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Abstract: Spinal cord injury (SCI) remains a major clinical challenge, with limited therapeutic options
for restoring lost neurological function. While efforts to mitigate secondary damage have improved
early-phase management, achieving sustained neurorepair and functional recovery remains elusive.
Advances in stem cell engineering and regenerative medicine have opened new avenues for targeted
interventions, particularly through the transplantation of neural stem/progenitor cells (NSPCs), in-
duced pluripotent stem cells (iPSCs), and mesenchymal stem cells (MSCs). However, patient-specific
factors such as cellular senescence, genetic and epigenetic variability, injury microenvironment, and
comorbidities influence the efficacy of stem cell therapies by affecting graft survival and differentia-
tion. Overcoming these challenges necessitates cutting-edge technologies, including single-cell tran-
scriptomics, CRISPR-mediated hypoimmunogenic engineering, and biomaterial-based delivery plat-
forms, which enable personalized and precision-driven SCI repair. Leveraging these advancements
may help stem cell therapies overcome translational barriers and establish clinically viable regenera-
tive solutions. This review explores the intersection of patient-specific variability, bioengineering in-
novations, and transcriptomic-guided precision medicine to define the next frontier in SCI therapy.

Keywords: spinal cord injury; adult human spinal cord; personalized medicine; induced pluripotent
stem cells; neural/stem progenitor cells; neuroregeneration; axonal regrowth; functional recovery;
transcriptomics

1. Introduction

Spinal cord injury (SCI) results in irreversible motor, sensory, and autonomic dysfunction, pre-
senting a significant challenge for regenerative medicine'? Despite decades of research, no curative
treatment exists, and current clinical strategies focus primarily on stabilizing the injury site, prevent-
ing secondary damage, and maximizing residual function3*. Surgical decompression, pharmacolog-
ical interventions, and rehabilitative therapies provide some neuroprotection but fail to restore lost
neural circuits®”. Advanced assistive technologies, such as epidural electrical stimulation (EES) and
robotic exoskeletons, have demonstrated promise in improving motor function but remain limited
by high variability in efficacy, cost constraints, and their inability to regenerate damaged neural tis-
sued?. Given these limitations, the future of SCI treatment hinges on regenerative strategies that inte-
grate cell replacement, immune modulation, and biomaterial-based microenvironmental engineering
to facilitate functional recovery and neural repair.

Stem cell-based therapies offer a compelling approach for repopulating lost neural populations,
restoring connectivity, and modulating the post-injury microenvironment'®!l. Neural stem/progeni-
tor cells (NSPCs) induced pluripotent stem cells (iPSCs), and mesenchymal stem cells (MSCs) have
shown promise in remyelination, synaptogenesis, and neuroprotection'2. However, patient-specific

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202503.1691.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 March 2025 d0i:10.20944/preprints202503.1691.v1

2 of 6

variability including age-related cellular senescence, chronic inflammation, genetic and epigenetic
diversity, injury severity, and immune response dynamics, profoundly influences therapeutic out-
comes'>1>, These factors could directly impact graft survival, differentiation efficiency, and host inte-
gration, highlighting the need to move beyond standardized transplantation protocols. Advances in
single-cell transcriptomics, spatial mapping, and CRISPR-based immune engineering now enable a
systems-level approach to SCI repair, in which therapies could be tailored to individual molecular
landscapes to optimize cellular engraftment and neuroregeneration's'”. Clinical studies have high-
lighted the need for patient-specific approaches in SCI therapy'2'5. A phase I/II clinical trial evaluat-
ing human spinal cord-derived NSPCs in patients with thoracic SCI demonstrated significant varia-
bility in cell survival and integration, highlighting the influence of injury-specific microenvironments
on graft efficacy '8. Another preclinical study showed that transplantation of region-specific iPSC-
derived neural progenitors enhanced synaptic integration and functional connectivity in a rodent
model of SCI, emphasizing the need for lineage-optimized differentiation strategies'®. Bioengineering
innovations have significantly expanded the therapeutic potential of stem cell-based interventions by
addressing key structural and functional challenges in neural repair?2!. Specifically, hydrogel-based
scaffolds, nanofiber-aligned matrices, and 3D bioprinted constructs provide essential structural sup-
port, enhance cellular retention and modulate the inflammatory milieu. Moreover, functionalized
hydrogels infused with brain-derived neurotrophic factor (BDNF) and vascular endothelial growth
factor (VEGF) promote angiogenesis, synaptic plasticity, and neuronal survival, while scaffolds de-
livering chondroitinase ABC (ChABC) enzymatically degrade glial scar components, thereby facili-
tating axonal extension and synaptic reconnection???*, Additionally, electrically conductive bio-
materials hold promise for restoring electrophysiological function by enhancing neural activity and
supporting synaptic remodeling, further advancing the integration of bioengineered platforms in
precision regenerative medicine?.

Despite these advancements, the hostile post-injury environment continues to limit functional
recovery, with molecular inhibitors impeding axonal regrowth and synaptic reconnection. Emerging
interventions aimed at neutralizing these inhibitory cues have demonstrated promise in preclinical
models, highlighting the need for targeted strategies to enhance neuroplasticity and circuit refor-
mation®2. Concurrently, hypoimmunogenic stem cell engineering, biomaterial-assisted immune
modulation, and patient-specific immune profiling are being developed to reduce graft rejection and
enhance long-term survival of transplanted cells”’. A multimodal approach, integrating stem cell
transplantation, bioengineered scaffolds, adaptive neurostimulation, and immune modulation, offers
a promising path toward clinically viable, precision-guided therapies. Machine learning-based tran-
scriptomic analyses now enable patient stratification, identifying individuals most likely to benefit
from specific regenerative interventions®?. Additionally, single-cell RNA sequencing (scRNA-seq)
and spatial transcriptomics provide a high-resolution molecular blueprint of injury-specific dynam-
ics, allowing for tailored stem cell differentiation and biomaterial customization'”*. These develop-
ments collectively mark a paradigm shift from conventional one-size-fits-all strategies to personal-
ized regenerative medicine approaches that align biomaterials, transcriptomics, and immune engi-
neering with patient-specific injury profiles. This review explores the intersection of bioengineering,
patient-specific variability, and transcriptomics-driven precision medicine in advancing SCI thera-
peutics. By integrating these cutting-edge approaches, stem cell-based therapies may overcome trans-
lational barriers and drive next-generation solutions for restoring neurological function and improv-
ing long-term patient outcomes.

