
BORODZIUK, Filip, BORODZIUK, Barbara, CIUBA, Katarzyna, DĄBROWSKA, Paulina, ŻUBER, Michał, BOCHYŃSKI, Karol, 
MOLENDA, Katarzyna, DACKA, Michał, GIŻEWSKA, Kamila and BIAŁOGŁOWSKI, Konrad. Stem Cell Therapies for Spinal 
Cord Injury - A Review. Quality in Sport. 2024;15:52258. eISSN 2450-3118. 
https://dx.doi.org/10.12775/QS.2024.15.52258 
https://apcz.umk.pl/QS/article/view/52258 
 
 
 
 
 
The journal has had 20 points in Ministry of Higher Education and Science of Poland parametric evaluation. Annex to the announcement of 
the Minister of Higher Education and Science of 05.01.2024. No. 32553. 
Has a Journal's Unique Identifier: 201398. Scientific disciplines assigned: Economics and finance (Field of social sciences); Management and 
Quality Sciences (Field of social sciences). 
Punkty Ministerialne z 2019 - aktualny rok 20 punktów. Załącznik do komunikatu Ministra Szkolnictwa Wyższego i Nauki z dnia 05.01.2024 
r. Lp. 32553. Posiada Unikatowy Identyfikator Czasopisma: 201398. 
Przypisane dyscypliny naukowe: Ekonomia i finanse (Dziedzina nauk społecznych); Nauki o zarządzaniu i jakości (Dziedzina nauk 
społecznych). 
© The Authors 2024; 
This article is published with open access at Licensee Open Journal Systems of Nicolaus Copernicus University in Torun, Poland 
Open Access. This article is distributed under the terms of the Creative Commons Attribution Noncommercial License which permits any 
noncommercial use, distribution, and reproduction in any medium, provided the original author (s) and source are credited. This is an open 
access article licensed under the terms of the Creative Commons Attribution Non commercial license Share alike. 
(http://creativecommons.org/licenses/by-nc-sa/4.0/) which permits unrestricted, non commercial use, distribution and reproduction in any 
medium, provided the work is properly cited. 
The authors declare that there is no conflict of interests regarding the publication of this paper. 
Received: 01.06.2024. Revised: 20.06.2024. Accepted: 01.07.2024. Published: 07.07.2024. 
 
 
 
 
 

1 
 

Stem Cell Therapies for Spinal Cord Injury - A Review 

 

Filip Borodziuk, Barbara Borodziuk, Katarzyna Ciuba, Paulina Dąbrowska, Michał Żuber, 

Karol Bochyński, Katarzyna Molenda, Michał Dacka, Kamila Giżewska, Konrad Białogłowski 

 

Filip Borodziuk 

filipb899@gmail.com 

ORCID0009-0000-0394-1816 

1 Military Clinical Hospital in Lublin,  

al. Racławickie 23, 20-049 Lublin, Poland 

 

Barbara Borodziuk  

basia.borodziuk@gmail.com 

ORCID 0009-0009-2716-6653  

1 Military Clinical Hospital in Lublin,  

al. Racławickie 23,20-049 Lublin, Poland 

 

 

 

https://dx.doi.org/10.12775/QS.2024.15.52258
https://apcz.umk.pl/QS/article/view/52258
mailto:filipb899@gmail.com1
mailto:basia.borodziuk@gmail.com


2 
 

Katarzyna Ciuba 

katarzyna.ciuba@onet.eu 

ORCID 0009-0007-8347-3282 

Province Specialist Hospital named after Stefan Cardinal Wyszyński in Lublin,  

Al. Kraśnicka 100, 20-718 Lublin, Poland 

 

Paulina Dąbrowska 

paulina.dabrowska98@gmail.com 

ORCID 0009-0004-6439-3357 

Province Specialist Hospital named after Stefan Cardinal Wyszyński in Lublin,  

Al. Kraśnicka 100, 20-718 Lublin, Poland 

 

Michał Żuber 

michal.zuber10@gmail.com 

ORCID: 0009-0000-2538-8556 

4th Clinical University Hospital in Lublin,  

ul. Kazimierza Jaczewskiego 8, 20-954 Lublin, Poland 

 

Karol Bochyński 

karolbochynski@gmail.com 

ORCID 0009-0003-8309-2800 

4th Clinical University Hospital in Lublin,  

ul. Kazimierza Jaczewskiego 8, 20-954 Lublin, Poland 

 

Katarzyna Molenda 

zielinskakasia98@gmail.com 

ORCID 0009-0005-1928-4220 

1 Military Clinical Hospital in Lublin,  

al. Racławickie 23,20-049 Lublin, Poland 

 

 

 

 

 

mailto:katarzyna.ciuba@onet.eu
mailto:paulina.dabrowska98@gmail.com
mailto:michal.zuber10@gmail.com
mailto:karolbochynski@gmail.com
mailto:zielinskakasia98@gmail.com


3 
 

Michał Dacka 

michal.dackaa@gmail.com 

ORCID 0009-0005-8783-6517 

1 Military Clinical Hospital in Lublin,  

al. Racławickie 23,20-049 Lublin, Poland 

 

Kamila Giżewska 

gizewska.kamila@gmail.com 

ORCID: 0000-0003-1682-180X 

1 Military Clinical Hospital in Lublin,  

al. Racławickie 23,20-049 Lublin, Poland 

 

