therapy) and EPO-alone (P < 0.05 for mNSS at 7 d post therapy; P < 0.01 for cylinder test at 7 d post-therapy) groups showed bigger improvements than the saline group (Figures 2A,B). Improvement following EPO treatment was significant only at 7 d post-therapy (Figure 2A). On the contrary, the efficacy of hUCBC administration was most prominent at 21 d post-therapy (Figure 2B). Only improvement in the hUCBC+EPO group was apparent from 7 d post-therapy and continued to 21 d post-therapy and the amount of improvement was biggest compared to the EPO-alone and hUCBC alone groups (Figure 2C) although the efficacy tests were conducted for each pair of the intervention with saline group.
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FIGURE 2. Behavior changes after EPO, hUCBC and hUCBC+EPO administration in comparison with saline treatment for each set of experiments in a rat model of middle cerebral artery occlusion (MCAO). Saline (MCAO alone); EPO (500 IU/kg, injected intraperitoneally for 5 consecutive days from 7 d after MACO); hUCBC (1.2 × 107, injected via tail vein once at 7 d after MCAO); and combination of hUCBC and EPO (hUCBC+EPO). Data represent mean ± standard error of mean (SEM) of mNSS and Cylinder test scores (A–C). N = 5–9 per group. *P < 0.05, **P < 0.01, ***P < 0.005 vs. Saline group.





EPO, hUCBC, and hUCBC+EPO Increased the Proliferation of Neuronal Cells in the Subacute Stroke Model

The quantitative analysis of fluorescent immunostaining images of Sox2(+) and Ki67(+) in subventricular zone of lateral ventricle was conducted. The numbers of Sox2(+) cells, Ki67(+) cells, and Ki67/Sox2 double(+) cells in the subventricular zone were higher in the EPO- and hUCBC-alone groups and hUCBC+EPO group than in the saline group (Figures 3A,B). Co-localization of Ki67 and Sox2 was greatest in hUCBC+EPO group. This result indicates increment of proliferation of neuronal cells in the lateral subventricular zone by treatment with EPO, hUCBC, and hUCBC+EPO.
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FIGURE 3. Immunohistochemistry findings in subventricular zone of lateral ventricle following EPO, hUCBC and hUCBC+EPO treatments which administered at or from 7 d after MCAO. Coronal brain slices were stained with Ki67 or Sox2 antibodies at 28 d after MCAO. (A) The co-localization of Sox2 (Red) and Ki67 (Green) identifies proliferation of neuronal cells in the lateral ventricle. White boxes in images indicate the zone of co-localization for further zoomed images. Representative images (scale bar 50 μm). (B) Quantification of the number of Sox2(+) cells, Ki67(+) cells, and Sox(+)/Ki67(+) in the subventricular zone of lateral ventricle. Data represent mean ± SEM. N = 3 per group. *P < 0.05, **P < 0.01, ***P < 0.005 vs. Saline group. #P < 0.05, ###P < 0.005 for inter-treatment group comparison.





EPO, hUCBC, and hUCBC+EPO Increased Neurogenesis and Reduced Inflammation in the Subacute Stroke Model

To examine whether the administration of EPO, hUCBC, and hUCBC+EPO affected neurogenesis, NeuN(+) cells were counted, and astrogliosis was assessed by counting GFAP(+) cells in the cortex at 28 days after MCAO. Figures 4A,B show the significantly more NeuN(+) neuronal cells in the hUCBC+EPO group than in saline (P < 0.0001) or EPO-alone groups (P < 0.01). The hUCBC group featured the next greatest number of NeuN(+) neuronal cells, which was also higher than those in the saline and in EPO groups (P < 0.01).
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FIGURE 4. Immunohistochemistry findings in the cerebral cortex following EPO, hUCBC and hUCBC+EPO treatments which were given at or from 7 d after MCAO. Coronal brain slices were stained with anti-NeuN-, anti-GFAP-, or Iba-1 antibodies 28 d after MCAO. (A) Representative images [(A), scale bar 100 μm]. (B,C) Quantification of the cell density of NeuN(+) and GFAP(+) cells in the cortex of ipsilesional are provided. The treatments promoted neuron, reduced astrogliosis, and changed microglia morphology in the cortex; the strongest findings were observed in the hUCBC+EPO group. (D) Representative images (D, scale bar 50 μm). Data represent mean ± SEM. N = 3 per group, **P < 0.01, ***P < 0.005 vs. saline-treatment group. #P < 0.05, ##P < 0.01 for inter-treatment group comparison.



The number of GFAP(+) cells were markedly reduced in the hUCBC+EPO (P < 0.001) group in the cortical region, while the EPO- (P < 0.01) and hUCBC- (P < 0.001) alone treatment groups also showed reductions in the number of GFAP(+) cells, although to a lesser extent (P < 0.05 for EPO vs. hUCBC+EPO). In contrast, astrogliosis was obvious in the saline group with many GFAP(+) cells present (Figures 4A,C).

More microglia survived at ischemic lesions in the EPO, hUCBC, and hUCBC+EPO groups than in the saline group, as evinced by the decrease in the number of dying Iba-1 (+) cells with fragmented cellular processes (Figure 4D).



EPO, hUCBC, and hUCBC+EPO Enhanced Angiogenesis in the Subacute Stroke Model

The quantitative analysis of fluorescent immunostaining images showed that hUCBC+EPO brains exhibited the greatest cortical vessel density of VEGF(+); cortical vessel density of VEGF(+) cells was higher in the EPO- and hUCBC-alone groups than the saline group (P < 0.05) (Figures 5A,B).
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FIGURE 5. Immunohistochemistry findings in the cerebral cortex following EPO, hUCBC and hUCBC+EPO treatments which were given at or from 7 d after MCAO. Coronal brain slices were stained with anti-VEGF or anti-CD31 antibodies 28 d after MCAO. (A) Representative images (A, scale bar 100 μm). (B,C) Quantification for the vessel density of VEGF(+) and CD31(+) cells in the cortex, and the highest densities of cells were observed in hUCBC+EPO group. Data represent mean ± SEM. N = 3 per group. *P < 0.05, **P < 0.01, ***P < 0.005 vs. saline-treated group. #P < 0.05, ##P < 0.01 for inter-treatment group comparison.



Similarly, the greatest vessel density of cells positive for CD31, a vascular endothelial marker, was observed in the hUCBC+EPO group; the EPO- and hUCBC-alone groups exhibited more vessel density expression of CD31(+) cells than did the saline group (P < 0.01) (Figures 5A,C).



EPO, hUCBC, and hUCBC+EPO Enhanced Neurogenesis in OGD-Injured NSC

To evaluate the effect on neuronal proliferation in OGD-injured NSCs and to identify the appropriate concentration of culture media, NSCs were treated with 0, 0.5, 1, 5, or 10 IU/ml of EPO for 24 h after OGD (Figure 6A). A dose of 0.5 IU/ml of EPO was selected because it produced the best survival rate for NSCs. After OGD, WST assays were conducted; the results showed remarkable reduction in the viability of NSCs (Figure 6B; P < 0.05). The cell viability assay revealed the best survival rates in NSCs that received hUCBC and EPO combination treatment (P < 0.001), while hUCBC—(P = 0.05) or EPO—(P < 0.01) alone treatment also improved cell viability relative to OGD alone (Figure 6B). Next, we assessed Sox2, a neuronal proliferation marker, to evaluate the neurogenic effect of treatment with EPO, hUCBC, or hUCBC+EPO after OGD. Sox2 gene and protein expression were significantly upregulated in the hUCBC+EPO group (P < 0.05), while a similar response but to a lesser extent was seen for Nestin (P = 0.06) expression (Figures 6C,D).
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FIGURE 6. In vitro assays for neurogenesis following EPO, hUCBC and hUCBC+EPO treatment using OGD-injured neural stem cells. (A) Cell viability of EPO concentration in OGD-injured neural stem cells (B) cell viability was decreased by OGD, and increased by EPO and hUCBC and the most by hUCBC+EPO. (C) Reverse transcription polymerase chain reaction (RT-PCR) for expression of Sox2 and Nestin. Sox2 gene expression was significantly increased by EPO or hUCBC treatment, and it was most increased by hUCBC+EPO. (D) Western blotting for expression of Sox2 and Nestin. Sox2 was upregulated by hUCBC and hUCBC+EPO treatment. Data represent mean ± SEM. N = 3 per group. *P < 0.05, **P < 0.01, ***P < 0.005 vs. OGD-injured cells. #P < 0.05 for inter-treatment effect comparison.





EPO, hUCBC, and hUCBC+EPO Enhanced Angiogenesis in OGD-Injured Endothelial Cell

Next, we administered EPO at the same dosages of 0, 0.5, 1, 5, or 10 IU/ml to bEnd.3 cells after OGD, and analyzed the results after 24 h (Figure 7A). Again, 0.5 IU/ml of EPO (P < 0.01) was selected because it yielded the best survival rate for bEnd.3 cells. After exposure to OGD for 24 h, viability was attenuated by ~50% as reported previously (Figure 7B). In OGD-injured bEnd.3 cells, treatment with hUCBC+EPO resulted in the best cell viability, while hUCBC-alone led to better viability than OGD injury without treatment (Figure 7B). According to an angiogenesis factor expression assay examining gene expressions of VEGF and bFGF, hUCBC+EPO (VEGF, P < 0.05; bFGF, P < 0.01) treatment resulted in highest levels of expression of both genes, while treatment with hUCBC—alone also increased expression of those genes after OGD (Figure 7C). Levels of the endothelial cell marker CD31 and the angiogenic protein markers VEGF and bFGF increased in the hUCBC+EPO group (CD31, P < 0.005; VEGF, P < 0.05; bFGF, P < 0.0001) relative to those following OGD injury without treatment (Figure 7D).
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FIGURE 7. In vitro assays for angiogenesis following EPO, hUCBC and hUCBC+EPO treatment using OGD-injured bEnd.3 cells. (A) Cell viability of EPO concentration in OGD-injured bEnd.3 cells (B) Survival and cell viability were decreased by OGD, and increased by hUCBC and the most by hUCBC+EPO with marginal significance (+P = 0.057). (C) Reverse transcription polymerase chain reaction (RT-PCR) for expression of VEGF and bFGF. VEGF and bFGF gene expressions significantly increased by hUCBC treatment, and it was most increased by hUCBC+EPO. (D) Western blotting for expression of CD31, VEGF and bFGF. VEGF was upregulated by hUCBC+EPO. CD31 and bFGF was upregulated by hUCBC, and the most by hUCBC+EPO. Data represent mean ± SEM. N = 3 per group. *P < 0.05, **P < 0.01, ***P < 0.005 vs. OGD-injured cells. #P < 0.05, ##P < 0.01, ###P < 0.005 for inter-treatment effect comparison.





Tube Formation Effect of EPO, hUCBC, and hUCBC+EPO in OGD in Endothelial Cell

Because tubular structure formation is a critical process in angiogenesis, we conducted a tube formation assay after OGD. As a result, the hUCBC+EPO (P < 0.0001) treatment remarkably increased the number of tubes, while treatment with either hUCBC- or EPO-alone also increased the number of tubes relative to OGD injury without treatment (Figure 8).


[image: image]

FIGURE 8. Tube formation assay by EPO, hUCBC and hUCBC+EPO treatment in OGD-induced bEnd.3 cells. (A) Images of tube formation in each groups: positive control was treated bFGF (20 ng/ml); control was not; co-cultured with EPO, hUCBC and hUCBC+EPO in OGD-induced cells. (B) Quantitative analysis of total number of tube formation. Total number of tubes were increased by EPO or hUCBC treatment, and the most by hUCBC+EPO. Data represent mean ± SEM. N = 3 per group. ***P < 0.005 vs. OGD-injured cells. #P < 0.05, ##P < 0.01 for inter-treatment effect comparison.






DISCUSSION

In this study, the efficacy of cell-based therapy in in vivo ischemic conditions was investigated. Post-ischemic treatment with EPO, hUCBC, or hUCBC+EPO improved functional outcomes in a subacute stroke rat model. In particular, hUCBC+EPO administration promoted functional recovery as measured using the mNSS and cylinder test better than treatment with EPO- or hUCBC-alone. Most previous studies tested the efficacy of cell-based therapy at 24 h after ischemic injury which reflects the acute stage of stroke (36, 37). The study is significant as it shows remarkable improvement in the behavioral test results of adult rats given hUCBC intravenously at 7 d after MCAO, a model representative of subacute stroke that was not been frequently studied (7). The current study also demonstrated the therapeutic efficacy of delayed administration of EPO during the subacute stage of stroke, which is in accordance with previous research (30). However, the effect of EPO seems to last only for a few days in this study. Furthermore, the efficacy of hUCBC administration appeared later than EPO and persisted. The combination of hUCBC and EPO showed a rapid initial response and long-lasting effect, from a week to 3 weeks after the therapy, and had the greatest efficacy of all the examined interventions. Therefore, these results indicate the possibility of overcoming issues regarding the weak efficacy of cell-based therapy in neurorestoration following stroke.

The therapeutic efficacy of hUCBC and EPO was also apparent in the brain tissue with manifestations of neurogenesis and angiogenesis in the present study. During the neurological recovery from stroke, both neurogenesis and angiogenesis occur (20, 22). Also in this study, neurogenesis and angiogenesis were enhanced together both in vivo and in vitro by treatment with EPO, hUCBC, or hUCBC+EPO. However, in terms of VEGF, its gene expression was elevated by hUCBC and hUCBC+EPO treatments (PCR), and its protein expression was elevated only by hUCBC+EPO treatments (western blotting) in vitro. The VEGF, a key angiogenic and permeability factor (24, 25), increases cerebral microvascular perfusion and induces neurological recovery when administered 48 h after ischemic stroke (38). VEGF is also likely to mediate the coupling of angiogenesis and neurogenesis after stroke (39). The results therefore indicate that only hUCBC+EPO treatment may induce the enhancement of VEGF expression, the most significant factor in neurogenesis and angiogenesis, even in later stage post-stroke.

The highest levels of neurogenesis and angiogenesis in the cortex occurred following hUCBC+EPO treatment; similar responses were seen for NSC and endothelial cells. Treatment with either hUCBC- or EPO-alone resulted in similar findings regarding neurogenesis and angiogenesis in vivo and in vitro, but to a lesser extent than that following hUCBC+EPO treatment. It was interesting that the number of NeuN(+) neuronal cells was increased by treatment with either hUCBC or EPO, but increased most following treatment with hUCBC+EPO. On the contrary, the number of GFAP(+) cells were decreased inversely by the treatments and hUCBC+EPO induced the greatest reduction. GFAP can be expressed by many cell types although astrocytes are the most representative and the role of astrocytes in maladaptive plasticity in the ischemic brain has been reported (40). Although astrocytes have two roles in the pathological mechanisms of neurological diseases (41), our finding of a reduction in the number of GFAP(+) cells can be interpreted as a reduction of astrogliosis. In relation to this reaction, it is notable that another glial maker, Iba-1(+) cells showed reversed reaction. Since this finding indicates more survival or activation of microglia by hUCBC or EPO treatment, role of the cells in neurogenesis can be inferred.

This study is not the first to illustrate the potential of cell-based therapy via combination with a growth factor. Because a study where brain-derived neurotrophic factor was administered alongside hBMSC in a stroke model showed positive results (42), variable approaches have been reported to enhance the neurorestorative effect of cell-based therapy (43). To present, reports have also revealed the therapeutic advantages of concomitant administration of other factors in cell-based therapy (44, 45). However, not all trials were successful. A recent study revealed potential side effects that are harmful in ischemic stroke when hBMSC were transplanted with granulocyte colony-stimulating factor, leading to findings of increased hemorrhagic transformation and astrogliosis with alterations in the blood-brain barrier (46). In the present study, the results seem to show an additive or synergistic effect of combined treatment with hUCBC and EPO, without a diluting effect, both for neurogenesis and angiogenesis. Furthermore, the finding of a reduction in astrogliosis was inversely correlated with the increase in neurogenesis and angiogenesis for all treatments among the groups, both in vivo and in vitro. Taken together, hUCBC and EPO appear to share the same signaling pathways in their therapeutic mechanisms for recovery after stroke. This therapeutic combination did not result in harmful adverse events, which is the most important point in clinical applications.

This study has certain limitations. First, the perfectly uniform allocation of the rats into four groups was not possible for all experimental subsets. However, this study was conducted following the principles of randomization. Second, the increase in the number of NeuN(+) cells in the cortex following treatment that was taken as reflective of neurogenesis can be the result of neuroprotection with increased survival of neuronal cells. We did not observe neuroregeneration per se after loss of neurons in the damaged area. Third, although the results in behavior, histological findings, and in vitro assays represent manifestations of neurogenesis and angiogenesis, more direct mechanisms that may explain the response of the host induced by hUCBC and EPO administration should be clarified. Also, this study did not reveal engraftment status of the intravenously administered cells. The authors presume that the treatments were given systemically, the response must be systemic and must have affected the brain. Considering their availability in clinical usage, it is difficult to give therapeutic cells directly to the brain, and because peripherally introduced cells demonstrated efficacy, the mechanism of action would be important to identify. In relation, further research on the blood-brain barrier might enlighten the therapeutic mechanism. Lastly, the common signaling pathway of hUCBC and EPO treatment for stroke injury should be elucidated.

In conclusion, our results suggest that hUCBC infusion in combination with EPO administration demonstrates therapeutic efficacy in the treatment of stroke-induced injury by promoting neurogenesis and angiogenesis. Further research that delineates the therapeutic mechanism of systemically administered hUCBC and EPO is required.
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Background: Following extensive, positive results in pre-clinical experiments, Bone Marrow Derived-Mesenchymal Stromal Cells (BM-MSCs) are now being tested as a novel therapy for ischemic stroke in ongoing clinical trials. However, multiple critical questions relating to their translational application remain to be clarified. We performed a comprehensive, systematic review and meta-analysis of pre-clinical studies to evaluate the efficacy of BM-MSCs on functional outcomes after ischemic stroke, as well as the independent role of translational factors on their effect size.

Methods: We systematically reviewed the literature and identified articles using BM-MSCs in animal models of focal ischemic stroke. After abstraction of all relevant data, we performed a meta-analysis to estimate the combined effect size of behavioral endpoints after BM-MSC administration. To describe the effect size across many behavioral outcomes, we divided these outcomes into four categories: (1) Composite scores, (2) Motor Tests, (3) Sensorimotor Tests, and (4) Cognitive Tests. We also performed a meta-regression analysis for measuring the effect of individual characteristics of BM-MSC administration on the effect size.

Results: Our results from 141 articles indicate a significant beneficial effect on composite, motor, and sensorimotor outcomes after treatment with BM-MSCs compared to control groups. We found no major differences in treatment effect based on delivery route, dose, fresh vs. frozen preparation, or passage number. There were no consistent findings supporting a difference in treatment effect based on time windows from acute periods (0–6 h) vs. later windows (2–7 days). Furthermore, these positive treatment effects on functional outcome were consistent across different labs in different parts of the world as well as over the last 18 years. There was a negative correlation between publication year and impact factor.

Conclusions: Our results show worldwide efficacy of BM-MSCs in improving functional outcomes in pre-clinical animal models of stroke and support testing these cells in clinical trials in various ranges of time windows using different delivery routes. The continued growing number of publications showing functional benefit of BM-MSCs are now adding limited value to an oversaturated literature spanning 18 years. Researchers should focus on identifying definitive mechanisms on how BM-MSCs lead to benefit in stroke models.

Keywords: ischemic stroke, meta-analysis, functional outcome, mesenchymal stromal cells, treatment effect, timing of administration, co-morbidities, gender differences


INTRODUCTION

Ischemic stroke is the 5th leading cause of death and the leading cause of long term disability in the United States (1, 2). Currently, tPA is the only FDA approved medical, non-invasive treatment for ischemic stroke, its use restricted by a narrow time window of 3 h (4.5 h in certain eligible patients) after symptom onset. This has limited the use of tPA to only a fraction of ischemic stroke patients.

Ischemic stroke results in a complex cascade of events leading to the loss of neural tissue, including neurons and their supporting structures (3, 4). Concurrently, there is an initiation of local and systemic inflammatory responses that evolve over a period of days, and the extent of which determines the eventual degree of damage (4). Considering the involvement of multiple parallel processes contributing to recovery, it is not surprising that stroke researchers have tested a multitude of investigational therapies for ischemic stroke with no significant advancement in stroke treatment.

Over the last two decades, Bone Marrow derived Mesenchymal Stromal Cells (BM-MSCs) have been investigated extensively as potential novel approach to promote recovery after ischemic stroke (5–7), and have advanced to clinical trials (8–10). BM-MSCs have demonstrated their beneficial effects by immunomodulation via multiple processes such as release of trophic factors, increasing angiogenesis, recruitment of neural precursors, synaptogenesis, as well as modulating immune responses from peripheral organs such as lungs and spleen (11, 12). Multiple preclinical animal studies have yielded encouraging results favoring the use of BM-MSCs for the treatment of ischemic stroke. These preclinical animal studies differ in various factors such as cell dose, timing, and route of administration, use of fresh or cultured cells, cell passage and the species from which the cells were isolated. In addition, the methodology of how and which outcomes are measured varies between different laboratories and researchers across the world.

As the use of BM-MSCs for ischemic stroke is translated to human clinical trials, there is a need to better understand the impact of individual, clinically relevant factors, as they most likely play a critical role in the potential treatment effects of BM-MSCs, and the design of clinical trials. Previously published meta-analyses have studied the results of preclinical studies using mesenchymal cells to evaluate their functional effect; however none of them extensively studied whether methodological variability between these preclinical trials affects functional outcome (13–15). Any reasonable interpretation of effect size, particularly with respect to timing of administration and delivery route was further limited by smaller sample size of studies included and behavioral tests they characterized. In addition, previous meta-analyses did not examine important clinically relevant variables such as gender of stroke animals, age of stroke animals, species from which MSCs were harvested, as well as the effect of stroke co-morbidities.

To address these issue, we conducted a comprehensive, updated, systematic review, and meta-analysis of all the preclinical publications between the years 2000 to 2018, which investigated the use of BM-MSCs to evaluate the efficacy of BM-MSCs in animal models of focal ischemic stroke. The primary aim of our analysis was to compare the effect size of behavioral improvement after BM-MSC administration vs. vehicle administration. To simplify the results from many behavioral tests in these articles, we divided these outcomes into four categories as previously described by our group (16): (1) Composite scores, (2) Motor Tests, (3) Sensorimotor Tests, and (4) Cognitive Tests. We also performed a meta-regression analysis to study whether heterogeneity among results of multiple studies is related to any specific characteristics of the treatment factors such as cell dose, labeling, timing and route of administration, time when outcome was measured, use of fresh or cultured cells, cell passage, species, and gender of animals from which cells were isolated, species and gender of stroke animals, co-morbidities as well as the laboratory where study was conducted.



MATERIALS AND METHODS


Search Strategy

Previous reports investigating the use of BM-MSCs in ischemic stroke were identified by an electronic search of PUBMED and Google Scholar using the following search terms: “marrow OR bone marrow” AND “mesenchymal stem cell OR stromal cell OR mesenchymal cell” AND “stroke OR cerebrovascular OR cerebral ischemia OR middle cerebral artery OR MCA OR anterior cerebral artery OR ACA.” We excluded all reports which did not study functional outcome. In order to be maximally relevant to human clinical trials, studies investigating the use of gene modified BM-MSCs were also excluded. Studies in languages other than English were excluded. All other exclusion criteria are shown in Figure 1. A total of 141 articles were selected using the search strategy (Figure 1) and data were subsequently extracted. The final search was carried out on December 12, 2018.


[image: image]

FIGURE 1. Schematic showing the search strategy for selecting articles for meta-analysis. Exclusion criteria are also shown. Number of articles found by this search strategy are shown and further stratified by type of functional tests they measured.





Inclusion Criteria

Published studies were included if they fulfilled all of the following criteria: (1) assessed bone marrow derived mesenchymal stromal cells in animal models of focal ischemic stroke; and (2) reported functional outcomes.



Exclusion Criteria

We excluded review articles, editorials, commentaries, letters which reported no new data, meta-analyses as well as abstracts. In addition, we excluded the following articles that: (1) were not written in English; (2) studied non-focal stroke models; (3) had no in-vivo experiments; (4) did not use bone marrow derived mesenchymal stromal cells; (5) used gene-modified BM-MSCs; (6) used preconditioned BM-MSCs; (7) used differentiated BM-MSCs; (8) used BM-MSCs with other drugs or cells as combination treatments; (9) did not assess functional outcomes; (10) did not report SD or SE; (11) had SD or SE as 0 (zero); and (12) did not report sample size.