2. Stem Cell Therapy for SCI

While conventional interventions primarily focus on stabilizing the injury site and mitigating
secondary damage, stem cell-based therapies aim to reconstruct neural circuits, promote remye-
lination, and modulate the inflammatory microenvironment to enhance functional recovery'®4.
However, the success of these therapies is contingent on several key factors, including graft survival,
differentiation potential, and host integration, all of which are dictated by injury-specific and patient-
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specific variables!2. Among the most promising stem cell candidates, NSPCs, iPSCs and MSCs, ex-
hibit distinct but complementary regenerative properties. NSPCs integrate into host spinal circuits,
differentiating into neurons, oligodendrocytes, and astrocytes, thereby supporting axonal regenera-
tion and remyelination® 2. Their secretion of neurotrophic factors, including brain-derived neu-
rotrophic factor (BDNF) and glial cell-derived neurotrophic factor (GDNF), activates MAPK/ERK and
PIBK/Akt signaling pathways, which are critical for neuronal survival, axonal growth, and synaptic
plasticity®2®. Despite their potential, NSPCs face substantial challenges in transplantation, particu-
larly survival, immune evasion, and efficient integration into the inflammatory injury niche'?3. Pre-
clinical studies have demonstrated that hydrogel-based encapsulation enhances NSPC survival by
protecting cells from oxidative stress and immune-mediated apoptosis, leading to improved graft
retention and functional recovery3%. Similarly, scaffold-supported cell delivery has shown promise
in improving NSPC engraftment by mimicking the extracellular matrix and providing biochemical
cues that enhance differentiation?. On the other hand, iPSC-derived neural progenitors offer a scala-
ble and patient-specific alternative, capable of differentiating into diverse neural and glial lineages
by regulating Wnt/-catenin, Sonic Hedgehog (SHH), and Notch signaling pathways**. SHH gradi-
ents are particularly critical for oligodendrocyte specification, while Wnt signaling influences neu-
ronal differentiation®. Despite their therapeutic potential, iPSCs are challenged by tumorigenic risks,
susceptibility to oxidative stress, and differentiation inconsistencies, necessitating bioengineered
scaffolds and small-molecule modulators to enhance survival, functional maturation, and long-term
stability#41. A phase I clinical trial using iPSC-derived neural progenitors in SCI patients demon-
strated partial sensory and motor improvements, although variability in integration remained a crit-
ical challenge®.

Alternatively, MSCs function primarily through paracrine signaling, exerting immunomodula-
tory and neuroprotective effects rather than direct neuronal replacement®. By secreting anti-inflam-
matory cytokines such as interleukin-10 (IL-10) and transforming growth factor-beta (TGF-3), MSCs
polarize microglia from a pro-inflammatory (M1) to an anti-inflammatory (M2) phenotype, thereby
attenuating neuroinflammation and facilitating tissue repair*. Furthermore, MSC-derived vascular
endothelial growth factor (VEGF) enhances angiogenesis and vascular remodeling, promoting oxy-
gen and nutrient delivery to injured tissue. A clinical study analyzing MSC-based therapies for SCI
highlighted the variability in clinical outcomes due to differences in cell sources, administration
routes, and patient selection criteria, emphasizing the need for standardized protocols to enhance
therapeutic efficacy 4. Despite significant advances in stem cell transplantation, the inhibitory mi-
croenvironment of the injured spinal cord remains a major barrier to functional recovery”+. Myelin-
associated inhibitory molecules, including Nogo, myelin-associated glycoprotein (MAG), and leu-
cine-rich repeat and immunoglobulin domain-containing Nogo receptor-interacting protein-1
(LINGO-1), activate the RhoA/ROCK signaling cascade, leading to growth cone collapse and im-
paired axonal regeneration®. Strategies targeting these molecular inhibitors, such as anti-Nogo anti-
bodies, LINGO-1 antagonists, and MAG inhibitors, have shown promise in neutralizing inhibitory
cues, enabling neurite outgrowth and enhancing axonal plasticity*$#. Collectively, these stem cell-
based approaches offer promising avenues for neuroprotection and regeneration; however, overcom-
ing the inhibitory microenvironment remains a critical challenge for achieving sustained functional
recovery.
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Mechanisms of Stem Cell Therapy in Spinal Cord Injury
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Figure 1. Mechanisms underlying stem cell therapy in SCI repair. SCI disrupts neural circuits through neu-
ronal loss, demyelination, astrocyte hypertrophy, synaptic disconnection, and glial scar formation, creating sig-
nificant barriers to regeneration. Stem cell-based therapies aim to restore neural function by addressing these
pathological hallmarks. NSPCs enhance axonal growth, synaptic plasticity, and remyelination through neu-
rotrophic support. iPSCs generate patient-specific neural derivatives, reducing immune rejection and support-
ing neural repair. MSCs regulate the injury microenvironment by shifting microglia from a pro-inflammatory
(M1) to an anti-inflammatory (M2) state, mitigating oxidative stress, and secreting neuroprotective cytokines
such as IL-10 and TGF-f. By targeting key cellular and molecular deficits, these regenerative strategies offer a

multifaceted approach to promoting neuroprotection, remyelination, and functional recovery in SCI.