Konrad Białogłowski 

konrad.bialoglowski@gmail.com 

ORCID: 0009-0001-1705-254X 

University Clinical Hospital No. 1 in Lublin,  

ul. Stanisława Staszica 16, 20-081 Lublin, Poland 

 

Abstract 

The escalating incidence of Spinal Cord Injury (SCI), with approximately 0.9 million cases 

globally, underscores its growing public health concern. Traumatic SCI, often prevalent in 

developing nations due to factors like motor vehicle accidents and falls, leads to secondary 

damage involving inflammation, neuronal death, and ionic dysregulation. Despite the absence 

of an effective treatment for SCI, Stem Cell Therapy (SCT) emerges as a promising avenue, 

harnessing stem cells' unique capabilities for regeneration and replacement. The review 

explores various stem cell types, such as Neural Stem/Progenitor Cells (NS/PCs), Embryonic 

Stem Cells (ESCs), Induced Pluripotent Stem Cells (iPSCs), and Mesenchymal Stem Cells 

(MSCs), detailing their potential in preclinical and clinical contexts. Specifically, NSCs exhibit 

therapeutic promise by modulating astrocyte contribution, enhancing differentiation, and 

promoting growth factors. ESCs, despite their pluripotency, face ethical concerns and potential 

teratocarcinoma formation. IPSCs, reprogrammed from somatic cells, showcase potential in 

treating SCI without ethical issues. MSCs, with diverse sources like bone marrow, umbilical 

cord, and adipose tissue, offer versatility in differentiation and therapeutic benefits. Clinical 
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trials with MSCs, especially BM-MSCs, UC-MSCs, and AD-MSCs, demonstrate 

improvements in motor and sensory functions, highlighting their regenerative potential. Despite 

promising results, challenges such as potential tumorigenesis and high costs persist, warranting 

further exploration and clinical translation of these stem cell therapies for SCI. 

 

Keywords: „Stem Cells”, „Spinal Cord Injury”, „SCI”, „Regenerative Medicine”, „Neural 

Stem Cells”, „NSCs”, „Embryonic Stem Cells”, „ESCs”, „Induced Pluripotent Stem Cells”, 

„IPSCs”, „Mesenchymal Stem Cells”, „MSCs”. 

 

 

Introduction 

Spinal cord injury (SCI) represents a profound neurological disorder, resulting in the temporary 

or permanent impairment of sensory, motor, and autonomic nerve functions, as also in social, 

physical and psychological damage to patients [1]. The incidence and impact of SCI have 

escalated over the past three decades, presenting a growing public health concern [2]. Notably, 

males and the elderly experience a higher prevalence of SCI compared to females and younger 

individuals [2]. As of now, the global incidence stands at approximately 0.9 million cases [2]. 

Spinal cord injury (SCI) can occur because of two main reasons: traumatic and non-traumatic. 

The primary reasons for traumatic spinal cord injuries (TSCI) in developing nations are often 

linked to motor vehicle accidents (43%), falls (34%), gunshot wounds (10%), incidents of 

violence (5%), and sports-related activities (2%) [3], while a non-traumatic SCI, which is 

significantly less common, typically results from degenerative diseases, congenital anomalies 

(like spina bifida) and various types of tumors, including both primary neoplasms and cancer 

metastasis [4][5][6]. Pathophysiologically - the majority of damage to the nervous system after 

a traumatic event comes from various secondary factors, involving molecular processes like 

inflammation, the death of nerve cells, imbalances in ionic levels, free radicals and lipid 

peroxidation [7]. Other contributing factors include the disruption of regular nerve pathways, 

problems with the blood–brain barrier, cell self-destruction (apoptosis), and tissue death 

(necrosis) [7]. This is often followed by processes like cavitation and retrograde degeneration 

[7]. For traumatic spinal cord injuries, surgical decompression appears crucial in preventing 
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further harm, typically recommended within 8 to 24 hours after the injury, paired with spinal 

fixation, ensuring proper support for nursing and rehabilitation efforts. This treatment aims to 

protect whatever neurological abilities are left, without necessarily bringing back lost functions. 

This is especially important for patients dealing with severe paralysis [8][9]. 

Unfortunately, so far, there hasn't been a treatment that can effectively treat spinal cord injuries 

and enhance the outlook for patients with SCI. Stem Cell Therapy (SCT) is a new treatment 

filled with hope and potential progress. It has developed because the current medications to 

control neuroinflammation and protect nerves don't reach the best standard of treatment for 

spinal cord injuries. SCT offers a hopeful outlook for potential neurological improvement in 

patients with disabilities following spinal cord injuries. It is an evolving treatment approach 

that harnesses the unique abilities of stem cells, such as their capacity to transform into different 

cell types, release beneficial substances, and renew themselves. This process aims to regenerate 

or replace damaged cells and tissues in the spinal cord [10]. Stem cells are commonly 

categorized as either adult (somatic) stem cells or embryonic stem cells, depending on their 

origin. Another way to classify them is by their potency, which refers to their capacity for cell 

differentiation into various types. There are different potency levels, including totipotent 

(capable of forming a complete organism), pluripotent (able to differentiate into any cell type 

except placental tissues), multipotent (limited but significant differentiation potential within a 

specific tissue or organ), oligopotent (similar to multipotent), and unipotent (with the least 

differentiation capacity, producing only one specific cell type) [11]. 

This review aims to provide an overview of the current state of stem cell treatments in the 

context of spinal cord injury, exploring preclinical advancements, clinical trials, and the 

challenges and prospects associated with this evolving therapeutic approach. 

