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Human induced pluripotent stem cell-derived therapies
for regeneration after central nervous system injury

Stephen Vidman, Yee Hang Ethan Ma, Nolan Fullenkamp, Giles W. Plant’
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In recent years, the progression of stem cell therapies has shown great promise in
advancing the nascent field of regenerative medicine. Considering the non-regenerative
nature of the mature central nervous system, the concept that “blank” cells could be
reprogrammed and functionally integrated into host neural networks remained intriguing.
Previous work has also demonstrated the ability of such cells to stimulate intrinsic

growth programs in post-mitotic cells, such as neurons. While embryonic stem cells
demonstrated great potential in treating central nervous system pathologies, ethical and
technical concerns remained. These barriers, along with the clear necessity for this type
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The human central nervous system (CNS) represents a crucial
and distinctive phenomenon of evolution. Notably, the
capacity for growth and repair in the CNS is greatly diminished
in adulthood (Gotz et al., 2016). This presents a major barrier
to overcoming neurological dysfunction, especially considering
the devastating effects on the quality of life of those impacted.
Neurologic injury or disease, affecting either the central or
peripheral nervous system, impacts approximately 1 in 3
people worldwide (~3.4 billion) and represents the greatest
burden among all disease. The spectrum of those affected
comprises congenital and traumatic injuries, the majority

(GBD 2021 Nervous System Disorders Collaborators, 2024).
Despite recent advancements in understanding these complex
pathophysiologies, treatments for individuals with CNS injuries
or diseases still fail to deliver significant improvements in
quality of life.

CNS injury or disease can be broadly categorized as either
traumatic or genetic/congenital. Neurotraumatic injuries,
including spinal cord injury (SCl), traumatic brain injury (TBI),
or cerebrovascular accidents, typically involve an initial
mechanical or vascular insult that precipitates primary tissue
damage. This primary injury is often followed by secondary
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damage mediated through prolonged inflammatory response,
edema, and ischemic conditions (Aghili-Mehrizi et al., 2022).
Moreover, neurologic dysfunction includes congenital and
genetic degenerative conditions such as Alzheimer’s disease
and Parkinson’s disease. While clinical manifestations of
these neurodegenerative disorders vary, they universally
involve progressive neuronal loss and disruption of effective
neurotransmission pathways, leading to a decline in cognitive
or motor functions (Lamptey et al., 2022). The profound
impact of these conditions is further exacerbated by the
limited growth and regenerative capacity of mature neurons.
Accordingly, stem cell therapies were regarded as an ideal
treatment option. While embryonic stem cells (ESCs) showed
great promise in regenerative medicine, technical and ethical
constraints largely impeded advancement from preclinical
studies to clinical trials (Volarevic et al., 2018; Golchin et al,
2021). The Nobel-winning work by Takahashi and Yamanaka
(2006) revitalized enthusiasm for stem cell therapies using
human induced pluripotent stem cells (hiPSCs). This novel
approach circumvents the ethical concern when sourcing ESCs,
as somatic cells are reprogrammed to a pluripotent state.

The repair mechanisms for cell therapies that utilize hiPSCs
have been reported to improve outcomes for some of these
conditions, through providing neurotrophic support, anti-
inflammatory cytokines, and pro-regenerative compounds
that favorably alter the microenvironment for recovery.
Through stimulating neurogenesis, axonal regeneration, or
synaptic plasticity, hiPSC-derived therapies can ameliorate
the symptoms and underlying pathogenesis of neuronal
dysfunction (Cerneckis et al, 2024). Comparatively, hiPSC-
derived therapies have shown great regenerative potential,
rivaling current treatment methods. Considering these
advancements, this review will focus on the regenerative
potential of hiPSC-derived treatment in CNS dysfunction.

Search Strategy

In June and July of 2024, a comprehensive search was
conducted on Semantic Scholar using these initial terms: hiPSC,
transplantation, and regeneration. The search results were
limited from 2006 to 2024. We filtered studies that did not
focus on CNS pathologies. The following terms were used to
further filter through our initial results: Neural stem cells or
NSCs, neural progenitor cells or NPCs, neurons, interneurons,
cortical neurons, glia, astrocytes, oligodendrocytes,
oligodendrocyte precursor cells or OPCs, xenograph, allograph,
regeneration, spinal cord injury or SCI, traumatic brain injury
or TBI, human leukocyte antigen or HLA, amyotrophic lateral
sclerosis or ALS, Parkinson’s disease or PD, Huntington’s disease
or HD, Alzheimer’s disease or AD, biomaterials, and hydrogel.
The listed search terms were used in various combinations to
effectively and thoroughly retrieve relevant literature. Studies
investigating the following topics were removed: hiPSC-
derived cell transplantation for replacement therapy rather
than for host regeneration or repair, transplantation outside
the CNS, iPSCs derived from animals, and the use of studies
examining ESCs was limited to use only as reference material.
To supplement this search, we used the same search terms in
Google, Google Scholar, and PubMed. Semantic Scholar is an Al-
powered scientific literature search tool from the Allen Institute
for Al (AI2).
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Multipotent Stem Cells

Neural stem cells

During early development, CNS formation begins via
symmetric division and expansion of neuroepithelial cells
as they form the neural tube. These cells maintain an
undifferentiated state and a high capacity for self-renewal.
Neurogenesis begins as a pool of undifferentiated cells and
then undergoes asymmetric division to give rise to one
neuroepithelial cell and one radial glial cell. During mid to
late embryonic development, radial glial cells become the
primary form of neural stem cells (NSCs), acting as a scaffold
for migrating neurons and giving rise to neural progenitors
(Bergstrom and Forsberg-Nilsson, 2012; Homem et al., 2015).
Broadly, neural stem cells are often used as a comprehensive
category that encompasses a range of self-renewing neural
cells including radial glial cells and neuroepithelial cells.
Much of the current literature is conflicted on how to define
NSCs and distinguish them from other progenitor cells. Many
studies combine neural stem/progenitor cells (NS/PCs),
therefore, this review will individually assess NSC and neural
progenitor cell (NPC) transplantation, and the expression of
key markers of the lineage will be reported. A summary of
these markers can be seen in Figure 1.

The efficacy of cell transplantation therapy largely depends
on the timing and severity of the injury. The milieu of
inflammation, hypoxia, and scarring directly affects the
viability and differentiation of transplanted stem cells (Cesare
etal.,, 2022; Marques et al., 2023). Given the pathophysiologic
role of hypoxia, particularly in neurotraumatic injury, it is
probable the lack of oxygen in the injury microenvironment
can suppress neuronal differentiation that precludes adequate
proliferation of neural precursors and ultimately treatment
efficacy. Moreover, embryonic development primarily occurs
under hypoxic conditions. Consequently, NSCs are adapted to
this environment through the regulation of hypoxia-inducible
factors and hypoxia-responsive elements (Vecera et al., 2020;
Wu et al.,, 2021). It is well established that hypoxia-inducible
factor 1la interacts with the Notch intracellular domain, which
then acts as a primary driver of neuronal differentiation in
development (Louvi and Artavanis-Tsakonas, 2006; Dengler et
al., 2014; Ferrante et al., 2022). Notch-dependent inhibition is
driven by pre- and post-natal hypoxic conditions to maintain a
viable pool of NSCs. Concurrently, hypoxia-inducible factor 1a
activates Hes1, a known neural repressor (Vecera et al., 2020).
However, hypoxia-responsive elements can be engineered
to control the expression of various pro-regenerative factors.
In a study by Wu et al. (2021), a hypoxia-responsive element
sequence was engineered to repeat five times, incorporated
into the promoter region of nerve growth factor, and then
transfected into NSCs for transplantation following SCI. The
repeat sequence increases the NSC sensitivity to the hypoxic
environment seen in SCI, stimulating the release of nerve
growth factor. Their results showed increases in nerve growth
factor protected against excessive autophagy, reduced the size
of the glial scar, and ultimately improved locomotor function.
Linking neurotrophic expression to pathophysiologic changes
is intriguing, as this can limit off-target effects; however,
further study of this approach is needed to validate its
regenerative potential.
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Figure 1 | Differentiation and identification of iPSC-derived cells.

Figure 1 depicts the differentiation pathways of the cells derived from human iPSCs covered in this text for regenerative medicine. 1: Oikari
etal. (2016); 2: Arber et al. (1999); 3: Phillis (2005); 4: Hu et al. (2010); 5: Hevner et al. (2001); 6: Forrest et al. (2023); 7: Zhou and Anderson
(2002); 8: Zhu et al. (2008); 9: Seeker and Williams (2022); 10: Varga et al. (2022); 11: Molyneaux et al. (2007); 12: Zholudeva et al. (2024);
13: Glasgow et al. (2005); 14: Falgairolle and O’Donovan (2019); 15: Thaler et al. (2002); 16: Duan et al. (2016); 17: Janke and Magiera (2020);
18: Babkina et al. (2024); 19: Ruan and Elyaman (2022); 20: Schwabenland et al. (2021); 21: Bernal and Arranz (2018); 22: Thiry et al. (2020).

Created with BioRender.com. Aldh1l1: Aldehyde dehydrogenase 1 family member L1; Aqp4: aquaporin 4; ChAT: choline acetyltransferase;
Ctip2: COUP-TF interacting protein 2; DCX: doublecortin; Emx1/2: empty spiracles homeobox 1/2; Fezf2: forebrain embryonic zinc finger-
like protein 2; Foxgl: forkhead box G1; GFAP: glial fibrillary acidic protein; GLT1: glutamate transporter 1; HB9 (MNX1): homeobox 1 (motor
neuron and pancreas homeobox 1); Ibal: ionized calcium-binding adapter molecule 1; iPSCs: induced pluripotent stem cells; ISL1: insulin
gene enhancer protein 1; Lhx3: LIM homeobox 3; MBP: myelin basic protein; MSI1: musashi RNA binding protein 1; Ngn2: neurogenin

2; NSE: neuron-specific enolase; Oligl/2: oligodendrocyte transcription factor 1/2; Pax6: paired box 6; PDGFRA: platelet-derived growth
factor receptor alpha; Ptfla: pancreas transcription factor 1a; Sox1: SRY-box transcription factor 1; Tbrl: T-box brain transcription factor 1;
Tmem119: transmembrane protein 119; TUBB3: B-3-tubulin; VSX1/2: visual system homeobox 1/2.