3. Advancements in Bioengineering for Stem Cell-Based SCI Repair

Bioengineering strategies have been developed to enhance the efficacy of stem cell-based thera-
pies by overcoming the inhibitory microenvironment that impedes functional recovery, improving
graft survival, optimizing neural integration, and facilitating axonal regeneration in SCI?21.%, Emerg-
ing technologies, including biomaterial scaffolds, hydrogel-based delivery platforms, and 3D bi-
oprinting, provide critical tools to optimize stem cell viability, differentiation, and host-circuit inte-
gration, while neurotrophic factor-infused hydrogels, enriched with BDNF and VEGF, create a bio-
mimetic niche that enhances neuronal survival, synaptic remodeling, glial support, and stem cell re-
tention (Figure 2)%51. In parallel, the enzymatic modulation of chondroitin sulfate proteoglycans
(CSPGs) via chondroitinase ABC (ChABC) continues to show promise in overcoming glial scar-asso-
ciated barriers, thereby facilitating axonal regeneration®. Preclinical studies have demonstrated that
aligned nanofiber scaffolds promote axonal regeneration and synaptic reconnection in SCI models,
improving functional recovery®32. In a canine L2 SCI model, an aligned fibrin nanofiber hydrogel
provided a structured fiber bridge that supported cellular adhesion, facilitated directional axonal re-
growth, and successfully reconnected nerve fibers between the rostral and caudal stumps, ultimately
enhancing motor function recovery as confirmed by diffusion tensor imagin®. To further optimize
therapeutic outcomes, electrically conductive biomaterials, including graphene and conductive pol-
ymers, have been explored as a means of restoring electrophysiological connectivity and facilitating
neural network reactivation®. In parallel, 3D bioprinting technologies have revolutionized scaffold
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fabrication, enabling the construction of patient-specific biomimetic constructs that integrate region-
ally defined extracellular matrix components, growth factors, and stem cells in precisely controlled
spatial arrangements. A recent study using 3D-bioprinted hydrogel scaffolds seeded with iPSC-de-
rived neural progenitors showed enhanced graft survival and axonal extension, demonstrating their
potential for personalized regenerative therapies>. Additionally, iPSC-derived spinal cord organoids
have provided a preclinical model for optimizing patient-matched regenerative strategies. These or-
ganoid models faithfully replicated the cytoarchitecture and cellular heterogeneity of the spinal cord,
allowing for improved prediction of graft behavior and functional integration®3. Alongside molec-
ular and biomaterial-based interventions, electrical stimulation modalities, including epidural elec-
trical stimulation (EES) and functional electrical stimulation (FES), have emerged as powerful ad-
juncts to stem cell-based therapies, facilitating circuit reactivation and synaptic plasticity enhance-
ments. EES has been shown to increase the excitability of residual supraspinal pathways, improving
voluntary motor function, while FES directly stimulates paralyzed muscle groups, reinforcing neu-
roplasticity and synaptic remodeling®. A clinical study demonstrated that EES in combination with
intensive rehabilitation resulted in significant motor recovery in individuals with chronic SCI, rein-
forcing the potential for neurostimulation-based approaches in regenerative strategies®. Further-
more, the development of adaptive neurostimulation devices, capable of real-time modulation of
stimulation parameters based on patient-specific electrophysiological feedback, has opened new av-
enues for customized rehabilitation strategies that maximize motor circuit activation and recovery
potential®”.
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Figure 2. Advancements in Bioengineering for Stem Cell-Based SCI Repair. Bioengineering innovations en-
hance stem cell-based therapies for SCI repair by improving cell survival, reducing inflammation, and guiding
axonal regeneration. Growth factor-infused hydrogels support neuronal viability, while bioengineered scaffolds
with aligned microchannels and ChABC promote axonal growth and synaptic reconnection. 3D bioprinting en-
ables patient-specific scaffold fabrication to optimize cellular integration. iPSC-derived spinal cord organoids

recapitulate native spinal architecture, serving as preclinical models for personalized therapy development.

While these advancements significantly enhance stem cell-based repair strategies, immune re-
jection remains a formidable barrier to the clinical translation of biomaterial-assisted stem cell
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therapies, particularly in allogeneic transplantation settings*%. Advances in CRISPR-based hypoim-
munogenic engineering have enabled the generation of HLA-null iPSCs, which evade host immune
surveillance while retaining regenerative potential®'. By selectively deleting classical MHC class I and
II molecules while preserving non-classical HLA-G, these engineered stem cells achieve immune eva-
sion without compromising differentiation and functional capabilitiess'¢2. Additionally, biomaterial
scaffolds engineered to deliver localized immunomodulatory agents, such as interleukin-10 (IL-10)
and transforming growth factor-beta (TGF-f3), have been shown to create immune-privileged niches,
preventing T-cell and NK cell-mediated graft rejection while enhancing transplanted cell survivalé3.
Unlike systemic immunosuppression, which carries significant risks of infection, metabolic compli-
cations, and immune dysregulation, biomaterial-based localized immunosuppression minimizes ad-
verse effects while optimizing host-graft interactions®. Preclinical models have shown that localized
IL-10 delivery significantly improves stem cell survival and functional outcomes in SCI, providing a
promising immunomodulatory strategy®. The ability to customize biomaterials for patient-specific
needs, combined with transcriptomic insights into injury-specific microenvironments, could enable
highly individualized regenerative strategies that optimize cellular engraftment, circuit reconstruc-
tion, and functional recovery.

4. Patient-Specific Variables Impacting Stem Cell Therapy for SCI

Another critical determinant of stem cell therapy outcomes in SCI repair is patient-specific var-
iability, encompassing age-related cellular senescence, genetic and epigenetic diversity, injury micro-
environmental constraints, and systemic comorbidities*#>¢7. These factors not only modulate the
host response to transplantation but also govern the long-term integration of grafted cells into exist-
ing neural circuits, ultimately influencing therapeutic efficacy (Figure 3)%%. Aging profoundly alters
the cellular and systemic landscape of SCI, introducing biochemical and molecular factors that dis-
rupt neuroregeneration and compromise stem cell function®. Hallmarks of age-related dysfunction,
including telomere attrition, mitochondrial impairment, and chronic low-grade inflammation (in-
flammaging), create a hostile post-injury microenvironment characterized by elevated oxidative
stress and sustained neuroinflammatory signaling. Increased reactive oxygen species (ROS) accumu-
lation exacerbates neuronal loss, while heightened levels of tumor necrosis factor-alpha (TNF-a) and
interleukin-6 (IL-6) intensify glial scarring, further restricting axonal regrowth®.70, These factors col-
lectively diminish the regenerative potential of stem cells, including NSPCs and iPSCs, exhibiting
declined proliferative capacity, impaired lineage commitment, and epigenetic silencing of neurogenic
genes with age”. Addressing these deficits requires preconditioning strategies, such as antioxidant-
based interventions such as N-acetylcysteine to mitigate oxidative stress or the transient expression
of Yamanaka factors to rejuvenate aged NSPCs, restoring their proliferative and neurogenic poten-
tial”2. Recent studies had demonstrated that transient Yamanaka factors (Oct4, Sox2, K1f4, and c-Myc)
expression enhances neuronal differentiation and synaptic integration in aged iPSC-derived progen-
itors, highlighting its potential for improving SCI repair in older patients’>”*. As SCI incidence con-
tinues to rise in aging populations, the development of age-adapted regenerative protocols is becom-
ing increasingly critical for maximizing stem cell therapy outcomes!?.