Data Extraction

After running the search strategy and applying inclusion and exclusion criteria, we found 141 articles. We extracted data of all functional outcomes measured in these studies. We collected functional endpoints from all tables and the results. For line graphs, the data were extracted from the graphics using Web Plot Digitizer Version 4.1 - (https://automeris.io/WebPlotDigitizer/index.html). Two independent abstractors collected each outcome. Average of the data collected from the two users was used to run statistical analysis.

We collected data on behavioral tests conducted in these articles and divided them into four categories: (1) Composite Scores—which included Neurological severity score, Garcia Score, Roger Scale, Bederson Score, and Longa Score; (2) Motor Tests—which included cylinder test, foot fault test, limb placement, beam balance test, tightrope test and grid walking test; (3) Sensorimotor tests—which included adhesive removal test, treadmill stress test, rotarod test, corner test, elevated body swing test and limb stride length measurement; and (4) Cognitive tests—which included water maze test, eight arm radial maze test and novel object recognition test. We used this classification of functional outcomes as per our previously published paper (16). Considering the comprehensive nature of our meta-analysis, this classification allowed us to analyze and organize meta-analysis and meta-regression data from all functional tests and provided a guide for future pre-clinical and clinical trials assessing functional data.

In addition to collecting the functional outcomes, we also collected information about the BM-MSCs used to administer in these articles. We collected information on variables such as cell passage, cell labeling, time when functional outcome was measured, time when cells were administered, dosage of cells used, whether the cells were used fresh or cryopreserved before use, donor and species of BM-MSCs, the laboratory where the experiments were conducted. These variables were categorized as per Table 1. Only the last time point measurements were examined for behavioral testing if outcomes were reported at multiple time points within the same experiment. When there were multiple independent experiments in one article, we included all of these experiments into the analysis. For calculating dose of BM-MSCs, we took the average reported weight of stroke animals and converted all doses to cells per kilogram. We also analyzed effect sizes based on year of article publication. We calculated 25, 50, and 75 th quartiles of the publication year and categorized experiments into four groups based on publication year: 2000–2008, 2009–2012, 2013–2015, and 2016–2018.



Table 1. List of all variables collected in this meta-analysis.
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Statistical Analysis

The effect size of BM-MSCs therapy was calculated as the standardized mean difference (SMD) of these interested outcomes between MSC and Vehicle-treated groups based on Hedges' method. The overall heterogeneity was examined by I2 and Cochran's Q-statistic test (17). A p < 0.1 was considered statistically significant for the Cochran's Q-statistic test (18). Since heterogeneity exists for all four types of outcomes, random effects model using DerSimonian and Laird method was applied to obtain the pooled effect size. We multiplied the outcomes by-−1 for larger values, indicating superior outcome if needed. For each type of outcome, we generated forest plots to depict the SMD along with its 95% confidence interval (CI) for each individual experiment as well as the pooled SMD of all studies. The statistical significance of the pooled effect size was performed by z-test. To confirm whether our findings were driven by any single study, a leave-one-out sensitivity analysis was performed by iteratively removing one study at a time. Excessive influence was suspected if the main estimate of omitting an individual study lied outside the 95% CI of the combined analysis.

Meta regression analysis was performed to assess whether heterogeneity among results of multiple studies is related to any specific characteristics of the studies, if the significance of heterogeneity was found. Univariable meta-regression analyses based on a random effects model with restricted maximum likelihood estimation were performed for four types of outcomes. Potential publication bias was evaluated using funnel plots and Egger test was performed to evaluate the symmetry of the funnel plots (19). If asymmetry was observed, a Trim and Fill procedure (20) was applied to identify the existence of unpublished hidden studies. By imputing the presence of these potential missing studies, an adjusted pooled estimate was provided. All analyses were performed with StataMP 11 (StataCorp LP, College Station, TX).




RESULTS


Study Characteristics

The flow diagram shows that the initial search yielded 653 pubmed articles. After applying all exclusion criteria, we found 141 articles and relevant data was subsequently extracted. The number of articles identified and excluded at each step are depicted in Figure 1. Among all articles measuring functional outcomes, 90 articles reported composite scores, 35 articles reported motor outcomes, 71 articles reported sensorimotor outcomes, and 9 articles reported cognitive outcomes. Some articles conducted multiple independent, behavioral tests to measure outcome in the same category. Hence, a total of 105 experiments reported composite scores, 53 experiments reported motor function, 101 experiments reported sensorimotor function and 10 experiments reported cognitive function. Frequency and percentage of all interested variables by test categories was calculated in SAS (Table S1).



Treatment Effect Size

Composite Score

We performed a meta-analysis to evaluate the effect of BM-MSCs on overall neurological function, by assessing composite scores from 90 articles (105 experiments) based on tests of mNSS, Bederson score, Longa Score, and Roger scale. These tests are routinely used by different researchers around the world to assess severity of neurological damage after stroke. For the composite score, the pooled effect size of BM-MSC therapy was substantial and significant (1.26, 95% CI: 1.10–1.42), which demonstrates a significant decrease in the composite score in the BM-MSC group compared with vehicle treatment (Figure 2). Random effects model was applied since significant heterogeneity was observed by Cochran's Q-statistic test (p < 0.0001). Furthermore, we stratified these experiments by timing of BM-MSC therapy: 0–6 h, 12–24 h, 1–7days and >7days (Figure 2). We found that the pooled effect size in each of these groups remained significant (p < 0.0001) except for >7days (p = 0.07).
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FIGURE 2. Forest plot showing standardized mean difference of composite score between BM-MSC therapy and control groups, stratified by timing of administration of BM-MSCs. 95% confidence intervals are shown for all studies measuring composite scores. 95% confidence intervals are further stratified by timing of administration of BM-MSCs into 0–6 h, 12–24 h, 2–7 days, and >7 days. p-values are for heterogeneity measured by Cochran's Q-statistic test, values <0.1 are significant.



Motor Function

Thirty five articles (53 experiments) reported motor outcomes based on tests that evaluate motor deficits such as cylinder test, beam walking test, elevated body swing test, foot fault, ladder-rung walking test, and grid walking test. For motor outcomes, the pooled effect size of BM-MSC therapy was substantial and significant as compared to vehicle group (0.98, 95% CI: 0.73–1.22), which demonstrates that BM-MSCs significantly improved motor outcomes (Figure 3). Random effects model was applied since significant heterogeneity was observed by Cochran's Q-statistic test (p < 0.0001). When we stratified motor outcomes by timing of treatment, we found that BM-MSCs significantly improved outcomes for treatment at 0–6 h, 12–24 h, and 2–7days (p < 0.0001 for all three groups, Figure 3). BM-MSC treatment at >7 days also improved motor outcomes (p = 0.02).
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FIGURE 3. Forest plot showing standardized mean difference of motor function between BM-MSC therapy and control groups, stratified by timing of administration of BM-MSCs. 95% confidence intervals are shown for all studies measuring motor function. 95% confidence intervals are further stratified by timing of administration of BM-MSCs into 0–6 h, 12–24 h, 2–7days, and >7 days. p-values are for heterogeneity measured by Cochran's Q-statistic test, values <0.1 are significant.



Sensorimotor Function

Seventy one articles (101 experiments) reported sensorimotor outcomes as measured by tests such as adhesive removal, rotarod, corner, and treadmill test. The pooled effect size of BM-MSC therapy based on sensorimotor outcomes was substantial and significant (1.36, 95% CI: 1.15–1.56), which demonstrates the significant increase of sensorimotor outcome in the BM-MSC group compared with vehicle treatment (Figure 4). Random effects models were applied due to significant heterogeneity assessed by Cochran's Q-statistic test. When we stratified sensorimotor outcomes based on timing of BM-MSC therapy, we found that BM-MSCs significantly improved outcomes for all treatment time-groups (p < 0.0001 for 0–6 h, 12–24 h, and 2–7days; p = 0.001 for >7day BM-MSC treatment, Figure 4).
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FIGURE 4. Forest plot showing standardized mean difference of sensorimotor function between BM-MSC therapy and control groups, stratified by timing of administration of BM-MSCs. 95% confidence intervals are shown for all studies measuring sensorimotor function. 95% confidence intervals are further stratified by timing of administration of BM-MSCs into 0–6 h, 12–24 h, 2–7 days, and >7 days. p-values are for heterogeneity measured by Cochran's Q-statistic test, values <0.1 are significant.



Cognitive Function

Nine articles (10 experiments) reported cognitive outcomes from tests such as water maze, radial maze and novel object recognition tests. The pooled effect size of BM-MSC therapy based on cognitive function was substantial and significant (1.88, 95% CI: 0.73–3.02, p = 0.001), which demonstrated significant increase of cognitive function in the BM-MSC group compared with vehicle treatment (Figure 5). Random effects models were applied due to significant heterogeneity assessed by Cochran's Q-statistic test (p < 0.0001).
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FIGURE 5. Forest plot showing standardized mean difference of cognitive function between BM-MSC therapy and control groups, stratified by timing of administration of BM-MSCs. 95% confidence intervals are shown for all studies measuring cognitive function. 95% confidence intervals are further stratified by timing of administration of BM-MSCs into 0–6 h, 12–24 h, 2–7 days, and >7 days. p-values are for heterogeneity measured by Cochran's Q-statistic test, values <0.1 are significant.





Meta-Regression

Cochran's Q-statistic test for heterogeneity suggested a significant effect of BM-MSCs for all four outcomes (p < 0.0001). We then performed univariable meta-regression analysis for composite score, motor function, and sensorimotor function to assess whether heterogeneity among results of multiple studies is related to any specific characteristics in these studies. Frequency and percentage of all interested variables by test categories are reported in Table S1. We did not perform meta-regression analysis for cognitive function due to the limited number of studies. The regression coefficients in Tables 2–4 estimate how the effect of BM-MSCs on these outcomes in each subgroup differs from the reference group.



Table 2. Univariable meta-regression analysis to assess the impact of study variables related to MSC therapy on composite score.
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Route of Administration

There was no difference in treatment effect on improving composite scores and sensorimotor function regardless of route of BM-MSC administration (Tables 2, 4). However, intravenously administered BM-MSCs showed significantly more treatment effect in improving motor outcomes as compared with intra-cranial injections (p = 0.04, Table 3).



Table 3. Univariable meta-regression analysis to assess the impact of study variables related to MSC therapy on motor function.
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Table 4. Univariable meta-regression analysis to assess the impact of study variables related to MSC therapy on sensorimotor function.
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Dose of BM-MSCs

There was no difference in treatment effect on all functional outcomes regardless of the dose of BM-MSCs used (Tables 2–4 and Figure S1). There was a trend of an inverse correlation between dose (cells/kg) and treatment effect on composite scores. There was also a trend of direct correlation between dose (cells/kg) and treatment effect on sensorimotor function. However, none of these trends reached statistical significance. BM-MSCs produced significant improvement in all functional outcomes regardless of dose.

Timing of Administration

When BM-MSC were administered between 2 and 7 days, they significantly improved composite scores as compared to 12–24 h and >7days (p = 0.02 and 0.04, respectively). There was marginal significance on improvement of composite score for 2–7 days administration as compared with 0–6 h (p = 0.09, Table 2). BM-MSCs showed similar treatment effect in improving motor function regardless of timing of administration (Table 3). In addition, a significant difference in treatment effect size on sensorimotor function was found when BM-MSC were administered between 0 and 6 h as compared with 12–24 h (p = 0.01), 2–7days (p = 0.03), or >7 days (p = 0.01) (Table 4). The pooled effect size when BM-MSCs were administered after 7 days of ischemic stroke showed smaller significance as compared to when they were administered before 7 days (p = 0.07, 0.02, and 0.001 for composite score, motor function and sensorimotor function, respectively). Furthermore, when BM-MSCs were administered after 4 weeks, the forest plots do show benefit. However, the effect size was significantly less and inconsistent across studies (Figure S2).

Gender and Age Differences

BM-MSCs improved functional endpoints on all outcomes for both male and female stroke animals. However, female animals showed significantly more effect in improving sensorimotor function after BM-MSC treatment as compared to male animals (p = 0.03, Table 4). There was no such difference in treatment effect on improving composite scores or motor function. The pooled effect size for both composite score and sensorimotor function was significant in young as well as old stroke animals (p < 0.0001 for all groups, Table S2). However, the 95% confidence interval in old animals was wider due to limited sample size (N = 5).

Co-morbidities

Although BM-MSCs improved outcomes in animals with and without comorbidities. Stroke animals without comorbidities showed significantly more improvement in composite scores after MSC treatment as compared to stroke animals with co-morbidities such as Type 1 Diabetes Mellitus (T1DM) or Type 2 Diabetes Mellitus (T2DM) (p = 0.04, Table 2).

BM-MSC Characteristics (Labeling, Donor Species, and Gender)

Labeling BM-MSCs did not change the efficacy of BM-MSCs on improving composite score, motor function and sensorimotor function. Furthermore, regardless of the species and gender of the donor of BM-MSCs, there was similar improvement in functional outcomes across all three categories. (Tables 2–4)

Fresh vs. Frozen BM-MSCs: Both fresh and frozen BM-MSCs had similar treatment effect in improving composite score and motor function (Tables 2, 3). However, frozen BM-MSCs produced significantly improved sensorimotor outcome as compared with fresh BM-MSCs (p = 0.02, Table 4).

Passage of BM-MSCs

BM-MSCs improved functional outcomes regardless of the passage of cells used. There was no significant difference in treatment effect on improvement of composite scores whether cell passage was <4 or >4 (Table 2). BM-MSCs with >4 passages produced significant improvement in motor outcomes compared with passages <4 (p = 0.006, Table 3). BM-MSC with >4 passages also produced significant improvement in sensorimotor outcomes as compared to BM-MSC at 2–4 passages (p = 0.03, Table 4).

Laboratories

Laboratories from around the world showed significant improvement in all functional outcomes after BM-MSC treatment for ischemic stroke. On the composite outcome score, the effect size was more pronounced in studies from Asia as compared with North America (p = 0.04, Table 2).

Year of Publication

We calculated 25, 50, and 75 th quartiles of the publication year and categorized experiments into four groups based on publication year: 2000–2008, 2009–2012, 2013–2015, and 2016–2018. Publications from all four groups showed improvement in functional outcomes after BM-MSC administration with no significant difference between the groups.

Journal Impact Factor

We performed an analysis of impact factor since 2000 for all articles reporting functional outcomes after BM-MSC treatment. We observed a negative correlation between year and impact factor (Spearman correlation coefficient: −0.23, p = 0.005, Figure 6).
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FIGURE 6. Scatterplot showing relationship between journal impact factor and year of publication (p = 0.005). Spearman correlation coefficient was calculated to find correlation between these two variables. p < 0.05 is significant.



Sensitivity Analysis

To evaluate the robustness of the calculated pooled effect size, we performed a leave-one-out sensitivity analysis by iteratively removing one study at a time and recalculating the pooled effect size of the remaining studies for each test category. For composite scores, motor function, and sensorimotor function, the pooled effect size after removing each one of the studies was stable indicating that our results were not driven by any single study. However, for cognitive function, the pooled effect size after removing the experiment in Deng et al. (21) reduced from 1.88 (95% CI: 0.73–3.02) to 0.74 (95% CI: 0.22–1.26) and statistically significant (p = 0.005).

Publication Bias

Based on the funnel plots (Figure 7), we observed significant publication bias for the outcomes for composite scores, cognitive function, motor function, and sensorimotor function (p = 0.002, 0.002, < 0.0001, and <0.0001, respectively). By trim and fill approach, for composite score, we added 25 unpublished hidden experiments and obtained the adjusted pooled effect size at 0.96 (95% CI: 0.78–1.13) after accounting for publication bias, which is still statistically significant (p < 0.0001). Similarly, for motor function and sensorimotor function, we added 10 and 30 unpublished hidden experiments and obtained the adjusted pooled effect size at 0.63 (95% CI: 0.34–0.92) and 0.80 (95% CI: 0.56–1.03) after accounting for publication bias. For cognitive function, after trim and fill approach, we added 4 unpublished hidden experiments and obtained the adjusted pooled effect size at 0.37 (95% CI: −0.92 to 1.65), which led to statistically non-significant results on cognitive function (p = 0.58).
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FIGURE 7. Funnel plot to detect publication bias for functional outcomes after BM-MSC administration. (A) funnel plot to detect publication bias in all studies measuring composite scores; (B) funnel plot to detect publication bias in all studies measuring motor function; (C) funnel plot to detect publication bias in all studies measuring sensorimotor function; (D) funnel plot to detect publication bias in all studies measuring cognitive function.






DISCUSSION


Robust Efficacy Across Outcomes and Laboratories

We have performed a comprehensive assessment of preclinical studies testing the efficacy of BM-MSCs in preclinical stroke models. BM-MSCs were exclusively chosen because they are the most widely studied cell therapy in animal stroke models and BM-MSCs differ in their characteristics compared with MSCs derived from other tissue sources (22–24). Based on our meta-analysis of 141 articles, we found that BM-MSCs had broad treatment effects on a number of different functional outcomes that included composite scores, motor function, sensorimotor function, and cognitive function. Many prior meta-analyses have examined functional outcomes after BM-MSC therapy (13–15). We conducted a comprehensive meta-analysis to analyze all published articles in English from 2000 to 2018 and provided updated data on various clinically relevant factors. To provide more in-depth analyses, we included all behavioral tests from qualifying studies and grouped them into four categories based on our prior published work (16). We found significant improvement with a high mean effect size in all four categories of functional outcome, suggesting a robust effect across all outcomes. These effect sizes remained significant after adjusting for publication bias for all outcomes except cognitive outcome. Positive effects on cognitive outcomes appeared driven by one study. It is possible that BM-MSCs do not improve cognitive outcome or the nature of the cognitive studies performed limit the ability of accurately measuring such outcomes in rodents. More studies might be required to assess if BM-MSCs can improve cognitive function.

Based on the results of our work and prior meta-analyses (13–15), we believe that an overwhelming body of literature now supports the robust efficacy of BM-MSCs to improve functional outcomes. In fact, when we examined different time windows when MSC studies were completed over the past 18 years broken out into 2000–2008, 2009–2012, 2013–2015, and 2016–2018, we did not observe any differences in any of the four functional outcomes after BM-MSC therapy. These results show that there was likely conclusive evidence for the efficacy of BM-MSC many years ago. The data may also explain the negative correlation between year of publication of BM-MSC studies and impact factor, suggesting that redundant results showing functional improvement by BM-MSCs are being published in lower impact journals. The efficacy of BM-MSCs has also been shown across different countries and different laboratories. Animal protocols differ in different countries with their own review protocols and committees with different rules and regulations for animal surgeries. We found no differences in treatment effects across the globe except when using composite outcome scores where studies in Asia showed higher effect size as compared to studies in North America. To provide current up to date information that would be useful for the design of clinical trials, we performed a number of analyses on clinically relevant factors discussed below.



Timing of BM-MSCs Administration

We found that overall effect-size for all outcome categories was consistently greatest when BM-MSCs were administered before 7 days. Within 7 days of stroke, we could not find consistent effects to determine a clear optimal therapeutic window. Administering BM-MSCs between 2 to 7 days leads to greatest benefit on composite score outcomes. On the other hand, administering BM-MSCs between 0 and 6 h led to the most significant improvement in sensorimotor outcomes. Although there are far less studies, BM-MSC administered after 7 days (compared with earlier time points) showed no improvement in composite scores, while MSCs still led to treatment effects, howbeit to a lesser extent, on motor and sensorimotor outcomes. Our results suggest that earlier administration of BM-MSCs before 7 days in rodents may be optimal to enhance functional recovery (25, 26) but MSCs may still confer less benefit when administered between 7 and 30 days in rodents, a time-period which many would consider a subacute to chronic period after stroke.



Route of Administration

We found that intravenous administration resulted in significantly more improvement in motor function as compared to intracranial injection. Intravenous administration also showed a trend toward improving composite score and sensorimotor function, although this was not statistically significant. Intra-arterial administration showed similar trends of improving sensorimotor outcome as compared to intracranial administration. Our analyses do support that a systemic injection is preferable to intracranial injection within the early period after stroke, supporting the concept that MSCs act upon systemic responses after stroke. IV administration could direct MSCs to peripheral organs such as the lung and spleen (27–29), subsequently modulating release of trophic factors as well as immune responses from these organs (11, 12).



Dose

When we analyzed dose of cells administered, we saw some trends for each category of outcomes (Figure S1). There was a trend of inverse relation between effectiveness of BM-MSCs and dose. On the other hand, there was a trend of direct correlation for improvement of sensorimotor function by BM-MSCs and dose. However, none of these trends were significant (Tables 2–4). We conclude that we could not find any clear dose response.



Fresh vs. Cryopreserved BM-MSCs and Cell Passage

Various different passages, cryopreserved and fresh BM-MSCs exert functional benefits. Frozen BM-MSCs actually performed better than fresh BM-MSC in improving sensorimotor outcomes. These results do not support the belief that fresh cells are superior to frozen cells for studies involving focal ischemic stroke. Another surprising result was that BM-MSCs from passage 4 or higher produced significantly improved motor and sensorimotor outcome as compared to those from passage 2–4. However, we recommend to interpret these results with caution and recommend further detailed studies to analyze fresh vs. frozen and cell passage in future studies.



Age

Age is an important factor for determining stroke functional outcomes. The aged brain has less regenerative potential and increased inflammatory responses to stroke (30–32). Even spontaneous recovery after stroke is delayed in aged animals (33, 34). In our meta-analysis, BM-MSC administration was tested in old animals in only 5 out of 141 articles. While our sample size does not provide adequate power to conduct reliable meta-regression to evaluate the effect of age, our analyses found that the pooled effect size was significant for composite score as well as sensorimotor function in both young and old stroke animals. However, the 95% confidence interval was wider for old animals due to less number of studies and more variability.



Other Clinically Relevant Factors

Other factors that have not been studied well in prior meta-analyses were also examined. Labeling did not appear to alter the efficacy of BM-MSCs. These results support the use of labeled cells in clinical trials in order to track their migration and obtain needed data on biodistribution in patients. Not surprisingly, we found that animals without comorbidities improved significantly better after BM-MSCs treatment as compared to animals with co-morbidities. These results have implications for clinical trials and predicted effect sizes in patients with vascular risk factors and require further study. We hope that large clinical studies of BM-MSCs are funded that will permit sub hoc analyses to determine differential effects of vascular risk factors in patients treated with BM-MSCs. Lastly, we found intriguingly that female animals compared with males achieved better outcomes on sensorimotor outcomes after BM-MSC treatment but further studies will be needed to substantiate if there are true sex differences in the treatment effects of BM-MSCs.




CONCLUSION

Given the wealth of preclinical data supporting the efficacy of BM-MSCs over 18 years, we recommend that this cellular therapy should be tested extensively in well-designed clinical trials in different time windows using different delivery routes. BM-MSCs may exert different treatment effects at various time points after stroke from early acute stages to later subacute and even chronic stroke. Clinical trials should pave the path forward for the further development of BM-MSCs in stroke patients.
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Stroke is a leading cause of permanent disability world-wide, but aside from rehabilitation, there is currently no clinically-proven pharmaceutical or biological agent to improve neurological disability. Cell-based therapies using stem cells, such as dental pulp stem cells, are a promising alternative for treatment of neurological diseases, including stroke. The ischaemic environment in stroke affects multiple cell populations, thus stem cells, which act through cellular and molecular mechanisms, are promising candidates. The most common stem cell population studied in the neurological setting has been mesenchymal stem cells due to their accessibility. However, it is believed that neural stem cells, the resident stem cell of the adult brain, would be most appropriate for brain repair. Using reprogramming strategies, alternative sources of neural stem and progenitor cells have been explored. We postulate that a cell of closer origin to the neural lineage would be a promising candidate for reprogramming and modification towards a neural stem or progenitor cell. One such candidate population is dental pulp stem cells, which reside in the root canal of teeth. This review will focus on the neural potential of dental pulp stem cells and their investigations in the stroke setting to date, and include an overview on the use of different sources of neural stem cells in preclinical studies and clinical trials of stroke.
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INTRODUCTION

The central nervous system (CNS) functions through complex molecular and cellular interactions, and disruption by severe injury or disease leads to irreversible neuronal loss and associated functional deficits. This results in highly debilitating pathologies associated with significant health and economic burden for patients, their families, carers, and the health systems.