Understanding the epigenetic regulation of hiPSC-derived
transplants is crucial for successful treatment. The complexity
of multipotent cells necessitates a deeper understanding
to successfully manipulate the epigenome for regeneration
and repair. For example, studies by Tuszynski et al. (20143,
b) demonstrated that embryonic NSC grafts retain their
growth and maturation patterns from their host origin, with
maturation taking place over approximately 1.5 years. They
reported functional recovery continued as long as 1 year post-
transplantation (Lu et al., 2017). Although this study utilized
ESCs, the rationale for using hiPSCs is that they emulate the
pluripotency and genomic properties of ESCs and insight can
be gained from this analogous work.

Another concern is the potential for cancer-associated
mutations or unregulated proliferation in hiPSCs and their
derivatives. The beneficial attributes that contribute to both
NSC robustness and proliferative capacity also pose a risk of
ectopic colonies and overall tumorigenicity. The remaining
undifferentiated cells retain epigenetic memory that can be
affected when reverting the cells back to a pluripotent state
(Merkle et al. 2017; Yoshihara et al., 2019). To address this
concern, several studies have developed strategies that target

undifferentiated transplanted cells. In a rat model of TBI, Imai
et al. (2023) used CRISPR/Cas9 genome editing to introduce
a “suicide gene” into the transplanted hiPSC genome. Using
yeast cytosine deaminase-uracil phosphoribosyl transferase
as an enzyme-prodrug, the transfected NS/PCs then
respond to the administration of 5-fluorocytosine, leading
to dysfunctional RNA processing and ultimately cell death.
Notably, only NS/PC viability and proliferation were affected,
leaving intact the Blll-tubulin positive mature neurons (Imai
et al., 2023). Other approaches to regulate proliferation or
differentiation in vivo include designer receptors exclusively
activated by designer drugs (DREADDs) (Armbruster et al.,
2007; Urban and Roth, 2015; Ji et al., 2016). Their utility can
also be exploited when investigating the immunogenicity of
grafts and will be discussed in a later section of this review.

Along with utilizing ESC-derived NSCs, Tuszynski et al. (20144,
b) have employed hiPSCs as a source for NSC transplantation.
Lu et al. (2014) transplanted hiPSC-derived NSCs embedded
in a growth factor cocktail containing fibrin matrix into
immunodeficient rats 2 weeks following C5 lateral hemisection
injury. Analyses at 3 months post-transplantation revealed
the survival of the graft and differentiation of the cells into
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NeuN* MAP2" and Tuj1" mature neurons (71.2% * 3.1%), and
GFAP" astrocytes (17.7% * 2.8%) with no teratoma formations
and ectopic colonies reported in this study. However, other
studies have reported ectopic colony formation following
NSC grafting, suggesting the efficacy of NSC therapies
continues to be a contested topic (Steward et al., 2014a, b;
Tuszynski et al., 2014a, b; Kadoya et al., 2016). Lu et al. (2014)
have also identified these grafted NSCs differentiating into
VGlutl®, ChAT', and 5HT" neurons, but found no expression
of GABAergic markers. This demonstrates the potential
of grafted NSCs to differentiate into several cell types and
form functioning synapses, with some reportedly migrating
as far as the olfactory bulb (Lu et al., 2014). However, the
functional recovery and integration into host neural networks
were not assessed when investigating these cells with a
high differentiation potential. Further studies must focus on
characterizing functional outcomes and synaptic integration to
achieve a more comprehensive perspective on the therapeutic
potential of NSCs.

Neural progenitor cells

In recent years, the focus has shifted from NSCs to NPCs. They
maintain a high proliferative and differentiation potential,
yet are lineage-restricted to region-specific subpopulations.
Importantly, the capacity of self-renewal compared to NSCs
is reduced. NPCs undergo asymmetric division, mitigating
the risk of tumorigenesis associated with NSCs (Zhang and
Jiao, 2015; Yabut and Pleasure, 2016). The unique regional
patterning of NPCs can also be exploited when developing
hiPSC-derived treatments for regeneration. Kajikawa et al.
(2020) used NPCs to generate regionalized forebrain and
spinal cord neurons for transplantation following SCI. Using
a T10 (thoracic level 10) contusion injury paradigm, they
transplanted both spinal cord-type (HOXB4") or forebrain-type
progenitor cells (FOXG1') into the lesion epicenter at 9 days
post-injury. Their results showed that only the spinal cord-
type NPCs successfully integrated into the host corticospinal
tract, showing pre- and post-synaptic colocalization between
the host and graft (Kajikawa et al., 2020). Significantly, the
corticospinal tract is the primary efferent control for voluntary
muscle movement in humans and is often targeted in
regenerative studies (Li and Lu, 2022). In a human clinical trial
of Parkinson’s disease, Schweitzer et al. (2020) transplanted
midbrain dopaminergic progenitor cells into the putamen.
While marginal functional improvements were observed,
the autologous midbrain dopaminergic progenitor cells were
transplanted without the need for immunosuppression.
Although this study is classified as a replacement therapy,
key insights can be gained from a human model. This variable
success based on regionalized NPCs highlights the importance
of further examining the unique properties of neuronal
subpopulations.

In addition to the cellular composition of the graft, the injury
core or diseased regions have a unigue microenvironment
that can influence NPC proliferation and differentiation
(Marqgues et al., 2023). A key component of both healthy
and injured microenvironments is the extracellular matrix
(ECM). It provides critical structural support and promotes
cell adhesion for migrating cells. Scar formation following
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neurologic injury is primarily composed of a dense ECM,
surrounded by a glial scar. This protein-rich matrix has been
shown to directly influence NSC and NPC proliferation and
differentiation (Barros et al., 2011). In particular, targeting
growth-promoting proteins within the ECM has been effective.
For example, Andrews et al. (2009) had previously found
that forced expression of the a9 integrin subunit promotes
neurite outgrowth and regeneration following spinal cord
injury. Tenascin-C is the primary glycoprotein of the CNS and
is upregulated following injury. Binding of the a9 subunit
promotes regeneration, however, neurons of the corticospinal
tract downregulate the a9 integrin subunit following
maturation. Forbes and Andrews (2019) utilized viral vectors
to overexpress the a9 subunit in NPCs and found sustained
expression up to 8 weeks following transplantation in neonatal
rats. Despite the transplantation occurring in a developing
sensorimotor cortex, this study offers a unique approach by
leveraging endogenous signaling and intrinsic modifications,
rather than modifying the extrinsic lesion environment.

Achieving control over NPC fate in vivo has remained a
significant and ongoing challenge. hiPSC-derived grafts
often contain some proportion of stem-like or progenitor
cells, prompting concern about tumorigenicity. Importantly,
methods to regulate in vivo differentiation must be
clinically translatable, further limiting approaches such
as genetic manipulation. One common technique seen in
clinical treatment is the use of electrical stimulation. Using
functional electrical stimulation to stimulate select muscle
groups is often used during the rehabilitation of stroke or
SCI patients (Ho et al., 2014; Howlett et al., 2015; Biasiucci
et al., 2018; Luo et al., 2020). Considering this, Patil et al.
(2023) transplanted spinal NPCs (TUJ1", NF200") 8 weeks
after a T9 contusion injury in immunocompromised rats,
modeling a chronic injury. Subsequently, tail nerve electrical
stimulation took place 1 week following transplantation.
Their results showed that tail nerve electrical stimulation
increased the proportion of spinal NPCs that differentiated
into oligodendrocytes. This resulted in improved myelination
as well as increased axonal/dendritic projections both rostral
and caudal to the lesion. In addition, serotonergic fiber
expression was higher in the tail nerve electrical stimulation-
treated group and demonstrated improvements in functional
recovery (Patil et al., 2023). Activation of these serotonergic
extensions can enhance motor recovery after SCI and aid
in initiating locomotor activity (Stawinska et al, 2014).
The idea that increased neurotransmission in the injured
spinal cord can contribute to functional recovery is not just
limited to electrical stimulation. Recognizing that physical
rehabilitation is a routine treatment for neurologic injury
and disease, Shibata et al. (2023) investigated its impact by
combining NPC transplantation with treadmill training in
immunocompromised rats. Using a T10 chronic contusion SCI
model, they found heightened expression of brain-derived
neurotrophic factor and neurotrophin 3, both recognized for
their pro-regenerative properties (Keefe et al., 2017). As a
result, the animals exhibited significant functional recovery
and an increase in serotonergic (5-HT") expression, suggesting
the treatment contributed to host regeneration and repair.
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NPCs offer several advantages over NSC transplantation;
however, they still maintain multipotency and require careful
consideration to optimize their efficacy in vivo. Key factors
must be considered both pre- and post-transplantation to
regulate differentiation and promote regeneration or repair.
Importantly, pre-clinical studies should strongly consider
components of their treatment that can impact translation
to a clinical setting for safe application in human injury and
disease.

Glial Cells

Glial cells, particularly astrocytes and oligodendrocytes,
are a crucial component of hiPSC-derived therapies due to
their supportive functions within the CNS. In recent years,
methodologies aimed at generating reliable glial populations
from hiPSCs have become clarified and streamlined (Kamata
et al., 2021). Consequently, hiPSC-derived glial cells are
being explored increasingly as a tool for improving existing
treatment options for CNS pathologies.

These cells are generally utilized in one of two ways: glial
cell-replacement therapies or co-transplantation with hiPSC-
derived neurons. In cell-replacement therapies, the primary
goal is to restore the function of the CNS through the
replacement of damaged or lost glial cells. The replacement of
targeted glial populations allows for a high degree of precision
in cases where a specific cell type is damaged or lost; it can
also aid in restoring specific glial functions, e.g., remyelination
of host tissue by transplanting oligodendrocyte progenitor
cells along with hiPSC-NS/PCs (Kawabata et al., 2016) or
neurotrophin production and inflammatory modulation by
astrocytes (Nicaise et al., 2015; Yang et al., 2023). However,
there is limited evidence suggesting that these transplantation
strategies regenerate the host nervous system but rather act
as a supporting factor to modulate the host microenvironment
to subdue pathology. Current work mainly focuses on using
hiPSC-glia for modeling disease in rodent models (Li and Shi,
2020; Stoberl et al., 2023), more research must focus on the
potential of hiPSC-glia in inducing regenerative potential in
the host.