Additionally, genetic and epigenetic variability further dictates the regenerative potential of
transplanted cells, influencing molecular pathways governing neurorepair”!. Polymorphisms within
key signaling cascades, such as Wnt/3-catenin and Sonic Hedgehog (SHH), modulate neural differ-
entiation efficiency, while VEGFA variants regulate angiogenesis and graft vascularization*>77>. Sim-
ilarly, epigenetic modifications, such as DNA methylation and histone acetylation serve as transcrip-
tional regulators of neurogenic genes, with hypermethylation of NEUROD1 and ASCL1 linked to
impaired neuronal differentiation””. A recent study using scRNA-seq in rats, revealed distinct in-
flammatory and neurogenic subpopulations that correlate with differential recovery trajectories,
highlighting the necessity of patient-specific interventions’. The injury microenvironment is another
key determinant of stem cell therapy outcomes, as the anatomical level, severity, and chronicity of
SCI create biophysical and biochemical barriers to neurorepair®”’. Cervical injuries, which disrupt
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extensive descending motor and autonomic pathways, present greater regenerative challenges than
thoracic or lumbar injuries, where residual circuitry is more intact'®. Severe SCI cases are character-
ized by widespread neuronal loss, demyelination, and glial scarring, all of which contribute to a neu-
roinhibitory environment enriched in chondroitin sulfate proteoglycans (CSPGs) that restrict axonal
regrowth and limit stem cell integration®. A recent preclinical trial demonstrated that region-specific
NSPCs, derived based on spatial transcriptomics data, exhibited significantly improved survival and
myelination in a rodent SCI model”. Further compounding the complexity of SCI repair, systemic
comorbidities such as diabetes, obesity, and cardiovascular disease could exacerbate SCI pathophys-
iology by amplifying chronic inflammation, oxidative stress, and vascular dysfunction; however, lim-
ited research has been conducted on the precise mechanisms underlying these interactions and their
impact on regenerative therapies”. Hyperglycemia in diabetic patients has been shown to induce
chronic inflammation, impair endothelial function, and restrict blood supply to the injury site, com-
promising stem cell engraftment and survival®. Similarly, obesity-driven metabolic dysregulation
disrupts the secretion of neuroprotective factors such as brain-derived neurotrophic factor (BDNF)
and insulin-like growth factor 1 (IGF-1), reducing neuronal viability and limiting neurorepair capac-
ity8182. A clinical study evaluating MSC transplantation in diabetic SCI patients reported lower graft
survival and integration rates compared to non-diabetic cohorts, highlighting the need for metabolic
intervention strategies alongside cell therapy®2. These findings highlight the critical need for meta-
bolic regulation in conjunction with stem cell therapy, reinforcing the necessity of a precision-medi-
cine approach that accounts for patient-specific physiological and molecular factors to enhance ther-
apeutic efficacy.
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Figure 3. Patient-Specific Variables Impacting the Efficacy of Stem Cell-Based Therapies for SCI. Key patient-
specific factors influence SCI treatment outcomes. Aging-driven telomere shortening and mitochondrial dys-
function impair stem cell proliferation and differentiation. Genetic and epigenetic variability modulate neural
integration and regenerative potential. Injury severity, glial scarring, and chronic inflammation create barriers

to axonal regrowth. Comorbidities such as diabetes and obesity exacerbate oxidative stress and inflammation,
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further limiting therapeutic efficacy. Immune rejection by T-cells and NK cells remains a major challenge. Ad-

dressing these factors through precision regenerative strategies is crucial for optimizing SCI repair.

5. Transcriptomics as a Gateway to Precision Medicine for SCI

Single-cell RNA sequencing (scRNA-seq), spatial transcriptomics, and epigenomic profiling pro-
vide an in-depth characterization of injury and patient-specific molecular landscapes, enabling pre-
cision-driven approaches to stem cell differentiation, immune evasion, and functional restora-
tion'617778 The resolution afforded by single-cell transcriptomics has illuminated the cellular com-
plexity of SCI, uncovering distinct astrocytic, microglial, and neuronal subpopulations that orches-
trate injury progression and repair (Figure 4). Recent scRNA-seq studies have revealed functionally
divergent astrocyte phenotypes, including Al astrocytes, which drive neuroinflammation through
IL-1B and TNF-a secretion, and A2 astrocytes, which promote neuroprotection and axonal regenera-
tion via BDNF and GDNF release®$5. Similarly, microglial heterogeneity has been dissected at the
transcriptional level, demonstrating that M1 microglia perpetuate inflammatory damage, whereas
M2 microglia exhibit pro-reparative properties by upregulating Argl and IL-10%. In addition,
scRNA-seq enables real-time tracking of transplanted stem cells, revealing transcriptional signatures
that distinguish successfully integrated neurons and oligodendrocytes from those undergoing apop-
tosis!e. Furthermore, scRNA-seq could provide insight into the molecular mechanisms governing
lineage specification by identifying how tightly regulated pathways, including Sonic Hedgehog
(SHH), Wnt/(-catenin, and Notch, influence the fate of transplanted stem cells, while also revealing
how region-specific SHH gradients drive caudalization, facilitating spinal cord-specific oligodendro-
cyte differentiation, remyelination, and improved axonal conduction®”®. Additionally, spatial tran-
scriptomic mapping of the spinal cord has identified regionally distinct transcriptional programs,
facilitating the development of cervical, thoracic, and lumbar NSPC subtypes that are molecularly
optimized for site-specific integration®. This spatially refined approach extends to growth factor-me-
diated lineage modulation, as transcriptomic-guided differentiation has identified BDNF and GDNF
as key drivers of neuronal maturation, while PDGF-AA supports oligodendrocyte lineage commit-
ment. These insights are now being leveraged in bioengineered hydrogel-based delivery systems,
where precisely timed release of trophic factors enhances survival and lineage fidelity of transplanted
stem cells?264,