Material and Methods 

The purpose of this study is to review the available data on Stem Cell Therapies in Spinal Cord 

Injury. We reviewed the literature available in medical research databases PubMed and Google 

Scholar. The keywords used in the title or in the body were: „Stem cells”, „spinal cord injury”, 

„SCI”, „epidemiology”, „traumatic spinal cord injury”, „non-traumatic spinal cord injury”, 

„regenerative medicine”, „Neural Stem Cells”, „NSCs”, „Embryonic Stem Cells”, „ESCs”, 

„Induced Pluripotent Stem Cells”, „IPSCs”, „Mesenchymal Stem Cells”, „MSCs”. 
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We focused on full-text articles about the treatment of Spinal Cord Injury using Stem Cells. 

 

Stem Cell Types, Sources and Possibilities 

Neural Stem/Progenitor Cells (NS/PCs) 

 

Neural stem cells (NSCs) and neural progenitor cells (NPCs) are specialized adult stem cells 

uniquely capable of differentiating into the three essential neural cell types: astrocytes, 

oligodendrocytes, and neurons. These cells reside in specific regions, namely the subventricular 

zone of the lateral ventricles and the subgranular zone of the dentate gyrus in the hippocampus 

[12].  

The therapeutic effects of NSCs in neurological diseases involve several mechanisms. Firstly, 

NSCs modulate the contribution of astrocytes to the glial scar, enhancing the differentiation of 

oligodendrocytes and neurons, contributing to the replacement of missing nerve cells in SCI. 

Additionally, NSCs secrete pro-regenerative factors, including BDNF, CNTF, GDNF, NGF, 

and IGF-1, which protect damaged tissue cells and neuritis [13][14][15]. 

In the treatment of SCI animal models, NSCs have shown significant promise, particularly in 

spinal crush injury models. Transplantation of NSCs into damaged spinal cord tissue promotes 

the recovery of body function through a dual approach. Firstly, NSCs entering the injured area 

differentiate into neurons, directly replacing lost neurons or providing a neuronal substrate to 

bridge the lesion area [16][13][17]. Secondly, NSCs secrete growth-promoting factors that 

enhance the survival and growth of damaged neurons [18]. 

Key observations include accelerated axonal growth and improved axonal conduction after 

NSC transplantation. NSCs also play a role in promoting oligodendrocyte differentiation, 

addressing demyelination observed in SCI and subsequently enhancing myelination [19]. 

Moreover, NSCs contribute to the formation of a glial scar, restricting the secondary 

enlargement of the lesion and preventing further expansion after the initial insult [20]. The 

therapeutic effects of NSC transplantation extend to immunomodulation, regulating T cells and 

macrophages to inhibit inflammatory demyelination [21]. While the safety of NSC 

transplantation has been established, its effectiveness in improving patient function remains a 

subject of debate. 
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Embryonic Stem Cells (ESCs) 

Embryonic cells possess pluripotent capabilities, making them intriguing for treating traumatic 

spinal cord injuries. ESCs have found applications in treating various diseases, including nerve 

damage and neurodegenerative conditions. Their pluripotent nature, capable of differentiating 

into all types of tissue cells, especially neurons, positions them as a potent option for replacing 

neuronal cells in the treatment of related disorders. The use of ESCs for treating SCI primarily 

involves employing differentiated neurons and glial cells from ESCs to address the cell defects 

resulting from SCI [22]. This approach, combined with the secretion of active factors, aims to 

hinder further damage, promote nerve tissue regeneration, and ultimately achieve therapeutic 

and reparative goals [23]. 

Transplanting pre-differentiated ESCs into rat and monkey SCI models has shown substantial 

improvement in motor dysfunction in these animals [24][25][26]. 

Clinical trials show that oligodendrocyte progenitor cells derived from human ESCs are safe to 

transplant in patients with spinal cord injury. Additionally, studies revealed improved body 

functions in SCI patients following intervention with human ESCs, with no reported serious 

complications [27][28][29]. 

However, research also indicates their potential involvement in teratocarcinoma formation [30]. 

Additionally, the ethical dilemma arises as these cells are sourced from living human embryos, 

prompting global ethical concerns [31]. 

 

Induced Pluripotent Stem Cells (IPSCs) 

Induced Pluripotent Stem Cells exhibit pluripotent characteristics comparable to Embryonic 

Stem Cells. They are created through the reprogramming of somatic cells, typically obtained 

from easily accessible tissues like autologous skin. This method not only sidesteps ethical 

concerns but also enables autologous cell transplantation, reducing the risk of rejection. 

Originally obtained from mouse cells, iPSCs were successfully generated from fibroblasts by 

introducing four factors simultaneously (Oct4, Sox2, Klf2, and c-Myc) [32]. A similar strategy 

has been applied to generate human iPSCs from human fibroblasts, utilizing an alternative set 

of factors, including Oct4, Sox2, Nanog, and Lin28 [33]. While iPSCs and ESCs each present 
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unique cytological advantages, a shared limitation lies in the potential risk of carcinogenesis. 

This risk results from their inherent pluripotency, which may become unregulated following 

transplantation [34]. 