Stroke is a global health care problem and a leading cause of acquired adult neurological disability (1). With an aging population, the incidence and prevalence of stroke is predicted to rise. A stroke is characterised by reduced and insufficient blood supply to part of the brain. Inadequate oxygen and nutrients lead to tissue infarction, resulting in disability due to loss-of-function associated with the damaged area of the brain.

There are two main types of stroke; haemorrhagic and ischaemic. Haemorrhagic strokes, accounting for 13 percent of strokes (1), result from bleeding when a blood vessel is ruptured. Ischaemic stroke is the most common presentation of stroke at 87 percent of all cases (1), and is due to an obstruction in the blood supply, which could be formed locally (thrombosis) or formed elsewhere in the body (embolism).

During an ischaemic stroke, a complex chain of events takes place at the molecular and cellular levels, which results in cell necrosis at the site of the vascular insult (the ischaemic core), while the region surrounding the core (the ischaemic penumbra) remains viable for some time due to collateral blood supply and can thus be salvaged. A strong inflammatory response is initiated within hours of stroke onset, characterised by reactive astrogliosis, microglial activation, disruption to the blood-brain barrier (BBB), and infiltration of neutrophils and monocytes/macrophages (2). Growth factors and inflammatory mediators, from local glial and inflammatory cells, alter the reaction of endogenous neural stem and progenitor cells. Over time, reorganisation of the neural network around the core takes place. If untreated, the penumbra will transform into ischaemic tissue, expanding the irreversibly damaged area of brain. There is an opportunity to save the penumbral tissue via acute recanalisation therapies.

The currently available therapeutic interventions, such as thrombectomy and thrombolysis, are limited to a narrow therapeutic window and eligibility criteria, and though they have a significant impact on stroke outcome, disability remains after any intervention. Thrombectomy refers to the mechanical removal of a blood clot, which has been effective when performed within 24 h post-stroke (3). The more common intervention is thrombolysis by intravenously administered recombinant tissue plasminogen activator, to breakdown the clot. This is currently the only approved pharmacological agent that shows significant benefits in acute ischaemic stroke, but is only applicable within a short time frame of 4.5 h from symptomatic onset (4). Unfortunately, many patients are ineligible for these reperfusion therapies. In addition, poor patient outcomes can still be observed. Once a stroke patient is stabilised, rehabilitation interventions are relied upon to promote neuroplasticity, as patients adapt to residual disability. Improvements are most significant in the first several months following a stroke (5). There is currently no therapy that can restore damaged neural tissue and its associated functions.

Cell-based therapies have the potential to promote functional recovery in patients affected by stroke and other neurological diseases. Stem cells are promising candidates, as they can act through multiple cellular and molecular mechanisms to provide support for endogenous cells, stimulate endogenous processes, and act as a source of cell replacement. Neural stem cells (NSC), which reside in specific areas of the CNS, are the most appropriate stem cells for brain repair. Research is focused on two therapeutic paradigms; enhancing and manipulating endogenous NSC, and implanting exogenous NSC. Reprogramming strategies are being applied to develop NSC from more easily accessible and abundant cell types (6). Dental pulp stem cells (DPSC) are adult stem cells obtained from the dental pulp tissue in the tooth chamber (7). These cells are easily sourced and have neurogenic potential. They are being investigated as an alternative source of neural cells and in preclinical models of neurological diseases, including stroke. This review will focus on the potential use of human DPSC for stroke therapy and will include an overview of different types of NSC being studied.



TYPES OF STEM CELLS

Stem cells are unique cells that have the ability to differentiate into a variety of cell types while maintaining the pool of unspecialised stem cells through their self-renewal capacity. They can be classified based on their differentiation potential. Totipotent stem cells can give rise to all the cells needed for embryonic development including the extra-embryonic tissues, while pluripotent stem cells are able to differentiate into cells of all three germinal lineages (ectoderm, mesoderm, endoderm) and hence any cell of the body (Figure 1). Multipotent stem cells are more restricted as they can differentiate into the cells of the tissue they reside in, whereas unipotent stem cells maintain the population of one cell type within their tissue. There are two broad types of stem cells; pluripotent embryonic stem cells and multipotent post-natal adult or somatic stem cells.
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FIGURE 1. Stem cell lineage and reprogramming. Pluripotent embryonic stem cells (ESC) are derived from the inner cell mass (ICM) of the blastocyst. The three germinal layers (ectoderm, mesoderm, endoderm) are specified through the process of gastrulation. The ectoderm gives rise to the skin and nervous system; the mesoderm gives rise to muscle, bone, blood, and fat; the endoderm gives rise to the respiratory, gastrointestinal, and urogenital tracts. The ectoderm consists of epidermal ectoderm forming the skin, and neuroectoderm, which forms the neural plate and undergoes neurulation to form the neural tube and neural crest cells. The neural tube gives rise to the central nervous system via neural stem cells (NSC), which give rise to neural and glial progenitors, and subsequently neurons, astrocytes, and oligodendrocytes. The neural crest cells migrate and contribute to tissues throughout the body, including the peripheral nervous system (e.g., Schwann cells), ectomesenchymal tissues of the head (e.g., dental pulp stem cells), and the pigmented cells of the skin known as melanocytes. Somatic cells, such as fibroblasts, can be reprogrammed to induced pluripotent stem cells (PSC) through the ectopic expression of four specific transcription factors. These cells can then be differentiated similar to ESC. Somatic cells can also be directly reprogrammed into neurons and NSC. Transdifferentiation is direct reprogramming of cells within the same germinal lineage, such as dental pulp stem cells into neural cells.



Embryonic stem cells (ESC) are derived from the early embryo, more specifically the inner cell mass of the blastocyst (Figure 1). They were first isolated from the mouse blastocyst in the 1980s (8, 9), then from human embryos in 1998 (10). They can be propagated indefinitely and are cultured as embryoid bodies or as a monolayer using feeder layers. Due to their pluripotent nature, ESC give rise to teratomas in vivo, which are tumours derived from multiple germ layers and consist of a mixture of differentiated cells (11). By applying specific molecules, ESC can be induced along the neural lineage, making them safer for transplantation (11, 12). However, ESC-derived cells are subject to ethical controversy as culturing ESC involves the destruction of embryos.

Adult stem cells are found in tissues throughout the developed body where they function to maintain homeostasis and repair by giving rise to tissue-specific specialised cells. Examples of multipotent adult stem cells are bone marrow-derived mesenchymal stem or stromal cells (BMSC) and haematopoietic stem cells. Adult stem cells are not subjected to the same ethical considerations as ESC, nor do they possess the same tumorigenic potential. They also allow for autologous cell therapy, to prevent immunocompatibility issues.

It was believed that lineage specification and terminal differentiation into specialised cells was an irreversible process. However, this classic notion that cellular identity is stable has been challenged in the past few decades by evidence of nuclear transfer, dedifferentiation, epigenetic modifications, and ectopic gene expression, suggesting that cells are plastic (13). We now know that somatic cells, such as fibroblasts, can be genetically reprogrammed to stem cells that resemble ESC, termed induced pluripotent stem cells (induced PSC) (14, 15) (Figure 1). Breakthrough research conducted by Yamanaka and colleagues more than a decade ago, demonstrated the underlying molecular mechanism permitting this plasticity (14, 15). Yamanaka's reprogramming method involves the use of specific transcription factors that activate/deactivate genes and modify signalling pathways. In this case, the transcription factors used consist of the pluripotency-associated factors; octamer-binding transcription factor 4 (OCT4), SRY (sex determining region Y)-box 2 (SOX2), KLF4, and MYC. These induced PSC resemble ESC with respect to their morphology, growth properties, gene/protein expression profiles, differentiation potential, teratoma formation in vivo, and potential to generate chimeras when injected into blastocysts to demonstrate germline transmission (14, 15). Induced PSC present a cell population with the same level of pluripotency as ESC but circumvent ethical issues, while also providing a source of cells for autologous cell therapies like adult stem cells. However, induced PSC too have a greater risk of tumorigenesis, thus giving adult stem cells, despite their more limited potential, an advantage in terms of safety and timing to the market. Nevertheless, this breakthrough technology has expanded the stem cell research field and helped enhance the progress of cell therapies by providing a cell source with unlimited proliferation and differentiation potentials, and more importantly, a strategy for manipulating cells across all cell lineages.

Within a few years of discovery, the focus on cellular reprogramming turned to a direct strategy. The concept was to bypass the pluripotent state and reprogram cells directly to the desired cell type, thus providing an accelerated reprogramming pathway with a biologically safer product. This direct reprogramming pathway is sometimes referred to as transdifferentiation. In theory, transdifferentiation occurs within the same germinal lineage (Figure 1) (13), thereby requiring fewer epigenetic modifications and decreasing the risk of accumulating mutations and leading to tumorigenesis. Nevertheless, some studies have claimed that inter-lineage transdifferentiation is possible via various transient intermediates (16). Direct strategies therefore increase safety and efficiency, and result in terminally differentiated cells or multipotent stem/progenitor cells with limited proliferation and differentiation capacity (Figure 1). This strategy has been applied to different cell sources to induce cells along the neural lineage (6, 13).



NEURAL STEM CELLS

The CNS has an inherent, albeit limited capacity for repair. Neural stem cells, capable of self-renewal and differentiation into neurons, astrocytes, and oligodendrocytes, reside in specific regions called neurogenic niches. The formation of the CNS is a series of complex developmental processes initiated early in embryonic development, following the specification of the three germ layers, the ectoderm, mesoderm and endoderm. The neuroectoderm is induced by the underlying mesoderm, through the inhibition of signals that specify epidermal ectoderm. Neurulation is then initiated when the neural plate folds in to form the neural tube, which is composed of neuroepithelial cells (Figure 1). These cells give rise to bipolar NSC called radial glia, which initially span the neural tube, multiply and act as scaffolds for migrating cells. They give rise to cells that respond to gradients of morphogens and mitogens, resulting in the patterning of the neural tube and ultimately giving rise to all the neurons and glia of the CNS (17).

The adult mammalian brain has two main neurogenic niches that contain NSC; the sub-ventricular zone of the lateral ventricles and the sub-granular layer of the dentate gyrus in the hippocampus (17). Neural stem cells give rise to intermediate glial and neural progenitors. Subsequently neuroblasts arise from neural progenitors, and migrate and differentiate into various neuronal sub-types that may integrate within the existing network. Under normal physiological conditions, neuroblasts in the sub-ventricular zone migrate to the olfactory bulb via the rostral migratory stream after which they migrate radially and differentiate into interneurons (granule cells and periglomerular cells), while those in the sub-granular layer migrate into the inner granule cell layer and differentiate into granule cells (17). Adult neurogenesis has been proposed to be involved in maintenance and repair of the neural network, memory formation, and olfaction (17).

Neural stem cells are mostly quiescent under normal physiological conditions but are induced to proliferate and migrate to the affected site in response to injury and disease, such as stroke (17). It has been shown that stroke induction stimulates NSC proliferation and neuroblasts are recruited to the ischaemic striatum (18, 19). This migratory response is mediated by molecules, such as the chemokine stromal cell-derived factor 1-alpha (SDF1α), secreted by glial, immune and endothelial cells (20–22). However, due to the hostile microenvironment, cell survival is low, thereby limiting the intrinsic repair potential (17).

Neural stem cells were described and isolated from the adult mouse brain in the late 1980s (23) and early 1990s (24), though there was evidence of mitogenic cells in the rodent brain from as early as the 1960s (25). In the presence of growth factors, including basic fibroblast growth factor (bFGF) and epidermal growth factor (EGF), these cells proliferated and formed cell clusters termed neurospheres, which could be passaged following single-cell dissociation to generate second, third and further generation neurospheres, or differentiate into neurons and glial cells (24). They were also capable of surviving, proliferating and differentiating when transplanted into the CNS (26, 27). In the late 1990s, analysis of post-mortem tissue confirmed the presence of NSC in the adult human brain (28, 29) and a few years later, NSC were isolated from the adult human olfactory bulb from patients undergoing invasive neurosurgery (30). They are rarely accessible from the living adult human brain and only through extremely invasive surgery, therefore NSC from rodents have been studied as well as human foetal brain-derived NSC (31, 32).

It is presumed that the optimum brain repair mechanism resides within the brain mediated by the local stem cells. Age is a risk factor for neurological diseases including stroke, but aging also attenuates brain repair potential, thus increasing susceptibility to disease. Neural stem cell proliferation rate, viability, and migration capacity can thus be restricted (17). For this reason, exogenous sources of NSC are being studied, including ESC-derived, foetal brain-derived, or reprogrammed from somatic cells either indirectly via the production of induced PSC or directly bypassing the pluripotent stage (6). Ethical and practical considerations limit the application of NSC from ESC and brain tissue, leaving reprogramming as an appealing alternative to provide a source of NSC for cellular therapy.

To be applicable for regenerative medicine, a cell source needs to be easily accessible, expandable under good manufacturing practices to provide sufficient cell numbers, and able to be differentiated/reprogrammed using an efficient and reproducible protocol with defined media. In this regard, stem cells have been investigated, and promising candidates include neural crest-derived DPSC (7, 33).



DENTAL STEM CELLS

The tooth is an ectomesenchymal tissue that contains, along with the supporting tissues, multiple stem cell niches. Several dental stem cell populations have been identified, which include; DPSC from the dental pulp tissue of permanent teeth (Figure 2) (7), stem cells from the dental pulp tissue of exfoliated deciduous teeth (34), stem cells from apical papilla isolated from the root canal of immature permanent teeth (35), and stem cells from tooth germs (36). Other stem cell populations from the supporting tissues in the oral cavity include; periodontal ligament stem cells (37), alveolar bone-derived MSC (38), gingival MSC (39), and dental follicle stem cells from the surrounding connective tissue of the tooth germ (40).
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FIGURE 2. Tooth anatomy and dental pulp stem cells. There are two anatomical parts of the tooth; the crown exposed to the oral cavity and the root embedded in the gum. The crown is composed of enamel on the outside, the underlying dentine, and pulp tissue, which contains nerves, blood vessels, and lymphatics. The root, covered with the bone-like tissue cementum, contains dentine and the root canal. The tooth is supported by the periodontal ligament, connecting it to the alveolar bone. Dental pulp stem cells reside in the perivascular niches of the dental pulp tissue of permanent teeth.



Dental stem cells follow the criteria that define multipotent mesenchymal stem/stromal cells (MSC), as described by the International Society for Cellular Therapy in 2006 (41). These criteria include; plastic adherence under standard culture conditions; ability to differentiate along the adipogenic, chondrogenic, and osteogenic lineages when cultured in appropriate inductive media; expression of the common MSC-associated markers CD73, CD90, CD105; and lack of expression of haematopoietic markers CD14, CD34, CD45, CD19, and HLA-DR. These dental stem cells are isolated similarly to MSC-like populations from other tissues, such as bone marrow and adipose tissue, and display a spindle-shaped morphology. This review will focus on DPSC, which were the first dental stem cells to be identified.



DENTAL PULP STEM CELLS

Human DPSC isolated from third molars, were first described by Gronthos et al. (7). They are a heterogeneous multipotent adult stem cell population that reside in the perivascular niche of the dental pulp (Figure 2) (42). The role of the dental pulp is to maintain tooth homeostasis and repair. The dental pulp cell population consists of dentine-generating odontoblasts on the outer side of the tissue, fibroblasts, immune cells, nerve and glial cells, and stem and progenitor cells in the perivasculature. It was demonstrated early on that DPSC can regenerate tooth structures, as they were capable of forming a dentin-pulp complex when transplanted into immunocompromised mice, which suggested the presence of stem and progenitor cells (7).

Dental pulp stem cells possess high proliferative and clonogenic capacity, and it is for this reason that they have attracted attention with regard to therapeutic applications (7). Limited cell proliferation and tendency to undergo senescence when cultured ex vivo, is a challenge that needs to be overcome if cells are to be used in the clinic. In comparison to some cell populations, such as BMSC, DPSC display a higher frequency of colony formation and greater proliferation potential, which is maintained throughout culture (7, 43).

Their multilineage differentiation potential has been demonstrated under in vitro inductive conditions and following implantation in vivo, along multiple lineages including the odontogenic, osteogenic, chondrogenic, adipogenic, neurogenic, and myogenic lineages (44, 45). This extensive array of lineages is an advantage over other stem cell populations, such as haematopoietic stem cells, which have a more limited differentiation capacity.

There is no known unique marker to identify and isolate DPSC. Extensive immunophenotyping of ex vivo expanded DPSC has demonstrated their expression of markers associated with; MSC-like populations; bone and dentine; and perivascular cells, including CD146 (7). Dental pulp stem cells may also express neural lineage markers, including low-affinity nerve growth factor receptor known as p75, the intermediate filament nestin, and glial fibrillary acidic protein, as well as more mature neuronal lineage markers, such as β-III tubulin and neuronal nuclear antigen (45). This immunophenotype reflects their origin and high level of heterogeneity.

Dental pulp stem cells originate from the embryonic neural crest. In vertebrate embryogenesis, during the formation of the neural tube, a transient population of multipotent cells arises at the junction between the neural tube and the epidermal ectoderm, termed the neural crest (Figure 1). These neural crest cells migrate from the dorsal margins of the neural tube, undergoing an epithelial to mesenchymal transition, and give rise to multiple neural and non-neural cell types throughout the body, including all of the neurons and glia of the peripheral nervous system, the ectomesenchymal derivatives of the craniofacial area and melanocytes of the skin (Figure 1). It is the migrating cranial neural crest cells that contribute to the dental pulp tissue, established using genetic lineage tracing (46–48). In addition, a more recent study demonstrated that a significant subpopulation of cells extracted from the dental pulp originates from peripheral nerve-associated glia during tooth development, homeostasis and regeneration (49). Thus, neural crest-derived stem and progenitor cells persist in adult tissues, and some, such as the glial Schwann cells lining peripheral nerves and melanocytes in the skin, are able to dedifferentiate into stem/progenitor-like cells (13).

It is therefore not surprising that DPSC express markers of the neural lineage, which substantiate their neural predisposition. However, they are heterogeneous and this quality can impact the differentiation efficiency (7). Analysis of individual colonies also demonstrated the different proliferation rates, suggesting that the more highly proliferating cells will dominate a multi-colony population, altering the composition (33).

Most studies have focused on using the whole DPSC population extracted from the dental pulp (50, 51). However, it may be beneficial to select subpopulations, using fluorescence- or magnetic-activated cell sorting, based on markers that may be associated with increased neurogenic potential. Using a more homogenous cell population could increase the differentiation efficiency. For example, stromal precursor cell surface marker STRO-1, known as an early marker of multiple MSC-like populations, has been used to purify DPSC (42). However, STRO-1 is downregulated very early during ex vivo expansion, creating a problem in obtaining sufficient cell numbers (42). The neural crest marker p75, co-expressed with STRO-1 on BMSC (52), may be suitable as p75+ DPSC express higher levels of neural stem cell markers (53). It is however expressed by <10 percent of the overall DPSC population (53). Isolation methods may also make a difference. The common isolation method is to enzymatically release the cells from the dental pulp tissue using collagenase and dispase (7). Alternatively, cells can be allowed to migrate out using the explant method, which may select for specific subpopulations (54).

Dental pulp stem cells have also been shown to express the pluripotency-associated markers OCT4, SOX2 and MYC (55), which is uncommon to MSC. However, unlike ESC and induced PSC that express these markers, transplanted DPSC have not resulted in tumour formation (33). Additionally, both spontaneously and induced immortalised DPSC did not form tumours when transplanted into immunocompromised mice (56). Embryonic stem cells and induced PSC require complete differentiation prior to implantation due to tumorigenic risk.

These properties make DPSC promising candidates for stem cell therapy, in particular for neurological diseases due to their neurogenic predisposition. Most importantly, dental pulp presents an easily-accessible non-invasive source of adult stem cells with high proliferation potential. They are isolated from routinely extracted teeth that would otherwise be discarded as clinical waste, unlike the invasive aspiration of bone marrow required to obtain BMSC.



NEURONAL DIFFERENTIATION OF HUMAN DENTAL PULP STEM CELLS

Under defined neuronal inductive conditions, human DPSC are able to differentiate into functionally active neuronal cells. They acquire a neuronal morphology, displaying a rounded cell body with cytoplasmic extensions, and show an immunophenotype consisting of neuronal-associated markers (e.g., β-III tubulin, neuronal nuclear antigen) (50, 51). As outlined in Table 1, there have been multiple neuronal differentiation protocols applied to human DPSC, varying in media composition, use of supplements, growth factors, and small molecules, as well as seeding density, growth surfaces, number of stages, and duration. However, few studies have conducted functional analysis of their neuronally differentiated DPSC (Table 1), such as electrophysiological analysis for the presence of voltage-gated ion channels (Na+, K+, Ca2+), which are required for the generation and propagation of action potentials in functionally mature neurons.



Table 1. Neuronal induction protocols for human dental pulp stem cells with functional assessment.
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One of the earlier methods for neuronal induction of human DPSC, and the first to examine their functionality, resulted in neurons that displayed voltage-gated sodium channels, important for initiation of action potentials (50). A subpopulation of DPSC has been shown to display sodium currents in their normal state (57). These cells may have a role in sensory transduction within teeth. If this subpopulation differentiates into neuronal-like cells, enhanced electrophysiological properties would be expected. It is however uncertain, which subpopulations neuronally differentiate, and whether they initially display any voltage-dependent ion currents. A modified version of this neuronal differentiation protocol resulted in cells expressing both sodium and potassium currents (58).

Subsequently, a shorter, 2-week neuronal differentiation protocol for DPSC was developed, resulting in neurons displaying both voltage-dependent sodium and potassium currents and were sensitive to respective inhibitors (51). This method had a pre-induction step exposing the cells to the demethylating agent 5-azacytidine, thus modifying the epigenome to increase the ability of the cells to go down the specified lineage. These neuronally differentiated human DPSC localised to the neurogenic niches in the rodent brain and were detected in the lesioned cortex following injury (59). This demonstrated that the DPSC-derived neuronal cells survived and responded to the environmental signals, similar to results obtained in an avian embryo model using undifferentiated human DPSC (60).

Other groups have been interested in directing DPSC into specific neuronal types, including dopaminergic and spiral ganglion neurons (61–63). However, the investigations are few at the current time and more research is needed. Furthermore, xeno- and serum-free conditions from initial culture to neuronal differentiation have also been investigated (64). Removing animal-derived products and creating defined media is a critical step towards establishing a safe and consistent cell source for therapeutic purposes.

More recently, studies have begun to use neurosphere generation for neural induction of human DPSC (65). Neurospheres are a commonly used culture system for NSC, where cells are grown in conditions lacking adherent substrates and in the presence of growth factors, most commonly bFGF and EGF. They are heterogeneous, containing cells at different stages of differentiation and maturation, thus identifying the presence neural stem cells. Recent studies have incorporated this culture system in the neuronal differentiation of DPSC (65, 66). The cells were differentiated to functional neurons in vitro, through a two-step protocol, firstly by stimulating neurosphere formation, then going through a neuronal maturation stage. Patch-clamp analysis and calcium imaging were used to confirm the presence of functional properties. One research group observed that the cells not only expressed functional voltage-gated sodium and potassium channels but a subset of cells also generated single action potentials (65). Repeated action potentials were not observed nor were spontaneous action potentials, which would indicate fully functional neurons. The initial neurosphere culture step was further analysed by Pisciotta et al. (67), who demonstrated the prolonged expansion of the DPSC-derived spheres throughout which they maintained their neural crest properties.

These in vitro differentiation studies demonstrated that DPSC respond to local environmental cues, which is also true for the in vivo setting. When injected into an embryonic model at a time of active neurogenesis, DPSC followed the migratory pathway of endogenous cranial neural crest cells, reiterating their origin, and underwent neuronal differentiation (60).



HUMAN DENTAL PULP STEM CELLS IN STROKE MODELS

Despite the extensive in vitro research examining the neurogenic properties of DPSC, there have only been a hand-full of studies that have examined the efficacy of human DPSC-based therapies in vivo to treat stroke. Table 2 summarises the use of human DPSC in animal stroke models, based on rodent models of focal cerebral ischaemia via the transient occlusion of the middle cerebral artery.