The growing application of patient-specific transcriptomic profiling reinforces the shift toward
individualized regenerative strategies in SCI. Molecular polymorphisms, such as VEGFA variants
influencing angiogenesis and SHH mutations affecting neural differentiation, have been identified as
key determinants of stem cell therapy responsiveness®. By integrating scRNA-seq with machine
learning-based predictive modeling, transcriptomic datasets could now enable patient stratification
for clinical trials, optimizing patient selection for iPSC-derived NSPC transplantation based on gene
expression biomarkers, including BDNF, NT-3, and VEGF'. Additionally, CRISPR-based tran-
scriptomic-guided interventions offer novel avenues for modulating patient-specific gene targets to
enhance stem cell resilience®®2. Targeted silencing of pro-apoptotic genes and upregulation of neu-
rotrophic factors have demonstrated efficacy in promoting graft survival and functional recovery'+%.
In a rat model of traumatic brain injury, transplantation of bone marrow MSCs with silenced Racl
enhanced survival and improved neurological function by inhibiting NADPH oxidase subunits,
thereby reducing oxidative stress and apoptosis®. Additionally, the administration of neurotrophic
factors has been shown to support neuronal survival and function®. While these technologies have
refined our understanding of cellular heterogeneity, their application in clinical decision-making re-
mains underdeveloped. Translating transcriptomic insights into personalized therapeutic strategies
necessitates an approach that aligns biomarker discovery with real-time patient stratification. Incor-
porating transcriptomic profiling into clinical workflows would facilitate precision-driven interven-
tions, enabling the selection of patient-specific stem cell populations optimized for engraftment and
functional recovery. Moreover, dynamic monitoring of cerebrospinal fluid (CSF) biomarkers, cou-
pled with predictive modeling, could potentially refine immunomodulatory strategies, rehabilitation
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protocols, and neurostimulation parameters. Future directions could include, establishing a frame-
work that integrates transcriptomics with clinical algorithms, that has the potential to transform SCI
treatment paradigms, shifting regenerative medicine toward individualized therapeutic regimens
tailored to molecularly defined patient subgroups.

scRNA-seq of patient spinal Single-cell transcriptomic Gene expression profiles: Identifying
cord tissue profiling biomarkers for therapeutic targeting
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Figure 4. Role of Transcriptomics in SCI Repair.

Single-cell RNA sequencing (scRNA-seq) of patient spinal cord tissue enables transcriptional
profiling to identify biomarkers for therapeutic targeting. Differential gene expression analysis high-
lights key regulators such as SOX2 and GFAP, guiding the selection of patient-specific gene targets.
Engineered therapies, including CRISPR-based gene editing and hydrogel-based delivery of thera-
peutic molecules, are designed to promote axonal growth and reduce inflammation. These precision
approaches aim to enhance functional recovery in SCI repair.

6. Conclusions

SCl is a complex, multifactorial condition that cannot be addressed by targeting a single gene or
pathway. Unlike monogenic disorders that can be corrected through single-gene modifications, SCI
involves a dynamic interplay of injury severity, immune response, extracellular matrix remodeling,
and neuroinflammation. Advances in region-specific NSPCs and iPSC-derived neural progenitors
have demonstrated promise in preclinical and early-phase clinical studies, with lineage-optimized
differentiation enhancing synaptic integration and functional recovery 4!518, Meanwhile, biomaterial-
based scaffolds incorporating electrically conductive polymers and growth factor-releasing hydro-
gels have enhanced cell survival and host integration, accelerating axonal regeneration in preclinical
models?!5.0, Despite these advances, challenges persist in optimizing immune compatibility, as evi-
denced by variability in graft survival across patient cohorts®8%. Strategies such as CRISPR-medi-
ated hypoimmunogenic engineering and localized biomaterial-assisted immune modulation are now
emerging as viable solutions for overcoming rejection and improving long-term outcomes?#!. Single-
cell transcriptomics and machine learning-driven patient stratification are further transforming SCI
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treatment by enabling personalized regenerative strategies!6291. Spatially refined transcriptomic pro-
filing has facilitated the development of region-specific NSPCs that optimize site-specific engraft-
ment and functional recovery, with preclinical models demonstrating enhanced myelination and
neuronal survival®?7. The application of adaptive neurostimulation, in conjunction with stem cell
transplantation, has also shown clinical promise, with studies demonstrating improved motor func-
tion recovery in SCI patients®. As these technologies converge, the field is shifting toward precision
regenerative medicine, integrating stem cell engineering, immune modulation, bioengineering, and
transcriptomics to develop individualized therapies. Future directions will focus on translating these
advancements into large-scale clinical applications, ensuring their efficacy and scalability. Translat-
ing these advances into clinical solutions will be transformative in restoring function and promoting
long-term neurorepair in SCI patients.
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scRNA-seq Single-cell RNA Sequencing

EES Epidural Electrical Stimulation
FES Functional Electrical Stimulation
SHH Sonic Hedgehog

MAG Myelin-Associated Glycoprotein
OPCs Oligodendrocyte Precursor Cells
BBB Blood-Brain Barrier
References

1. Alizadeh, A, Dyck, S. M. & Karimi-Abdolrezaee, S. Traumatic Spinal Cord Injury: An Overview of Patho-
physiology, Models and Acute Injury Mechanisms. Front Neurol 10, (2019).

2. Tetzlaff, W. et al. A systematic review of cellular transplantation therapies for spinal cord injury. J.
Neurotrauma 28, 1611-1682 (2011).

3.  Saremi, ]. et al. Advanced approaches to regenerate spinal cord injury: The development of cell and tissue
engineering therapy and combinational treatments. Biomedicine & Pharmacotherapy 146, 112529 (2022).

4. Yamazaki, K., Kawabori, M., Seki, T. & Houkin, K. Clinical Trials of Stem Cell Treatment for Spinal Cord
Injury. Int | Mol Sci 21, 3994 (2020).