Neural stem cells (NSCs) derived from transplanted iPSCs contribute to remyelination, axonal 

regeneration, and the release of neurotrophic factors, concurrently mitigating inflammation 

[35]. Previous research indicates the safety and efficacy of orthotopic iPSC transplantation as a 

therapeutic approach for spinal cord injury (SCI). This involves inducing iPSC differentiation 

into oligodendrocytes or neurons before retransplantation into spinal contusion models of rats 

and mice [36][37]. Notably, significant improvements in motor function defects were observed 

within 3 to 5 weeks, with no instances of tumor formation. 

Neural progenitors (NPs) obtained from a human iPSCs clone played a crucial role in restoring 

the injury site. These iPSC-derived neural stem/progenitor cells (iPSC-NS/PCs) not only 

prevented demyelination but also facilitated synapse formation and the secretion of 

neurotrophic factors [38][39][40][41]. This concerted effort resulted in enhanced functional 

recovery in monkey model for spinal cord injury (SCI), all achieved without the formation of 

tumors [42]. 

Contrastingly, there are studies indicating that human iPSC may not yield favorable outcomes 

for SCI therapy. Issues like the potential tumorigenesis of iPSCs, timing of transplantation and 

the high cost versus benefit ratio pose obstacles for the clinical translation of such treatments 

[43][44][45]. 

 

Mesenchymal Stem Cells (MSCs) 

 

Mesenchymal Stem Cells are multipotent cells which can differentiate into various cell types, 

including adipocytes, chondrocytes, osteoblasts, and vascular smooth muscle cells. 

Some evidence suggests potential differentiation into tenocytes. MSCs have been reported to 

give rise not only to mesenchymal lineages but also to endothelial cells, skeletal and cardiac 

muscle cells, neural cells, hepatocytes, and epithelial cells. They exhibit differentiation 

plasticity, with the ability to shift from one differentiation pathway to another under modified 

external conditions. Lineage priming, a property shared by MSCs, enables expression of genes 

associated with differentiation pathways even in the absence of induction [46].  
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Mesenchymal stem cells have antiapoptotic, anti-inflammatory and angiogenic properties. They 

secrete factors and molecules that promote cell survival and prevent cell death, anti-

inflammatory cytokines and other molecules that inhibit the activation and proliferation of 

immune cells and proangiogenic factors that stimulate endothelial cell proliferation [47].  

MSCs gained attention in the search for spinal cord injury treatment, because of their easy 

isolation, maintaining their regenerative potential after cryopreservation, raising no ethical 

concerns and minimal or absent immunoreactivity or a reaction versus hosts [48] [49] [50]. 

They also show remarkable properties of “homing”. Attracted by chemotactic substances, such 

as for example VEGF, HGF and cytokines, they migrate to the lesion site [51].  

Mesenchymal stem cells can be isolated from almost all tissues, including amniotic fluid, liver, 

and heart, but the greatest therapeutic benefits are observed in the transplantation of cells 

obtained from bone marrow, the umbilical cord and adipose tissue [52]. 

 

MSCs: Bone Marrow Mesenchymal Stem Cells  

 

Bone marrow mesenchymal stem cells (BM-MSCs) can be found in the adult bone marrow 

cavities, around the trabecular bone surface, and in bone marrow sinusoids. They are involved 

in hematopoiesis and bone regeneration [53]. BM-MSCs can be obtained from various species 

including humans, rodents, primates, sheep, dogs, cats, and bovines [54] [55] [56] [57]. Trying 

to identify neuronal phenotypes studies have shown the expression of Nestin in some BM-

MSCs, indicating responsiveness to extrinsic signals. While Nestin-positive cells exhibited 

neuron-like characteristics, they did not display mature neuron electrical features [58]. 

Numerous preclinical studies have explored the efficacy of BM-MSC transplantation in treating 

spinal cord injuries across different animal models. Results have been promising, with 

improvements observed in motor and sensory functions. For instance, in studies involving 

monkeys and pigs, BM-MSC transplantation led to motor improvements, reduced cavity size, 

and enhanced sensory evoked potentials [59]. 

Early trials involving cervical SCI patients have shown limited but promising results. Patients 

treated with BM-MSCs exhibited slight improvements in motor function in the upper limbs, as 

well as changes in MRI indicating tissue regeneration [60]. Other clinical studies on chronic 

and complete cervical SCI patients reported improvements in ASIA scores, AIS grading, and 

residual urine volume after BM-MSC transplantation [61]. 
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MSCs: Umbilical Cord Mesenchymal Stem Cells 

 

Umbilical Cord Mesenchymal Stem Cells (UC-MSCs) obtained from umbilical cord blood, 

from the perivascular regions and the umbilical vein [62]. On the neuronal level they seem to 

have greater benefits than BM-MSCs [63]. In pre-clinical studies, molecular markers and 

neuron-like characteristics were observed after homogeneous maturation of UC-MSCs. That 

indicates their potential for inducing positive changes in the damaged spinal cord [64]. 

Existing trials have reported minor improvements in some patients, such as autonomic 

restoration and changes in somatosensory evoked potentials, improving motor and sphincteric 

functions [65] [66]. 

 

MSCs: Adipose-Derived Mesenchymal Stem Cells  

 

Adipose-Derived Mesenchymal Stem Cells (AD-MSCs) have a similar morphology to that of 

UC-MSCs but are characterized by different proliferative capacity and greater availability since 

adipose tissue contains a higher proportion of stem cells [67]. Studies in animal models revealed 

positive outcomes such as extensive axon ingrowth, sprouting of raphespinal terminals, and 

astrocytic processes extension, all indicative of regenerative processes [68]. In clinical studies, 

intrathecal transplantation of AD-MSCs has shown a slight sensory improvement in the 

majority of patients. However, concrete motor responses in longitudinal clinical trials are still 

awaited [69].  