In co-transplantation therapies, hiPSC-derived glial cells are
transplanted in combination with hiPSC-NSCs or hiPSC-NS/PCs
as a more comprehensive treatment approach, which relies
on their synergistic relationship and ability to better mimic
the environment of the CNS. For instance, Olmsted et al.
(2022) transplanted fully mature spinal motor neurons (SMNs)
derived from hiPSCs with hiPSC-derived oligodendrocyte
progenitor cells and found robust survival following
transplantation without further need for neuroprotective
modifiers, such as brain-derived neurotrophic factor, NT3,
or protective biomaterials (Lu et al., 2012). However, careful
consideration must be taken to ensure an optimal ratio of
neuronal and glial transplantation, as an overproduction
of glial cells, particularly glial scar-forming astrocytes, can
inhibit neuronal regeneration. Glial progenitor heterogeneity
and regional specificity add another layer of complexity to
combined hiPSC-derived neuron and glial transplants. Wei et
al. (2023) report specifically on the heterogeneity of astroglia,
elucidating distinct populations of GFAP-expressing progenitor

cells that exist in a model of SCI both before and after injury.
Their findings add to a body of work showing that glial
progenitor heterogeneity needs to be carefully considered
when developing combined hiPSC-derived neuron and glial
treatments, as improperly differentiated glial populations are
likely to disrupt neural networks and undermine the efficacy
of the transplant.

Co-culturing hiPSC-derived neurons with glial cells is
also a critical strategy employed in the development of
organoids as models of neurologic conditions. Glial cells
encourage the development of mature neurons, enhancing
the electrophysiological properties of the 3D model and
markedly improving its physiological relevance. Synaptic
activity and plasticity are also improved in organoid models
developed with co-cultured glial cells, further underscoring
their importance in developing a model that is representative
of actual nervous tissue. Kim et al. (2019) examined
oligodendrogenesis in both ventral forebrain organoids
and dorsal forebrain organoids and noted distinct temporal
expression of OLIG2 between them. Further, they found that a
fused forebrain organoid approach promoted oligodendroglia
maturation, demonstrating the importance of accurately
mimicking the architecture of the brain. The employment of
human iPSCs also allows for the modeling of diseases that are
historically inaccurate in rodent models such as microcephaly,
thus allowing therapy discovery in a more human-like system
(Lancaster et al., 2013). However, the lack of a neuroimmune
system in organoids is a fundamental hurdle in developing
organoid-based therapies and conducting accurate modeling.
Microglia, the resident immune cells of the CNS, do not
naturally appear in cerebral organoids, and work is being
done to address this disparity (Quadrato et al., 2017; Qian
et al., 2019). Microglia-like cells differentiated from hiPSCs
through erythromyeloid progenitors have been co-cultured
with cerebral organoids and shown to improve the network
maturation and electrophysiological capabilities of the model
(Fagerlund et al., 2021).

Neurons

A less explored approach to hiPSC-derived regenerative
therapies is the use of post-mitotic, mature-like neurons.
Their reduced capacity for growth relative to NSCs or NPCs
had initially deterred interest in their ability to aid in the
regeneration or repair of the CNS. However, a comprehensive
evaluation of the efficacy of hiPSC-derived cell therapies has
prompted researchers to explore neuronal transplantation. A
notable early example of this is the work by Dimos et al. (2008),
who derived motor neurons from a patient with amyotrophic
lateral sclerosis (ALS). Although this particular study aimed to
use autograft-generated motor neurons to replace the dead
or dying neurons seen in ALS, their successful differentiation
encouraged further investigation into the topic.

Aside from proliferative potential, transplantation of mature-
like neurons faces several barriers. There is a diverse
array of neuronal subpopulations, each with distinctive
phenotypic signatures. Many of these neurons are intrinsically
programmed to project local or long-distance axons while
maintaining synaptic input from a distinctive combination
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of neural circuits (Vanderhaeghen and Polleux, 2023). In the
context of SCI, the corticospinal tract is composed of two
neurons, the upper and lower motor neurons. The upper
motor neuron cell body extends an axon that travels to the
spinal level of its target innervation, and synapses onto a lower
motor neuron where it then exits the CNS and innervates
the target tissue. In humans, a single upper motor neuron
axon can extend from the cortex to the lumbar cord before it
synapses (Stifani, 2014; Vanderhaeghen and Polleux, 2023).
The lower motor neuron, while also extending a large distance,
varies greatly in its length depending on the region it exits.
Additionally, lower motor neurons typically receive synaptic
input from an upper motor neuron, interneuron, and a sensory
neuron. Comparatively, the upper motor neuron integrates
synaptic input from many cortical and subcortical neurons
(Arber, 2012; Stifani, 2014). The innate epigenetic regulation
of this extensive growth is imprinted on these cells and is
critical to the proper development of the CNS. Considering this
region-specific connectivity, it is logical that transplanting lower
motor neurons (i.e., spinal motor neurons) into the spinal
cord has a greater potential to integrate into the endogenous
motor network. Yet, few studies have investigated the use of
transplanted SMNs and achieved successful integration into
host motor networks (Olmsted et al., 2022). A study by Lee
et al. (2020) directly generated motor neurons from human
fibroblasts. Briefly, fibroblasts were transduced to express
the transcription factor Oct4, and then cultured in a neural
induction medium for 14 days. The resulting motor neuron
intermediate cells were transduced with human LHX3, with
a medium change to motor neuron induction medium for
7 days (Days 14-21). At 21 days, the media was changed to
motor neuron maturation media, and the cells were allowed
to mature for another 7-14 days. The rats received a T9 crush
injury and the induced motor neurons were transplanted 7
days later. Analyses showed an improvement in locomotor
function and ensheathment by host oligodendrocytes in vivo
and formation of neuromuscular junctions with myotubes in
vitro. Another group has exploited the recent advancement
of differentiation protocols, which allows further analysis
of regionalized transplants. Olmsted et al. (2021) sought
to transplant preformed neuronal networks consisting of
SMNs, interneurons, and oligodendrocyte precursor cells.
Using a combined neuromesoderm and neuroectoderm
approach, cultures were ultimately transplanted as a whole
SMN network and encapsulated in an alginate/hydrogel
matrix forming a neural ribbon. This neural ribbon facilitated
a much smaller number of cells transplanted compared to
cell suspensions (~5000 vs. ~200,000), permitting a robust
assessment of grafted cells. Their electrochemical properties
and spatial distribution were assessed by microelectrode array,
whole-cell patch clamp, and magnetic nanoparticles before
transplantation, demonstrating successful and functional
network formation in vitro. Subsequently, rats received a C4
hemi-contusion injury and neural ribbons were transplanted
15 days after the injury. At 6 weeks, the grafts were reported
to have retained synapses with dense SYN1" staining, aligning
along lesion edges with ramified oligodendrocyte progenitor
cells, and TUJ1" fibers were interspersed among host fibers,
suggesting successful integration into the endogenous network.
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Considering the axon length and synaptic connectivity
of cortical neurons, some studies have begun to assess
the efficacy of these neurons in neurotraumatic injuries
(Tornero et al., 2013; Doulames et al., 2024). Notably,
there is a distinction between using hiPSC-derived neurons
for cell replacement therapy as opposed to stimulating
host regeneration or repair (Barker et al., 2018). hiPSC
transplantation can show efficacy by either activating intrinsic
repair mechanisms or replacing damaged or diseased
neurons. Degenerative diseases, such as Parkinson’s disease,
have a distinct pathophysiology that typically necessitates the
replacement of dysfunctional or dying neurons for complete
recovery. However, neurotraumatic injuries such as TBI or
SCI may better benefit from endogenous host regeneration
that reconnects existing neural circuitry. Few studies have
investigated the ability of transplanted mature-like neurons to
functionally integrate into the host network in neurotraumatic
models. Recently, groups have ventured to further
characterize the potential of cortically fated transplants. In a
rat model of stroke, Palma-Tortosa et al. (2020) transplanted
hiPSC-derived neuroepithelial cells directly at the lesion
site 48 hours after distal middle cerebral artery occlusion.
Following transplantation, the graft and lesion were examined
at 6 months post-injury and found that 41% of transplanted
cells expressed cortical layer marker Satb2, demonstrating
a maturing neuronal phenotype, while approximately 40%
expressed the oligodendrocyte marker Sox10. Functionally,
the distal middle cerebral artery occlusion-induced
asymmetry was completely resolved in the group that
received neuroepithelial cell transplantation. To determine
if the observed functional improvements were the result of
the graft, halorhodopsin-expressing hiPSC-derived neurons
were inhibited via an LED light source. Interestingly, the
observed recovery was not abolished with inhibition of the
grafted cells. This suggests that the functional improvements
were not directly the result of these hiPSC-derived neurons,
but likely from local environmental changes induced by
the transplant (Palma-Tortosa et al., 2020). Doulames et
al. (2021) have also investigated the capacity of mature-
like cortical neurons to stimulate host regeneration. Using
a cervical model of SCI, they found that transplantation of
hiPSC-derived deep cortical neurons into the acutely injured
spinal cord promotes regeneration and significant functional
recovery. The hiPSCs were directed toward a neuroepithelial
fate via dual SMAD inhibition (Doulames et al., 2021). The
resulting dorsal neural progenitor cells were then driven
rostrally through Wnt inhibition and allowed to mature for 35
days. Mature-like deep cortical neurons were transplanted 2
weeks following a C6 hemisection SCI then administered to
the lesion core, suspended in a fibrinogen/thrombin matrix.
The subsequent functional tests demonstrated complete or
near complete motor recovery at 12 weeks. A second cohort
underwent further functional assessments until 30 weeks,
after which diphtheria toxin was used to selectively ablate
the graft. Diphtheria toxin binds to human cells with 100,000
times greater affinity than it does to rat cells, therefore,
was used to determine the contribution of the graft to the
observed recovery. A significant reduction in motor function
was observed following graft ablation, suggesting the recovery
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was indeed a result of the transplantation. In addition, axons
extended 1.5 cm caudally and 9 mm rostrally from the lesion
epicenter, maintaining their deep cortical neuron (Thr1%,
Ctip2", SatB2'") phenotype throughout the 1-year study
(Doulames et al., 2021). The above studies highlight the early
successes seen when transplanting post-mitotic neurons,
including robust regeneration and substantial functional
recovery. These approaches warrant further investigation,
as this understudied approach offers a novel perspective in
hiPSC-derived cell therapy.

