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A spinal cord injury (SCI) is a destructive event that causes a permanent deficit in neuro-
logical function because of poor regenerative potential. Transplantation therapies have at-
tracted attention for restoration of the injured spinal cord, and transplantation of neural 
precursor cells (NPCs) has been studied worldwide. Several groups have demonstrated 
functional recovery via this therapeutic intervention due to the multiple beneficial effects of 
NPC transplantation, such as reconstruction of neuronal circuits, remyelination of axons, 
and neuroprotection by trophic factors. Our group developed a method to induce NPCs 
from human induced pluripotent stem cells (hiPSCs) and established a transplantation 
strategy for SCI. Functional improvement in SCI animals treated with hiPSC-NPCs was 
observed, and the safety of transplanting these cells was evaluated from multiple perspec-
tives. With selection of a safe cell line and pretreatment of the cells to encourage maturation 
and differentiation, hiPSC-NPC transplantation therapy is now in the clinical phase of test-
ing for subacute SCI. In addition, a research challenge will be to expand the efficacy of 
transplantation therapy for chronic SCI. More comprehensive strategies involving combina-
tion treatments are required to treat this problematic situation.

Keywords: Spinal cord injury, Transplantation, Neural precursor cells, Induced pluripotent 
stem cell

INTRODUCTION

Spinal cord injury (SCI) occurs upon sudden high-energy 
impact such as that in vehicular or contact sports accidents. In 
recent years, cervical SCI caused by minor traumas among the 
elderly has been raised as an additional issue for the aging soci-
ety. In clinical stage, SCI is classified to complete injury, which 
is defined as no preservation of motor and/or sensory function, 
and incomplete injury which remains any neurological function 
below the injured site.1 More than 70% of patients with com-
plete SCI progress without functional improvement.2 As a re-
sult, 3 million people are estimated to suffer from SCI world-
wide, with 180,000 new cases each year.3

Since Cajal proposed the difficulty of regenerating the central 
nervous system, numerous researchers have struggled to devel-
op treatments for SCI.4 However, the effects of conventional treat-

ments, including methylprednisolone sodium succinate infu-
sion, are modest,5,6 and surgical decompression of the injured 
spinal cord is still the only gold standard therapy for this inju-
ry.7,8

The lack of regenerative capacity in the injured spinal cord is 
related to many factors, such as characteristics that inhibit axo-
nal regeneration, poor regenerative ability of endogenous neu-
ral precursor cells (NPCs), and insufficient support by trophic 
factors.5 Particularly in complete transection model, which well 
reproduces the complete injury in human, there are no spared 
axons in the injured site and exogenous replacements are essen-
tial. Cell transplantation therapies have attracted attention as 
possible methods to overcome these disadvantages due to their 
multiple types of therapeutic potentials.3 We aim to develop a 
human induced pluripotent stem cell (hiPSC)-derived NPC 
transplantation therapy to treat this challenging pathology and 
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advance it to clinical application.6,9,10

In this report, we review various studies on transplantation 
therapies for SCI, especially NPC transplantation, and described 
the present stage of clinical translation for our hiPSC-NPC trans-
plantation therapy.

NPC TRANSPLANTATION FOR SCI

Transplantation therapy for SCI has been researched world-
wide over a few decades. Several types of cells, such as Schwann 
cells,11-15 mesenchymal stem cells,16-22 olfactory ensheathing 
cells,23-25 and NPCs9,26-31 have been attempted to be used as can-
didate cell sources. The diverse characteristics of each cell have 
been found to promote unique beneficial effects for the injured 
spinal cord and to lead to functional recovery in a SCI animal 
model.3 The main concept for NPC transplantation is to replace 
lost neural cells32 by compensating for the poor regenerative 
ability of endogenous NPCs.

Approximately 20 years ago, embryonic cells or tissues were 
transplanted into SCI animals.33,34 Transplantation of these het-
erogeneous cells resulted in functional recovery of the animals 
along with histological reorganization, and the findings implied 
the efficacy of cell restoration via transplantation of fetal cells.34 
However, a large number of fetuses are required to obtain enough 
tissue to apply to humans. Therefore, this treatment has not ad-
vanced to clinical use.26 In addition, advances in biological tech-
niques have led to the routine dissociation and expansion of 
NPCs from fetal tissues.35 Collaboration of these culture meth-
ods and research to treat SCI have enabled great progress in knowl-
edge to be made in the field of NPC transplantation therapy .