 

Conclusion 

 

Despite encouraging findings in laboratory models and clinical trials involving human subjects, 

conclusive evidence supporting substantial functional recovery post-spinal cord injury (SCI) 

through stem cell transplantation is still lacking. The growing volume of human clinical studies 

over the last decades sparks optimism for significant advancements in enhancing functional 

outcomes following stem cell transplantation in SCI patients. 

 

 

 

 

 



11 
 

Disclosure 

Authors contribution: 

Conceptualization: Filip Borodziuk, Barbara Borodziuk, Katarzyna Ciuba, Paulina 

Dąbrowska 

Methodology: Karol Bochyński, Michał Żuber, Katarzyna Molenda, Konrad Białogłowski, 

Kamila Giżewska  

Formal Analysis: Michał Dacka, Konrad Białogłowski, Karol Bochyński, Kamila Giżewska, 

Katarzyna Molenda 

Investigation: Filip Borodziuk, Barbara Borodziuk, Michał Żuber, Paulina Dąbrowska 

Writing – Rough Preparation: Filip Borodziuk, Michał Dacka, Karol Bochyński, Katarzyna 

Ciuba 

Writing – Review and Editing: Barbara Borodziuk, Michał Żuber, Paulina Dąbrowska, 

Kamila Giżewska 

Visualization: Filip Borodziuk, Konrad Białogłowski, Michał Dacka, Katarzyna Molenda, 

Katarzyna Ciuba 

All authors have read and agreed with the published version of the manuscript. 

Conflicts of Interest: The authors declare no conflict of interest. 

Funding statement: No external funding was received to perform this review. 

Board statement: Not applicable – this review included analysis of the available literature. 

Statement of informed consent: not applicable. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



12 
 

References: 

1. Singh A, Tetreault L, Kalsi-Ryan S, Nouri A, Fehlings MG. Global prevalence and 

incidence of traumatic spinal cord injury. Clin Epidemiol. 2014;6:309-331. Published 

2014 Sep 23. doi:10.2147/CLEP.S68889 

2. Ding W, Hu S, Wang P, et al. Spinal Cord Injury: The Global Incidence, Prevalence, 

and Disability From the Global Burden of Disease Study 2019. Spine (Phila Pa 1976). 

2022;47(21):1532-1540. doi:10.1097/BRS.0000000000004417 

3. Golestani A, Shobeiri P, Sadeghi-Naini M, et al. Epidemiology of Traumatic Spinal 

Cord Injury in Developing Countries from 2009 to 2020: A Systematic Review and 

Meta-Analysis. Neuroepidemiology. 2022;56(4):219-239. doi:10.1159/000524867 

4. Litak J, Czyżewski W, Szymoniuk M, et al. Biological and Clinical Aspects of 

Metastatic Spinal Tumors. Cancers (Basel). 2022;14(19):4599. Published 2022 Sep 22. 

doi:10.3390/cancers14194599 

5. Smith É, Fitzpatrick P, Lyons F, Morris S, Synnott K. Epidemiology of non-traumatic 

spinal cord injury in Ireland - a prospective population-based study. J Spinal Cord Med. 

2022;45(1):76-81. doi:10.1080/10790268.2020.1762829 

6. Gober J, Thomas SP, Gater DR. Pediatric Spina Bifida and Spinal Cord Injury. J Pers 

Med. 2022;12(6):985. Published 2022 Jun 17. doi:10.3390/jpm12060985 

7. Patek M, Stewart M. Spinal cord injury. Anaesthesia & Intensive Care Medicine. 

2023;24(7). doi:https://doi.org/10.1016/j.mpaic.2023.04.006 

8. Wilson JR, Tetreault LA, Kwon BK, et al. Timing of Decompression in Patients With 

Acute Spinal Cord Injury: A Systematic Review. Global Spine J. 2017;7(3 Suppl):95S-

115S. doi:10.1177/2192568217701716 

9. Fehlings MG, Perrin RG. The role and timing of early decompression for cervical spinal 

cord injury: update with a review of recent clinical evidence. Injury. 2005;36 Suppl 

2:B13-B26. doi:10.1016/j.injury.2005.06.011 

10. Hoang DM, Pham PT, Bach TQ, et al. Stem cell-based therapy for human 

diseases. Signal Transduct Target Ther. 2022;7(1):272. Published 2022 Aug 6. 

doi:10.1038/s41392-022-01134-4 

11. Shende P, Subedi M. Pathophysiology, mechanisms and applications of mesenchymal 

stem cells for the treatment of spinal cord injury. Biomed Pharmacother. 2017;91:693-

706. doi:10.1016/j.biopha.2017.04.126 

12. Ming GL, Song H. Adult neurogenesis in the mammalian brain: significant answers and 

significant questions. Neuron. 2011;70(4):687-702. doi:10.1016/j.neuron.2011.05.001 



13 
 

13. Grégoire CA, Goldenstein BL, Floriddia EM, Barnabé-Heider F, Fernandes KJ. 

Endogenous neural stem cell responses to stroke and spinal cord injury. Glia. 