hiPSC-derived spinal interneurons (SpINs) have been
implicated in several facets of CNS recovery after
transplantation and are understood to be important facilitators
of neuroplasticity. SpINs comprise an array of neuronal cell
types in the spinal cord which enable the integration and
processing of sensory information and the transmission of
the appropriate signals to motor neurons. Spinal interneurons
are generally organized into “cardinal classes” based on their
function and location within the spinal cord. Ziskind-Conhaim
and Hochman (2017) provide an overview of these classes
as well as the progenitor domains associated with various
interneuronal subtypes, which have been clarified via careful
examination of transcription factor expression. ldentifying
functionally discrete groups of interneurons is of particular
interest to the field of SCI because of the role that SpINs
play in central pattern generators, interconnected circuits of
interneurons which are responsible for rhythm-generating and
rhythm-coordinating networks (Calancie et al., 1994; Calancie,
B., 2006; Nadeau et al., 2010; Ziskind-Conhaim and Hochman,
2017; Minassian et al., 2023). Ten progenitor domains have
been identified, including VO-V3, which are generated in
the ventral neural tube, and dl1-dl6, which are generated
in the dorsal alar plate (Goulding, 2009; Ziskind-Conhaim
and Hochman, 2017). Zholudeva et al. (2021) reviewed the
heterogeneity of several populations of ventrally-derived
SpINs, demonstrating their broad range of activity and
providing an in-depth analysis of their role in the movement.
However, many of the precise mechanisms by which SpINs
allow for the integration of sensory information to influence
motor activity have yet to be fully elucidated.

Developmental neurobiology has permitted the isolation of
markers that can be used to identify different interneuronal
progenitor domains. As a result, the development of neural
precursor cells biased toward differentiation to SpINs has been
explored, and protocols have been developed to improve the
reliability of this technique. Gupta et al. (2021) developed
differentiation protocols for deriving heat-mediating
dl4/d16 interneurons as well as proprioceptive dI3s and
mechanosensory dl4s. These build on their previous protocols,
which allow for the generation of dl1s, di2s, and dI3s (Gupta et
al. 2018). As these protocols have been refined, combination
treatments including interneuronal subpopulations have been
hypothesized to improve certain aspects of recovery after
SCI. For example, V2a SpINs, which have been implicated
with the phrenic motor circuit (Jensen et al. 2019), have
been demonstrated to improve functional recovery when
transplanted alongside neural progenitor cells in the injured
cervical spinal cord (Zholudeva et al., 2018). More recently, the

focus has narrowed to generate transplantable populations of
VSX2-expressing spinal V2a SpINs with rostrocaudal specificity,
which was hypothesized to further improve respiratory
function but requires optimized protocols. In this study,
Zholudeva et al. (2024) aimed to transplant optogenetically
engineered cervical V2a interneurons into a sub-acute model
of C4 contusion injury, with the goal of improving diaphragm
function. Subsequently, pseudorabies virus tracing indicated
synaptic connectivity and donor-to-host integration into the
phrenic nerve circuit. Optogenetic activation also indicated
functional integration of the transplanted V2a SpINs by
supraspinal host axons, and postliminary histology showed
extensive anatomical integration of the host injury site by
donor cells. Most importantly, transplant recipients showed
a significant improvement in baseline respiratory function as
well as respiratory challenge 2 months post-transplantation.

hiPSC-derived interneurons show promise as complementary
therapies to traditional transplantation methods, and an
improved understanding of the interneuronal subpopulations
responsible for plasticity post-injury may allow for the
development of more appropriate therapies with improved
regenerative potential.

Transplantation Substrates for Human Induced

Pluripotent Stem Cells

Each approach of hiPSC-derived transplantation requires a
method to deliver the cells to the target tissue. Importantly, a
shared goal of these methodologies is to increase survivability
and reduce graft migration in vivo. These vectors must support
the transfer of the cells, while maintaining biocompatibility
into the in vivo site of injury or disease. Most commonly, the
techniques used for cell transplantation therapies include
direct injection to the site of injury or disease or systemic
venous administration (Amer et al., 2017; Additional Table
1). Each depends on the specific location where the cells
are needed, but both often require delivery via a syringe.
Relocating cells from a controlled in vitro environment to an
injury or disease-state in vivo environment can induce cellular
stress that has been captured at transcriptional and post-
translational stages (Amer et al., 2017). As cells travel through
a needle, shearing and mechanical stress on cell membranes
can cause cell lysis or indirectly induce necrosis or apoptosis
(Aguado et al., 2012; Amer et al., 2017; Wahlberg et al., 2018).
The resulting transplantation will not only have a reduced
number of viable cells, but all cells involved in the transplant
can upregulate genes associated with cellular stress or other
cytotoxic cell—cell communication.

Extracellular matrices and their derivatives are commonly
used to supplement cell transplantation due to their innate
ability to anchor cells while having side chains that can
influence proliferation and regeneration (Pakulska et al., 2012;
Suzuki et al., 2017). Indeed, ECM-based hydrogels have been
used in various fields for cell therapies. Their application to
stem cell therapies is now being explored and the results are
encouraging. To address the cell shearing during transplant,
groups have utilized biocompatible hydrogels. Furthermore,
hydrogels can aid in reducing transplant migration away from
the target region leading to a reduction in the overall spread
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of the graft. Doulames et al., (2024) have developed a dual-
component hydrogel that has been shown to increase graft
viability and mitigate graft migration outside of the injury
site. Termed SHIELD (shear-thinning hydrogel for injectable
encapsulation and long-term delivery), this thixotropic
hydrogel improves functional outcomes while protecting
cells from shear forces. Additionally, the ECM-derived ligands
promote cell adhesion and neurite outgrowth. Other studies
have utilized biopolymers such as hyaluronic acid, alginate,
and collagen that naturally regulate cell adhesion and
proliferation, much like the ECM (Aguado et al., 2012; Yao
and DeBrot, 2020; Olmsted et al., 2021). However, custom-
engineered hydrogels provide the benefit of permitting more
extensive modifications to resolve the multifaceted problem
facing hiPSC transplantation.

Transferring cells from a carefully controlled in vitro
environment to an injured or diseased region of the body
requires a supportive medium to reduce cellular stress and
increase graft viability. These delivery vectors must also be
compatible with the new in vivo environment, providing
a growth-supportive scaffold that promotes successful
integration into the existing host neural networks. The current
literature shows that some progress is being made regarding
the transfer of hiPSC-derived cells from an in vitro to an in
vivo environment; however, further work must be done to
optimize these strategies and ensure biocompatibility with
human biology.

Immunology & Human Leukocyte Antigen
Matching

The existing literature has yet to fully address the immune
response of hiPSC transplantation in animal models. While
each application of hiPSC-derived cells has strengths and
weaknesses, a shared concern is the immunogenicity
of the grafts. Much of the current literature uses
immunocompromised animal models as proof-of-concept
during transplantation (Additional Table 1, Kajikawa et al.,
2020; Palma-Tortosa et al., 2020; Patil et al., 2023; Shibata et
al., 2023). While this will prevent graft rejection and permit
the study of graft response in vivo, it is difficult to properly
examine the species-specific responses to human tissue. This
critical question is unanswered and can have a significant
impact on a study’s success in clinical trials.

An additional challenge to hiPSC-derived therapies is the
availability of HLA-matched cells. While recent studies
show promising results, the progression to clinical trials is
encumbered by the need for immunosuppression (Liu et al.,
2017; Deinsberger et al., 2020). Like immunosuppressive
therapy following organ transplantation, this approach
reduces the prospect of graft rejection by the host. However,
patients must continue to receive immunosuppressive
treatment, predisposing them to opportunistic infections,
cancer, or other complications (Mika and Stepnowski, 2016;
Robers and Fishman, 2021). Initially, a solution was thought
to be the establishment of a global hiPSC bank. Individuals
within genotypically similar populations can donate tissue
to be reprogrammed back to a pluripotent state while
maintaining the variety of necessary HLA isotypes (Taylor et
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al., 2012; Solomon et al., 2014; Steeg et al., 2020; Yoshida
et al., 2023). Ideally, this approach can reduce or remove
the need for immunosuppressive therapy and ensure the
majority of those within a given region have access to hiPSC-
derived therapy. Although this approach has achieved
success in certain countries, a persisting challenge is the
need to culture, differentiate, and mature the cells. In
particular, neurotraumatic injuries often have a window of
optimal treatment in the acute to subacute stages of injury
(Sandean et al., 2020). The time needed to produce NSCs,
NPCs, or mature-like neurons from hiPSCs can often exceed
this window. In an effort to circumvent immunosuppression,
Song et al. (2020) sought to achieve this through autologous
derivation of midbrain dopaminergic neurons. Using a
customized pipeline of fibroblast reprogramming, generation
of midbrain dopaminergic neurons, and removal of residual
undifferentiated cells, the group confirmed successful
integration and behavioral improvement in mice. However,
they acknowledge the barrier to widespread adoption is the
cost of personalized, autologous transplantations. While
this study proposes a cell replacement therapy, this novel
approach to obviating the need for immunosuppression can
provide a framework for translating to regenerative therapies.
However, further optimization of culturing techniques is
necessary to ensure cells are appropriately matured for
transplantation.

While banking genotypically similar hiPSCs can reduce
the chances of graft rejection, the consequence is
underrepresentation of the diverse human genome and
phenotypes. Estimates from whole genome sequencing
report many hiPSC lines listed in the NIH registry are primarily
composed of European ancestry (93%), while also making up
approximately 67% of other large global cell banks (Merkle
et al.,, 2017; Ghosh et al., 2022). In an attempt to balance the
need for genetic diversity while maintaining the necessary
haplotypes, smaller, region-specific hiPSC banks have emerged
(Taylor, et al., 2012; Huang et al., 2019). This solution works
for many regions, however, numerous others may not have
the resources to develop such a cell bank.