Table 2. Human dental pulp stem cells in stroke models.
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The first study to investigate DPSC in an animal model of stroke used a mechanical extraction method to obtain cells from human wisdom teeth (68). These cells expressed the nuclear receptor related 1 protein, which is essential for the dopaminergic system of the brain. Although the study involved a small sample size, it provided preliminary data for the therapeutic potential of dental pulp cells for stroke. Functional recovery was exhibited and cells were detected in the penumbra, however potential mechanisms were not investigated.

A subsequent study provided the first preclinical support for use of human DPSC in acute ischaemic stroke (69). Dental pulp stem cells were intracerebrally transplanted into the rat brain 24 h post-stroke, at two injection sites; in the cortex and in the striatum. At 4 weeks, significant neurobehavioural improvement was observed, however only 2.3 percent of engrafted cells were detected. These results suggest that the improvement was not mediated by a cell replacement mechanism rather through a DPSC-dependent paracrine effect, involving the many growth factors secreted by DPSC, such as nerve growth factor, brain-derived neurotrophic factor, glial-derived neurotrophic factor, and ciliary neurotrophic factor (70, 71). The low survival rate observed in this preclinical model may indicate a specific subpopulation of DPSC have greater neurogenic potential and ability to survive and differentiate, with the p75+ subpopulation being a candidate. The DPSC displayed targeted migration towards the infarct, and differentiated into astrocytes within the vicinity of the infarct and neurons further from the infarct site. The targeted migration of the transplanted cells towards the ischaemic border zone is likely mediated by the SDF1 gradient produced by endogenous cells following stroke (20). This chemokine is upregulated for at least a month post-stroke (72). Furthermore, it was previously shown in an avian embryo model that DPSC induce endogenous axon guidance of host trigeminal ganglion axons via the production of SDF1 (60). In this preclinical study, a reduction in post-stroke corpus callosum atrophy was also observed, again indicating to the ability of DPSC to influence host axonal remodelling. These results demonstrate the role of SDF1 signalling in DPSC migration and neuroplasticity properties.

Of note, both of these studies used an intracerebral route of administration, which is a highly invasive procedure. Subsequent studies used an intravascular route, which may be clinically safer in the acute stroke setting (73). It has been shown that stem cells administered through this route can be detected in the brain but involves the transmigration of the BBB. This could be a result of the disrupted BBB post-stroke, however cellular trafficking occurs even after the period of increased BBB permeability (74), implicating other mechanisms at play.

In these DPSC studies, administration via the tail vein resulted in cells transmigrating the BBB and migrating towards the infarct (71, 75, 76), with a lack of detection in systemic organs (75). Winderlich et al. previously demonstrated that human DPSC stimulate BBB permeability via the production of the soluble factor vascular endothelial growth factor-alpha (VEGFα) (73), which is known to be produced following stroke and is secreted by stem cells, including DPSC (77). DPSC mediate their angiogenic effect via VEGFα (75, 76). In addition to its role in angiogenesis, VEGFα is involved in vascular permeability, and has been shown to decrease tight junction proteins thus increasing permeability (78). Interestingly, Sowa et al. showed that the integrity of the BBB was maintained via the DPSC attenuation of the decrease in tight junction proteins that results from stroke (76). This was observed with unmodified DPSC, but also with DPSC overexpressing the pleiotropic cytokine hepatocyte growth factor, which showed an even greater effect. This factor may have a role in inhibiting BBB disruption (79). Hence, DPSC not only produce factors like VEGFα that allow them to transmigrate the BBB but they also have the counteracting potential to maintain BBB integrity. There are likely other factors involved in regulating BBB permeability and with more research, the complex mechanisms used by stem cells can be uncovered.

Dental pulp stem cells have been shown to modulate the immune response in several ways. They inhibit microglial activation, as evidenced by the decrease in cells expressing ionised calcium-binding adaptor molecule 1, a marker specifically expressed in the brain by activated microglial cells (71, 76). Analysis of DPSC-conditioned medium has shown their expression of various cytokines, including interleukin 10, which decreases pro-inflammatory cytokine production (71). Additionally, decreased levels of the pro-inflammatory cytokines tumour necrosis factor-alpha and interleukin 1-beta are observed in brain tissue and serum from DPSC-treated stroke animals (71, 76).

The BBB has a role in maintaining the immune privileged status of the CNS. It appears that DPSC are not entirely rejected, as these studies have not employed the use of immunosuppressive drugs (71, 75, 76). This could be mediated by the DPSC expression of the Fas ligand, which induces the apoptosis of T cells, and is also one of the mechanisms used to maintain immune privilege of certain tissues. Fas ligand is known to be expressed by stem cells including DPCS, even with prolonged culture and particularly using the neurosphere culture system (67). Thus, DPSC have the potential to evade the immune system, transmigrate the BBB, migrate towards the infarct and modulate the inflammatory response. The ability of DPSC to exert these therapeutic effects in the acute phase when inflammation occurs, demonstrates their high level of potency (71).

Dental pulp stem cells are also able to inhibit reactive astrogliosis (75), which leads to glial scar formation as a protective mechanism but impedes axonal regrowth. Attenuation of neuronal degeneration by DPSC is also evidenced by decreased numbers of degenerating neurons (71, 76). This neuroprotective effect is likely mediated by the array of neurotrophic factors produced by DPSC, such as nerve growth factor, brain-derived neurotrophic factor, glial-derived neurotrophic factor (70). Additionally, DPSC express the cytokine interleukin 3 (IL-3) (71), which promotes proliferation and differentiation of stem cells, suggesting that DPSC may have capacity to stimulate endogenous cells, though this mechanism has not been investigated in these studies.

These in vivo studies observed functional recovery and decreased infarct volumes (Table 2). Evidence from all preclinical studies suggest that the therapeutic effects of DPSC are most likely mediated through paracrine mechanisms and less so of a neural cell replacement mechanism. Dental pulp stem cells secrete growth factors, neurotrophins and cytokines, which promote angiogenesis, modulate the immune response, provide neuroprotection, and enhance neuroplasticity (Figure 3).
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FIGURE 3. Sources of neural stem cells for transplantation in the stroke-affected brain and mechanisms of action. Neural stem cells (NSC) from foetal and adult brain tissue, differentiated from pluripotent stem cells [embryonic stem cells (ESC) or induced pluripotent stem cells (PSC)], and differentiated or genetically modified from other somatic cells and stem cells [e.g., bone marrow stem cells (BMSC), dental pulp stem cells (DPSC), umbilical cord-derived mesenchymal stem cells (UC-MSC)], are being investigated. Mechanisms of action in the stroke-affected brain include stimulating angiogenesis, modulating the immune response, providing neuroprotection, inducing neuroplasticity, and replacing neural cells.



Even though cell survival and differentiation to astrocytes and neurons is observed, neural tissue replacement is unlikely to play a big part. Cell survival may be increased through the addition of neurotrophic factors, such as brain-derived neurotrophic factor (80). Alternatively, the culture method may be important, with a better outcome observed with DPSC-derived neurospheres, possibly due to greater amounts of neural progenitor cells (81). As previously mentioned, certain DPSC subpopulations may have greater neurogenic potential and survival. The perivascular cell marker CD146 is used to purify MSC-like populations from different tissues. However, it may actually select cells that are more committed to non-neural lineages, as CD146+ cells demonstrate greater regeneration of the dentin-pulp complex than CD146− cells (82). The CD146− subpopulation may instead contain cells that are of neural crest origin, and may explain why it displayed positive outcomes in an ischaemic model (83). Another investigated subpopulation is CD34+ DPSC, which despite their slower proliferation and loss of “stemness,” have greater commitment to the neural lineage and express the neural markers p75 and nestin, compared to CD34− DPSC (75, 84). Although CD34 is believed to be a distinct marker for cells of haematopoietic origin and endothelial cells, this subpopulation improved functional recovery via the aforementioned mechanisms but also exhibited superior neuroprotective properties in comparison to BMSC (75).

There is strong experimental evidence that stem cell therapy can improve neurological function through a variety of cellular and molecular mechanisms, with growing evidence to support DPSC as an attractive source. These cells are appealing for use in autologous and allogeneic therapies of stroke. Stroke is more widely regarded as an aging disease, and improved healthcare suggests that a greater proportion of the older population retain their teeth. Nevertheless, to reach all stroke patients irrespective of having their own teeth, an allogeneic strategy may be required, and the immunosuppressive properties of DPSC make them attractive for this type of clinical application (85).

While promising, the efficacy of DPSC to deliver therapeutic outcomes based on their capacity to differentiate into functional neural cell populations remains the subject of intense research. The limitation in using undifferentiated and unselected DPSC is that they may differentiate along multiple lineages or only a small fraction would differentiate to neural cells, thereby decreasing the clinical efficacy. A neural cell population would be more suited to the environment and have greater potential to replace lost and damaged neural tissue. For example, neuronally pre-differentiated human DPSC responded well to the normal and injured in vivo environment (59). However, since neuronal cells lack the ability to self-renew, the number of cells that can actually mediate positive outcomes will be fewer than initially transplanted due to cell loss. Furthermore, in a disease like stroke where the ischaemic milieu affects multiple neural cell populations, administering neuronal cells would be targeting the replacement of only one affected population. Neural stem or progenitor cell populations would be a better alternative, allowing expansion to provide sufficient cell numbers and differentiation into various cells based on the endogenous environment.



REPROGRAMMING DENTAL PULP STEM CELLS

Finding an alternative source of NSC has been a major research focus for some years now, with much of the research investigating cellular reprogramming strategies. In this regard, DPSC might be a promising cell source. Due to their neural crest origin, they may require less manipulation or display greater efficiency than other cell types. As previously mentioned, cells can be directed along the neural lineage either indirectly, using induced PSC production, or directly to the desired cell type.

Dental pulp stem cells have successfully been reprogrammed to induced PSC (86, 87), even in the absence of the oncogenic MYC, and subsequently directed along the neural lineage (88). Dental pulp can thus provide an alternative cell source for establishing induced PSC banks for regenerative medicine. There has been little investigation in the area of converting DPSC into NSC, other than by the use of neurosphere culture methods, usually as a transient step in the pathway to neuronal differentiation (65). While there has been some evidence of the neurosphere culture system maintaining prolonged culture of DPSC-derived spheres (67), these spheres are not clonal nor consisting of only stem cells. Since DPSC are of neural crest origin, it may be more efficient to use a direct reprogramming strategy to convert them to NSC, in comparison to cells of a different germinal lineage. Transdifferentiation should be possible between these cell types, which share a common tissue of origin. Similar methods that have been applied to other somatic cell types to induce NSC can be applied to DPSC (89–92).



DIRECT REPROGRAMMING OF CELLS ALONG THE NEURAL LINEAGE

Direct reprogramming along the neural lineage was first investigated by Wernig et al. who demonstrated the production of induced neurons from mouse fibroblasts using the neural-specific transcription factors, ASCL1, BRN2 and MYT1L (93), and from human fibroblasts with the addition of the NEUROD1 transcription factor (94). Since fibroblasts are from a heterogeneous mesenchymal cell population potentially containing cells of neural crest origin, they further applied this transcription factor combination to a homogeneous non-neural-derived cell population (95). This demonstrated that reprogramming is not restricted to cells of the same germinal lineage. Thereafter, they established that the pro-neural factor ASCL1 alone was capable of reprogramming fibroblasts to neuronal cells (96); thus this gene may be viewed as a pioneer transcription factor (97). Reprogramming is associated with epigenetic modifications of the DNA. Pioneer transcription factors are first to occupy chromatin sites, leading to remodelling of the chromatin configuration at lineage-specific genes and subsequent recruitment of other transcription factors, demonstrating the hierarchical mechanisms in lineage reprogramming. The achievement of generating induced neurons is of clinical importance with regard to addressing the safety issues associated with induced PSC. However, the post-mitotic nature of neurons may not be ideal for all applications.

Subsequent studies applied a direct reprogramming strategy to obtain expandable neural stem and progenitor cells, using pluripotency-associated and/or neural-specific transcription factors. The first study to derive induced neural stem or progenitor cells, applied transient expression of the Yamanaka factors (OCT4, SOX2, KLF4, MYC) in fibroblasts. However, these induced cells occurred at a low frequency of < 1 percent, were expandable ex vivo for only three to five passages, giving rise to neurons and astrocytes but not oligodendrocytes (16). A similar study used the same factors but limited OCT4 expression to the first 5 days of reprogramming, resulting in tripotent NSC that could be stably expanded for more than 50 passages and exhibited a transcriptional profile similar to brain-derived NSC (92). These studies claimed to transdifferentiate the fibroblasts to the neural lineage using the same factors for induced pluripotency but under neural conditions, thus bypassing the pluripotent state. However, genetic lineage tracing studies demonstrated that these methods actually involved cells passing through a transient pluripotent state, before differentiating along the lineage specified by their environment (98, 99). This suggests that the pluripotent state is a requisite when reprogramming cells between different germinal lineages, although transcription factor combinations may also influence this.

Different research groups instead used neural-specific transcription factor combinations, including SOX2, which has a role in embryonic development and neural induction (89, 100). One combination included BRN2, a transcription factor in the same family as OCT4, which was necessary for tripotency, while SOX2 was essential for development of mature neurons (89). In another study, the Yamanaka factors were used but OCT4 was replaced with BRN4, again in the same family (90). These fibroblast-derived NSC survived in the mouse brain for up to 6 months and differentiated along the three neural lineages (101). More recently, the same group compared the transcriptome of these induced NSC with forebrain-derived NSC and ESC-derived NSC (102). They showed that all three groups of NSC were distinct from one another, but that induced NSC and forebrain-derived NSC had a greater similarity with each other than with ESC-derived NSC. Moreover, this transcription factor combination resulted in NSC that possessed mostly a caudal identity, while forebrain-derived NSC had a rostral identity and ESC-derived NSC had a less defined regional identity indicating their more immature state. This suggests that different transcription factor combinations could yield NSC suitable for different areas of the brain.

From these studies, it appears that members of the POU domain family of transcription factors, like OCT4, have a critical role in lineage conversion (103). This factor is a fundamental transcriptional regulator of pluripotency. The OCT4 and SOX2 transcription factors heterodimerise; SOX2 binds weakly to DNA while OCT4 contains the POU DNA-binding domain. Together, they govern the activation of genes for pluripotency and concurrently the suppression of genes for differentiation. It has been proposed that OCT4 acts as a pioneer transcription factor to induce plasticity of cells, with subsequent factors and environmental conditions directing the lineage differentiation (103, 104). Indeed OCT4 alone has been used to reprogram fibroblasts (105) and blood cells (106, 107) to NSC, which under neural conditions do not display hallmarks of induced pluripotency (104).

Other groups have demonstrated the production of induced neural cells from fibroblasts using only SOX2 (91), and from blood cells using SOX2 and MYC (108, 109). Like OCT4, SOX2 is a key regulator of pluripotency but is further involved in maintenance of multiple stem cell populations, including NSC, and may be crucial for reprogramming (110). The role of the proto-oncogene MYC in the reprogramming process may involve chromatin remodelling. This factor aids the reprogramming process since removal of MYC lowers the efficiency of induced PSC generation (14, 15).

Cellular reprogramming is a rather inefficient process, requiring ongoing investigations to better understand the process and methods to optimise it. Low efficiency may reflect the stoichiometry of the transcription factors or the need for integration of the transgenes in specific loci (14, 15). Furthermore, the process is stochastic; reprogramming occurs randomly so cells in the population can be at different stages of differentiation and maturity, while incomplete reprogramming may also occur, whereby cells retain epigenetic memory of the donor cells (111). The heterogeneity of the initial cell populations and the molecular state of the cells likely contribute to this process.

Rather than inducing the ectopic expression of transcription factors, microRNAs (112) and small molecules (113, 114) have been applied, which in effect target the enzymes for epigenetic modifications and/or transcription factors and other elements of their signalling pathways to result in similar cellular outcomes as transcription factor-mediated reprogramming. For example, the microRNA miR-124 has a role in regulating the epigenome as well as multiple neuronal differentiation genes (6, 112). Chemical cocktails for reprogramming usually include epigenetic modulators that improve efficiency, such as the histone deacetylase inhibitor valproic acid, and DNA and histone methyltransferase inhibitors (113, 114). Other modulators are used to activate or deactivate specific signalling pathways, such as the Wnt, MAPK/ERK, TGFβ, and hedgehog signalling pathways, to activate appropriate neural genes, promote self-renewal, enhance mesenchymal to epithelial transition, improve viability, decrease cell senescence, and increase efficiency (6, 113, 114). This suggests that multiple signalling pathways have important roles in the reprogramming process and a variety of small molecules can be used to achieve this.

With regard to DPSC, little research exists on transcription factor-mediated reprogramming. Induced overexpression of OCT4A, the OCT4 isoform thought to be the key regulator of pluripotency, enhanced expression of other pluripotency regulators and multilineage differentiation in human DPSC (115). However, the effect on differentiation along the neural lineage was not investigated. Overexpression of SOX2 in DPSC was also investigated, focusing on proliferation, migration, and adhesion, but the effect on multilineage differentiation is unknown (116).



NEURAL STEM CELL THERAPY FOR ISCHAEMIC STROKE: PRECLINICAL STUDIES

Neural stem cells are a promising cell source for establishment of functional neuronal networks following disruption by neurological injury or disease. They would be an appropriate stem cell source for stroke treatment, where the ischaemic environment affects multiple cell types, with additional heterogeneity seen among patients. Preclinical studies using NSC in rodent models of ischaemic stroke have utilised human and rodent NSC derived from ESC, brain tissue, induced PSC and more recently via somatic cell transdifferentiation (Figure 3) (117–120). They have been shown to survive, migrate towards the lesion, differentiate into neurons and astrocytes, decrease infarct volume, integrate, induce neuroplasticity, and stimulate functional improvements via paracrine effects (117, 118, 121–125). Transplanted NSC also induce endogenous NSC to proliferate (119, 120, 126, 127).

Even though beneficial effects have been observed, similar to other stem cells, research is still focused on how to better improve survival of the engrafted cells. Neural stem cells are expected to be better suited for the neural environment, and as such, survival of transplanted human foetal NSC has been shown to be >30 percent at 1 month after transplantation (121, 123), in comparison to the survival of human DPSC at only 2.3 percent (69). Cell survival decreased as time of transplantation post-stroke increased, i.e., hours vs. weeks, however it was still more than 10 times greater than that of DPSC (128), demonstrating their ability to survive in the harsh acute stage. Interestingly, a study that examined the difference of foetal and adult mouse NSC showed that even though both showed therapeutic effects, foetal NSC had a higher survival rate (129), indicating that the adult NSC were mediating their effects through mechanisms other than cell replacement similar to observations with other adult stem cells, such as DPSC. This suggests that there is a difference in foetal and adult stem cells that governs their mechanisms of action.

Multiple studies have shown that survival of transplanted NSC is enhanced when modified to express neurotrophic factors, including nerve growth factor (130), VEGF (131), neurotrophin-3 (132, 133), glial-derived neurotrophic factor (134), brain-derived neurotrophic factor (135, 136), and bFGF (137), or when pre-treated prior to transplantation (138).

Ischaemia produces a harsh environment containing reactive oxygen species, which damage macromolecules in the cells. Some studies have demonstrated that hypoxic preconditioning of cells increases viability (139). The hypoxia-inducible factor 1-alpha (HIF1α) transcription factor is expressed under hypoxic conditions, and one of its downstream targets is VEGF, leading to increased angiogenesis. Alternatively, NSC were modified to express HIF1α to aid their survival (140). In another study, NSC that were modified to overexpress an anti-oxidant enzyme to eliminate reactive oxygen species, showed greater survival following transplantation (141). Thus, NSC may be better primed using mechanisms that activate pathways addressing survival under hypoxic conditions.

Interestingly, in addition to the role in angiogenesis, VEGF has been shown to be involved in transdifferentiation of astrocytes into mature neurons (142). This suggests that an additional beneficial effect of reactive astrogliosis, which has a role in neuroprotection following stroke, is neuronal cell replacement. Furthermore, studies often see differentiation of transplanted stem cells into neurons and astrocytes. Timing of transplantation post-stroke has also been shown to affect differentiation, with earlier time point leading to astrocyte differentiation while later time point leads to neuronal differentiation (143). Thus, astrocytes appear to have a crucial role in the acute stage. Overall, NSC exhibit therapeutic effects but there are multiple ways they can be modified, as well as transplantation parameters, which can alter their survivability and differentiation outcome.



NEURAL STEM CELL THERAPY FOR ISCHAEMIC STROKE: CLINICAL TRIALS

There have been few clinical trials for ischaemic stroke using human neural stem or progenitor cells, and no trials utilising DPSC to date.

The first clinical trial of cell therapy for chronic stroke in patients with fixed motor deficits was conducted using the NTERA2 human teratocarcinoma cell line as a source of neurons. When treated with retinoic acid, these cells that resemble neuroepithelial cells differentiate into post-mitotic neurons that are indistinguishable from ESC-derived neurons. Following the phase I trial consisting of 12 patients and demonstrating the feasibility, a phase II trial was carried out with 18 patients (50 percent ischaemic stroke) who participated in a subsequent stroke rehabilitation program. The safety and feasibility of using these neurons was demonstrated, and although functional improvements were observed, they did not appear to have an overall significant effect on motor function (144, 145).

Several clinical trials have examined multiple cell combination therapy, including neural stem/progenitor cells.

Rabinovich et al. used cells from human foetal nervous and hemopoietic tissues (146). The clinical trial consisted of 10 patients, 5 male and 5 female, aged between 35 to 56 years, with haemorrhagic or ischaemic stroke (70 percent ischaemic stroke) and stable disability 4 to 24 months post-stroke. All patients had received rehabilitation therapy but showed no improvement. Cells were administered in the subarachnoidal space through spinal puncture. There were no serious complications and positive outcomes were observed in all patients, with significant improvements at 6 months compared to the control group. Positive shifts in neurological status became apparent at 2–3 weeks and progressed in the subsequent 30–50 days.

Between 2003 and 2011, a pilot study using combinations of human foetal tissue olfactory ensheathing cells, neural progenitor cells, umbilical cord mesenchymal cells, and Schwann cells was conducted. This trial consisted of 10 stroke patients (60 percent ischaemic stroke), 6 male and 4 female, aged between 42 to 87 years, 6 months to 20 years post-stroke. Cells were administered via several routes; intracranial parenchymal implantation, intrathecal implantation, or intravenous administration. Follow up was carried out 6 months to 2 years post-transplantation. The study demonstrated the clinical safety of this combination therapy, and every patient achieved improved neurological function (147).

In another clinical trial for ischaemic stroke patients, human foetal brain-derived neural stem/progenitor cells, and umbilical cord-derived MSC were intravenously administered (148). Neurological function and daily living abilities were improved, and no tumorigenesis was detected at 2 years. The study was small, but further provided evidence of safety and feasibility for cell combination therapy.

The first clinical trial to use NSC for chronic ischaemic stroke began in 2010, called the Pilot Investigation of Stem Cells in Stroke (PISCES) (149). This trial used a clonal cell line (ReNeuron's CTX0E03) of allogeneic human foetal brain-derived NSC genetically modified to express the immortalising gene, MYC. The expression is conditional and activated by tamoxifen, so proliferation and differentiation can be controlled. The phase I trial evaluated the safety of this cell line. Recruited patients were male, over the age of 60, 6 months to 5 years post-stroke, and with stable moderate to severe disability. They received a single dose of either 2, 5, 10, or 20 million cells in a single site (ipsilateral putamen), and data was collected over 2 years. No cell-related adverse events were observed up to the highest dose, and improved neurological function was exhibited. The trial involved a small number of patients, however it provided evidence of safety using this cell line and promising signs of efficacy. A phase II trial has now been started to assess safety and efficacy, and examine functional recovery of upper-limb movement. Patients enrolled include male and female, aged 40 and over, 3 months to 1 year post-stroke, with stable upper-limb disability. The dose of 20 million cells will be administered in a minimum cohort of 21 patients.