2015;63(8):1469-1482. doi:10.1002/glia.22851 

14. Emgård M, Piao J, Aineskog H, et al. Neuroprotective effects of human spinal cord-

derived neural precursor cells after transplantation to the injured spinal cord. Exp 

Neurol. 2014;253:138-145. doi:10.1016/j.expneurol.2013.12.022 

15. Hawryluk GW, Mothe A, Wang J, Wang S, Tator C, Fehlings MG. An in vivo 

characterization of trophic factor production following neural precursor cell or bone 

marrow stromal cell transplantation for spinal cord injury. Stem Cells Dev. 

2012;21(12):2222-2238. doi:10.1089/scd.2011.0596 

16. Kadoya K, Lu P, Nguyen K, et al. Spinal cord reconstitution with homologous neural 

grafts enables robust corticospinal regeneration. Nat Med. 2016;22(5):479-487. 

doi:10.1038/nm.4066 

17. Armstrong RJ, Hurelbrink CB, Tyers P, et al. The potential for circuit reconstruction by 

expanded neural precursor cells explored through porcine xenografts in a rat model of 

Parkinson's disease. Exp Neurol. 2002;175(1):98-111. doi:10.1006/exnr.2002.7889 

18. Kerr CL, Letzen BS, Hill CM, et al. Efficient differentiation of human embryonic stem 

cells into oligodendrocyte progenitors for application in a rat contusion model of spinal 

cord injury. Int J Neurosci. 2010;120(4):305-313. doi:10.3109/00207450903585290 

19. Hofstetter CP, Holmström NA, Lilja JA, et al. Allodynia limits the usefulness of 

intraspinal neural stem cell grafts; directed differentiation improves outcome. Nat 

Neurosci. 2005;8(3):346-353. doi:10.1038/nn1405 

20. Stenudd M, Sabelström H, Frisén J. Role of endogenous neural stem cells in spinal cord 

injury and repair. JAMA Neurol. 2015;72(2):235-237. 

doi:10.1001/jamaneurol.2014.2927 

21. Giusto E, Donegà M, Cossetti C, Pluchino S. Neuro-immune interactions of neural stem 

cell transplants: from animal disease models to human trials. Exp Neurol. 2014;260:19-

32. doi:10.1016/j.expneurol.2013.03.009 

22. Shin S, Mitalipova M, Noggle S, et al. Long-term proliferation of human embryonic 

stem cell-derived neuroepithelial cells using defined adherent culture conditions. Stem 

Cells. 2006;24(1):125-138. doi:10.1634/stemcells.2004-0150 

23. Shroff G, Dhanda Titus J, Shroff R. A review of the emerging potential therapy for 

neurological disorders: human embryonic stem cell therapy. Am J Stem Cells. 

2017;6(1):1-12. Published 2017 Apr 15. 



14 
 

24. Harper JM, Krishnan C, Darman JS, et al. Axonal growth of embryonic stem cell-

derived motoneurons in vitro and in motoneuron-injured adult rats. Proc Natl Acad Sci 

U S A. 2004;101(18):7123-7128. doi:10.1073/pnas.0401103101 

25. Yang JR, Liao CH, Pang CY, et al. Transplantation of porcine embryonic stem cells and 

their derived neuronal progenitors in a spinal cord injury rat model [published correction 

appears in Cytotherapy. 2013 May;15(5):627]. Cytotherapy. 2013;15(2):201-208. 

doi:10.1016/j.jcyt.2012.09.001 

26. Iwai H, Shimada H, Nishimura S, et al. Allogeneic Neural Stem/Progenitor Cells 

Derived From Embryonic Stem Cells Promote Functional Recovery After 

Transplantation Into Injured Spinal Cord of Nonhuman Primates. Stem Cells Transl 

Med. 2015;4(7):708-719. doi:10.5966/sctm.2014-0215 

27. Scott CT, Magnus D. Wrongful termination: lessons from the Geron clinical trial. Stem 

Cells Transl Med. 2014;3(12):1398-1401. doi:10.5966/sctm.2014-0147 

28. Shroff G. Human Embryonic Stem Cell Therapy in Chronic Spinal Cord Injury: A 

Retrospective Study. Clin Transl Sci. 2016;9(3):168-175. doi:10.1111/cts.12394 

29. Shroff G, Dhanda Titus J, Shroff R. A review of the emerging potential therapy for 

neurological disorders: human embryonic stem cell therapy. Am J Stem Cells. 

2017;6(1):1-12. Published 2017 Apr 15. 

30. Närvä E, Autio R, Rahkonen N, et al. High-resolution DNA analysis of human 

embryonic stem cell lines reveals culture-induced copy number changes and loss of 

heterozygosity. Nat Biotechnol. 2010;28(4):371-377. doi:10.1038/nbt.1615 

31. Verfaillie CM, Pera MF, Lansdorp PM. Stem cells: hype and reality. Hematology Am 

Soc Hematol Educ Program. 2002;369-391. doi:10.1182/asheducation-2002.1.369 

32. Takahashi K, Yamanaka S. Induction of pluripotent stem cells from mouse embryonic 

and adult fibroblast cultures by defined factors. Cell. 2006;126(4):663-676. 

doi:10.1016/j.cell.2006.07.024 

33. Yu J, Vodyanik MA, Smuga-Otto K, et al. Induced pluripotent stem cell lines derived 

from human somatic cells. Science. 2007;318(5858):1917-1920. 

doi:10.1126/science.1151526 

34. Goulão M, Lepore AC. iPS cell transplantation for traumatic spinal cord injury. Curr 

Stem Cell Res Ther. 2016;11(4):321-328. doi:10.2174/1574888x10666150723150059 

35. Yousefifard M, Rahimi-Movaghar V, Nasirinezhad F, et al. Neural stem/progenitor cell 

transplantation for spinal cord injury treatment; A systematic review and meta-

analysis. Neuroscience. 2016;322:377-397. doi:10.1016/j.neuroscience.2016.02.034 



15 
 

36. All AH, Gharibani P, Gupta S, et al. Early intervention for spinal cord injury with human 

induced pluripotent stem cells oligodendrocyte progenitors. PLoS One. 