5. Krueger H, Noonan VK, Trenaman LM, Joshi P & Rivers CS. The economic burden of traumatic spinal cord

injury in Canada. Chronic Dis Inj Can (2013).


https://doi.org/10.20944/preprints202503.1691.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 March 2025

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Flack, J., Sharma, K. & Xie, J. Delving into the recent advancements of spinal cord injury treatment: a review
of recent progress. Neural Regen Res 17, 283 (2022).

Hu, X. et al. Spinal cord injury: molecular mechanisms and therapeutic interventions. Signal Transduct Tar-
get Ther 8, 245 (2023).

Hachmann, J. T. et al. Epidural spinal cord stimulation as an intervention for motor recovery after motor
complete spinal cord injury. | Neurophysiol 126, 1843-1859 (2021).

Gorgey, A. S. Robotic exoskeletons: The current pros and cons. World | Orthop 9, 112-119 (2018).

Zeng, C.-W. Advancing Spinal Cord Injury Treatment through Stem Cell Therapy: A Comprehensive Re-
view of Cell Types, Challenges, and Emerging Technologies in Regenerative Medicine. Int | Mol Sci 24,
14349 (2023).

Damianakis, E. I. et al. Stem Cell Therapy for Spinal Cord Injury: A Review of Recent Clinical Trials. Cureus
(2022) d0i:10.7759/cureus.24575.

Shang, Z., Wang, M., Zhang, B., Wang, X. & Wanyan, P. Clinical translation of stem cell therapy for spinal
cord injury still premature: results from a single-arm meta-analysis based on 62 clinical trials. BMC Med 20,
284 (2022).

Fehlings, M. G. ef al. A randomized controlled trial of local delivery of a Rho inhibitor (VX-210) in
patients with acute traumatic cervical spinal cord injury. J. Neurotrauma 38, 2065-2072 (2021).

Huang, L., Fu, C., Xiong, F., He, C. & Wei, Q. Stem Cell Therapy for Spinal Cord Injury. Cell Transplant 30,
(2021).

Zipser, C. M. et al. Cell-based and stem-cell-based treatments for spinal cord injury: evidence from clinical
trials. Lancet Neurol 21, 659-670 (2022).

Luo, Y. et al. Single-Cell Transcriptome Analyses Reveal Signals to Activate Dormant Neural Stem Cells.
Cell 161, 1175-1186 (2015).

Lam, M. et al. Single-cell study of neural stem cells derived from human iPSCs reveals distinct progenitor
populations with neurogenic and gliogenic potential. Genes fo Cells 24, 836-847 (2019).

Martin, J. R. et al. Long-term clinical and safety outcomes from a single-site phase 1 study of neural stem
cell transplantation for chronic thoracic spinal cord injury. Cell Rep Med 5, 101841 (2024).

Zheng, Y. et al. Transplantation of Human Induced Pluripotent Stem Cell-Derived Neural Progenitor Cells
Promotes Forelimb Functional Recovery after Cervical Spinal Cord Injury. Cells 11, 2765 (2022).

Tam, R. Y., Fuehrmann, T., Mitrousis, N. & Shoichet, M. S. Regenerative Therapies for Central Nervous
System Diseases: a Biomaterials Approach. Neuropsychopharmacology 39, 169-188 (2014).

Katoh, H., Yokota, K. & Fehlings, M. G. Regeneration of Spinal Cord Connectivity Through Stem Cell
Transplantation and Biomaterial Scaffolds. Front Cell Neurosci 13, (2019).

Xu, Y. et al. Understanding the role of tissue-specific decellularized spinal cord matrix hydrogel for neural
stem/progenitor cell microenvironment reconstruction and spinal cord injury. Biomaterials 268, 120596
(2021).

Karimi-Abdolrezaee, S., Schut, D., Wang, J. & Fehlings, M. G. Chondroitinase and Growth Factors Enhance
Activation and Oligodendrocyte Differentiation of Endogenous Neural Precursor Cells after Spinal Cord
Injury. PLoS One 7, 37589 (2012).

Kourgiantaki, A. ef al. Neural stem cell delivery via porous collagen scaffolds promotes neuronal differen-
tiation and locomotion recovery in spinal cord injury. NPJ Regen Med 5, 12 (2020).

Geoffroy, C. C. & Zheng, B. Myelin-Associated Inhibitors in Axonal Growth after Central Nervous System
Injury. in Neural Regeneration 153-170 (Elsevier, 2015). doi:10.1016/B978-0-12-801732-6.00009-4.
Rashidbenam, Z. et al. How does Nogo receptor influence demyelination and remyelination in the context
of multiple sclerosis? Front Cell Neurosci 17, (2023).

Tsuneyoshi, N. et al. Hypoimmunogenic human iPSCs expressing HLA-G, PD-L1, and PD-L2 evade innate
and adaptive immunity. Stem Cell Res Ther 15, 193 (2024).

Theodorakis, N. et al. Integrating Machine Learning with Multi-Omics Technologies in Geroscience: To-
wards Personalized Medicine. | Pers Med 14, 931 (2024).

Garuffo, L., Leoni, A., Gatta, R. & Bernardi, S. The Applications of Machine Learning in the Management
of Patients Undergoing Stem Cell Transplantation: Are We Ready? Cancers (Basel) 17, 395 (2025).


https://doi.org/10.20944/preprints202503.1691.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 March 2025

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Song, B. et al. Single-cell RNA sequencing of mouse neural stem cell differentiation reveals adverse effects
of cadmium on neurogenesis. Food and Chemical Toxicology 148, 111936 (2021).

Finkel, Z. et al. Diversity of Adult Neural Stem and Progenitor Cells in Physiology and Disease. Cells 10,
2045 (2021).

Xu, B. et al. Transplantation of neural stem progenitor cells from different sources for severe spinal cord
injury repair in rat. Bioact Mater 23, 300-313 (2023).

Deleyrolle, L. P. & Reynolds, B. A. Isolation, Expansion, and Differentiation of Adult Mammalian Neural
Stem and Progenitor Cells Using the Neurosphere Assay. in 91-101 (2009). doi:10.1007/978-1-60327-931-
47.

Transplantation of neural stem progenitor cells from different sources for severe spinal cord injury repair
in rat.