CONCLUSION AND FUTURE PERSPECTIVES

Stem cell-based therapy is a promising alternative for stroke treatment. While stem cells from different sources, including induced PSC, ESC, MSC, and NSC, have been investigated, using NSC and enhancing the natural mechanisms is most appropriate for brain repair. In preclinical models of stroke, stem cell transplantation has led to positive outcomes through a variety of cellular and molecular mechanisms, many being mediated by the array of beneficial factors produced by the cells. Recent advances in cellular reprogramming have provided alternative sources of NSC to be investigated, allowing for safer and more efficient induction of NSC. More closely related cells, such as DPSC, are potential candidates for manipulation along the neural lineage. They have provided encouraging outcomes in stroke models and their neural replacement potential may be enhanced if resembling NSC. With more research, the limitations of cellular reprogramming can be overcome, and efficient, safe and reproducible methods for NSC induction can be developed.
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Stroke is the second leading cause of death and physical disability, with a global lifetime incidence rate of 1 in 6. Currently, the only FDA approved treatment for ischemic stroke is the administration of tissue plasminogen activator (tPA). Stem cell clinical trials for stroke have been underway for close to two decades, with data suggesting that cell therapies are safe, feasible, and potentially efficacious. However, clinical trials for stroke account for <1% of all stem cell trials. Nevertheless, the resources devoted to clinical research to identify new treatments for stroke is still significant (53–64 million US$, Phase 1–4). Notably, a quarter of cell therapy clinical trials for stroke have been withdrawn (15.2%) or terminated (6.8%) to date. This review discusses the bottlenecks in delivering a successful cell therapy for stroke, and the cost-to-benefit ratio necessary to justify these expensive trials. Further, this review will critically assess the currently available data from completed stroke trials, the importance of standardization in outcome reporting, and the role of industry-led research in the development of cell therapies for stroke.
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INTRODUCTION


Background

Stroke has a devastating effect on the society worldwide. In addition to its significant mortality rate of 50% as reported in 5-year survival studies (1), it affects as many as 1 in 6 people in their lifetimes, and is the leading cause of disability worldwide (2). A stroke results in a complex interplay of inflammation and repair with effects on neural, vascular, and connective tissue in and around the affected areas of the brain (3). Therefore, sequelae of stroke such as paralysis, chronic pain, and seizures can persist long term and prevent the patient from fully reintegrating into society. Stroke therefore remains the costliest healthcare burden as a whole (4). In 2012, the total cost of stroke in Australia was estimated to be about $5 billion with direct health care costs attributing to $881 million of the total (5).

Unfortunately, treatment options for stroke are still greatly limited. Intravenous recombinant tissue plasminogen activator (tPA) and endovascular thrombectomy (EVT) are currently the only effective treatments available for acute stroke. However, there is only a brief window of opportunity where they can be successfully applied. EVT is performed until up to 24 h of stroke onset (6), while tPA is applied within 4.5 h of stroke onset. Notably, the recent WAKE-UP (NCT01525290) (7) and EXTEND (NCT01580839) trials have shown that this therapeutic window can be safely extended to 9 h from stroke onset. Furthermore, advancements in acute stroke care and neurorehabilitation have shown to be effective in improving neurological function (8). However, there are no treatments that offer restoration of function and as a result, many patients are left with residual deficits following a stroke. Cell-based therapies have shown promising results in animal models addressing the recovery phase following stroke (9). This is encouraging as currently, there are no approved treatment options addressing the reversal of neurological damages once a stroke has occurred (10).

The majority of data from animal studies and clinical trials demonstrate the therapeutic potential of stem cells in the restoration of central nervous system (CNS) function (11, 12), applicable to neurodegenerative diseases as well as traumatic brain injury. Transplanted stem cells were reportedly able to differentiate into neurons and glial cells, whilst supporting neural reconstruction and angiogenesis in the ischemic region of the brain (13). Previous work demonstrated the ability of mesenchymal stem cells (MSCs) to differentiate into neurons, astrocytes (14), endothelial cells (15, 16), and oligodendrocyte lineage cells (17) such as NG2-positive cells (18) in vitro, and undergo neuronal or glial differentiation in vivo (19). Bone marrow-derived mesenchymal stem cells (BMSCs) have shown potential to differentiate into endothelial cells in vitro (20). Additionally, both BMSCs and adipose stem cells (ASCs) have been shown to demonstrate neural lineage differentiation potential in vitro (21–23). Furthermore, stem cells are able to modulate multiple cell signaling pathways involved in endogenous neurogenesis, angiogenesis, immune modulation and neural plasticity, sometimes in addition to cell replacement (3). The delivery of stem cells from the brain, bone marrow, umbilical cord, and adipose tissue, have been reported to reduce infarct size and improve functional outcomes regardless of tissue source (9). While these were initially exciting reports, they raise the question as to the validity of the findings to date since these preclinical reports are almost uniformly positive. The absence of scientific skepticism and robust debate may in fact have negated progress in this field.

Cell-based therapies have been investigated as a clinical option since the 1990s. The first pilot stroke studies in 2005 investigated the safety of intracranial delivery of stem cells (including porcine neural stem cells) to patients with chronic basal ganglia infarcts or subcortical motor strokes (24, 25). However, since the publication of these reports, hundreds of preclinical studies have shown that a variety of cell types including those derived from non-neural tissues can enhance structural and functional recovery in stroke. Cell therapy trials, mainly targeted at small cohorts of patients with chronic stroke, completed in the 2000s, showed satisfactory safety profiles and suggestions of efficacy (10). Current treatments such as tPA and EVT only have a narrow therapeutic window, limited efficacy in severe stroke and may be accompanied by severe side effects. Specifically, the side effects of EVT include intracranial hemorrhage, vessel dissection, emboli to new vascular territories, and vasospasm (26). The benefit of tPA for patients with a severe stroke with a large artery occlusion can vary significantly (27). This is mainly due to the failure (<30%) of early recanalisation of the occlusion. Thus, despite the treatment options stroke is still a major cause of mortality and morbidity, and there is need for new and improved therapies.

Stem cells have been postulated to significantly extend the period of intervention and target subacute as well as the chronic phase of stroke. Numerous neurological disorders such as Parkinson's disease (12, 28), Alzheimer's disease (29), age-related macular degeneration (30), traumatic brain injury (31), and malignant gliomas (32) have been investigated for the applicability of stem cell therapy. These studies have partly influenced the investigation of stem cell therapies for stroke. A small fraction of stem cell research has been successfully translated to clinical trials. As detailed in Table 1, most currently active trials use neuronal stem cells (NSCs), MSCs or BMSCs (35–37), including conditionally immortalized neural stem-cell line (CTX-DP) CTX0E03 (38), neural stem/progenitor cells (NSCs/NPSCs) (e.g., NCT03296618), umbilical cord blood (CoBis2, NCT03004976), adipose (NCT02813512), or amnion epithelial cells (hAECs, ACTRN 1261800076279) (39).



Table 1. Challenges and bottlenecks of stem cell therapy and clinical trials using stem cells (33, 34).
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BOTTLENECKS AND CHALLENGES OF CELL THERAPIES

The development of a cell therapy for stroke is challenging for a number of reasons and these are detailed in Table 1. Each cell type requires testing for safety and efficacy to mitigate risks such as tumor formation. Identifying the ideal cell type for stroke has been hampered by the lack of data around clinical efficacy, as well as by the complex logistics and ethical concerns. The latter being a great hurdle for the use of fetal and embryonic stem cells in particular. The mechanisms of action of each cell type (i.e., cell replacement, growth factor secretion, and/or sequestration of inflammation) must be considered when choosing the appropriate route and timing of administration as these can directly influence treatment efficacy.

A critical translational consideration for stroke is the identification of the optimal route of administration. Different routes have been used in animal models for the transplantation of stem cells, including intracerebral (40), intracranial (41, 42), intranasal (43) or via stereotaxic infusion (44), and it is worth noting that all of these studies reported improvement in functional outcomes. Several different routes have been used in clinical trials (see Table 2); where the most common routes are intravenous infusion and intracerebral transplant. While different routes of administration have been compared in several reviews (58, 59), the optimal route has yet to be defined. Nevertheless, there is no evidence that a specific route of administration has significant effect on clinical efficacy (60–63).



Table 2. Completed and active clinical trials using cell therapy to treat stroke.
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Multiple factors influence the efficacy of cell transplantation and treatment outcomes, and these considerations may be specific to the cell type. Therefore, thorough investigation must be undertaken in order to develop the most effective and safest combination of cell type, dosage, route of administration and timing of delivery (10, 64). Stroke type and hence infarct size and location need to be considered to enable targeted treatment. The choice of cell type and delivery method will enable the homing of the cells to the site of injury and the level of efficacy that can be achieved. Furthermore, there are additional considerations if the cell therapy is administered to treat a subacute or a chronic stroke since the blood brain barrier will be less permeable compared to the acute stages of stroke (65). In these instances, the cell delivery would have to be intrathecal. This approach is more invasive and would require the patient to stop anti-thrombotic medication, thereby risking the recurrence of recurrence during this period.

In addition to the clinical challenges to applying a cell therapy for stroke, there are the manufacturing challenges. There are limited enabling technologies for manufacturing cells at a commercial scale (33). This process must be developed for each cell type, and optimized for the production of a high yielding, quality product. Development of cell manufacturing processes is exhaustive, expensive, and time-consuming. Even when the processes is optimized, the use of autologous BMSCs can be limited by the fact that they require in vitro expansion for a week or longer to obtain a therapeutic dose of cells (53). This eliminates the possibility of autologous treatment within a few hours of stroke onset. This might be the reason that most of the active trials to date have focused on allogeneic cell therapies as detailed in Table 2. Many cell lines are additionally immortalized and/or otherwise modified (e.g., MASTERS trial, ACTIsSIMA trial; see section Importance of Standardization in Outcome Reporting). This eliminates the variability in yield and potency as would be the case with autologous cell lines and is amenable to a streamlined production process with predetermined product quality and yield.

For successful trials reaching a phase where patients will be recruited at multiple sites on an international scale another challenge arises. The regulatory frameworks and authorities differ between countries. For example in the US clinical trials are regulated by the Food and Drug Administration (FDA) whereas in Australia Therapeutic Goods Administration (TGA) and in the UK it is The Medicines and Healthcare Products Regulatory Agency (MHRA). Their authorities, tasks and processing times differ from country to country. In an attempt to support the planning and implementation of international clinical research the NIH offers an online database, ClinRegs (https://clinregs.niaid.nih.gov), which compares the country-specific research regulatory information between 20 different countries (e.g., US, Canada, UK, China, India, Australia, and South Africa). Commonly discussed challenges for sponsors of multiregional trials are planning and trial design, data recording and analysis (statistics), clinical (medical standards of care, access to care, and qualification of personel), regulatory operational, and ethical practices (66). Important points to consider such as differences in patient populations, efficacy, clinical investigator sites was recently summarized by Shenoy (67). The review gives examples with a focus on China and the United States.

In current agreement trials follow the principles of Good Clinical Practice (GCP). These have their origin in the World Medical Association's Declaration of Helsinki, 1964 and were used as a basis for the guidelines published by the International Council for Harmonization (www.ich.org) in 1996. These guidelines have been adopted by several regulatory agencies from different countries. They are recently being updated (67).



CELL THERAPY CLINICAL TRIALS FOR STROKE

Several reports which have set out to analyze the outcomes of different cell therapy clinical trials for stroke have pointed out the risk for biases (3, 68, 69). The most commonly found was attrition bias (incomplete outcome data), reporting bias (selective reporting of results), and selection bias (random sequence generation, allocation concealment bias). There is, therefore, a need for updated guidelines and the implementation of standardization of recording and reporting data from cell therapy trials for stroke and likely, other conditions. The formation of clinical trial networks attempts to address some of the challenges of running a clinical trial. It offers support with trial coordination in general, site and data management, statistical analysis, patient recruitment in particular (70). This may especially benefit investigator-initiated trials where the trial team has limited experience with cell-based therapies.

To date, several pre-clinical and clinical trials indicate that cell-based therapies are generally safe, however the mechanisms through which the cells exert their therapeutic efficacy requires further investigation (25, 35, 36, 38, 44, 52, 53, 71). Agreeable safety profiles with functional improvements in patients with stroke have been reported for example after transplantation of neuronal cells differentiated from a teratocarcinoma cell line (24), immortalized human neural stem cell (38), transformed allogeneic BMSCs (44), and autologous BMSCs (72). The guidelines on the development of cell therapies for stroke, Stem Cell as an Emerging Paradigm in Stroke (STEPS) (73–75) (see Chapter 4 for more details on STEPS) outlined the need for long-term safety testing when the cells used are highly proliferative and easily differentiate. In a follow-up study from a trial published in 2005 (76). Lee et al. (71) analyzed long-term safety in an open-label, placebo controlled trial with 85 patients who suffered from ischemic stroke within the last 90 days (both trials have no NCT number). 5 × 107 autologous BMSCs were administered intravenously twice; 4 and 6 weeks after bone marrow aspiration. Patients were followed up for 5 years, and it was found that the SC transplant was safe. Another trial by Fang et al. (77) followed up their patients for 4 years (NCT01468064). This trial was a two-center, randomized, placebo-controlled phase I/IIa trial treating 18 patients suffering from acute cerebral infarct within 7 days of stroke onset. 5 × 106 cells/kg body weight BMSCs or endothelial progenitor cells (EPCs) were administered intravenously in 2 doses 4 and 5 weeks after bone marrow aspiration. This study also found that the treatment was safe. Long-term studies are currently still the exception, and more data is needed to understand if safety can be guaranteed for every cell type used in a potential therapy.

Most results reported up to date, demonstrate safety, but do not show sufficient data for clinical efficacy. The trial mentioned above by Fang et al. (77) for example reported no significant improvement in functional outcome. Recently, adjunctive therapies have been discussed to be a way to tackle low efficacy. The combination of a stem cell therapy with a drug that is able to improve neurogenesis and angiogenesis and/or reduce inflammation and hence working along the same pathways as stem cells do, could amplify efficacy. Several drugs with such biological activity have been already identified (78). For example, for the treatment of stroke G-CSF (granulocyte-colony stimulating factor) has been proposed as an adjunct therapy to stem cell treatment of human umbilical cord blood cells (79). Further preclinical studies are required for the translation of combinatorial therapies into the clinic.

A successful stem cell therapy for stroke must be safe, effective, applicable to a broad spectrum of stroke patients, and economically viable. Current trials differ in cell type, route, dose, and time of administration, as well as patient recruitment criteria. However, independent of the heterogeneity between trials, the most noteworthy adverse events such as seizures, headaches, and administration procedure-related events have been similar.

Patient selection is a critical component in reducing heterogeneity within any given trial cohort, however, this is particularly the case for stroke which has a heterogeneous clinical presentation. As such, an investigator may wish to exclude patients with certain comorbidities, and this should be incorporated into the trial design in order to limit heterogeneity and more accurately report on efficacy. Given that biological markers of stroke recovery are currently unavailable, the methods for ascertaining clinical improvement must be carefully chosen in order to provide meaningful data. The following section describes three industry-sponsored and two investigator-initiated cell therapy clinical trials as examples of trial design, execution and evaluation.


MASTERS and Treasure Trials

The Athersys Inc. funded MASTERS clinical trial (NCT01436487) was a phase 2, randomized, double-blinded, placebo controlled, dose-escalation trial, using allogeneic, bone marrow-derived, multipotent adult progenitor cells (MultiStem) (52). The MASTERS trial concluded in 2015, after treating 126 patients (134 enrolled) diagnosed with moderate to moderate-severe ischemic stroke (53). Patients were divided into three treatment groups: 1. Treatment 24–36 h after stroke onset with 400 million cells or placebo, 2. Treatment 24–36 h after stroke onset with 1.2 billion cells or placebo, and 3. Treatment 24–48 h after stroke onset with 1.2 billion cells or placebo. Sixty-five patients received cells and 61 patients received the placebo. No dose-limiting toxicity events or treatment-emergent adverse events (TEAE) were recorded. The investigators concluded that intravenously administered MultiStem was safe and well-tolerated, even at the higher dose. While changes in pro-inflammatory cytokines were noted, there was significant clinical improvement (at 90 days: mRS ≤ 2, Barthel Index ≥95, NIHSS ≥75% improvement). A major learning from the MASTERS trial is perhaps that of the logistics around cell manufacturing and provision of a living biologic within a relatively short treatment window. The MASTERS trial was initially designed with treatment within 24–36 h. However, the investigators ultimately changed their protocol to include a cohort at 24–48 h due to the logistical challenges in delivering cell products within the original timeframe (53). Upon conclusion of the MASTERS trial, the investigators concluded that the timing of the treatment is absolutely crucial, such that clinical efficacy was lost within the 36–48 h time window, thereby supporting an earlier intervention (53).

Indeed, this concept of an earlier intervention is currently being investigated by Athersys in the MASTERS-2 (NCT03545607) trial which commenced recruitment in 2018. The MASTERS-2 trial is a phase 3 quadruple-blind, randomized control trial to study the safety and efficacy of MultiStem, in patients suffering from acute ischemic stroke. The treatment (1.2 billion cells) are administered intravenously within 18–36 h of stroke onset. In addition to the MASTERS-2 trial, a different sponsor, Helios, is currently running a placebo controlled, multicentre phase 2/3 trial, TREASURE (NCT02961504) (80) where patients are recruited exclusively from Japan. The TREASURE trial also administers the cells intravenously within 18–36 h of stroke onset where MultiStem is administered at the same dose of 1.2 billion. Both trials are currently recruiting as of the preparation of this review and are estimated to conclude in 2020.



ACTIsSIMA Trial

The ACTIsSIMA trial is a SanBio sponsored Phase 2 double-blinded, sham-surgery controlled trial using allogeneic BMSCs transfected with a plasmid coding for a Notch I domain (SB623, NCT02448641). The SB623 cells are administered via stereotactic, intracranial injection to eligible patients suffering from chronic ischemic stroke. Preclinical studies indicate that these gene-edited allogeneic BMSCs surpassed the outcome of unmanipulated BMSCs in rodent stroke models (44) and were tested in a phase I/II dose escalation trial (NCT01287936) (36, 81). The open-label phase 1/2a safety trial enrolled 18 patients having suffered from a subcortical stroke within the past 6–60 months. Doses of 2.5, 5, or 10 million SB263 cells were administered via a stereotactic placement within the margin of the site of the infarct. The only TEAE recorded were related to the procedure, rather than the cells. Of the 18 recruited patients, 16 have completed the 12 months follow-up. Significant improvements were recorded in this study—European Stroke Scale: mean increase 6.88; National Institutes of Health Stroke Scale (NIHSS): mean decrease 2.00; Fugl-Meyer total score: mean increase 19.20; Fugl-Meyer motor function total score: mean increase 11.40. No changes on the modified Rankin Scale (mRS) were recorded (36, 51). Based on the conclusion that SB623 cells were safe and associated with an improvement in clinical outcome, the Phase 2 ACTIsSIMA trial commenced in 2016 where two cohorts of patients received either a dose of SB623 cells at 2.5 or 5 million cells, or a sham placebo will be randomized in a 1:1:1 ratio. The trial is expected to conclude in 2019.



Pisces Trial

Another industry sponsored trial to show promise in the cell therapy space for stroke is the ReNeuron sponsored trial investigating the potential of genetically modified human fetal cortical neuroepithelial cells for stroke (82). This cell therapy product is genetically modified using a retro-viral insertion of the modified growth factor c-mycERTAM (CTX0E03 DP) which overcomes the manufacturing problem of slow growing MSC through the transient expression of c-myc using a tamoxifen-estrogen receptor system (38, 81). The Pilot Investigation of Stem Cells in Stroke Trial (PISCES) was a Phase 1/2 open-label, dose-escalation safety trial (NCT01151124). The trial was based on preclinical studies in rats. Specifically, the injection of CTX0E03 DP was tested in a rat model of stroke induced by middle cerebral artery obstruction, where 450,000, 45,000 or 4,500 CTX0E03 DP were injected 4 weeks after MCOA (middle cerebral artery occlusion). Functional outcomes were assessed 2 weeks after cell implantation. Notably, significant functional improvement was only noted at the highest dose (41) and only when cells were delivered via an intraparenchymal injection, but not when delivered via intracerebroventricular injection which failed to achieve graft survival or functional improvement (42). Positive outcomes were associated with endogenous neurogenesis (83) and angiogenesis (84).

In PISCES, 11 patients suffering from ischemic stroke received a stereotactic ipsilateral putamen injection of CTX0E03 DP 6–60 months after stroke onset. Doses of 2, 5, 10, or 20 million cells were administered. As was the case for the MASTERS trial, the investigators struggled with the logistics of cell therapies and were able to treat only two patients at the highest dose. Safety was assessed over a 2-year period and no TEAE were recorded. Overall, the investigators concluded that this cell therapy is feasible and safe. Following this study PISCES II was launched in 2014 (NCT02117635). PISCES II is a phase 2a, open-label, safety trial where 20 million CTX0E03 DP cells were administered intracranially via stereotaxic neurosurgery. As of the preparation of this review, 23 patients have been recruited to PISCES II and received CTX0E03 DP cells. Results to date are available on the ReNeuron website (www.reneuron.com) but not compiled in a peer-reviewed publication. The 12-month follow-up showed an improvement in mRS and Barthel Index in 50 and 41% of enrolled patients, respectively. It was concluded that the treatment is safe and feasible, and a placebo-controlled, randomized phase 2b trial was started in 2018—PISCES III (NCT03629275)—where a larger number of patients will be recruited (110) and is estimated to conclude by late 2019. No further detailed analysis of the trial data is currently available.



I-ACT Trial

The I-ACT trial is an investigator-initiated single site trial. I-ACT is a open-label, dose escalation safety phase 1 study (39). Patients will receive an intravenous infusion of 2, 4, 8, 16, and 32 million cells per kg body weight of allogeneic placenta-derived hAECs within 24 h of stroke onset. The study is based on preclinical data in several mouse and marmoset models of cerebral ischemia demonstrating neuroprotection and the facilitation of mechanisms of repair and recovery (85). The trial is estimated to conclude mid 2020 including a 1-year follow up.



CoBIS2 Trial

The CoBIS2 trial is a continuation of CoBIS1. CoBIS1 was an investigator-initiated, multicentre, open-label, phase 1 safety study where 10 patients were recruited (37, 55, 86, 87). Allogeneic umbilical cord blood (UCB) containing 0.5–50 million total nucleated cells per kg bodyweight was administered intravenously 3–10 days post-stroke onset. Patients showed functional improvement 3 months past stroke onset. Fifty percent of patients showed improvement of one grade of mRS (mean mRS of 2.8 ± 0.9). NIHSS improved by at least 4 points (mean 5.9 ± 1.4). All patients demonstrated improvement in activities of daily living (Barthel Index mean increase 52.0 ± 24.7). The results conclude that the treatment is safe, feasible and suggestive of functional improvement. Based on these outcomes CoBIS2 was initiated. CoBIS2 is a multicenter, placebo controlled, randomized, double blinded, phase 2 study. CoBIS2 plans to recruit 100 participants. Doses of UCB and time frame of treatment remained the same. The trial is expected to conclude in 2020.

As can be seen from the trials above, the choice of route of administration is either intracranial or intravenous. And while some trials deliver a cell dosage based on bodyweight (I-ACT and CoBIS2), others deliver a fixed dose of cells. The completed trials preceding these current trials have provided clear results on treatment safety, but clinical efficacy remains uncertain. The MASTERS trial (52, 53), the InVeSt trial (44) and another phase 1 trial administering autologous BMSCs (88), did not report significant functional improvement. The PISCES trial however, linked improved neurological function in patients with chronic stroke to the treatment with genetically modified, immortalized human NSCs (38). This is certainly encouraging despite the absence of significant efficacy. Furthermore, the treatment in some cases (e.g., MASTERS trial) was linked with lower rates of mortality and TEAE (52).




IMPORTANCE OF STANDARDIZATION IN OUTCOME REPORTING

In order to assess the overall potential and combined outcomes of stem cell therapy for stroke, it is important to assess the outcomes across the various completed trials. The need for quality standards and documentation of study outcomes for pre-clinical and clinical stem cell research in stroke was identified a decade ago. In 2009, experts from academia and industry, members of the National Institute of Health (NIH) and the Food and Drug Administration (FDA) published their first meeting report, Stem Cell as an Emerging Paradigm in Stroke (STEPS) as a consensus-based guideline on the development of cell therapies for stroke, with a focus on the translation of pre-clinical studies and the design and conduct of early- and late-stage clinical trials for acute and chronic stroke (73). These guidelines have since been updated in 2011 (74) and 2014 (75).