Recently, Hu et al. (2024) have developed a strategy to
generate hypoimmune hiPSCs. By utilizing CRISPR-Cas9
genome editing, they were able to inactivate B2M and
CIITA gene expression to suppress lymphocyte recognition
in non-human primates. To address macrophage and NK
cell identification of a “missing self,” the critical immune
checkpoint inhibitor CD47 was overexpressed via lentiviral
transduction. Notably, these “stealth hiPSCs” were
differentiated into pancreatic islet cells to treat diabetes
in immunocompetent mice (Hu et al., 2024). Although
this differentiation was driven toward mesodermal and
endodermal lineages, a neuroectodermal differentiation
would likely retain the genetic modifications and maintain its
pluripotent state (Han et al., 2019). Additional studies have
confirmed this approach in vitro and again in mice (Han et al.,
2019; Pizzato et al., 2023), demonstrating the success and
growing interest in this methodology.

Importantly, these studies have also highlighted the risk
associated with immune evasion. Removing the ability of the
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immune system to identify and remove foreign cells permits
teratomas and stochastic differentiation to go unchecked
(Gonzalez et al., 2018; Pende et al., 2019). Further work
is necessary to evaluate the overall impact of immune-
evasive cellular therapies. One potential solution involves
incorporating a built-in kill switch or suicide gene. Various
approaches to this strategy exist and have their advantages
and disadvantages. One approach is the use of DREADDs.
Armbruster et al. (2007) engineered yeast muscarinic G
protein-coupled receptors to be ectopically expressed,
exclusively binding clozapine-N-oxide, a pharmacologically
inert compound. This allows the expression of select receptors
that are only activated by synthetic ligands, ameliorating the
risk of off-target effects. Importantly, DREADDs can be either
activating or inhibitory, expanding their utility to manipulate
the in vivo environment. Groups have trialed DREADDs in
hiPSC-derived therapies and found success in allogeneic
graft models (Armbruster et al., 2007). Ji et al. (2016)
attempted this by inducing hM4Di in NPCs and monitoring
their differentiation via in vivo positron emission tomography
(PET). In addition, they found that DREADDs can be used as a
reporter for hiPSC-derived cells following transplantation using
functional magnetic resonance imaging, which is routinely
used in a clinical setting. This technique uses a radiotracer,
often fluorodeoxyglucose, that accumulates in cells and tissue
with a high metabolic turnover. Tanimoto et al. (2020) have
sought to exploit PET using the 18 kDa translocator protein
(TSPO) as a marker for neural stem and precursor cells.
Following transplantation of the NS/PCs into the striatum of
immunocompromised mice, they used PET to identify changes
in TSPO expression at 9 and 42 days. While they were able to
detect differences, TSPO is not exclusive to undifferentiated
stem and progenitor cells, therefore, further work must be
done to hone in on a more selective method. The significance
of developing a reliable imaging methodology to identify
transplanted cells cannot be understated. Considering the
concern for stochastic differentiation, fate mapping these cells
and tracking their spatial distribution in vivo is a crucial step in
achieving hiPSC-derived therapies for clinical use.

Conclusions

The profound impact of CNS injury and disease continues
to diminish the quality of life and overall lifespan, affecting
approximately one-third of the global population (GBD 2021
Nervous System Disorders Collaborators, 2024). Current
preclinical treatments offer limited restoration of sensory,
motor, or cognitive deficits, although no current treatments
exist that completely resolve these impairments. The
pluripotency of stem cells has rekindled interest in potential
cures for these conditions. Initially, ESCs showed early success
in promoting CNS regeneration and repair. However, ethical
and technical limitations have hindered the widespread
adoption of ESCs as standard treatment. This led to the
development of induced pluripotent stem cells and hiPSC-
derived cell transplantation, which holds significant promise
for advancing regenerative medicine.

Despite the significant potential of hiPSC-derived treatments,
substantial work remains before they can be brought to
clinical trials. A primary concern with early stem or progenitor

cells is the risk of stochastic differentiation and teratoma
formation. NSCs are particularly susceptible due to their
ability to differentiate into any neuronal or glial population
(Bergstrom and Forsberg-Nilsson, 2012; Homem et al., 2015).
NPCs carry less risk but still retain multipotency (Zhang and
Jiao, 2015; Yabut and Pleasure, 2016), thus, concerns remain
regarding their use in humans. Various strategies, such as kill
switches or DREADDs, have been developed to mitigate these
issues (Armbruster et al., 2007; Urban and Roth, 2015; Ji et
al.,, 2016; Imai et al., 2023). Although these methods have
shown considerable success, NSCs and NPCs still possess the
genotypic and epigenetic capacity to introduce problems later
in life (Merkle et al. 2017; Yoshihara et al., 2019). Furthermore,
treatments with NSCs and NPCs require the grafted cells to
differentiate in vivo within a hostile microenvironment (Barros
et al.,, 2011; Cesare et al., 2022; Marques et al., 2023). This
environment can affect their differentiation and proliferation,
potentially reducing the optimal window for synaptic
integration and CNS regeneration.

Alternatives that are currently being explored to circumvent
these problems include post-mitotic cells such as neuronal
subpopulations and interneurons. They have the innate
ability to incorporate synaptic input from various sources
(Arber, 2012; Stifani, 2014). In particular, cortical neurons are
intrinsically programmed to extend long axons (Tornero et al.,
2013; Doulames et al., 2024), while interneurons naturally
are critical components of motor networks in the spinal cord.
It should be noted that interneurons may be better suited
for the repair of relay pathways, such as the phrenic nerve
respiratory circuit or spinal motor neuron reflexes (Zholudeva
et al., 2018; Jensen et al. 2019). These approaches are fairly
recent and will require further work to determine their
efficacy in the future.

Key supplementary treatments to improve hiPSC-
derived transplantation efficacy include glial cells and
optimized delivery vectors. Glial cells, such as astrocytes or
oligodendrocytes, naturally support neurons in vivo and can
help promote the maturation of synapses (Kim et al., 2019).
Administration of grafted cells requires an ideal medium to
increase viability and promote adherence to the transplant.
Several methods exist, with many based on ECM and ECM
derivatives (Aguado et al., 2012; Liu et al., 2017; Yao and
DeBrot, 2020; Doulames et al., 2024). Currently, hydrogels are
showing positive results in improving viability and integration,
although further work must investigate the human response
to these biomaterials.

Xenogenic or allogeneic cell transplantation must
overcome the additional barrier of immune rejection.
While current research shows promise, most studies rely
on immunocompromised animal models (Lu et al., 2017;
Kajikawa et al., 2020; Palma-Tortosa et al., 2020; Doulames
et al., 2021; Imai et al., 2023; Patil et al., 2023; Shibata
et al., 2023; Doulames et al., 2024; Additional Table 1).
Patients with neurologic injury or disease would be further
disadvantaged by the need for immunosuppressive therapy.
Therefore, more work must be done to determine the
human immune response to allogeneic hiPSC-derived grafts.
Genetic manipulation of hiPSC-derived grafts in vitro has
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been attempted to mitigate this issue (Armbruster et al.,
2007; Urban and Roth, 2015; Ji et al., 2016), yet it adds an
additional barrier to clinical translation. Common approaches
include the use of DREADDs and hypoimmunogenic cells.
DREADDs, activated by pharmacologically inert compounds,
show potential, but the human immune response is still
unknown. Hypoimmune hiPSCs can evade the immune system
and integrate into host circuitry, but immune evasion can
also increase the risk of cancer (Pende et al., 2019; Debska-
Zielkowska et al., 2021; Pizzato et al., 2023; Hu et al., 2024).
Additionally, long-term outcomes of hiPSC-derived cell
transplantation therapies require longitudinal studies to fully
assess their safety and efficacy. Addressing these challenges
is crucial, as hiPSC-derived therapies hold the potential to
transform the treatment of neurological dysfunction and
provide a definitive path forward for regenerative medicine.

Author contributions: Manuscript conception and design: SV, NF, and GWP;
draft preparation, manuscript review and editing: SV, YHEM, NF, GWP; figure
preparation and editing: SV, YHEM, GWP; final draft approval: all authors.
Conflicts of interest: The authors declare no conflicts of interest.

Data availability statement: A/l relevant data are within the manuscript and
its Additional files.

Open access statement: This is an open access journal, and articles

are distributed under the terms of the Creative Commons Attribution-
NonCommercial-ShareAlike 4.0 License, which allows others to remix, tweak,
and build upon the work non-commercially, as long as appropriate credit is
given and the new creations are licensed under the identical terms.
Additional file:

Additional Table 1: Summary of transplant studies.

References

Aghili-Mehrizi S, Williams E, Yan S, Willman M, Willman J, Lucke-Wold B (2022)
Secondary mechanisms of neurotrauma: a closer look at the evidence.
Diseases 10:30.

Aguado BA, Mulyasasmita W, Su J, Lampe KJ, Heilshorn SC (2012) Improving
viability of stem cells during syringe needle flow through the design of
hydrogel cell carriers. Tissue Eng Part A 18:806-815.

Amer MH, Rose FRAJ, Shakesheff KM, Modo M, White LJ (2017) Translational
considerations in injectable cell-based therapeutics for neurological
applications: concepts, progress, and challenges. NPJ Regen Med 2:23.

Andrews MR, Czvitkovich S, Dassie E, Vogelaar CF, Faissner A, Blits B, Gage FH,
ffrench-Constant C, Fawcett JW (2009) Alpha9 integrin promotes neurite
outgrowth on tenascin-C and enhances sensory axon regeneration. J
Neurosci 29:5546-5557.

Arber S, Han B, Mendelsohn M, Smith M, Jessell TM, Sockanathan S (1999)
Requirement for the homeobox gene Hb9 in the consolidation of motor
neuron identity. Neuron 23:659-674.

Arber S (2012) Motor circuits in action: specification, connectivity, and
function. Neuron 74:975-989.