Vacanti et al.36 transplanted spinal cord progenitor cells iso-
lated from the spinal tissue of adult rats into SCI model animals. 
Even though engraftment of transplanted cells and functional 
improvement were observed, the transplanted cells in that study 
included differentiated neurons. The authors did not fully prove 
the efficacy of NPCs in transplanting cells. In addition, Ogawa 
et al.26 performed transplantation of NPCs derived from the rat 
embryonic spinal cord. The transplanted cells differentiated into 
neural cells, and the donor-derived neurons integrated into host 
tissue. Behavioral improvement was also observed, which was 
presumed to be caused by the regenerated axons and oligoden-
drocytes derived from graft cells. Moreover, this study was dem-
onstrated in a contusive injury model animal, which closely mi
mics the pathology of incomplete injury in clinical study com-
pared with incomplete transection models.

Following these results, the multipotency of NPCs is expect-

ed to produce various beneficial effects for the injured spinal 
cord and attracted researchers wishing to treat SCI.

TRANSPLANTATION OF NPCs IN THE 
SUBACUTE PHASE

The timing of transplantation is a critical factor in SCI treat-
ment. Treating acute and chronic SCI is considered difficult due 
to environmental changes, such as the formation of a cavity sur-
rounded by a glial scar.37 Parr et al.38 reported a poor survival 
rate of transplanted cells in the acute and chronic phases com-
pared with the subacute phase. A similar result was revealed 
from the group of Fehlings.28 That group observed dead grafted 
cells in the center area when the cells were transplanted in the 
chronic phase and failed to treat the injury. Nishimura et al.39 
clarified the underlying difficult conditions of chronic SCI and 
reported that glial scar formation and inflammation were the 
most remarkable differences in the injured spinal cord micro-
environment between the subacute and chronic phases.

Including the aforementioned reports, subacute phase in ro-
dents are defined as 7-14 days after injury. In contrast, analyzes 
of gene expression revealed that the inflammatory response is 
significantly prolonged and the onset of glial scar formation is 
temporally delayed in nonhuman primates.40 Thus, the time 
window for cell transplantation to nonhuman primates are thou
ght to be 14–28 days after injury.

All in all, the subacute phase is considered to be the optimal 
time for NPC transplantation, and various reports have dem-
onstrated the therapeutic effect of transplanting NPCs at this 
phase.9,26,28-30,41-43 To understand the pathology of injured spinal 
cord is extremely important to achieve sufficient improvement 
by transplantation therapy. Further research must be conducted 
to define and evaluate the timing of transplantation to human.

THERAPEUTIC MECHANISMS OF NPC 
TRANSPLANTATION

Although NPC transplantation improves functional outcomes 
in SCI animals, the detailed underlying mechanisms of this treat-
ment remain unclear. In recent years, several studies have focused 
on the mechanisms of recovery mediated by NPC transplanta-
tion. Several approaches have been utilized to demonstrate how 
transplanted cells contribute to the improvement of motor func-
tion. Administration of diphtheria toxin to ablate engrafted hu-
man cells is frequently used to evaluate the therapeutic poten-
tial of the transplanted cells.41,42,44 Elimination of whole trans-
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planted cells leads to the functional deterioration of host ani-
mals, indicating that engrafted NPCs somehow contribute to 
the recovery of host motor function. Regarding the favorable 
effects, 3 main mechanisms have been proposed as therapeutic 
factors for NPC transplantation: reconstruction of the neuronal 
circuits, remyelination of axons, and neuroprotection by tro-
phic factors (Fig. 1).45

1. Reconstruction of Neuronal Circuits
The strategy for reconstruction of neuronal circuits can be 

divided into 2 models: (1) regrowth of an injured axon back to 
the original target and (2) relay formation, in which a new neu-
ron is inserted between the injured axon and the target neuron.46 
The advantage of NPC transplantation is that it can provide 
neurons that may be capable of extending axons in the injured 
spinal cord and achieve new neuronal circuits by relay forma-
tion.

In the early days, axon tracing techniques or immunohisto-
logical staining of neurons was used to annotate the connections 

between host neurons and graft neurons.29,30,47-49 Lu et al.29 dem-
onstrated a large number of grafted axons extending over the 
injury site even in severe SCI model animals. Immunohistolog-
ical synaptic markers also show synapse formation between the 
graft and host neurons, and immunoelectron microscopy anal-
ysis has confirmed the detailed formation of each synapse.9,29,30,50,51

The latest technologies of neuroscience have also attracted 
attention in this spinal cord area. A previous study by Tuszyns-
ki’s group combined the optogenetic stimulation method and a 
genetically encoded calcium indicator to reveal the relay mech-
anisms of host neurons and graft neurons. Stimulation of host 
corticospinal tract axons elicited neuronal network responses 
throughout the grafted neurons. Moreover, optogenetic stimu-
lation of graft neurons triggered the neuronal activity of host 
neurons in the caudal area of injury, which implies the existence 
of an electrophysiological connection in the relay-formed neu-
ronal network.52