Many of the problems identified in this exercise were also reported in several meta-analyses, in particular the lack of consistent reporting of safety and efficacy data for combinatorial (89) or mono-therapies (3), as well as heterogeneity in study design [e.g., single-arm (90)], a cell type [e.g., MSCs, (91)] or a stroke type [ischemic (69)]. Recently, Nagpal et al. (3) compared several different early-phase cell therapy trials while disregarding the cell type, treatment administration or study design differences. Overall, they concluded that the administration of different types of stem cells was feasible and safe. None of the adverse events reported could be ascertained to be related to the respective cell therapies. Nevertheless, additional research is still needed in order to demonstrate efficacy and enable market approval. As full recovery is unlikely, the outcome of any given stroke trial is dependent on the estimation of functional neurological improvement and structural recovery. Nagpal et al. drew conclusions based on changes to the Barthell index, the modified Rankin scale, and NIH Stroke Scale values across different trials, where despite indications of improvement, the magnitude of impact was small. Currently, it is impossible to draw conclusions with regard to optimal treatment protocols due to the limited data available from a small number of clinical studies comprised of small cohorts in a notoriously heterogeneous disease.



COST-TO-BENEFIT OF CELL THERAPY TRIALS

More than 6,000 trials are registered with www.clinicaltrials.gov employing different types of stem cells, addressing different types of disorders and/or diseases (excluding unknown status trials). Currently, 41.2% of these stem cell clinical trials are active and 44.5% are completed. And of the registered stem cell trials, only 0.73% address stroke, with 38.6% being completed, and 27.3% currently active. Interestingly, 25% of stroke trials have been withdrawn and another 9.1% were terminated or suspended. See Figure 1 for details. Most trials were withdrawn or terminated due to low recruitment rates or lack or termination of funding. Strikingly, all completed trials are phase 1 and 2 trials, with only 1 in 5 trials moving on to the next phase. Of the 13 currently active trials only two trials have reached phase 3. These are the MASTERS-2 trial (Athersys Inc.) investigating a stem cell treatment for adults who have suffered an acute ischemic stroke, and the STARTING-2 trial (Samsung Medical Center, Korea) determining the efficacy of intravenous transplantation of autologous MSCs to treat acute ischemic stroke. On average clinical trials took 3.3 years from start to completion. From the data collected (see Table 2), one can estimate that a cell therapy for stroke will take >10 years to progress from phase 1 to phase 3 without considering any preceding preclinical research or process development.
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FIGURE 1. (A) Clinical trials-stem cells. (B) Clinical trials-stem cells + stroke.



Given this extremely long “gestation” for translating cell therapies for stroke, it is important to also consider the cost-to-benefit ratio. The US Department of Health & Human Services published a comprehensive report on clinical trial costs as part of their analysis of current barriers for drug development (92). The top three cost drivers of clinical trial expenditures were clinical procedure costs (15–22% of total), administrative staff costs (11–29% of total), and site monitoring costs (9–14% of total). Generally, costs increase with every trial phase: phase 1 on average being about US$ 4 million, phase 2 about US$ 13 million and phase 3 and 4 about US$ 20 million each. This totals to an average of US$ 57 million to take a therapeutic through its clinical trial stages. The costs of a trial depend largely on the therapeutic area being targeted. The most expensive clinical trials (phase 1–3) focus on pain and anesthesia US$ 71.3 million, ophthalmology US$ 49.8 million, and anti-infectives US$ 41.2 million. Trials on treatments focused on the CNS are estimated to cost US$ 37 million, and US$ 34.4 million on cardiovascular diseases. In order to understand if the costs of a trial are economically justifiable, one has to consider the financial costs that stroke has on a society, which was analyzed on an international level in 2004 (93). This study was done over a decade ago, and an update would certainly be necessary as the prevalence of stroke has continued to rise. In 2012, the total cost of stroke to Australia was estimated at AU$ 5 billion with health cost being AU$ 881 million and productivity cost being AU$ 3 billion (5). The costs of stroke to the UK health and social services in the same year were estimated at AU$ 5.2 billion (£ 2.9 billion) (94). Efficacious stroke interventions are expected to significantly reduce the financial costs. However, this does not take into consideration the costs of stem cell-based therapies. This is despite attempts to assess the cost and benefits of medical research since the 1990's (95), with analysis of funds going into specific areas of medical research (e.g., stroke, cancer, and dementia) (94). Information on the actual costs of clinical trials in general or even specific clinical trials is scarce.

In 2017 the Australian Government published an economic evaluation of 25 clinical trials to assess the overall health and economic impact of investigator-initiated clinical trials (70). This report only included independent investigator-initiated trials that were part of clinical trial networks in Australia, in phase 2 and beyond. Included in this report were 7 trials conducted within the Australasian Stroke Trials Network between 2004 and 2014. The combined costs of 4 trials was estimated to be AU$ 32 million (excluding early phase trials, pilot and feasibility trials and observation studies). The gross economic benefit of these trials was estimated at AU$ 327 million. Thus, the benefit for these late-phase trials was estimated to be AU$ 10 per AU$ 1 invested. The report estimated a benefit of AU$ 5 for every AU$ 1 invested with a total gross benefit of AU$ 2 billion for all 25 trials analyzed, with a cumulative reduction in health service costs in the order of AU$ 580 million. Since none of the trials included in the report used any kind of cell therapy, an estimation of the benefit of cell-therapy clinical trials could not be made. However, it is clear that clinical trials are quantifiably beneficial and while the analysis covered a decade's worth of trials, it did not include any data from the early stage trial counterparts. This further emphasizes the length of time required for clinical development of any new treatment for stroke before clinical benefit is seen, let alone to see profit.

In 2018, the costs of producing for autologous cell therapies have been estimated to be US$ 94 per million cells (96). For a dose of 2 million cells per kg, assuming that a patient weighs 70 kg, the costs would be US$ 13,160 per dose. The costs of drug development influences the pricing of any clinical therapy, but several factors can also contribute to the cost, such as market size, competing products, the quality-adjusted life year (QALY), and what the consumer is willing to pay (97, 98). At the moment, there is no approved stem cell therapy for stroke. Stem cell therapies approved by the FDA include cord blood and a small number of cell lines (e.g., modified T-cells, chondrocytes, and fibroblasts). There are three different approved stem cell therapies on the market. The European commission approved a stem cell product, Alofisel (Takeda) in 2018, however FDA approval is still pending at the time of the writing of this review. Alofisel is an ASC treatment for perineal fistulas in patients with Crohn's disease. One course of treatment is US$ 61,000 (99). Another approved product is Holoclar (Holostem Terapie Avanzante), which was the first stem cell therapy to receive market authorization in the EU. Holoclar is comprised of corneal epithelial cells used to treat chemical burns of the eye, costing US$ 102,000 (99). TEMCELL (JCR Pharmaceuticals) is approved in Japan for the use of BMSCs to treat Graft vs. Host Disease, costing about US$ 170,000 per course (100). The price tags on these approved therapies can only hint at expected costs of cell therapies for stroke. Furthermore, every country has their own health care board deciding if a treatment would be covered by the national health care system, thus making it impossible to estimate the actual out-of-pocket costs a patient would incur. It is evident that a treatment which improves functional outcomes in stroke, as can be seen from other recent interventions, will have a significant benefit on health costs (5).



THE ROLE OF INDUSTRY-LED RESEARCH IN THE DEVELOPMENT OF CELL THERAPIES FOR STROKE

When assessing the success of clinical trials there is always the question if industry-led research is more successful than academic research. This has been critically analyzed and reviewed over the last decade as scientists and public are aware of the inherent risk of biases in industry funded studies (101–104). Recently, Lundh et al. (105) compared studies with and without industry funding from 75 papers on reported efficacy, conclusions and risk of bias. The papers selected were on primary research studies, empirical studies and randomized clinical trials (58 papers) focusing on drug and device development, but without a focus on a specific disease or type of therapy. Industry funded projects were found to demonstrate favorable efficacy toward tested treatments, with less substantive conclusions. Over 60% of published findings from cell therapy clinical trials reported positive outcomes, with a trend toward a higher proportion of positive reports from industry funded trials (106). Expectedly, the more complete and detailed studies were published in higher impact factor journals where data are presumably subjected to a higher level of scrutiny.

Reporting according to CONSORT (107) or also SPIRIT (Standard Protocol Items: Recommendations for Interventional Trials) (108) identifies funding sources and possible conflicts of interest but are not without limits compared to more recent recommendations by Hakoum et al. (109) that specifically pay address the characteristics of funding of clinical trials. External influences exerted on research and clinical trials are difficult to trace and often remain unclear when the results are published at the end of a trial (104). Currently about 28.5% of all active, interventional clinical trials registered with www.clinicaltrials.gov are industry funded. In relation to current active, interventional trials focused on stem cell therapies for stroke, 66.7% are industry funded (Table 2). Late-stage trials (phase 2 and 3) are predominantly industry funded (58.3%) whereas early-stage trials (phase 1 and 1/2) are funded by other means (62.5%). This might be due to the fact that the later phases of clinical testing incur larger costs that are beyond the funding quanta of philanthropic or government bodies, or that promising late-stage trials may be of greater interest to industry.



CONCLUSION

It is clear that there are challenges in the use of cell therapies for stroke (Table 1) that remain to be addressed in the future. A major issue certainly is the need for standardized outcome reporting that is free of bias and enables comparison of different trials. Furthermore, optimized and more efficient bioprocesses need to be urgently developed to reduce the cost of production and in doing so, treatment costs. Most studies showed safety and feasibility for cell therapy for stroke independent of cell type and route of administration. However, there remains limited proof of efficacy. We and others will be watching closely for the outcomes of current stroke clinical trials utilizing cell therapies, as we await the evidence for clinical efficacy and impactful functional improvement that is desperately needed to spur this field ahead.
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Background: Focal brain injury is a leading cause of serious disability significantly worsening patients' quality of life. Such damage disrupts the existing circuits, leads to motor, and cognitive impairments as well as results in a functional asymmetry. To date, there is still no therapy to effectively restore the lost functions. We examined the effectiveness of human umbilical cord blood (HUCB)-derived cells after their intra-arterial infusion following focal stroke-like brain damage.

Methods: The model of stroke was performed using ouabain stereotactic injection into the right dorsolateral striatum in rats. Two days following the brain injury 107 cells were infused into the right carotid artery. The experimental animals were placed into enriched environment housing conditions to enhance the recovery process. Behavioral testing was performed using a battery of tasks visualizing motor as well as cognitive deficits for 30 days following brain injury. We assessed animal asymmetry while they were moving forward at time of testing in different tasks.

Results: We found that intra-arterial infusion of HUCB-derived cells inversed lateralized performance resulting from the focal brain injury at the early stage of T-maze habit learning task training. The inversion was independent from the level of neural commitment of infused cells. The learning asymmetry inversion was observed only under specific circumstances created by the applied task design. We did not found such inversion in walking beam task, vibrissae elicited forelimb placing, the first exploration of open field, T-maze switching task as well as apomorphine induced rotations. Both the asymmetry induced by the focal brain injury and its inversion resulting from cell infusion decreased along the training. The inversion of learning asymmetry was also independent on the range of the brain damage.

Conclusions: Intra-arterial infusion of HUCB-derived cells inversed lateralized performance of learning task resulting from focal brain damage. The inversion was not visible in any other of the used motor as well as cognitive tests. The observed behavioral effect of cell infusion was also not related to the range of the brain damage. Our findings contribute to describing the effects of systemic treatment with the HUCB-derived cells on functional recovery following focal brain injury.

Keywords: focal brain injury, human umbilical cord blood cells, intra-arterial infusion, functional recovery, asymmetry


INTRODUCTION

The focal brain injury resulting from vascular dysfunction is a leading cause of serious and long-term disabilities of patients (1). To date, there is no efficient therapy to repair damaged tissue as well as to restore the impaired functions (2). Natural endogenous mechanisms triggered to recover lost functions or to develop compensation are unfortunately limited, although they possess an incredible potential (3). Such state of art encourages scientists and clinicians to assess novel therapeutic approaches aimed to restore the lost functions.

To measure the potential effects of experimental therapy on functional recovery following focal brain injury, it is necessary to induce in experimental animals a unilateral damage to the brain tissue similar to those occurring in patients suffering from stroke (4). To accurately evaluate treatment benefit, the brain lesion should be reproducible, relatively small, and causing functional impairments, which would be easy to measure using behavioral tasks allowing to expose disabilities along observation period. To describe the quality of life after such onset followed by a therapeutic intervention, the designed set of behavioral tests should contain tasks revealing motor deficits as well as cognitive impairments providing information concerning the progress in animal recovery.

Cell therapy seems to be a promising approach to improve functions impaired due to brain injury (5–7). Such therapy could enhance the endogenous healing mechanisms (8), as well as to promote structural repair to obtain healthy brain tissue. The cells destined for therapeutic use should meet criteria of safety and ethical acceptance (9). The human umbilical cord blood seems to be such source of cells with potential for restorative therapies (10, 11). One of the major advantage of this cell reservoir is relatively easy accessibility by puncturing umbilical cord at a time of child birth (12). It was previously shown that mononuclear non-hematopoietic cells (CD34−) isolated from human umbilical cord blood conversed into neural progenitors lineage after in vitro culture (13, 14). As previously described we examined three different populations of human umbilical cord blood-derived cells differing in their level of neural commitment (15). We hypothesized that neurally-committed cells can be more effective for treatment of brain lesion. We compared the therapeutic effectiveness of: (1) freshly isolated human umbilical cord blood mononuclear cells deprived of CD34+ population (HUCB-MNC CD34−), (D-0); (2) HUCB-MNC CD34− cultured for 3 days in media stimulating neural differentiation (D-3); (3) human umbilical cord blood derived neural stem cell line (NSC) established in our laboratory. The main idea concerning routes of cell delivery was to administer them by infusion into artery supplying blood to the damaged area of the brain. It would potentially maximize the amount of cells reaching the injured tissue. There is a rapidly growing interest in intra-arterial route of stem cell delivery to the CNS. The safety of intra-arterial injections has been solved through adjustment of cell dose and velocity of infusion (16, 17). Real-time MRI allows to make the procedure precise and predictable, what is of utmost importance for translation to clinical setting (18). Moreover, the expression of adhesion molecules is capable to further enhance homing of intra-arterially delivered stem cells (19, 20).

To induce a focal brain injury we used a stereotactic injection of ouabain (OUA) into the rat's right dorsolateral striatum (21). Ouabain is known to trigger the cell death via mechanism similar to those occurring in the absence of an energy supply, observed after an ischemia or a hemorrhage (22). Briefly, the ouabain blocks the Na+/K+ ATP-ase pump, which was shown ceasing to function after interruption of glucose and oxygen delivery. This leads to membrane depolarization and following molecular events. Such action triggers development of lesion which might be considered as a model of stroke free of vascular dysfunction component. While, in this model brain injury is not caused by the vascular blockade, it has several advantages. The stereotactic surgery is less invasive and much faster than obtaining access to carotid or cerebral vessels, therefore the procedure itself is not producing that much systemic inflammation, which can be a confounding factor in traditional stroke models. Moreover, ouabain model of stroke leaves carotid vessels intact, which facilitates surgery for intra-arterial cell infusion, while the use of carotid vessels for stroke induction complicates their subsequent use for cell infusion a couple days later due to many local, post-operative changes. The size of the stroke can also be easily controlled by the amount of injected ouabain, and the lesion size selected by us was devoid of any mortality. The dorsolateral striatum was chosen as a structure to induce stroke-like damage, since it was shown to be involved in a motor behavior (23), as well as in cognitive processes (24–26). In our model the ouabain injection into dorsolateral striatum was shown to produce significant motor deficits in walking beam task and changed patterns of exploratory behavior in the open field (27). This focal brain injury also caused the cognitive impairments i.e., habit learning and cognitive flexibility deficits (28). To maximize the effectiveness of cell treatment we used the large groups of experimental animals housed in enriched environment conditions. The applied design enables social interactions as well as the opportunity to explore and to exercise the impairments resulting from the brain injury (29). Providing the opportunities of various activities to experimental animals would increase the amount of functional connections in a regenerating tissue and in this way to improve the effectiveness of cell therapy.

Focal brain injury is inseparably related to unilateral damage of the existing, functional circuits, and it results in animal disabilities and lateralization. These symptoms are diversified depending on severity and exact location of the brain damage as well as specific demands in different situations. Experimental therapy is desired to repair them. In the presented study, we evaluated the experimental rat's asymmetry while they were moving forward under various circumstances to quantify and compare effects of cell infusion following focal brain injury.



METHODS


Animals

Male Wistar rats weighing around 250 g were used for experiments. Animals were kept in enriched environment housing conditions which was introduced just after receiving rats from animal house, 4 days before brain injury, as previously described in detail (15, 27, 28). Enriched environment cages (70 × 41 × 56 cm) contained beams, platforms, ladders etc. Cage equipment was rearranged twice a week. Rats were housed in large groups (7–8 animals per enriched environment cage), 12/12 h light/dark cycle, ad libidum feeding with standard feed and tap, filtered water. For the purpose of immunosuppression, Cyclosporine A (Novartis) in dose of 1 mg/kg b.w. daily were administered i.p. to rats throughout the entire experiment. All of the animal handling and experimental procedures were approved by IV Local Ethics Committee on Animal Care and Use (Ministry of Science and Higher Education, Warsaw, Poland).



Cell Preparation

The isolation and preparation of cell populations derived from the human umbilical cord blood as well as their quantity was maintained according to the protocol described previously (15). Briefly, after delivering the placenta, cord blood was collected by puncturing umbilical cord veins. The mononuclear CD34− cells were obtained using Ficoll separation. HUCB MNC CD34− cells were washed (D-0) or cultured for 3 days in serum free medium (DMEM/F-12+B27+EGF+bFGF, 107 cells/1 ml) (D-3). Then the cells were resuspended in FBS/DMSO and stored in liquid nitrogen for future purposes. Prior to transplantation the cells were quickly thawed at 37°C, washed and resuspended in PBS (107cells/0.5 ml). Cells viability was confirmed by staining with TrypanBlue dye at time of manual cell counting it was no lower than 80%.

Human umbilical cord blood derived neural stem cell (NSC) line (13) is being continuously cultured in our laboratory in low serum medium: DMEM/F12 (Gibco) + ITS (1:100, Gibco) + FBS (2%, Gibco) + AAS (Gibco). Twenty-four hours prior to infusion, the cells were placed in serum free medium (Neurobasal, Gibco). For administration 107 cells were washed and resuspended in 0.5 ml of PBS.



Surgery
 
Focal Brain Injury

The stereotaxic ouabain injection into the right dorsolateral striatum (Figure 1A) was made like previously described (15, 27, 28). Briefly, 1.5 μl 5 nmol ouabain (OUA) has been injected with coordinates A: 0.5, L: 3.8, V: 4.7 at a speed 1 μl/min.
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FIGURE 1. Experimental design: stereotaxic brain injury by ouabain injection into right dorsolateral striatum followed by cell infusion into right internal carotid artery (A), schema of T-maze habit learning task trials designed to the left and to the right (B), schedule of behavioral testing, and housing conditions of all experimental animals along observation period (C).



Cell Infusion

Cell infusions were made into right internal carotid artery (ICA) (Figure 1A). In supine position of experimental animal the skin incision has been made in cervical area followed by the dissection of carotid arteries and after ligation of external carotid artery (ECA), the ICA was punctured and either 107 cells suspended in 0.5 ml of PBS or 0.5 ml PBS was injected over a period of 3–5 min. The needle has been withdrawn and after careful hemostasis the ICA has been left patent.



Behavioral Testing
 
Walking Beam Task

The rats were trained, like previously described (27) to walk along a narrow wooden beam (14 mm wide, 800 mm long, elevated 50 cm above the cushioned floor) to reach other 3 experimental animals being in the standard cage located at the end of the beam. To evaluate quality of using both the left and right limbs simultaneously while walking along beam, a mirror was set up a side of the apparatus. Each experimental rat performing the task was video recorded from the left side together with its right side mirror view. The rats were tested before brain injury and then 2, 7, 15, and 30 days following lesion. The quality of walking was evaluated quantitatively in developed previously 8-points scale (27). Briefly: unable to move - score 0, able to shift with severe difficulties - score 1, traversing whole beam length, both contralateral paws placed aside of the beam with deep sleeps - score 2, deep sleeps of the left hind limb, placing feet aside of the beam much lower than top of the beam - score 3, slight sleeps of the left hind limb, placing aside close to the upper edge - score 4, irregular consistently asymmetrical left hind limb stepping that is shorter steps, or another shape of moving limb or placing left hind paw with fingers aside of the top of the beam in compare with right hind limb moving and placing straightly - score 5, irregular, symmetric stepping, both left and right limbs incidentally shorter steps, or fingers placed aside of the top of the beam - score 6, perfect walk completely symmetric - score 7. Rats were evaluated from video records by experimenter blind for treatment.

Vibrissae Elicited Forelimb Placing

Same side vibrissae elicited forelimb placing test was performed accordingly (30). Briefly, Each rat was handled to feel relaxed. Then the animal was held by hind limbs and one of forelimbs were constrained. Only a single forelimb was free to move. The experimenter moved each rat toward the edge of a table to touch it with its vibrissae same side to unconstrained fore limb. The rat moved extending free forelimb to defend its head. The animals were tested for both left and right forelimbs, using accordingly both left and right vibrissae, before, 2, 7, 15, and 30 days following brain injury. The scores were noted as able or unable to move free forelimb to place at the incoming edge.

T-Maze Habit Learning Task

The T-maze habit learning task was performed like previously described (28). Briefly, the T-maze was made of black wood. Each arm contained a 1 cm deep food well at the end, so a rat was unable to see the cookie from the choice point. Before the surgery, the rats were habituated to the T-maze and food reward. The cognitive testing began 16 days following brain injury. At this time the rats did not show any symptoms like weakness, strong need to sleep, or lack of interest in surrounding environment, which would worsen cognitive performance independently on impairments resulting from the brain damage. We did not use any food restriction. On the 16th day following brain injury, the rats performed six trials of the T-maze habit learning task to familiarize them with the test protocol. Regular training begun on the 17th day following the brain lesion. At time of testing rats were kept in waiting boxes close to the apparatus. Each trial consisted of two parts: forced and free choice (Figure 1B). In the forced part, one arm of the maze was blocked at its entry with guillotine door and the only one bitted with food reward was available for the rat released from starting compartment of the maze. Next, after consuming the cookie rat was moved outside the maze for interatrial interval, food well was refilled with piece of cookie, guillotine door was removed and the free choice part was conducted, in which the released rat could enter both arms. After consuming the cookie rat was moved back to the waiting box. The correct arm in the free choice part was the same as in the forced part. In addition, the correct arm in both parts was indicated by a visual clue - a white tablet on the wall. Rats were trained one by one. The daily sessions consisted of 10 trials: 5 designed to the left and 5 designed to the right arranged randomly with unpredictable order (Figure 1B). No more than two consecutive trials in the same direction were allowed. The T-maze habit learning task training was performed for 6 days. The number of correct responses made by each experimental animal during daily training that is turn first of all into correct arm in free choice part was noted as a positive result. In case of an incorrect choice, that is firs entry into unmarked, unvisited during forced part arm, the rat was allowed to find and consume the food reward in the correct arm and the result was noted as negative score. Single rat was handled to avoid too much scare as well as too much arousal prior to each trial.

To evaluate the unilateral lesion-induced lateralization, we analyzed separately the number of correct responses when trials were designed to the left and to the right (Figure 1B). To quantitatively describe T-maze habit learning task lateralization we expressed the number of correct responses made when trial was designed to the left as % of total correct responses.



T-Maze Switching Task

Just after completion of the habit-learning training, the rats were tested on the switching task using the same maze. The T-maze switching task consisted only of free choice trials in which visual stimulation was the only relevant clue. The rats needed to switch not to use information concerning which arm was previously visited. We used 20 trials performed along single day, an equal number of trials designed to the left and to the right and no more than two consecutive turns in the same direction. Similarly as in the T-maze habit learning task, if rat entered the incorrect arm, it was left in the T-maze until reward was found. The results and lateralization were scored as in the preceding task.

Open Field Test

The open field test was performed 25 days following the surgery. Each rat was placed in the center of the large, circular, black arena (1 m diameter surrounded by 30 cm height wall). On the first day individual rats sessions lasted 30 min. On the succeeding 3 days sessions 10 min were performed. The sessions were video recorded and the body center point of the freely moving rat was captured by the EthoVision video tracking system (Noldus). Only first 10 min of first session were used here. To analyze the raw xy coordinates of the rat body center SEE Workshop was applied (31). To evaluate tendency of each rat turning, a parameter Median Curvature of Progression Segments was multiplied by −1 and named locomotor curvature.