Armbruster BN, Li X, Pausch MH, Herlitze S, Roth BL (2007) Evolving the lock
to fit the key to create a family of G protein-coupled receptors potently
activated by an inert ligand. Proc Natl Acad Sci U S A 104:5163-5168.

Babkina AS, Lyubomudrov MA, Golubev MA, Pisarev MV, Golubev AM (2024)
Neuron-specific enolase—what are we measuring? Int J Mol Sci 25:5040.

Barker RA, Gotz M, Parmar M (2018) New approaches for brain repair—from
rescue to reprogramming. Nature 557:329-334.

Barros CS, Franco SJ, Mdiller U (2011) Extracellular matrix: functions in the
nervous system. Cold Spring Harb Perspect Biol doi:10.1101/cshperspect.
a005108.

3072

Bergstrom T, Forsberg-Nilsson K (2012) Neural stem cells: brain building blocks
and beyond. Ups J Med Sci 117:132-142.

Bernal A, Arranz L (2018) Nestin-expressing progenitor cells: function, identity
and therapeutic implications. Cell Mol Life Sci 75:2177-2195.

Biasiucci A, Leeb R, Iturrate |, Perdikis S, Al-Khodairy A, Corbet T, Schnider A,
Schmidlin T, Zhang H, Bassolino M, Viceic D, Vuadens P, Guggisberg AG,
Millan JDR (2018) Brain-actuated functional electrical stimulation elicits
lasting arm motor recovery after stroke. Nat Commun 9:2421.

Calancie B (2006) Spinal myoclonus after spinal cord injury. J Spinal Cord Med
29:413-424.

Calancie B, Needham-Shropshire B, Jacobs P, Willer K, Zych G, Green BA (1994)
Involuntary stepping after chronic spinal cord injury. Evidence for a central
rhythm generator for locomotion in man. Brain 117:1143-1159.

Cerneckis J, Cai H, Shi Y (2024) Induced pluripotent stem cells (hiPSCs):
molecular mechanisms of induction and applications. Signal Transduct
Target Ther 9:112.

Cesare E, Urciuolo A, Stuart HT, Torchio E, Gesualdo A, Laterza C, Gagliano O,
Martewicz S, Cui M, Manfredi A, Di Filippo L, Sabatelli P, Squarzoni S, Zorzan
I, Betto RM, Martello G, Cacchiarelli D, Luni C, Elvassore N (2022) 3D ECM-
rich environment sustains the identity of naive human hiPSCs. Cell Stem
Cell 29:1703-1717.

Debska-Zielkowska J, Moszkowska G, Zielinski M, Zieliniska H, Dukat-Mazurek A,
Trzonkowski P, Stefariska K (2021) KIR receptors as key regulators of NK cells
activity in health and disease. Cells 10:1777.

Deinsberger J, Reisinger D, Weber B (2020) Global trends in clinical trials
involving pluripotent stem cells: a systematic multi-database analysis. NPJ
Regen Med 5:15.

Dengler VL, Galbraith M, Espinosa JM (2014) Transcriptional regulation by
hypoxia inducible factors. Crit Rev Biochem Mol Biol 49:1-15.

Dimos JT, Rodolfa KT, Niakan KK, Weisenthal LM, Mitsumoto H, Chung W,
Croft GF, Saphier G, Leibel R, Goland R, Wichterle H, Henderson CE, Eggan
K (2008) Induced pluripotent stem cells generated from patients with ALS
can be differentiated into motor neurons. Science 321:1218-1221.

Doulames VM, Weimann JM, Plant GW (2021) Human deep cortical neurons
promote regeneration and recovery after cervical spinal cord injury. bioRxiv
doi:10.1101/2021.08.11.455948.

Doulames VM, Marquardt LM, Hefferon ME, Baugh NJ, Suhar RA, Wang
AT, Dubbin KR, Weimann JM, Palmer TD, Plant GW, Heilshorn SC (2024)
Custom-engineered hydrogels for delivery of human hiPSC-derived neurons
into the injured cervical spinal cord. Biomaterials 305:122400.

Duan W, Zhang YP, Hou Z, Huang C, Zhu H, Zhang CQ, Yin Q (2016) Novel
insights into NeuN: from neuronal marker to splicing regulator. Mol
Neurobiol 53:1637-1647.

Fagerlund I, Dougalis A, Shakirzyanova A, Gdmez-Budia M, Pelkonen A,
Konttinen H, Ohtonen S, Fazaludeen MF, Koskuvi M, Kuusisto J, Hernandez D,
Pebay A, Koistinaho J, Rauramaa T, Lehtonen S, Korhonen P, Malm T (2021)
Microglia-like cells promote neuronal functions in cerebral organoids. Cells
11:124.

Falgairolle M, O’Donovan MJ (2019) V1 interneurons regulate the pattern and
frequency of locomotor-like activity in the neonatal mouse spinal cord.
PLoS Biol 17:€3000447.

Ferrante F, Giaimo BD, Friedrich T, Sugino T, Mertens D, Kugler S, Gahr
BM, Just S, Pan L, Bartkuhn M, Potente M, Oswald F, Borggrefe T (2022)
Hydroxylation of the NOTCH1 intracellular domain regulates Notch
signaling dynamics. Cell Death Dis 13:600.

Forbes LH, Andrews MR (2019) Grafted human hiPSC-derived neural
progenitor cells express integrins and extend long-distance axons within
the developing corticospinal tract. Front Cell Neurosci 13:26.

Forrest SL, Kim JH, Crockford DR, Huynh K, Cheong R, Knott S, Kane MA,

Ittner LM, Halliday GM, Kril JJ (2023) Distribution patterns of astrocyte
populations in the human cortex. Neurochem Res 48:1222-1232.

| NEURAL REGENERATION RESEARCH | Vol 20 | No. 11 | November 2025



Review

o
NEURAL REGENERATION RESEARCH ¢
www.nrronline.org %‘umf

GBD 2021 Nervous System Disorders Collaborators (2024) Global, regional,
and national burden of disorders affecting the nervous system, 1990-2021:
a systematic analysis for the Global Burden of Disease Study 2021. Lancet
Neurol 23:344-381.

Ghosh S, Nehme R, Barrett LE (2022) Greater genetic diversity is needed in
human pluripotent stem cell models. Nat Commun 13:7301.

Glasgow SM, Henke RM, Macdonald RJ, Wright CV, Johnson JE (2005) Ptfla
determines GABAergic over glutamatergic neuronal cell fate in the spinal
cord dorsal horn. Development 132:5461-5469.

Golchin A, Chatziparasidou A, Ranjbarvan P, Niknam Z, Ardeshirylajimi A (2021)
Embryonic stem cells in clinical trials: current overview of developments
and challenges. Adv Exp Med Biol 1312:19-37.

Gonzalez H, Hagerling C, Werb Z (2018) Roles of the immune system in cancer:
from tumor initiation to metastatic progression. Genes Dev 32:1267-1284.

Gotz M, Nakafuku M, Petrik D (2016) Neurogenesis in the developing and
adult brain: similarities and key differences. Cold Spring Harb Perspect Biol
8:a018853.

Goulding M (2009) Circuits controlling vertebrate locomotion: moving in a
new direction. Nat Rev Neurosci 10:507-518.

Gupta S, Sivalingam D, Hain S, Makkar C, Sosa E, Clark A, Butler SJ (2018)
Deriving dorsal spinal sensory interneurons from human pluripotent stem
cells. Stem Cell Rep 10:390-405.

Gupta S, Yamauchi K, Novitch BG, Butler SJ (2021) Derivation of dorsal spinal
sensory interneurons from human pluripotent stem cells. STAR Protoc
2:100319.

Han X, Wang M, Duan S, Franco PJ, Kenty JH, Hedrick P, Xia Y, Allen A, Ferreira
LMR, Strominger JL, Melton DA, Meissner TB, Cowan CA (2019) Generation
of hypoimmunogenic human pluripotent stem cells. Proc Natl Acad Sci U S
A 116:10441-10446.

Hevner RF, Shi L, Justice N, Hsueh Y, Sheng M, Smiga S, Bulfone A, Goffinet
AM, Campagnoni AT, Rubenstein JL (2001) Tbr1 regulates differentiation of
the preplate and layer 6. Neuron 29:353-366.

Ho CH, Triolo RJ, Elias AL, Kilgore KL, DiMarco AF, Bogie K, Vette AH, Audu
ML, Kobetic R, Chang SR, Chan KM, Dukelow S, Bourbeau DJ, Brose
SW, Gustafson KJ, Kiss ZH, Mushahwar VK (2014) Functional electrical
stimulation and spinal cord injury. Phys Med Rehabil Clin N Am 25:631-ix.

Homem CC, Repic M, Knoblich JA (2015) Proliferation control in neural stem
and progenitor cells. Nat Rev Neurosci 16:647-659.

Howlett OA, Lannin NA, Ada L, McKinstry C (2015) Functional electrical
stimulation improves activity after stroke: a systematic review with meta-
analysis. Arch Phys Med Rehabil 96:934-943.

Hu BY, Weick JP, Yu J, Ma LX, Zhang XQ, Thomson JA, Zhang SC (2010)

Neural differentiation of human induced pluripotent stem cells follows
developmental principles but with variable potency. Proc Natl Acad Sci U S
A 107:4335-4340.

Hu X, et al. (2024) Hypoimmune induced pluripotent stem cells survive
long term in fully immunocompetent, allogeneic rhesus macaques. Nat
Biotechnol 42:413-423.

Huang CY, Liu CL, Ting CY, Chiu YT, Cheng YC, Nicholson MW, Hsieh PCH (2019)
Human hiPSC banking: barriers and opportunities. J Biomed Sci 26:87.

Imai R, Tamura R, Yo M, Sato M, Fukumura M, Takahara K, Kase Y, Okano H,
Toda M (2023) Neuroprotective effects of genome-edited human iPS cell-
derived neural stem/progenitor cells on traumatic brain injury. Stem Cells
41:603-616.

Janke C, Magiera MM (2020) The tubulin code and its role in controlling
microtubule properties and functions. Nat Rev Mol Cell Biol 21:307-326.