Mata, R. et al. The Dynamic Inflammatory Tissue Microenvironment: Signality and Disease Therapy by
Biomaterials. Research 2021, (2021).

Zhu, H. et al. 3D printing of functional bioengineered constructs for neural regeneration: a review. Interna-
tional Journal of Extreme Manufacturing 5, 042004 (2023).

Silva, M. C. & Haggarty, S. J. Human pluripotent stem cell-derived models and drug screening in CNS
precision medicine. Ann N Y Acad Sci 1471, 18-56 (2020).

Jagadeesan, S. K., Galuta, A., Sandarage, R. V. & Tsai, E. C. Transcriptomic and Functional Landscape of
Adult Human Spinal Cord NSPCs Compared to iPSC-Derived Neural Progenitor Cells. Cells 14, 64 (2025).
Solomon, E. et al. Global transcriptome profile of the developmental principles of in vitro iPSC-to-motor
neuron differentiation. BMC Mol Cell Biol 22, 13 (2021).

Yasuda, S. et al. Tumorigenicity-associated characteristics of human iPS cell lines. PLoS One 13, e0205022
(2018).

Itakura, G. et al. Fail-Safe System against Potential Tumorigenicity after Transplantation of iPSC Deriva-
tives. Stem Cell Reports 8, 673-684 (2017).

Yang, Y. et al. Epigenetic regulation and factors that influence the effect of iPSCs-derived neural stem/pro-
genitor cells (NS/PCs) in the treatment of spinal cord injury. Clin Epigenetics 16, 30 (2024).

Kou, M. et al. Mesenchymal stem cell-derived extracellular vesicles for immunomodulation and regenera-
tion: a next generation therapeutic tool? Cell Death Dis 13, 580 (2022).

Pang, Q.-M. et al. Regulatory Role of Mesenchymal Stem Cells on Secondary Inflammation in Spinal Cord
Injury. J Inflamm Res Volume 15, 573-593 (2022).

Huang, F. et al. Engineered basic fibroblast growth factor-overexpressing human umbilical cord-derived
mesenchymal stem cells improve the proliferation and neuronal differentiation of endogenous neural stem
cells and functional recovery of spinal cord injury by activating the PI3K-Akt-GSK-3( signaling pathway.
Stem Cell Res Ther 12, 468 (2021).

de Aratjo, L. T. et al. Clinical Trials Using Mesenchymal Stem Cells for Spinal Cord Injury: Challenges in
Generating Evidence. Cells 11, 1019 (2022).

Fan, B., Wei, Z. & Feng, S. Progression in translational research on spinal cord injury based on microenvi-
ronment imbalance. Bone Res 10, 35 (2022).

Wu, H. et al. MiR-615 Regulates NSC Differentiation In Vitro and Contributes to Spinal Cord Injury Repair
by Targeting LINGO-1. Mol Neurobiol 57, 3057-3074 (2020).

Sartori, A. M., Hofer, A.-S. & Schwab, M. E. Recovery after spinal cord injury is enhanced by anti-Nogo-A
antibody therapy — from animal models to clinical trials. Curr Opin Physiol 14, 1-6 (2020).

Ortega, J. A. et al. Exploring the properties and potential of the neural extracellular matrix for next-genera-
tion regenerative therapies. WIREs Nanomedicine and Nanobiotechnology 16, (2024).

Zhu, S. et al. Biomaterials and tissue engineering in traumatic brain injury: novel perspectives on promoting
neural regeneration. Neural Regen Res 19, 2157-2174 (2024).

Puhl, D. L., Funnell, J. L., Nelson, D. W., Gottipati, M. K. & Gilbert, R. J. Electrospun Fiber Scaffolds for
Engineering Glial Cell Behavior to Promote Neural Regeneration. Bioengineering 8, 4 (2020).

Cao, Z. et al. Directional axonal regrowth induced by an aligned fibrin nanofiber hydrogel contributes to

improved motor function recovery in canine L2 spinal cord injury. ] Mater Sci Mater Med 31, 40 (2020).


https://doi.org/10.20944/preprints202503.1691.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 March 2025

54.

55.
56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.
68.

69.

70.
71.

72.

73.

74.

75.

76.

77.

78.

79.

Joung, D. et al. 3D Printed Stem-Cell Derived Neural Progenitors Generate Spinal Cord Scaffolds. Adv Funct
Mater 28, (2018).

Han, Y. et al. Towards 3D Bioprinted Spinal Cord Organoids. Int ] Mol Sci 23, 5788 (2022).

Yu, X, Zhang, T. & Li, Y. 3D Printing and Bioprinting Nerve Conduits for Neural Tissue Engineering.
Polymers (Basel) 12, 1637 (2020).

Dorrian, R. M., Berryman, C. F., Lauto, A. & Leonard, A. V. Electrical stimulation for the treatment of spinal
cord injuries: A review of the cellular and molecular mechanisms that drive functional improvements. Front
Cell Neurosci 17, (2023).

Balbinot, G. et al. Functional electrical stimulation therapy for upper extremity rehabilitation following spi-
nal cord injury: a pilot study. Spinal Cord Ser Cases 9, 11 (2023).

Han, X. et al. Biomaterial-assisted biotherapy: A brief review of biomaterials used in drug delivery, vaccine
development, gene therapy, and stem cell therapy. Bioact Mater 17, 29-48 (2022).

Abbaszadeh, S. et al. Emerging strategies to bypass transplant rejection via biomaterial-assisted immuno-
engineering: Insights from islets and beyond. Adv Drug Deliv Rev 200, 115050 (2023).

Xu, H. et al. Targeted Disruption of HLA Genes via CRISPR-Cas9 Generates iPSCs with Enhanced Immune
Compatibility. Cell Stem Cell 24, 566-578.€7 (2019).

Fortress, A. M. et al. Stem cell sources and characterization in the development of cell-based products for
treating retinal disease: An NEI Town Hall report. Stem Cell Res Ther 14, 53 (2023).

Chua, C. Y. X. et al. Emerging immunomodulatory strategies for cell therapeutics. Trends Biotechnol 41, 358—
373 (2023).

Shen, H. et al. A DAMP-scavenging, IL-10-releasing hydrogel promotes neural regeneration and motor
function recovery after spinal cord injury. Biomaterials 280, 121279 (2022).