Apomorphine Induced Rotations

Thirty days following the surgery the rats were injected with apomorphine (0.75 mg/kg b.w., s.c.) and placed in individual circular arenas. The animals were video recorded for 60 min. The number and direction of rotations were scored from video recording by experimenter blind for treatment.



Histological Analysis of Rat Brain Tissue

Histological analysis was made like we previously descried (15). Briefly, 30 days following brain injury the rats were anesthetized with halothane and decapitated. The brains were quickly removed and immediately frozen in powdered dry ice and stored at −70°C. Every 5th of 20 μm thick coronal sections was stained with a standard hematoxylin and eosin (H&E) method. For quantitative measure of lesion volume images of every fifth of stained sections, visualized in the Discovery v. 1.2 (Zeiss) stereoscope microscope, were analyzed using Corel PHOTOPAINT software. Then values of cavity extent of preceding sections of each rat's brain were multiplied by corresponding brain block thickness (which was 500 μm) and summarized. For analysis of exact location and extend of the damaged tissue we chose the brain area ranging to end of striatum in rostral direction and at hippocampus level in caudal direction. Within this part of the brain the 5 coronal, subsequent planes were selected. Then the corresponding images of H&E stained sections of the brain of each rat were collected and arranged one by one. In next step, the printed representative juxtapositions of the injured brains of all animals included in one experimental group were arranged side by side. Then the minimal and maximal lesion extension were manually overdrawn on brain structures schemas. For the vector graphics Corel DRAW software were used.



Data Analysis and Statistics

Statistical analyses were performed for all experimental animals, which completed every designed procedures (Figure 1C), i.e., performed walking beam task before brain injury without visible asymmetry, successfully underwent surgery, showed motor impairments in walking beam task 2 days following brain injury, obtained cell intra-arterial infusion, were tested in all behavioral tasks without technical difficulties and their brains were stained for histological analysis. We did not reject any of experimental animals which met above criteria.

To evaluate the data, a non-parametric statistical analysis was applied. To find if one of compared groups was significantly different from other ones the Friedman ANOVA analyses were used. To estimate which of experimental groups is significantly different form other ones the Mann-Whitney U-test for non-matched pairs was calculated. Data on all graphs are medians ±25 and 75%.




RESULTS


T-Maze Habit Learning Task

We assessed T-maze habit learning task training of experimental animals. Acquisition of the task was juxtaposed with its lateralization to visualize animal asymmetry at different stages of learning process. As we previously described (15, 28) OUA injection into the right dorsolateral striatum impaired acquisition of T-maze habit learning task (Figure 2A). Injured rats treated with PBS made significantly less correct responses at 5th day of training than control ones (p < 0.01). OUA animals treated with either D-0 or D-3 cells showed tendency to improve impaired by the brain injury task acquisition, but this difference did not reach statistical significance.
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FIGURE 2. T-maze habit learning task training. Acquisition (A) expressed as the number of correct responses made by rats treated either with human umbilical cord blood derived cells being at different stages of neural commitment or PBS and control ones. Lateralization (B) expressed as the amount of correct responses made by experimental animals when trial was designed to the left conveyed as a % of all correct responses along consecutive days of training. Line marked on the graph at value of 50% points out the direction of learning asymmetry (median ± 25 and 75%; *p < 0.05, **p < 0.01 in Whitney-Mann test for non-matched pairs).



T-maze habit learning task Lateralization, that is amount of correct responses made by experimental rats when trial was designed to the left expressed as percent of total correct responses was significantly shifted by focal brain injury (Figure 2B). OUA injection into the right dorsolateral striatum resulted in performing significantly less correct responses when trial was designed to the left in compare with those designed to the right at the early stage of acquisition that is second day of training. Treatment with all cells populations inversed the direction of task lateralization. D-0. D-3 (p < 0.05) and NSC (p < 0.01) cell treated groups of rats showed significantly more correct responses when trial was designed to the left then to the right in comparison with OUA+PBS group at second day of training. Control animals performed the task at comparable amount of correct responses made when trial was designed to the left and to the right through all training.

T-maze habit learning task Lateralization was the most inclined at 2nd day of training in both OUA+PBS and mirror view inversed in cell treated groups. Lateralized task performance at the early stage of training improved with time along consecutive sessions in all OUA groups. At the last day of training that is 6th, all experimental groups of rats performed the task at comparable amount of correct responses made when trial was designed to the left and to the right.



Juxtapositions of Rat Asymmetries Visible in Various Behavioral Tasks

T-maze habit learning task Lateralization at 2nd day of training was juxtaposed with asymmetries visible in other behavioral tasks performed in single animals to describe functional impairments resulting from focal brain injury and potential recovery induced by cell infusion (Figure 3). Learning asymmetry was compared with: motor deficits, that is level of left hind limb impairments visible in walking beam test performed 15 days following brain injury; cognitive flexibility lateralization measured in T-maze switching task; turning tendency in the open field first 10 min exploration when rat was freely moving in novel empty arena and number as well as direction of rotations induced by non-selective dopaminergic agonist apomorphine s.c. injection. We also compared T-maze habit learning task Lateralization at 2nd day of training with vibrissae elicited left forelimb placing permanent deficit across all observation period. None of juxtaposed asymmetries of experimental animals under various circumstances were inversed by cell infusion like it was shown for T-maze habit learning task Lateralization at 2nd day of training.
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FIGURE 3. Comparison of experimental animals asymmetries visible in different behavioral tasks. T-maze habit learning task lateralization at 2nd day of training was juxtaposed with: motor impairments of left hindlimb in walking beam task 15 days following brain injury (A), cognitive flexibility in T-maze switching task (B), turning tendency when rat was freely moving under anxiety in first open field task session (C), number and direction of rotations induced by dopaminergic agonist apomorphine s.c. injection (D), (median ± 25 and 75%, lines marked on the graphs point out direction of presented asymmetries).



Lateralization of T-maze habit learning task performance along training was also juxtaposed with turning tendency of freely moving single rats during consecutive open field 10 min sessions (Figure 4). In contrast to learning asymmetry at 2nd day of training, when all of examined treatments with cell populations induced inversion, at 2nd day of open field testing only OUA+D-0 rats showed opposite direction of median locomotor curvature, that is to the right (which however was statistically insignificant). Both compared asymmetries induced by focal brain injury and modified by cell treatment decreased with preceding sessions. Turning tendency at the end of open field testing remained a little to the left in contrast with T-maze habit learning task performance, reaching in the last training session comparable amount of correct responses to the left and to the right in all experimental groups.
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FIGURE 4. Comparison of asymmetries by experimental animals along T-maze habit learning task training and consecutive open field sessions. Lateralization of cognitive task performance was juxtaposed with turning tendency of freely moving rats in corresponding subsequent days of testing (median ± 25 and 75%).





Learning Asymmetry and Brain Injury Range

T-maze habit learning task Lateralization at 2nd day of training was also compared with range of brain damage (Figure 5). In contrast with statistically significant difference between OUA+PBS rats and all of three cell treated groups, in the level of learning asymmetry there were no significant differences between experimental groups in both lesion volume as well as cavity location and extension.
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FIGURE 5. Comparison of learning asymmetries and brain injury range. T-maze habit learning task Lateralization at 2nd day of training (A), lesion volume (B), lesion extent and representative images of H&E stained coronal brain slices (C) for each of experimental groups (median ± 25 and 75%; *p < 0.05, **p < 0.01 in Whitney-Mann test for non-matched pairs).






DISCUSSION

We found that the direction of considerable learning asymmetry resulting from focal brain injury was significantly inversed following intra-arterial infusion by each of the three examined populations of the human umbilical cord blood derived cells. Such common functional effect of applied therapy was observed although cell fractions differed in level of their neural commitment. Both the lateralization of T-maze habit learning task performance resulting from focal brain injury and the inversion of its direction following the cell infusion were observed only under specific circumstances, that is at the early stage of the task training. Such an inversion resulting from the cell infusion was not observed in any of asymmetric motor impairments that is left hind limb disabilities while walking along balance beam and vibrissae elicited left forelimb placing deficit. The inversion of asymmetry induced by unilateral brain injury followed by experimental treatment was also not observed in another cognitive task measuring animals behavioral flexibility and possibility to adapt to novel rules in the same environment. The asymmetry inversion resulting from the applied therapy in injured animals also did not concern the direction of forward movement of freely moving rats under anxiety as well as the direction of rotations induced by dopaminergic agonist apomorphine administration. Insignificant tendency to inverse the median direction of forward movement of freely moving rats at the early stage of open field testing sequence was observed only in OUA+D-0 rats. This is in agreement with our previous results that D-0 freshly isolated cells were the most effective in restoration of impaired function and decreasing lesion volume (15). Both the learning asymmetry and the freely move curvature improved along T-maze habit learning task training and open field consecutive testing.

In the present study we applied criteria of the experimental animal selection analysis. That is all included rats underwent testing in all of the considered behavioral tasks and subsequent histological analysis. Such approach seems to decrease experimental bias. It should be taken into consideration that each of the uninjured rat possess its natural asymmetry while solving T-maze task (32). Therefore, the individual animal asymmetry was overlapped by the individual vulnerability for cytotoxic brain injury which corresponded with the variable lesion volume observed in our study. Rats also differ in their natural capacity to restore or to compensate the impaired functions following brain damage, which corresponded with a lack of the correlation between the lesion volume and the behavioral tasks scores in our experiment. Such diversity was also influenced by the individual animal reactivity to xenogenic cell infusion. An evaluation of the cohort of experimental animals meeting selection criteria would provide possibility to compare more accurately the asymmetry of rats behaving under various circumstances.

To promote recovery of healthy brain tissue we used enriched environment housing conditions (29). Such housing, due to natural need of animals to explore surroundings, enables motor and cognitive exercising in three dimensional complex space equipped with various beams, ladders, platforms etc. differing in width, shape, and their position in space. Abundant social interactions additionally ensure establishment of proper functional recovery. Rearrangement of equipment within the cages during the experiment promoted rats abilities to find them serf in partially novel environment. Altogether, the above processes would facilitate a functional restoration and improve the cell infusion effectiveness by reducing focal brain injury induced asymmetry occurring under various circumstances. This is due to experimental rats were freely moving in enriched environment home cage and all activities, movements, paying attention or noting that something appeared were possible to the left as well as to the right side.


T-Maze Habit Learning Task Training

T-maze habit learning task employed “win-stay” paradigm rules in T-maze, which is rat needed to choose the arm of maze visited a while ago (28). On one hand the task requires that rat has to overcome natural preference to choose novel, previously unvisited environment. On the other hand if rat is anxious it prefer familiar, previously visited environment. Along 6 days of T-maze habit learning task training, rats at first were scared but explore the maze, learned that food reward was possible to find in one of food wells located at the end of each maze arms. Then the animals started to find out that the task was required from them. It occurred approximately on the second day of training. Then rats learned the task by the method of trials and mistakes. It seems to be raised up by natural drive to find the reward as result of first choice. Injured rats presented difficulties to acquire task design on about 5th day of training.

The most inclined task performance lateralization observed at second day of training and its inversion by the cell infusion would reflect how much the set of emotions at this stage of training influenced decision making at the T-maze choice point. Accordingly, such set of processes would facilitate in injured animals turning into ipsilateral side, while as the effect of cell therapy turning into contralateral side were easier for experimental rats. Another explanation is that more correct responses when trial was designed to the left would reflect the positive therapy effect on social preference. This is due to experimental oversight, that means waiting boxes in which all experimental animals were placed at time of daily task training were located at left side of the T-maze. Such distribution of experimental equipment in space would influence rat's choice inside of enclosed training apparatus. It actually means that cell infusion with each of three examined populations would increase the choosing by experimental rat under specific circumstances T maze arm located closer to other animals, promoting this way preferences for being in company.



Experimental Animals Asymmetries Following Focal Brain Injury and Human Umbilical Cord Blood Derived Cells Systemic Treatment

The effects of systemic treatment of human umbilical cord blood derived cells on functional recovery following focal brain injury were studied before. Vendrame and coworkers assessed effectiveness of human umbilical cord blood derived cells doses (33). They showed, that direction as well as quantity of spontaneous rotations may significantly differ between 2 and 4 weeks following surgery depending on assessed cell dose.

The results of systemic treatment of human umbilical cord blood derived cells on cognitive impairments were studied in passive avoidance task (34), and water maze task (35). The authors showed cell treatment effects on learning deficits resulting from focal brain injury. Because of both tasks were designed not to be affected by eventual rat asymmetry resulting from focal brain injury, the issue of turning direction at time of tasks performance were not shown.

Effectiveness of systemic treatment with administration of the human umbilical cord blood derived cells on recovery of motor functions were also studied (35–37). In all experiments, the authors reported contralateral limbs impairments and tendency to improvement of impaired side of body following applied therapy. This is in agreement with our results concerning motor recovery following cell infusion.

Often used behavioral task was Neurological Severity Score (38–40). Such task allows to evaluate in details rat's reflexes, ability to move, body/muscle quality, possibility to flex. Because of such detailed assessing NSS is an abundant source of information concerning experimental animal asymmetry in various circumstances. The results are usually expressed as one graph describing overall rat recovery making possible to easy follow therapy effects on rats well-being. Such way of presenting shows general improvement, but unfortunately makes impossible to conclude and to compare the amount and the direction of experimental animal single asymmetries.

Our findings seem to contribute to understanding the effects of HUCB-derived cells treatment following focal brain injury, emphasizing the performance asymmetry of complex impaired by the brain lesion cognitive task at time of acquiring it. Knowledge concerning possible therapeutic effects of HUCB-derived cell treatment would to be beneficial in connection with public interest in umbilical cord tissue banking and stem cell transplantation. However, before translating our results into clinics, it should be taken into consideration that we assessed effects of human umbilical cord blood derived cells using animal model of man disease.

There are several limitations in our study. Our previous paper provided more extensive assessment of outcomes including cell survival in the same experimental set up. Here, we have focused on a very time-consuming and meticulous behavioral task, which revealed that therapeutic benefits can be also related to a very fine cognitive tasks, which may actually have a high impact on a human life. However, still we did not study the influence of intra-arterial xenograft delivery on the host immune response as well as we did not assess whole-body biodistribution of transplanted cells.




CONCLUSIONS

Intra-arterial infusion of cells derived from human umbilical cord blood inversed learning asymmetry caused by focal brain injury. The resulting effect of the applied therapy was independent on the infused cell progress in their neural commitment. Inversion of the asymmetry direction was observed only under specific circumstances, that is at the early stage of training in T-maze habit learning task. Cell infusion did not change significantly the direction of unilateral brain injury induced asymmetry visible in motor tests, cognitive flexibility task as well as while rats were freely moving in novel open arena or administered with dopaminergic agonist apomorphine. Insignificant tendency to shift the median direction of forward movement was only observed in rats treated with undifferentiated cells at the early stage of open field tests sequence. The asymmetries decreased along consecutive testing and familiarization of experimental animals with tasks in both T-maze habit learning task and open field test. Inversion of learning asymmetry due to the applied therapy was also independent on range of the brain damage.
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PID Laterality Lesion location NIHSS Lesion volume (cm®)

Baseline 01M o3mM 06M oM o03M 06M
PO1 L Insula, frontal lobe: 14 3 3 1 74.4 67.6 68.6
P02 R Insula, IFG 9 6 3 2 50.2 264 251
P03 L Insula, IFG 10 1 1 1 236 14.1 26.13
P04 R Putamen, GP, CR 15 7 5 2 33.1 15.1 13.8
P05 R Putamen, GP, CR 34 7 5 4 222 8.0 712
P06 R Putamen, insula, FG 17 7 9 11 275 264 28.4
PO7 R Putamen 8 6 5 5 179 7.54 6.54
PO8 R L, oL 16 9 8 7 13.9 129 115
P09 L ITG, STG, FG, insula 8 5 5 6 6.08 6.8 6.03

IFG, Inferior Frontal Gyrus; G, Globus Pallidus; CR, Corona Radiata; FG, Frontal Gyrus; TL, Temporal Lobe; OL, Occipital Lobe; ITG, Inferior Temporal Gyrus; STG, Superior Temporal
Gyrus; NIHSS, National Institute of Health Stroke Scale.
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Mode of action Intravesicular contents

Angio-/neuro- miR-17-92 cluster targeting phosphatase and tensin
genesis homolog (30)
miR-124a (31)

miR-126 targeting portocadherin 7 (32)
miR-133b targeting RABEPK (33) and RhoA (34)
miR-134 targeting caspase-8 (35)
miR-181b-5p targeting TRPM? (36)
miR-184 targeting Numbl, miR-210 targeting ephrin-A3
(20,37,38)
miR-210 targeting Efna3 (39)
miR-294 (40)
Angiopoetin-1 MRNA to restore vascular
permeabilty (41)
CXCR4 via Akt signaling pathway (42)
CXCR4, VEGF, VEGFR2, HGF, c-Met, Akt (20)
VEGF, HIF-1a (43)
PDGF (44)
ICAM-1, bFGF, CHIBL1, CD147, CD105 (37)
Transcription factors (STAT) and signaling pathways
(NF-«B) (45, 46)
No specified (47-49)

Neuroprotection miR-19a targeting PTEN (50)
miR-21 via MAPK signaling pathway (51)
miR-22 targeting Mecp? (52)
miR-125b targeting p53 (53)
miR-145 targeting AQP4 (54)
miR-199a via sirt1 pathway (55)
miR-214 targeting CaMKIl (56)
miR-494 via Akt pathway (57)
miR-711 targeting PPARy (58)
Neuron-specific enolase (59)
Plasminogen activator inhibitor-1 targeting STAT3 and
At (60)

Immunomodulation  miR-181a via BCL2, XIAP (61)
D73 promote adenosine accumuation (62)
Anti-inflammatory cytokines (63)
Not specified (64)

Rejuvenation miR-17, 84a via Akt signaling (65)
Mitochondria (66)

Thrombus. miR-126 targeting portocadherin 7 (32)

resolution and

recanalization

miR, microRNA; RABEPK, Rab9 effector protein with kelch motfs; RhoA, Ras homolog
gene family member A; TRPM?, transient recent potential melastatin 7; NF-«B, nuclear
factor-xB; PDGF, platelet-derived growth factor:
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References Animals
Xin et al. (47) Rat
Doeppneretal.  Mice

©2)

Chenetal.83)  Rat

Leeetal. (59) Rat

Kalanietal. (84)  Mice

Otero-Ortegactal. Rat

(©5)

Xin et al. (30) Rat

Xin et al. (33) Rat

Moonetal. (20)  Rat

Chaetal. (37)

Invitro

Webb etal. (86)  Pig

Webbetal. (64)  Mice

Stem cells
/mode of application

EV production
/culture media

Rat BM MSCs
/intravenous

20 culture
/Exosome-free serum

Human BM MSCs
/intravenous.

2D culture
/MSC basal media

Mini-pig adipose MSCs 2D cuture

/intravenous /10% fetal bovine serum

Human adipose MSCs 20 culture

/intravenous /Serum free media with brain
extract

Mice ESCs 2D culture on fibroblast

/intra-nasal monolayer

/Exosome-free serum

Rat adipose MSCs 20 culture

/intravenous /Exosome-free serum
Rat BM MSCs 20 culture
/intravenous /Exosome-free serum

microRNA-133b
overexpressing Rat BM

20 culture
/Exosome-free serum

MSCs

/intra-arterial

Rat BM MSCs 20 culture

/intravenous /Serum free media with brain
extract

Human BM MSCs 3D dynamic culture

/Serum free media

Human NSCs
/intravenous

20 culture
/NSC basal culture media

iPSC-derived NSC or MSCs  NA
/intravenous.

EV isolation
/dose per animal

uc
/100 g total exosome protein

PEG
/EVs released by 2 x 108 cells

KISO™ system

/100 pg total exosome protein
uc

102 mg

kg

uc

/NA

Exosome extraction kit
(mRCURY)

/100 g total exosome protein
uc

/100 g total exosome protein
uc

/3 x 10! EVs, comparable to
100 pg total exosome protein

uc
/30 g total exosome protein

uc
/NA

uc
/2 x 1010 EVs
/kg
NA

Major finding

Angiogenesis
Neurogenesis
Neurological recovery
Neuroprotection
Angiogenesis
Neurogenesis
Immunomodulation
Neurological recovery
Reduction of infarct volume
Neurological recovery
Angiogenesis
Neurogenesis
Immunomodulation
Restoration of
neurovascular unit
Immunomodulation
Neuroplasticity

White matter recovery
Neurological recovery
Neuroplasticity
Neurological recovery
Neuroplasticity
Neurological recovery

Angiogenesis Neurogenesis
Neuroplasticity Neurological
recovery

Angiogenesis
Neurogenesis

Neurological recovery
Improve neural

tissue preservation
Neurological recovery
Neuroprotection
Immunomodulation
Neurological recovery

MSC, mesenchymal stem cells; BM, bone marrow; UC, ultracentrifugation; PEG, polyethylene glycol precipitation method; ESCs, embryonic stem cells; iPSC, induced pluripotent stem
cell: NSCs, neural stem cells; NA, not available.
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Challenges/Bottlenecks

TRIAL RELATED CHALLENGES
High costs
Lengthy timelines

Dificulties in recruitment and
retention of patients

Insufficiencies in ciinical research
workforce (fack of specific
training)

Strict regulations and admin
barriers

Complexity/Difficulties in
maintaining and monitoring
safety

Data collection and interpretation
Missing standardization of
outcome reporting

Increases with each trial phase
Average of 3.5-4 years per trial phase
(estimated from data listed in Table 2)
Especially for acute stroke with a
treatment time frame of <24 h;
Increased drop-out rates for longterm
follow-up (> 1 year after treatment)
Disconnect between clinical research
and medical care

Variations between different regulatory
bodles; Designing a trial to answer a
scientiic question while considering the
well-being of the patient and also adhere
to regulations

Unexperienced personnel due to lack of
specific training;

Missing standardization

Leads to biases; Data from several trials
cannot be analyzed and compared

TREATMENT AND THERAPY RELATED CHALLENGES

Limited source of stem cells

Optimal time frame for treatment

Limitations of SCs

Limitation in production
processes
Adverse effects

- Decrease in number/function of BMSCs

Inaged persons
Alogeneic MSCs need to be passaged
to cover demand

Decrease SC tropism toward brain with
time

Mechanistic targets for cell therapy differ
depending on time point of treatment
Insufficient cell amounts if autologous
samples are used (depending on

cell type)