2015;10(1):e0116933. Published 2015 Jan 30. doi:10.1371/journal.pone.0116933 

37. Kawabata S, Takano M, Numasawa-Kuroiwa Y, et al. Grafted Human iPS Cell-Derived 

Oligodendrocyte Precursor Cells Contribute to Robust Remyelination of Demyelinated 

Axons after Spinal Cord Injury. Stem Cell Reports. 2016;6(1):1-8. 

doi:10.1016/j.stemcr.2015.11.013 

38. Romanyuk N, Amemori T, Turnovcova K, et al. Beneficial Effect of Human Induced 

Pluripotent Stem Cell-Derived Neural Precursors in Spinal Cord Injury Repair. Cell 

Transplant. 2015;24(9):1781-1797. doi:10.3727/096368914X684042 

39. Salewski RP, Mitchell RA, Li L, et al. Transplantation of Induced Pluripotent Stem 

Cell-Derived Neural Stem Cells Mediate Functional Recovery Following Thoracic 

Spinal Cord Injury Through Remyelination of Axons. Stem Cells Transl Med. 

2015;4(7):743-754. doi:10.5966/sctm.2014-0236 

40. Kawabata S, Takano M, Numasawa-Kuroiwa Y, et al. Grafted Human iPS Cell-Derived 

Oligodendrocyte Precursor Cells Contribute to Robust Remyelination of Demyelinated 

Axons after Spinal Cord Injury. Stem Cell Reports. 2016;6(1):1-8. 

doi:10.1016/j.stemcr.2015.11.013 

41. Salewski RP, Buttigieg J, Mitchell RA, van der Kooy D, Nagy A, Fehlings MG. The 

generation of definitive neural stem cells from PiggyBac transposon-induced 

pluripotent stem cells can be enhanced by induction of the NOTCH signaling 

pathway. Stem Cells Dev. 2013;22(3):383-396. doi:10.1089/scd.2012.0218 

42. Kobayashi Y, Okada Y, Itakura G, et al. Pre-evaluated safe human iPSC-derived neural 

stem cells promote functional recovery after spinal cord injury in common marmoset 

without tumorigenicity. PLoS One. 2012;7(12):e52787. 

doi:10.1371/journal.pone.0052787 

43. López-Serrano C, Torres-Espín A, Hernández J, et al. Effects of the Post-Spinal Cord 

Injury Microenvironment on the Differentiation Capacity of Human Neural Stem Cells 

Derived from Induced Pluripotent Stem Cells. Cell Transplant. 2016;25(10):1833-

1852. doi:10.3727/096368916X691312 

44. Nutt SE, Chang EA, Suhr ST, et al. Caudalized human iPSC-derived neural progenitor 

cells produce neurons and glia but fail to restore function in an early chronic spinal cord 

injury model. Exp Neurol. 2013;248:491-503. doi:10.1016/j.expneurol.2013.07.010 



16 
 

45. Fischer I, Dulin JN, Lane MA. Transplanting neural progenitor cells to restore 

connectivity after spinal cord injury. Nat Rev Neurosci. 2020;21(7):366-383. 

doi:10.1038/s41583-020-0314-2 

46. Charbord P. Bone marrow mesenchymal stem cells: historical overview and concepts. 

Hum Gene Ther. 2010;21(9):1045-1056. doi:10.1089/hum.2010.115 

47. Han D, Wu C, Xiong Q, Zhou L, Tian Y. Anti-inflammatory Mechanism of Bone 

Marrow Mesenchymal Stem Cell Transplantation in Rat Model of Spinal Cord Injury. 

Cell Biochem Biophys. 2015;71(3):1341-1347. doi:10.1007/s12013-014-0354-1 

48. Lee MW, Yang MS, Park JS, Kim HC, Kim YJ, Choi J. Isolation of mesenchymal stem 

cells from cryopreserved human umbilical cord blood. Int J Hematol. 2005;81(2):126-

130. doi:10.1532/ijh97.a10404 

49. Dasari VR, Veeravalli KK, Dinh DH. Mesenchymal stem cells in the treatment of spinal 

cord injuries: A review. World J Stem Cells. 2014;6(2):120-133. 

doi:10.4252/wjsc.v6.i2.120 

50. Kotobuki N, Hirose M, Takakura Y, Ohgushi H. Cultured autologous human cells for 

hard tissue regeneration: preparation and characterization of mesenchymal stem cells 

from bone marrow. Artif Organs. 2004;28(1):33-39. doi:10.1111/j.1525-

1594.2004.07320.x 

51. Filippi M, Boido M, Pasquino C, Garello F, Boffa C, Terreno E. Successful in vivo MRI 

tracking of MSCs labeled with Gadoteridol in a Spinal Cord Injury experimental model. 