Mohammedsaleh, Z. M. The use of patient-specific stem cells in different autoimmune diseases. Saudi | Biol
Sci 29, 3338-3346 (2022).

Spehar, K., Pan, A. & Beerman, I. Restoring aged stem cell functionality: Current progress and future di-
rections. Stem Cells 38, 1060 (2020).

Hsieh, J. & Zhao, X. Genetics and Epigenetics in Adult Neurogenesis. Cold Spring Harb Perspect Biol 8, (2016).
Votanopoulos, K. I. et al. Model of Patient-Specific Inmune-Enhanced Organoids for Immunotherapy
Screening: Feasibility Study. Ann Surg Oncol 27, 1956-1967 (2020).

Neves, |, Sousa-Victor, P. & Jasper, H. Rejuvenating Strategies for Stem Cell-based Therapies in Aging. Cell
Stem Cell 20, 161 (2017).

Wan, Y. & Finkel, T. The mitochondria regulation of stem cell aging. Mech Ageing Dev 191, 111334 (2020).
Li, M., Guo, H., Carey, M. & Huang, C. Transcriptional and epigenetic dysregulation impairs generation of
proliferative neural stem and progenitor cells during brain aging. Nat Aging 4, 62-79 (2024).

Hu, Q. et al. Oxidative stress promotes exit from the stem cell state and spontaneous neuronal differentia-
tion. Oncotarget 9, 4223-4238 (2018).

Cho, H. E. et al. In Vivo Reprogramming Using Yamanaka Factors in the CNS: A Scoping Review. Cells 13,
343 (2024).

Antén-Fernandez, A., Rolddn-Lazaro, M., Vallés-Saiz, L., Avila, J. & Hernandez, F. In vivo cyclic overex-
pression of Yamanaka factors restricted to neurons reverses age-associated phenotypes and enhances
memory performance. Commun Biol 7, 631 (2024).

Yang, Y. et al. Epigenetic regulation and factors that influence the effect of iPSCs-derived neural stem/pro-
genitor cells (NS/PCs) in the treatment of spinal cord injury. Clin Epigenetics 16, 30 (2024).

Li, E. et al. Single-cell RNA sequencing reveals the role of immune-related autophagy in spinal cord injury
in rats. Front Immunol 13, (2022).

Peng, R. et al. Spatial multi-omics analysis of the microenvironment in traumatic spinal cord injury: a nar-
rative review. Front Immunol 15, (2024).

Lagu, T. et al. Diagnosis and Management of Cardiovascular Risk in Individuals With Spinal Cord Injury:
A Narrative Review. Circulation 148, 268-277 (2023).

Gater, D. R,, Farkas, G. J. & Tiozzo, E. Pathophysiology of Neurogenic Obesity After Spinal Cord Injury.
Top Spinal Cord Inj Rehabil 27, 1-10 (2021).


https://doi.org/10.20944/preprints202503.1691.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 March 2025

80.

81.

82.

83.
84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Hartge, M. M., Unger, T. & Kintscher, U. The endothelium and vascular inflammation in diabetes. Diab
Vasc Dis Res 4, 84-88 (2007).

Bowers, E. & Singer, K. Obesity-induced inflammation: The impact of the hematopoietic stem cell niche.
JCI Insight 6, (2021).

Tahmasebi, F. & Barati, S. Effects of mesenchymal stem cell transplantation on spinal cord injury patients.
Cell Tissue Res 389, 373-384 (2022).

Yadav, A. et al. A cellular taxonomy of the adult human spinal cord. Neuron 111, 328-344.e7 (2023).

Zhao, Q. et al. The origins and dynamic changes of C3- and S100A10-positive reactive astrocytes after spinal
cord injury. Front Cell Neurosci 17, (2023).

Moulson, A. ], Squair, ]. W., Franklin, R. J. M., Tetzlaff, W. & Assinck, P. Diversity of Reactive Astrogliosis
in CNS Pathology: Heterogeneity or Plasticity? Front Cell Neurosci 15, (2021).

Li, ]. et al. Microglial Phenotypic Transition: Signaling Pathways and Influencing Modulators Involved in
Regulation in Central Nervous System Diseases. Front Cell Neurosci 15, (2021).

Kessler, M. et al. The Notch and Wnt pathways regulate stemness and differentiation in human fallopian
tube organoids. Nat Commun 6, 8989 (2015).

Wu, J. et al. The crosstalk between the Notch, Wnt, and SHH signaling pathways in regulating the prolifer-
ation and regeneration of sensory progenitor cells in the mouse cochlea. Cell Tissue Res 386, 281-296 (2021).
Li, X. et al. Profiling spatiotemporal gene expression of the developing human spinal cord and implications
for ependymoma origin. Nat Neurosci 26, 891-901 (2023).

Mackenzie, F. & Ruhrberg, C. Diverse roles for VEGF-A in the nervous system. Development 139, 1371-1380
(2012).

Huang, S. & Tu, T. Integrating single cell analysis and machine learning methods reveals stem cell-related
gene S100A10 as an important target for prediction of liver cancer diagnosis and immunotherapy. Front
Immunol 15, (2025).

Pulecio, J., Verma, N., Mejia-Ramirez, E., Huangfu, D. & Raya, A. CRISPR/Cas9-Based Engineering of the
Epigenome. Cell Stem Cell 21, 431447 (2017).

Zhu, Y. et al. Deep learning-based predictive identification of neural stem cell differentiation. Nat Commun
12, 2614 (2021).

Huang, D. et al. Transplanting Racl-silenced bone marrow mesenchymal stem cells promote neurological
function recovery in TBI mice. Aging 13, 2822-2850 (2021).

Aloe, L., Rocco, M., Balzamino, B. & Micera, A. Nerve Growth Factor: A Focus on Neuroscience and Ther-
apy. Curr Neuropharmacol 13, 294-303 (2015).

Araki, R. et al. Negligible immunogenicity of terminally differentiated cells derived from induced pluripo-
tent or embryonic stem cells. Nature 494, 100-104 (2013).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)

disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or

products referred to in the content.


https://doi.org/10.20944/preprints202503.1691.v1