Low yield

Heterogenous populations with
difference in potential and efficacy

Lack of enabling technologies for
cel-therapy bioprocessing at scale
Tumor formation; Immune rejection;
Cells trapped in brain vessefs or lung
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Trial number Trial name Current Studystart  Duration Phase Sponsor No.of  Celltype Celldose  Route  Timefrom References

status and end date ] participants stroke
onset
COMPLETED
1 NCT00152113 Compl 2005-2008 3 1 Research 5 Hematopoietic 5 x 108 v Prophylactic ~ (45)
Hospital Stem Cell CD34+/kg,
1x
108 CD3+/kg
2 NCT00473057 Compl 2005-2011 6 1 University/ 12 Autologous 500milion 1A 90 days
College BMSCs
3 NCT00535197 Compl 2007-2012 5 1,2 University/ 5 Autologous Max. 1 x 108 1A <7 days (46)
College BMSCs
4 NCT01501773 Compl 2008-2011 3 2 Industry 120 Autologous 30-500 v 7-30days (44,47
BMSCs million
5 NCT00761982 Compl 2008-2011 3 1,2 University 20 Autologous 159 x 108 1A 5-9 days (48)
Hospital BMSCs
6 NCT00950521 Compl 2009-2010 1 2 University 30 Hematopoietic ~ 2-8milion  ICb 6-60 (49)
Hospital D34+ stem cells months
7 NCT02425670 InveSt Compl 2009-2010 1 2 Research 120 Autologous 30-500 v 7-29 days (7)
Institute BMSCs million
8 NCT00859014 Compl 2009-2013 4 1 University/ 2 Autologous 10x 10%kg IV 24-72h (50)
College BMSCs
9 NCT00875654 ISIS-HERMES ~ Compl 2010-2017 7 2 Hospital 31 Autologous 1000r300 IV <6 weeks
mesenchymal million
stem cells
10 NCT01287936 SanBio Compl 2011-2015 4 1.2 Industry 18 Autologous 25,50,0r IC 6-60 (51)
modified Stromal 10 million months
Cells (SB623)
11 NCT01436487 MASTERS-1  Compl 2011-2015 4 2 Industry 134 Allogenic BMSCs 4000r 1200 IV 24-48h (52, 53)
(Multister) million
12 NCT01207413 Compl 2011-2017 6 1,2 Research 20 Alogenic BMSCs  05-16x IV >6 months
Institute 10%Kkg
13 NCT02117635 PISCES-II Compl 2014-2016 2 2a  Industry 23 Alogenic NSCs ~ 20milion  ICb <4 weeks (38)
(CTXDP) cells
14 NCTO1678534 AMASCIS-01  Compl 2014-2018 4 2 University 19 Allogenic ADSCs 1 million v <2 weeks (54)
Hospital units/kg
15 NCT03080571 Compl 2015-2016 1 1 Industry 38 Autologous - A 0-15 days
intra-arterial
BM-MNCs
16 NCT02397018 CoBISt Gompl 2015-2017 2 1 Research 124 Alogencic 055 x v 3-10 days (55)
Institute umbilical cord 107 /kg
blood stem cells
17 NCT02813512 Compl 2017-2018 1 1 Industry 3 Autologous - Icb >6months
ADSCs
ACTIVE
1 NCTO1151124 PISCES Not recr 2010-2023 13 1,2 Industry 12 Allogenic NSCs 2,5, 10,0r20 ICb 6monthsto  (38)
(CTXDP) million 5years
2 NCTO1716481 STARTING2  Recr 2012-2017 5 3 Industry 60 Autologous MSCs 1 x v <90 days (56)
108 cells/kg
3 NCT03296618 Not recr 2012-2018 6 1 Industry 18 NSCs (NSI-566) 1.2 x 107-8 IC 3-24
x 107 months
4 NCT02178657 18IS Recr 2014-2018 4 2 Research 76 Autologous bone 2 or & x 1A 17 days ©7)
Institute marrow 108/kg
mononuclear cells
5 NCT02448641 ACTISSIMA  Not recr 2016-2019 3 2 Industry 156 Autologous 250r5 Ic 6-90
modified Stromal  millon months
Cells (SB623)
6 NCT02795052 NEST Recr 2016-2020 4 nd.  Industry 300 Autologous - VN >6months
BMSCs
7 NCT03371329 Recr 2017-2018 1 1 Hospital 12 Alogenic BMSCs  05,1,2x  N,IT  <72h
108/kg
8 NCT03004976 CoBIS2 Recr 2017-2019 2 2 Research 100 Alogeneic 05-5 x v 3-10 days
Institute umbilical cord 107/kg
blood infusion
9 NCT03629275 PISCESIII Recr 2018-2019 1 2 Industry 110 AlogenicNSCs  20milion  ICb 612
(CTX0E03) months
10 NCT03545607 MASTERS-2  Recr 2018-2020 2 3 Industry 300  Alogenic BMSCs 12biion IV 24-36h (63)
(MultiStem)
11 NCT03570450 RESSTORE-1  Recr 2018-2020 2 1 University 15 ADSCs 11,21,25, IV 24-48h
Hospital 3.1 x 10%/kg
12 NCT02961504 TREASURE  Recr 2017-2020 3 23 Industry 220 Alogenic BMSCs, 12bilion IV 18-36h
HLOMOS1
(MultiSterm)
13 ACTRN12618000076279  I-ACT Recr 2019-2021 3 1 Research 15 Allogenic hAECs 2, 4,8, 16,32 IV <24h @9
Institute milion/kg

IV, intravenous; IT, intrathecal: IA, intra-arterial; IC, intracrainic

- ICb, intracerebral: IN, intranasal.
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Variables collected from 141 articles

Cell labeling
Yes| No
Route of administration
Intra-arterial | Intravenous | Intracranial
Time when outcome was measured
<2 weeks | 2-4 weeks | 4-12 weeks | > 12 weeks
Dose of bm-mscs administered
>1"10E6 | <=1"10E6
Time of bm-msc Administration
0-6hvs. > 7 Days
12-24hvs. >7 Days
2-7 Days vs. >7 Days
0-6hvs. 2-7 Days
12-24h vs. 2-Days
0-6hvs. 12-24h
Were bm-mscs cryopreserved or not?
Fresh | Frozen
Passage of administered bm-mscs
2-4vs. >4
Species of bm-msc donor
Rat | Mouse | Human
Gender oF bm-msc donor
Female|Male | Unknown
Species of stroke animal
Rat | Mouse | Rabbit | Monkey | Dog
Gender of stroke animal
Female | Male | Unknown
Age of stroke animal
Adult | Retired Breeder
Stroke animal co-morbidities
Normal | T1DM | T20M | SCID
Continent
Asia | North America | Europe | South America
Year published
2000-2008 | 2009-2012 | 2013-2015| 2016-2018
Impact factor of journal where article was published
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Variables collected ‘Comparison Coefficients Standard error p-value

Celllabeling Yes vs. No 0.057 0.182 076
Route of administration 1Avs. IC 0309 0326 035
Vs, 1C -0.162 0212 045
Vvs. IA -0.471 0.288 0.11
Time when outcome was measured <2 weeks vs. > 12 weeks -0262 0540 063
2-4 weeks vs. >12 weeks 0049 0554 093
4-12 weeks vs. >12 weeks 0.097 0576 087
<2 weeks vs. 4-12 weeks -0.359 0256 0.16
2-4 weeks vs. 4-12 weeks —0.049 0.285 097
<2 weeks vs. 2-4 weeks ~0311 0.204 0.13
Cell dose (Total cells) >1*10E6 vs. <=1*10E6 -0.109 0.180 055
Cell dose (per kilogram) Celis/kg weight of stroke animal -869'10-9 8.62'10-9 032
Timing of BM-MSC administration 0-6hvs. > 7 Days 0.499 0.454 028
12-24hvs. >7 Days 0378 0.437 039
2-7 Days vs. >7 Days 0973 0476 0.04
0-6hvs. 2-7 Days -0.474 0.276 0.09
12-24hvs. 2-7 Days ~0595 0247 0.02
0-6hvs. 12-24h 0.121 0203 055
Fresh/Frozen BM-MSCs Fresh vs. Frozen 0.349 0.206 0.09
Passage of BM-MSCs 2-4vs. >4 0.051 0257 084
Unknown vs. >4 0015 0298 096
Unknown vs. 2-4 ~0.036 0217 087
Species of BM-MSC donor Mouse vs. Human 0276 0.451 054
Rat vs. Human 0395 0205 0.06
Dog vs. Human 0.086 0762 091
Mouse vs. Rat ~0.119 0428 078
Dog vs. Rat -0.309 0748 068
Donor gender Female vs. Male -0.364 0.357 031
Unknown vs. Male -0.069 0.193 0.72
Unknown vs. Female 0295 0339 039
Gender of stroke animal Female vs. Male 0275 0329 0.41
Unknown vs. Male 0.140 0310 065
Unknown vs. Female -0.134 0.431 076
Species of stroke animal Mice vs. Rat ~0525 0320 0.10
Age of stroke animal Adult vs. Retired Breeder ~0211 0.402 060
Co-morbidties Normal vs. Non-normal 0820 0384 0.04
Continent Asia vs. North America 0394 0.190 0.04
Europe vs. North America 0412 0321 020
Europe vs. Asia 0018 0302 095
Year 2009-2012 vs. 2000-2008 0202 0256 043
2013-2015 vs. 2000-2008 -0.123 0252 0630
2016-2018 vs. 2000-2008 0056 0244 082
2013-2015 vs. 2009-2012 ~0325 0252 02
2016-2018 vs. 2009-2012 ~0.146 0244 055
2016-2018 vs. 2018-2015 0.179 0239 0.46

Positive coefficients indicate a larger MSC effect. Bold values indicate significance (o < 0.05) or showing a trend toward significance (o < 0.1).
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Cells Experimental model

DPSC Rat
Transient Middle
Cerebral
Artery
occlusion (MCAG)

DPSC over-expressing
hepatocyte growth
factor

CDB4+/c-Kitt/
STRO-1* DPSC

DPSC

Dental pulp-derived
nuclear receptor related
1 protein* stem cells

Delivery
method

v

DPSC, dental pulp stem cell(s); IC, intracerebral; IV, intravenous.

Cell number

1x 108

1% 108

4% 108

6x 10°

1-2 x 10°

Timing

Cells injected at O or 3h
post-stroke, analysis
performed up to 14 days
post-stroke.

Cells injected at Oh
post-stroke, analysis
performed up to 14 days
post-stroke.

Gells injected 24h
post-stroke, analysis
performed up to 28 days.

Cells injected 24 hours
post-stroke, analysis
performed up to 28 days.

Analysis performed up to 28
days.

‘Outcome

Cells reversed motor deficits
and reduced infarct volume
by inhibiting microglial
activation, pro-inflammatory
cytokine production, and
neuronal degeneration.
Cells improved motor
function and decreased
infarct size via
immunomodulation,
enhanced angiogenesis,
suppression of neuronal
degeneration, and
maintenance of blood-brain
barier integrity.

Cells stimulated functional
recovery and decreased
infarct volume via
autocrine/paracrine
mechanisms.

DPSC enhanced
post-stroke forelimb
sensorimotor recovery via
DPSC-dependent
Paracrine effects.
Transplanted cells survived
and promoted functional
recovery, due to
hypo-immunogenic
properties and
immunomodulation abilty.

References

Nito et al. (71)

Sowa et al. (76)

Song etal. (75)

Leong et al. (69)

Yang etal. (68)
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Cells Growth conditions Functional assessment References
Basal media Use of Coating Growth factors Duration
spheres
CD34*/cKitt/  DMEM/F12 Yes Poly-L-lysine  bFGF >Bweeks  Patch-clamp analysis of Pisciotta et al. (67)
STRO-1+ EGF Nat and K+ currents.
DPSC BDNF
NGF
DPSC DMEM/F12 Yes bFGF 19-23 Fluorescent detection of Gonmanee et al. (63)
EGF days Ca2+ influx following
BDNF stimulation.
GDNF
NT-3
DPSC Neuro-basal No bFGF 12 days Fluorescent detection of Singh et al. (62)
EGF Ca2* influx following
BDNF stimulation.
DPSC DMEM/F12 No Type land IV bFGF >3 weeks Transplantation into Jung et al. (64)
collagen, EGF neonatal rat brain and spinal
laminin, BDNF cord injury rat model.
fibronectin GDNF
IGF-I
DPSC Neuro-basal A No Geltrex bFGF 3 weeks Patch-clamp analysis of Ulah et al. (58)
EGF Na* and K* currents.
DPSC DMEM/F12, Yes Poly-L- bFGF 5 weeks Patch-clamp analysis of Gervois et al. (65)
Neuro-basal ornithine, EGF Na* and K* currents, and
laminin NT-3 action potential production.
DPSC Neuro-basal No bFGF 9 days Fluorescence detection of Kanafi et al. (61)
FGF8 Ca* influx, and
BDNF measurement of dopamine
release with/without
stimulation.
DPSC Neuro-basal Yes Type IV bFGF 2 weeks Fluorescent detection of Osathanon et al. (66)
collagen EGF Ca?* influx following
stimulation.
DPSC DMEM/F12, No Poly-L-ysine  bFGF 9-13days  Patch-clamp analysis of Kiraly et al. (51, 59)
Neuro-basal A NGF Nat and K* currents,
NT-3 transplantation into the
cerebrospinal fluid of
neonatal rats,
transplantation into rats with
lesions to the forelimb motor
cortex.
DPSC Neuro-basal A No Poly- bFGF 3 weeks Patch-clamp analysis of Arthur et al. (50)
onithine, EGF Nat currents.
laminin

BONF, brain-derived neurotrophic factor; bFGF; basic fibroblast growth factor; DMEM, Dulbecco’s Modliied Eagle’s Medium; DPSC, dental pulp stem cells); EGF, epidermal growth
factor; F12, Ham's F12 nutrient mixture; FGFS, fibroblast growth factor 8; GDNF; glial cell-derived neurotrophic factor; IGF-, insulin-like growth factor |; NG, nerve growth factor;
NT-3, neurotrophin-3.





OPS/images/fneur-10-00405/fneur-10-00405-t003.jpg
Variables collected

Celllabeling
Route of administration

Time when outcome was measured

Cell dose (Total cells)
Cell dose (per kilogram)
Timing of BM-MSC administration

Fresh/Frozen BM-MSCs
Passage of BM-MSCs

Species of BM-MSC donor

Donor gender
Gender of stroke animal
Species of stroke animal
Co-morbidities
Continent

Comparison

Yes vs. No
IAvs.IC

Vs, IC

Vvs. A

<2 weeks vs. 4-12 weeks
2-4 weeks vs. 4-12 weeks
<2 weeks vs. 2-4 weeks
>1"10E6 vs. <=1"10E6
Cells/kg weight of stroke animal
0-6hvs. > 7 Days
12-24hvs. >7 Days

2-7 Days vs. >7 Days
0-6hvs. 2-7 Days
12-24h vs. 2-7 Days
0-6hvs. 12-24h

Fresh vs. Frozen

2-4vs. >4

Unknown vs. >4

Unknown vs. 2-4

Mouse vs. Human

Rat vs. Human

Mouse vs. Rat

Unknown vs. Male
Unknown vs. Male

Mice vs. Rat

Normal vs. Non-normal
Asia vs. North America
Europe vs. North America
South America vs. North America
Asia vs. Europe

South America vs. Europe
Asia vs. South America
2009-2012 vs. 2000-2008
2013-2015 vs. 2000-2008
2016-2018 vs. 2000-2008
2013-2015 vs. 2009-2012
2016-2018 vs. 2000-2012
2016-2018 vs. 2013-2015

Coefficients

-0.208
-0.203
0.710
0913
0.187
0471
0016
-0.128
194109
0852
0583
0.103
0.749
0.480
0.269
0.147
-1.030
-0.452
0575
0.165
0.199
-0.034
0.067
-0.175
0.452
0583
-0278
-0.079
-0.330
-0.199
-0.251
0052
-0.100
0.168
0.064
0.268
0.163
-0.104

Standard error

0.350
0.659
0.331
0.630
0.468
0.497
0.362
0313
8841079
0.662
0545
0578
0523
0.364
0.486
0.365
0.357
0.432
0.357
0.657
0377
0.602
0322
0.601
0.484
0521
0345
0618
0.689
0,623
0.863
0,693
0585
0535
0568
0.426
0.466
0.401

Positive coefficients indicate a larger MSC effect. Bold values indicate significance (o < 0.05) or showing a trend toward significance (o < 0.1).

p-value

0.55
0.76
0.04
0.15
0.69
0.73
0.97
0.69
0.83
0.20
0.29
0.86
0.16
0.19
058
0.69
0.006
0.30
o1
0.80
0.60
0.96
0.84
0.77
0.36
027
0.42
0.90
0.63
0.75
0.77
0.94
0.87
0.76
091
0.53
0.73
0.80
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Variables collected

Celllabeling
Route of administration

Time when outcome was measured

Cell dose (Total cells)
Cell dose (per kilogram)
Timing of BM-MSC administration

Fresh/Frozen BM-MSCs

Passage of BM-MSCs

Species of BM-MSC donor

Donor gender

Gender of stroke animal

Species of stroke animal
Age of stroke animal
Continent

Comparison

Yes vs. No
1Avs. IC

Vs, IC

Vvs. 1A

<2 weeks vs. >12 weeks
2-4 wesks vs. > 12 weeks
4-12 weeks vs. >12 weeks
<2 weeks vs. 4-12 weeks
2-4 weeks vs. 4-12 weeks
<2 weeks vs. 2- weeks
>1*10E6 vs. <=1'10E6
Cells/kg weight of stroke animal
0-6hvs. > 7 Days
12-24hvs. >7 Days

2-7 Days vs. >7 Days
0-6h vs. 2-7 Days.
12-24h vs. 2-7 Days
0-6hvs. 12-24h

Fresh vs. Frozen

Unknown vs. Frozen
Unknown vs. Fresh

2-4vs. >4

Unknown vs. >4

Unknown vs. 2-4

Mouse vs. Human

Ratvs. Human

Mouse vs. Rat

Female vs. Male

Unknown vs. Male
Unknown vs. Female
Female vs. Male

Unknown vs. Male
Unknown vs. Female

Mice vs. Rat

Adult vs. Retired Breeder
Asia vs. North America
Europe vs. North America
Asia vs. Europe
2009-2012 vs. 2000-2008
2018-2015 vs. 2000-2008
2016-2018 vs. 2000-2008
2018-2015 vs. 2009-2012
2016-2018 vs. 2009-2012
2016-2018 vs. 2013-2015

Coefficients

-0.426
0940
0473

—0.467
0312
1.008
0.261
0,051
0.748

~0.696
0.268
3351078
1.361
0.476
0567
0.794

-0.091
0885

~0.700

~1.304

—0.604

-0.832

-0.328
0504

~0.417

~0.486
0,069

—0211

~0.003
0.208
0.897

-0.147

—1.044
0,039

-0.076
0.453
0.413
0,040

~0544

-0.276

~0.500
0.268
0,043

-0.225

Standard error

0.284
0558
0.302
0530
0.758
0.776
0.760
0312
0.353
0349
0273
1981078
0536
0508
0523
0362
0320
0.339
0302
0533
0.495
0.365
0.403
0.306
0,683
0.296
0.660
0820
0325
0787
0.406
0.481
0593
0.441
0.633
0291
0586
0571
0.355
0348
0.439
0.390
0.473
0.467

Positive coefficients indicate a larger MSC effect. Bold values indicate significance (o < 0.05) or showing a trend toward significance (p < 0.1).

p-value

0.14
0.10
0.12
0.38
0.68
0.20
0.73
0.87
0.04
0.049
0.33
0.09
0.01
035
0.28
0.03
0.78
0.01
0.02
0.02
023
0.03
0.42
0.10
0.54
0.10
0.92
08
0.99
0.79
0.03
0.76
0.08
0.93
091
0.12
0.48
0.94
0.13
0.43
0.26
0.49
093
0.63
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References Species Stroke type Cell type N° Cells Administration Recovery Comorbidity

Route
Brenneman etal. (21)  Long Evans MCAO BMMNG 4% 108 Intra-arterial  Improved Aging
Coelho et al. (22) Wistar Focal cortical BMMNG 3x 107 Intravenous  Improved Aging
ischemia
Zhang et al. (23) Wistar MCAO HUTC 1 x 107/kg Intravenous  Improved Aging
Shen et al. (24) Wistar MCAO BMSC 2x 108 Intra-arterial  Improved Aging
Balseanu etal. (25)  Sprague-Dawley ~MCAO G-CSF +BMMSC 50 ugkg + 1 x 10%kg Intravenous  Improved Aging
Buga et al. (26) Sprague-Dawley  MCAO G-CSF + BMMNC ~ 50pg/kg + 1 x 10%kg Intravenous  Improved Aging
to et al. (27) SHR Stroke prone BMSC 5x 108 Intracranial Notevaluated ~ Hypertension
Cali6 et al. (28) SHR Stroke prone BMMSC 1x 108 Intracranial Notevaluated ~ Hypertension
Kranz et al. (29) SHR MCAO MSC from maternal 1 x 108 Intravenous  Improved Hypertension
or fetal placenta
Minnerup et al. (30)  SHR MCAO BMMNG 1/5/20 x 108 Intravenous  Did notimprove  Hypertension
Weise et al. (31) SHR MGAO HUGCBMNG 8 x 108kg Intravenous  Did notimprove  Hypertension
Posel et al. (32) SHR MCAO G-CSF + BMMNC 50 pg/kg + 15 x Intravenous  Did notimprove  Hypertension
107 /kg
Taguchi etal. (33) SHR Focal cortical BMMNC 5x 10° Intravenous and Improved Hypertension
ischemia intraosseous
Wagner et al. (34) SHR MGAO BMMNG 8 x 108kg Intravenous  Did notimprove  Hypertension
Wang et al. (35) SHR Intracerebral BMMSC 1 10° Intravenous  Improved Hypertension
hemorthage
Ding et al. (36) SHR Intracerebral BMSC 1% 108 Intracranial Improved Hypertension
hemonthage
Yan et al. (37) Wistar MCAO HUCBC 5x 108 Intravenous  Improved Diabetes Type |
Cui etal. (38) Wistar MCAO BMSC 5x 10° Intravenous  Improved Diabetes Type |
Chen etal. (39) Wistar MCAO BMSC 3x 108 Intravenous  Did notimprove  Diabetes Type |
Yan et al, (40) Wistar MCAO BMSC + Niaspan 6 x 108 + 40mg/kg  Intravenous ~ Did notimprove  Diabetes Type |
Ye etal. (41) Wistar MCAO BMSC + Naaspan 5 x 108 + 40mg/kg Intravenous ~ Notevaluated ~ Diabetes Type |
Yan et al. (42) Wistar MCAO HUCBC 5x 108 Intravenous  Improved Diabetes Type I
Ding et al. (43) Wistar MCAO BMSC 5x 107 Intravenous  Improved Diabetes Type I
Huetal. (44) Wistar MCAO BMSC 5x 108 Intravenous  Improved Diabetes Type I
Xiang et al. (45) Wistar MCAO BMSC-CM 10 mlkg Intravenous  Improved Diabetes Type I
Yan et al. (46) Wistar MCAO BMSC 5x 108 Intravenous  Improved Diabetes Type I

MCAO, middle cerebral artery occiusion; BVIMNC, bone marrow mononuclear cell; HUTC, human umbilial tissue-derived cell; BMSC, bone marrow stromal cel; G-CSF, granulocyte
colony-stimulating factor; BMMSC, bone marrow mesenchymal stem cel; SHR, sponteneously hypertensive rats; G-CSF, granulocyte colony-stimulating fector; HUCBMNG, human
umbilical cord blood mononuclear cell: HUCBC, human umbilical cord blood cell: BMSC-CM, bone marrow stromal cell conditioned medium.
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Points

Motor Tests
Raising rat by the tal 3
1 Flexion of forelimb
1 Flexion of hindlimb
1 Head moved > 10° to vertical axis
within 30s
Placing rat on the floor (normal =
maximum = 3)
1 Normal walk
1 Inabity to walk straight
1 Circling toward the paretic side
1 Fall down to the paretic side
Sensory tests 2
1 Placing test (visual and tactile test)
1 Proprioceptive test
(deep sensation, pushing the paw
against the table edge to stimulate
limb muscles)
Beam balance tests (normal =
maximum = 6)
1 Balances with steady posture
1 Grasps side of beam
1 Hugs the beam and one limb
falls down from the beam
1 Hugs the beam and two limbs fall
down from the beam, or spins on
beam(>60s)
1 Attempts to balance on the beam
but falls off (>40s)
1 Attempts to balance on the beam
but alls off (~205)
1 Falls off: no attempt to balance or
hang on to the beam (<20s)
Reflexes absent and abnormal moverents 4
1 Pinna reflex (head shake when
touching the auditory meatus)
1 Comeal reflex (eye blink when lightly
touching the comea with cotton)
1 Startle reflex (motor response to a
brief noise from snapping a
clipboard paper)
1 Seizures, myoclonus, myodystony
Maximum points 18

One point is awarded for the inability to perform the tasks or for the lack of a tested reflex;
13-18 indicates severe injury; 7-12, moderate injury; 1-6, mild injury.





OPS/images/fneur-10-00357/fneur-10-00357-g005.gif





OPS/images/fneur-10-00357/fneur-10-00357-g006.gif
pacin






OPS/images/fneur-10-00357/fneur-10-00357-g007.gif





OPS/images/fneur-10-00357/fneur-10-00357-g008.gif
postve Contst.
FoF00gl)

WocBCE70.

Tube rmation (ot con






OPS/images/fneur-10-00357/fneur-10-00357-g001.gif
carmi 0





OPS/images/fneur-10-00357/fneur-10-00357-g002.gif
A INSS Cylinder test

o s -

Cyinderien






OPS/images/fneur-10-00357/fneur-10-00357-g003.gif





OPS/images/fneur-10-00357/fneur-10-00357-g004.gif





OPS/images/fneur-10-00357/crossmark.jpg
©

2

i

|