Exp Neurol. 2016;282:66-77. doi:10.1016/j.expneurol.2016.05.023 

52. Xia Y, Zhu J, Yang R, Wang H, Li Y, Fu C. Mesenchymal stem cells in the treatment 

of spinal cord injury: Mechanisms, current advances and future challenges. Front 

Immunol. 2023;14:1141601. Published 2023 Feb 24. doi:10.3389/fimmu.2023.1141601 

53. Kouroupis D, Sanjurjo-Rodriguez C, Jones E, Correa D. Mesenchymal Stem Cell 

Functionalization for Enhanced Therapeutic Applications. Tissue Eng Part B Rev. 

2019;25(1):55-77. doi:10.1089/ten.TEB.2018.0118 

54. Ryu HH, Kang BJ, Park SS, et al. Comparison of mesenchymal stem cells derived from 

fat, bone marrow, Wharton's jelly, and umbilical cord blood for treating spinal cord 

injuries in dogs. J Vet Med Sci. 2012;74(12):1617-1630. doi:10.1292/jvms.12-0065 

55. Zhu X, Liu Z, Deng W, et al. Derivation and characterization of sheep bone marrow-

derived mesenchymal stem cells induced with telomerase reverse transcriptase. Saudi J 

Biol Sci. 2017;24(3):519-525. doi:10.1016/j.sjbs.2017.01.022 



17 
 

56. Martin DR, Cox NR, Hathcock TL, Niemeyer GP, Baker HJ. Isolation and 

characterization of multipotential mesenchymal stem cells from feline bone marrow. 

Exp Hematol. 2002;30(8):879-886. doi:10.1016/s0301-472x(02)00864-0 

57. Bosnakovski D, Mizuno M, Kim G, Takagi S, Okumura M, Fujinaga T. Isolation and 

multilineage differentiation of bovine bone marrow mesenchymal stem cells. Cell 

Tissue Res. 2005;319(2):243-253. doi:10.1007/s00441-004-1012-5 

58. Wislet-Gendebien S, Hans G, Leprince P, Rigo JM, Moonen G, Rogister B. Plasticity 

of cultured mesenchymal stem cells: switch from nestin-positive to excitable neuron-

like phenotype. Stem Cells. 2005;23(3):392-402. doi:10.1634/stemcells.2004-0149 

59. Deng YB, Liu XG, Liu ZG, Liu XL, Liu Y, Zhou GQ. Implantation of BM 

mesenchymal stem cells into injured spinal cord elicits de novo neurogenesis and 

functional recovery: evidence from a study in rhesus monkeys. Cytotherapy. 

2006;8(3):210-214. doi:10.1080/14653240600760808 

60. Jeon, S. R., Park, J. H., Lee, J. H., Kim, D. Y., Kim, H. S., Sung, I. Y., ... & Kim, G. G. 

(2010). Treatment of spinal cord injury with bone marrow-derived, cultured autologous 

mesenchymal stem cells. Tissue Eng Regen Med, 7(3), 316-322. 

61. Dai G, Liu X, Zhang Z, Yang Z, Dai Y, Xu R. Transplantation of autologous bone 

marrow mesenchymal stem cells in the treatment of complete and chronic cervical 

spinal cord injury. Brain Res. 2013;1533:73-79. doi:10.1016/j.brainres.2013.08.016 

62. Lu LL, Liu YJ, Yang SG, et al. Isolation and characterization of human umbilical cord 

mesenchymal stem cells with hematopoiesis-supportive function and other potentials. 

Haematologica. 2006;91(8):1017-1026. 

63. Kaner T, Karadag T, Cirak B, et al. The effects of human umbilical cord blood 

transplantation in rats with experimentally induced spinal cord injury. J Neurosurg 

Spine. 2010;13(4):543-551. doi:10.3171/2010.4.SPINE09685 

64. Kuh SU, Cho YE, Yoon DH, Kim KN, Ha Y. Functional recovery after human umbilical 

cord blood cells transplantation with brain-derived neutrophic factor into the spinal cord 

injured rat. Acta Neurochir (Wien). 2005;147(9):985-992. doi:10.1007/s00701-005-

0538-y 

65. Yao L, He C, Zhao Y, et al. Human umbilical cord blood stem cell transplantation for 

the treatment of chronic spinal cord injury: Electrophysiological changes and long-term 

efficacy. Neural Regen Res. 2013;8(5):397-403. doi:10.3969/j.issn.1673-

5374.2013.05.002 



18 
 

66. Zhu H, Poon W, Liu Y, et al. Phase I-II Clinical Trial Assessing Safety and Efficacy of 

Umbilical Cord Blood Mononuclear Cell Transplant Therapy of Chronic Complete 

Spinal Cord Injury. Cell Transplant. 2016;25(11):1925-1943. 

doi:10.3727/096368916X691411 

67. Zuk PA, Zhu M, Mizuno H, et al. Multilineage cells from human adipose tissue: 

implications for cell-based therapies. Tissue Eng. 2001;7(2):211-228. 

doi:10.1089/107632701300062859 

68. Kolar MK, Kingham PJ, Novikova LN, Wiberg M, Novikov LN. The therapeutic effects 

of human adipose-derived stem cells in a rat cervical spinal cord injury model. Stem 

Cells Dev. 2014;23(14):1659-1674. doi:10.1089/scd.2013.0416 

69. Jin MC, Medress ZA, Azad TD, Doulames VM, Veeravagu A. Stem cell therapies for 

acute spinal cord injury in humans: a review. Neurosurg Focus. 2019;46(3):E10. 

doi:10.3171/2018.12.FOCUS18602 

  