Jensen VN, Seedle K, Turner SM, Lorenz JN, Crone SA (2019) V2a neurons
constrain extradiaphragmatic respiratory muscle activity at rest. eNeuro
6:ENEURO.0492-18.2019.

Ji B, Kaneko H, Minamimoto T, Inoue H, Takeuchi H, Kumata K, Zhang MR,
Aoki I, Seki C, Ono M, Tokunaga M, Tsukamoto S, Tanabe K, Shin RM,
Minamihisamatsu T, Kito S, Richmond BJ, Suhara T, Higuchi M (2016)
Multimodal imaging for DREADD-expressing neurons in living brain and
their application to implantation of hiPSC-derived neural progenitors. J
Neurosci 36:11544-11558.

Kawabata S, Takano M, Numasawa-Kuroiwa Y, Itakura G, Kobayashi Y,
Nishiyama Y, Sugai K, Nishimura S, Iwai H, Isoda M, Shibata S, Kohyama J,
Iwanami A, Toyama Y, Matsumoto M, Nakamura M, Okano H (2016) Grafted
human iPS cell-derived oligodendrocyte precursor cells contribute to
robust remyelination of demyelinated axons after spinal cord injury. Stem
Cell Rep 6:1-8.

Kadoya K, Lu P, Nguyen K, Lee-Kubli C, Kumamaru H, Yao L, Knackert J,
Poplawski G, Dulin JN, Strobl H, Takashima Y, Biane J, Conner J, Zhang SC,
Tuszynski MH (2016) Spinal cord reconstitution with homologous neural
grafts enables robust corticospinal regeneration. Nat Med 22:479-487.

Kajikawa K, Imaizumi K, Shinozaki M, Shibata S, Shindo T, Kitagawa T, Shibata R,
Kamata Y, Kojima K, Nagoshi N, Matsumoto M, Nakamura M, Okano H (2020)
Cell therapy for spinal cord injury by using human hiPSC-derived region-
specific neural progenitor cells. Mol Brain 13:120.

Kamata Y, Isoda M, Sanosaka T, Shibata R, Ito S, Okubo T, Shinozaki M, Inoue
M, Koya I, Shibata S, Shindo T, Matsumoto M, Nakamura M, Okano H,
Nagoshi N, Kohyama J (2021) A robust culture system to generate neural
progenitors with gliogenic competence from clinically relevant induced
pluripotent stem cells for treatment of spinal cord injury. Stem Cells Transl|
Med 10:398-413.

Keefe KM, Sheikh IS, Smith GM (2017) Targeting neurotrophins to specific
populations of neurons: NGF, BDNF, and NT-3 and their relevance for
treatment of spinal cord injury. Int J Mol Sci 18:548.

Kim H, Xu R, Padmashri R, Dunaevsky A, Liu Y, Dreyfus CF, Jiang P (2019)
Pluripotent stem cell-derived cerebral organoids reveal human
oligodendrogenesis with dorsal and ventral origins. Stem Cell Reports
12:890-905.

Lamptey RNL, Chaulagain B, Trivedi R, Gothwal A, Layek B, Singh J (2022) A
review of the common neurodegenerative disorders: current therapeutic
approaches and the potential role of nanotherapeutics. Int J Mol Sci 23:1851.

Lancaster MA, Renner M, Martin CA, Wenzel D, Bicknell LS, Hurles ME,
Homfray T, Penninger JM, Jackson AP, Knoblich JA (2013) Cerebral organoids
model human brain development and microcephaly. Nature 501:373-379.

Lee H, Lee HY, Lee BE, Gerovska D, Park SY, Zaehres H, Aralzo-Bravo MJ, Kim
JI, Ha'Y, Schéler HR, Kim JB (2020) Sequentially induced motor neurons
from human fibroblasts facilitate locomotor recovery in a rodent spinal
cord injury model. eLife 9:e52069.

LiY, Lu P (2022) Corticospinal tract regeneration after spinal cord injury:
implications for treatment and recovery. In: Diagnosis and treatment of
spinal cord injury: the neuroscience of spinal cord injury (Rajendram R,
Preedy V, Martin C, eds.), pp461-473. New York:Academic Press.

Li L, ShiY (2020) When glia meet induced pluripotent stem cells (hiPSCs). Mol
Cell Neurosci 109:103565.

Liu X, Li W, Fu X, Xu Y (2017) The immunogenicity and immune tolerance of
pluripotent stem cell derivatives. Front Immunol 8:645.

Louvi A, Artavanis-Tsakonas S (2006) Notch signalling in vertebrate neural
development. Nat Rev Neurosci 7:93-102.

Lu P, Wang Y, Graham L, McHale K, Gao M, Wu D, Brock J, Blesch A,
Rosenzweig ES, Havton LA, Zheng B, Conner JM, Marsala M, Tuszynski MH
(2012) Long-distance growth and connectivity of neural stem cells after
severe spinal cord injury. Cell 150:1264-1273.

Luo S, Xu H, Zuo Y, Liu X, All AH (2020) A review of functional electrical
stimulation treatment in spinal cord injury. Neuromolecular Med 22:447-
463.

NEURAL REGENERATION RESEARCH | Vol 20 | No. 11 | November 2025 | 3073



NEURAL REGENERATION RESEARCH

°
] .
% - www.nrronllne.org

Review

Marques BL, Maciel GF, Brito MR, Junior Dias LD, Scalzo S, Santos AK, Kihara
AH, da Costa Santiago H, Parreira RC, Birbrair A, Resende RR (2023)
Regulatory mechanisms of stem cell differentiation: biotechnological
applications for neurogenesis. Semin Cell Dev Biol 144:11-19.

Merkle FT, Ghosh S, Kamitaki N, Mitchell J, Avior Y, Mello C, Kashin S,
Mekhoubad S, llic D, Charlton M, Saphier G, Handsaker RE, Genovese G,
Bar S, Benvenisty N, McCarroll SA, Eggan K (2017) Human pluripotent stem
cells recurrently acquire and expand dominant negative P53 mutations.
Nature 545:229-233.

Mika A, Stepnowski P (2016) Current methods of the analysis of
immunosuppressive agents in clinical materials: a review. J Pharm Biomed
Anal 127:207-231.

Minassian K, Bayart A, Lackner P, Binder H, Freund| B, Hofstoetter US (2023)
Rare phenomena of central rhythm and pattern generation in a case of
complete spinal cord injury. Nat Commun 14:3276.

Molyneaux BJ, Arlotta P, Menezes JR, Macklis JD (2007) Neuronal subtype
specification in the cerebral cortex. Nat Rev Neurosci 8:427-437.

Nadeau S, Jacquemin G, Fournier C, Lamarre Y, Rossignol S (2010)
Spontaneous motor rhythms of the back and legs in a patient with a
complete spinal cord transection. Neurorehabil Neural Repair 24:377-383.

Nicaise C, Mitrecic D, Falnikar A, Lepore AC (2015) Transplantation of stem
cell-derived astrocytes for the treatment of amyotrophic lateral sclerosis
and spinal cord injury. World J Stem Cells 7:380-398.

Oikari LE, Okolicsanyi RK, Griffiths LR, Haupt LM (2016) Data defining markers
of human neural stem cell lineage potential. Data Brief 7:206-215.

Olmsted ZT, Stigliano C, Marzullo B, Cibelli J, Horner PJ, Paluh JL (2022) Fully
characterized mature human iPS- and NMP-derived motor neurons thrive
without neuroprotection in the spinal contusion cavity. Front Cell Neurosci
15:725195.

Olmsted ZT, Stigliano C, Scimemi A, Wolfe T, Cibelli J, Horner PJ, Paluh JL (2021)
Transplantable human motor networks as a neuron-directed strategy for
spinal cord injury. iScience 24:102827.

Pakulska MM, Ballios BG, Shoichet MS (2012) Injectable hydrogels for central
nervous system therapy. Biomed Mater 7:024101.

Palma-Tortosa S, Tornero D, Grgnning Hansen M, Monni E, Hajy M, Kartsivadze
S, Aktay S, Tsupykov O, Parmar M, Deisseroth K, Skibo G, Lindvall O,

Kokaia Z (2020) Activity in grafted human iPS cell-derived cortical neurons
integrated in stroke-injured rat brain regulates motor behavior. Proc Natl
Acad Sci U S A 117:9094-9100.

Patil N, Korenfeld O, Scalf RN, Lavoie N, Huntemer-Silveira A, Han G, Swenson
R, Parr AM (2023) Electrical stimulation affects the differentiation of
transplanted regionally specific human spinal neural progenitor cells
(sNPCs) after chronic spinal cord injury. Stem Cell Res Ther 14:378.

Pende D, Falco M, Vitale M, Cantoni C, Vitale C, Munari E, Bertaina A, Moretta F,
Del Zotto G, Pietra G, Mingari MC, Locatelli F, Moretta L (2019) Killer Ig-like
receptors (KIRs): their role in NK cell modulation and developments leading
to their clinical exploitation. Front Immunol 10:1179.

Phillis JW (2005) Acetylcholine release from the central nervous system: a 50-
year retrospective. Crit Rev Neurobiol 17:161-217.

Pizzato HA, Alonso-Guallart P, Woods J, Johannesson B, Connelly JP, Fehniger
TA, Atkinson JP, Pruett-Miller SM, Monsma FJ Jr, Bhattacharya D (2023)
Engineering human pluripotent stem cell lines to evade xenogeneic
transplantation barriers. bioRxiv doi:10.1101/2023.06.27.546594.

Quadrato G, Nguyen T, Macosko EZ, Sherwood JL, Min Yang S, Berger DR,
Maria N, Scholvin J, Goldman M, Kinney JP, Boyden ES, Lichtman JW,
Williams ZM, McCarroll SA, Arlotta P (2017) Cell diversity and network
dynamics in photosensitive human brain organoids. Nature 545:48-53.

Qian X, Song H, Ming GL (2019) Brain organoids: advances, applications and
challenges. Development 146:dev166074.

3074

Roberts MB, Fishman JA (2021) Immunosuppressive agents and infectious risk
in transplantation: managing the “net state of immunosuppression”. Clin
Infect Dis 73:e1317.

Ruan C, Elyaman W (2022) A new understanding of TMEM119 as a marker of
microglia. Front Cell Neurosci 16:902372.