Another strategy is to visualize neuronal activity using a lu-
minescent protein. The AkaBLI system, which is a newly devel-
oped redshifted bioluminescence imaging system, has been used 
to demonstrate in vivo imaging of graft neuronal activity. Upon 
transduction of the AkaLuc enzyme under the control of a po-
tent neuronal activity-dependent synthetic promoter in trans-
planted NPCs, engrafted cells show enhanced luminescence 
upon stimulation of the CST tract. This also indicates the neu-
ronal connections of host neurons and graft neurons.53

Our group and others have focused on the relationship be-
tween graft neurons and host motor functions. Designer Re-
ceptor Exclusively Activated by Designer Drugs (DREADD),54-56 
which is a chemogenetically engineered protein that permits 
control of neuronal activity via administration of the ligand clo-
zapine N-oxide (CNO), has been applied to verify the therapeu-
tic effect on neuronal activity in graft-derived cells. By inhibit-
ing the activity of the graft-derived neurons with inhibitory 
DREADD receptor, the locomotor function of host animals 
temporary declined after CNO administration, which directly 
suggested the contribution of graft neuronal activity to the re-
covery of locomotor function.31,57 On top of that, activation of 
graft neuronal activity by excitatory DREADD results in incre
ased connectivity with host neurons and additional functional 
recovery.51 This also shows the connectivity of host and graft 
neurons and indicates the possibility of improving this therapy 
by enhancing the neuronal connections.

Accordingly, neurons derived from grafted NPCs have been 
successfully integrated into host neuronal circuits and play a role 
in functional recovery with transplantation therapy.

Fig. 1. Three main mechanisms have been proposed to repair 
the injured spinal cord. (A) Reconstruction of the neuronal 
circuits by relay formation of engrafted cells. (B) Remyelination 
of graft axons and host axons by graft-derived oligodendro-
cytes. (C) Neuroprotection by trophic factors secreted from 
the transplanted cells.

A

B

C

Graft derived neuron

Graft derived oligodendrocyte

Graft derived astrocyte

Host neuron

Host oligodendrocyte

Trophic factor



NPC Transplantation to Spinal Cord InjuryKitagawa T, et al.

https://doi.org/10.14245/ns.2244628.314938  www.e-neurospine.org

2. Remyelination of Axons
The beneficial effect of remyelination after SCI is still contro-

versial. Duncan et al.58 inhibited remyelination by deleting Myrf, 
a gene that plays a crucial role in remyelination. As the deletion 
of Myrf did not correlate with the motor function of the host 
animals, the results implied that there is no relationship between 
functional outcome and remyelination due to endogenous oli-
godendrocyte precursor cells (OPCs). On the other hand, Yasu-
da et al.59 reported the importance of remyelination by graft-
derived cells for functional recovery after the transplantation of 
NPCs. In that report, transplantation of NPCs isolated from 
myelin-deficient shiverer mutant mice resulted in a lower rate 
of functional recovery than transplantation of NPCs isolated 
from wild-type mice.

Similarly, a study by Salewski et al.60 demonstrated a practical 
difference upon transplantation of iPSC-NPCs derived from 
shiverer mutant mice and wild-type mice, which also implies 
the importance of remyelination due to transplanted cells. De-
spite these controversial results, myelinating injured axons is 
recognized as a critical process after SCI. Several studies have 
aimed to increase the myelinating potential of transplanting 
cells. The use of OPC-enriched NPCs for transplantation is a 
representative example of such a strategy.61-64 Kawabata et al.61 
and Kamata et al.64 transplanted gliogenic NPCs generated by a 
culture protocol modified from one previously reported. Remy-
elination by graft-derived oligodendrocytes was confirmed by 
immunoelectron microscopy analysis after OPC-enriched NPCs 
were transplanted into SCI animals. Similarly, Fehlings’ group 
observed remyelination of axons and functional recovery after 
transplanting oligodendrogenic NPCs directly reprogrammed 
from somatic bone marrow cells.62 Overall, animals treated with 
OPC-enriched NPC exhibit functional improvement. Thus, re-
myelination by transplanted cells is considered to exert a bene-
ficial effect on the injured spinal cord.61-64

3. Neuroprotection by Trophic Factors
After the primary mechanical trauma to the spinal cord, sec-

ondary injury, which causes progressive damage through com-
plex biochemical factors, begins and continues for weeks or 
months.65 Neuroprotection by trophic factors secreted from 
transplanted NPCs is presumed to mediate secondary injury 
and support the regeneration of neural cells. Hawryluk et al.66 
reported elevated expression levels of glial-derived neurotroph-
ic factor (GDNF), leukemia inhibitory factor, and basic fibro-
blast growth factor (bFGF). Another previous study has identi-
fied 49 neurotrophic factors expressed by transplanted cells, in-

cluding insulin-like growth factor 1 (IGF-1), brain-derived neu-
rotrophic factor (BDNF), neurotrophin 3 (NT3), and transform-
ing growth factor 1.67 Similarly, we have previously demonstrat-
ed the secretion of nerve growth factor, BDNF, vascular endo-
thelial growth factor (VEGF), NT3, NT4, ciliary neurotrophic 
factor (CNTF), and hepatocyte growth factor (HGF) from hiP-
SC-NPCs, and these factors exerted favorable effects on behav-
ior soon after transplantation.9,43,68 NT3, NT4, and CNTF en-
courage axonal sparing after injury, and VEGF enhances angio-
genesis at the lesion site by promoting cell survival pathways.43 
HGF is known to promote NPC proliferation and neuronal dif-
ferentiation, thereby playing a key role in the enhancement of 
functional recovery.68 Because of these favorable effects of tro-
phic factors, delivering growth factors is thought to promote 
therapeutic effects. Karimi-Abdolrezaee et al.28 combined NPC 
transplantation with the delivery of growth factors such as plate-
let-derived growth factor (PDGF-AA), bFGF, and epidermal 
growth factor (EGF) to promote cell survival in the environ-
ment of the injured spinal cord. Lu et al.29 achieved long-dis-
tance growth of grafted neurons by supporting graft survival 
with BDNF, NT-3, PDGF-AA, IGF-1, EGF, bFGF, acidic FGF, 
GDNF, HGF, and a calpain inhibitor.

In recent years, microRNA (miRNA), such as miRNA-210 
and miRNA 126, has also been reported to mediate the envi-
ronment of injured spinal cord via angiogenesis or attenuation 
of inflammation.69,70 In case of NPC transplantation, Yang et 
al.71 showed upregulation of miRNA-375-3p and miRNA-1-3p, 
and downregulation of miRNA-363-3p, miRNA-449a-5p, and 
miRNA-3074 in mice treated with oligodendrogenic NPCs. As 
bioinformatics analysis of these miRNA indicates the relation 
with cell proliferation and neuronal differentiation, these results 
suggest the possibility that miRNA promoted functional recov-
ery in oligodendrogenic NPC transplantation.

Despite this evidence, the detailed effects of each factor are 
still being investigated, and further studies are needed.

CELL SOURCES FOR GENERATING NPCs

In basic research, NPCs are generated from several cell sourc-
es. In the early era, somatic stem cells were used to prepare NPCs, 
as described above.26,36 Similarly, Lu et al.29 demonstrated the 
neuronal connections of host and graft cells by transplanting 
NPCs dissected from the embryonic rat spinal cord in a recent 
study. In the same way, NPCs have been generated from fetal 
spinal cells of rodents or humans in several studies.27,28,31,72 Re-
programming from somatic cells has also been performed in 
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recent studies. Fehling's group transplanted OPC-enriched NPCs, 
which were directly reprogrammed from bone marrow somatic 
cells and demonstrated functional recovery.62,63

In the past few decades, methods to induce NPCs from plu-
ripotent cells have been investigated.73 Kumagai et al.74 promot-
ed functional recovery by transplanting NPCs generated from 
embryonic stem cells (ESCs). However, using somatic stem cells 
or ESCs for the clinical phase is associated with ethical and im-
munological concerns and therefore casts a shadow over the 
advancement of this transplantation therapy. iPSCs were invent-
ed by Yamanaka’s group, and the use of these new pluripotent 
stem cells as a source of NPCs resolves these problems.75 In ad-
dition to this ethical problem, iPSCs raised a possibility of au-
tologous transplantation. This was an obvious advantage to al-
logenic transplantations, such as NPCs derived from somatic 
stem cells or ESCs, which requires immunosuppression when 
transplanting to human spinal cord. Tsuji et al.76 transplanted 
NPCs derived from murine iPSC, followed by a report from 
Nori et al.9 which transplanted human iPSC. Lu et al.30 trans-
planted NPCs derived from iPSCs that were harvested from a 
healthy 86-year-old male and induced to differentiate. Salewski 
et al.60 transplanted NPCs derived from iPSCs generated by a 
nonviral piggyBac transposon approach.