Sandean D (2020) Management of acute spinal cord injury: a summary of
the evidence pertaining to the acute management, operative and non-
operative management. World J Orthop 11:573-583.

Schwabenland M, Brick W, Priller J, Stadelmann C, Lassmann H, Prinz M (2021)
Analyzing microglial phenotypes across neuropathologies: a practical guide.
Acta Neuropathol 142:923-936.

Schweitzer JS, et al. (2020) Personalized iPSC-derived dopamine progenitor
cells for Parkinson’s disease. N Engl J Med 382:1926-1932.

Seeker LA, Williams A (2022) Oligodendroglia heterogeneity in the human
central nervous system. Acta Neuropathol 143:143-157.

Shibata T, Tashiro S, Nakamura M, Okano H, Nagoshi N (2023) A review of
treatment methods focusing on human induced pluripotent stem cell-
derived neural stem/progenitor cell transplantation for chronic spinal cord
injury. Medicina (Kaunas) 59:1235.

Stawiriska U, Miazga K, Jordan LM (2014) The role of serotonin in the control
of locomotor movements and strategies for restoring locomotion after
spinal cord injury. Acta Neurobiol Exp (Wars) 74:172-187.

Solomon S, Pitossi F, Rao MS (2015) Banking on hiPSC—is it doable and is it
worthwhile. Stem Cell Rev Rep 11:1-10.

Song B, et al. (2020) Human autologous iPSC-derived dopaminergic
progenitors restore motor function in Parkinson’s disease models. J Clin
Invest 130:904-920.

Steeg R, Neubauer JC, Mller SC, Ebneth A, Zimmermann H (2020) The EBISC
hiPSC bank for disease studies. Stem Cell Res 49:102034.

Steward O, Sharp KG, Matsudaira Yee K (2014a) Long-distance migration and
colonization of transplanted neural stem cells. Cell 156:385-387.

Steward O, Sharp KG, Yee KM, Hatch MN, Bonner JF (2014b) Characterization
of ectopic colonies that form in widespread areas of the nervous system
with neural stem cell transplants into the site of a severe spinal cord injury.
J Neurosci 34:14013-14021.

Stifani N (2014) Motor neurons and the generation of spinal motor neuron
diversity. Front Cell Neurosci 8:293.

Stoberl N, Maguire E, Salis E, Shaw B, Hall-Roberts H (2023) Human
hiPSC-derived glia models for the study of neuroinflammation. J
Neuroinflammation 20:231.

Suzuki H, Ahuja CS, Salewski RP, Li L, Satkunendrarajah K, Nagoshi N, Shibata
S, Fehlings MG (2017) Neural stem cell mediated recovery is enhanced by
Chondroitinase ABC pretreatment in chronic cervical spinal cord injury.
PLoS One 12:e0182339.

Takahashi K, Yamanaka S (2006) Induction of pluripotent stem cells from
mouse embryonic and adult fibroblast cultures by defined factors. Cell
126:663-676.

Tanimoto Y, Yamasaki T, Nagoshi N, Nishiyama Y, Nori S, Nishimura S, lida
T, Ozaki M, Tsuji O, Ji B, Aoki I, Jinzaki M, Matsumoto M, Fujibayashi Y,
Zhang MR, Nakamura M, Okano H (2020) In vivo monitoring of remnant
undifferentiated neural cells following human induced pluripotent stem
cell-derived neural stem/progenitor cells transplantation. Stem Cells Transl|
Med 9:465-477.

Taylor CJ, Peacock S, Chaudhry AN, Bradley JA, Bolton EM (2012) Generating
an hiPSC bank for HLA-matched tissue transplantation based on known
donor and recipient HLA types. Cell Stem Cell 11:147-152.

Thaler JP, Lee SK, Jurata LW, Gill GN, Pfaff SL (2002) LIM factor Lhx3
contributes to the specification of motor neuron and interneuron identity

through cell-type-specific protein-protein interactions. Cell 110:237-249.

| NEURAL REGENERATION RESEARCH | Vol 20 | No. 11 | November 2025



Review

o
NEURAL REGENERATION RESEARCH ¢
www.nrronline.org %‘umf

Thiry L, Hamel R, Pluchino S, Durcan T, Stifani S (2020) Characterization of
human iPSC-derived spinal motor neurons by single-cell RNA sequencing.
Neuroscience 450:57-70.

Tornero D, Wattananit S, Grgnning Madsen M, Koch P, Wood J, Tatarishvili J,
Mine Y, Ge R, Monni E, Devaraju K, Hevner RF, Brustle O, Lindvall O, Kokaia
Z (2013) Human induced pluripotent stem cell-derived cortical neurons
integrate in stroke-injured cortex and improve functional recovery. Brain
136:3561-3577.

Tuszynski MH, Wang Y, Graham L, Gao M, Wu D, Brock J, Blesch A, Rosenzweig
ES, Havton LA, Zheng B, Conner JM, Marsala M, Lu P (2014a) Neural stem
cell dissemination after grafting to CNS injury sites. Cell 156:388-389.

Tuszynski MH, Wang Y, Graham L, McHale K, Gao M, Wu D, Brock J, Blesch A,
Rosenzweig ES, Havton LA, Zheng B, Conner JM, Marsala M, Lu P (2014b)
Neural stem cells in models of spinal cord injury. Exp Neurol 261:494-500.

Urban DJ, Roth BL (2015) DREADDs (designer receptors exclusively activated
by designer drugs): chemogenetic tools with therapeutic utility. Annu Rev
Pharmacol Toxicol 55:399-417.

Vanderhaeghen P, Polleux F (2023) Developmental mechanisms underlying
the evolution of human cortical circuits. Nat Rev Neurosci 24:213-232.
Varga BV, Faiz M, Pivonkova H, Khelifi G, Yang H, Gao S, Linderoth E, Zhen M,
Karadottir RT, Hussein SM, Nagy A (2022) Signal requirement for cortical
potential of transplantable human neuroepithelial stem cells. Nat Commun

13:2844.

Veclefa J, Prochazkova J, Sumberova V, Panskd V, Paculova H, Lanova MK,
Masek J, Bohaciakova D, Andersson ER, Pachernik J (2020) Hypoxia/Hif1a
prevents premature neuronal differentiation of neural stem cells through
the activation of Hes1. Stem Cell Res 45:101770.

Volarevic V, Markovic BS, Gazdic M, Volarevic A, Jovicic N, Arsenijevic N,
Armstrong L, Djonov V, Lako M, Stojkovic M (2018) Ethical and safety issues
of stem cell-based therapy. Int J Med Sci 15:36-45.

Wabhlberg B, Ghuman H, Liu JR, Modo M (2018) Ex vivo biomechanical
characterization of syringe-needle ejections for intracerebral cell delivery.
Sci Rep 8:9194.

Wei H, Wu X, Withrow J, Cuevas-Diaz Duran R, Singh S, Chaboub LS, Rakshit
J, Mejia J, Rolfe A, Herrera JJ, Horner PJ, Wu JQ (2023) Glial progenitor
heterogeneity and key regulators revealed by single-cell RNA sequencing
provide insight to regeneration in spinal cord injury. Cell Rep 42:112486.

Wu Q, Xiang Z, Ying Y, Huang Z, Tu Y, Chen M, Ye J, Dou H, Sheng S, Li X, Ying W,
Zhu S (2021) Nerve growth factor (NGF) with hypoxia response elements
loaded by adeno-associated virus (AAV) combined with neural stem cells
improve the spinal cord injury recovery. Cell Death Discov 7:301.

Yabut OR, Pleasure SJ (2016) The crossroads of neural stem cell development
and tumorigenesis. Opera Med Physiol 2:181-187.

Yao L, DeBrot A (2020) Preparation of bioscaffolds delivering stem cells for
neural regeneration. Methods Mol Biol 2155:63-70.

Yang Z, Gong M, Yang C, Chen C, Zhang K (2023) Applications of induced
pluripotent stem cell-derived glia in brain disease research and treatment.
Handb Exp Pharmacol 281:103-140.

Yoshida S, Kato TM, Sato Y, Umekage M, Ichisaka T, Tsukahara M, Takasu N,
Yamanaka S (2023) A clinical-grade HLA haplobank of human induced
pluripotent stem cells matching approximately 40% of the Japanese
population. Med 4:51-66.

Yoshihara M, Oguchi A, Murakawa Y (2019) Genomic instability of hiPSCs and
challenges in their clinical applications. Adv Exp Med Biol 1201:23-47.

Zhang J, Jiao J (2015) Molecular biomarkers for embryonic and adult neural
stem cell and neurogenesis. Biomed Res Int 2015:727542.

Zhou Q, Anderson DJ (2002) The bHLH transcription factors OLIG2 and OLIG1
couple neuronal and glial subtype specification. Cell 109:61-73.

Zholudeva LV, lyer N, Qiang L, Spruance VM, Randelman ML, White
NW, Bezdudnaya T, Fischer |, Sakiyama-Elbert SE, Lane MA (2018)
Transplantation of neural progenitors and V2a interneurons after spinal
cord injury. J Neurotrauma 35:2883-2903.

Zholudeva LV, Abraira VE, Satkunendrarajah K, McDevitt TC, Goulding MD,
Magnuson DSK, Lane MA (2021) Spinal interneurons as gatekeepers to
neuroplasticity after injury or disease. J Neurosci 41:845-854.

Zholudeva LV, Fortino T, Agrawal A, Vila OF, Williams M, McDevitt T,

Lane MA, Srivastava D (2024) Human spinal interneurons repair the
injured spinal cord through synaptic integration. bioRxiv [preprint]
doi:10.1101/2024.01.11.575264.

Zhu X, Bergles DE, Nishiyama A (2008) NG2 cells generate both
oligodendrocytes and gray matter astrocytes. Development 135:145-157.

Ziskind-Conhaim L, Hochman S (2017) Diversity of molecularly defined spinal
interneurons engaged in mammalian locomotor pattern generation. J
Neurophysiol 118:2956-2974.

C-Editors: Zhao M, Liu WJ, Qiu Y; T-Editor: Jia Y

NEURAL REGENERATION RESEARCH | Vol 20 | No. 11 | November 2025 | 3075