According to these reports from several groups, iPSC-NPC 
transplantation shows favorable results. Moreover, using hiP-
SCs as a cell source for NPCs enables the transplanted cells to 
successfully survive the injured spinal cord and differentiate into 
neural cells.9,43 Similar to NPCs derived from other cell sources, 
neurons differentiated from hiPSC-NPCs integrate into host 
neuronal circuits and alter the motor activity of host animals.9,49,57 
hiPSC-NPCs also secrete nerve growth factor, BDNF, and HGF, 
which exert favorable effects on behavior soon after transplan-
tation.9 Additionally, remyelination of axons by graft oligoden-
drocytes has been observed after enrichment of OPCs in trans-
planted cells.61,64 Overall, the multiple beneficial factors clearly 
improve the locomotor function of host animals, and hiPSC-
NPCs have become a leading candidate cell type for transplan-
tation for SCI treatment.

SAFETY OF hiPSC-NPC TRANSPLANTATION

Although hiPSC-NPC transplantation leads to a favorable re-
sult for SCI animals, transplantation of immature cells has a 
risk of tumorigenicity. The potency of tumorigenic change dif-
fers by hiPS cell line.77,78 Even if safe iPS cell line-derived NPCs 
are transplanted, tumor-like growth occasionally occurs.79 For 

clinical application, establishing a safe transplantation therapy 
is indispensable, and we have handled this problem from mul-
tiple perspectives.

1. Prediction and Detection of Tumorigenic Change
The ideal strategy to avoid tumorigenicity after transplanta-

tion is to predict the risk of tumorigenic change before trans-
plantation and to select safe cell lines. To achieve selection ac-
curacy, we compared the gene expression profiles of tumorigen-
ic and nontumorigenic hiPSC-NPCs by comprehensive DNA 
methylation analysis.80 The genomic regions surrounding the 
transcriptional start sites of the tumor suppressor genes were 
hypermethylated in tumorigenic NPCs but not in nontumori-
genic NPCs. Interestingly, the aberrant DNA methylation pro-
file was more pronounced when the number of passages incre
ased, even for the cell lines that were initially nontumorigenic. 
The methylation profiles and the passage number limits should 
be included in the criteria for clinical settings.

Detecting tumorigenic formation at the early stage will also 
be required to guarantee the safety of this therapy. In tumori-
genic hiPSC-NPCs, the differentiation-resistant properties of 
abnormal cells cause the continuous growth of transplanted 
cells. Tanimoto et al.78 reported a method to detect these prolif-
erating cells using positron emission tomography (PET). The 
immature NPCs showed a high expression level of the 19 kFa 
translocator protein (TSPO), also known as the peripheral-type 
benzodiazepine receptor. PET with [18F] FEDAC (a TSPO ra-
dioligand) succeeded in visualizing the remaining undifferenti-
ated hiPSC-NPC derived cells, which were TSPO+ and Nestin+ 
cells, by histological analysis. This technique could also play a 
key role in the clinical stage.

2. �Prevention of Tumorigenic Overgrowth by Pretreatment 
With a Notch Signaling Inhibitor
Despite the careful selection of cell lines for transplantation, 

the infrequent occurrence of tumorigenic changes remains a 
concern for this therapy. To address this problem, we investi-
gated pretreatment with a gamma secretase inhibitor (GSI), 
which inhibits Notch signaling that controls the induction of 
NPCs.50,81 Pretreatment of GSI promoted neuronal differentia-
tion and maturation of hiPSC-NPCs in vitro. By this pretreat-
ment, transplantation of tumorigenic hiPSC-NPCs resulted with-
out any tumor formation. Thus, this study indicates the effec-
tiveness of GSI pretreatment in preventing cell overgrowth. More-
over, pretreatment with GSI before transplantation of nontumori-
genic hiPSC-NPCs leads to further functional recovery of host 
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animals according to the maturation and neuronal differentia-
tion induced by Notch signal inhibition.50 Therefore, GSI pre-
treatment is considered a critical process in hiPSC-NPC trans-
plantation treatment to prevent tumorigenic changes and en-
hance therapeutic efficacy.

3. �Usage of Suicide Genes to Eliminate Tumorigenic hiPSC-
NPCs
Even though selection of cell lines and pretreatment to pre-

vent overgrowth decreases the risk of tumorigenesis, measures 
should be taken to eliminate proliferating cells. In order to solve 
this issue, we have proposed several methods to ablate tumori-
genic transplanted cells by using a suicide gene system, which is 
also applied to transplantation therapy in other disease.77,82,83 In 
the first method, induced caspase-9, which is a member of the 
caspase family of cysteine proteases that have been implicated 
in apoptosis and cytokine processing, was transduced into tu-
morigenic hiPSC-NPCs and transplanted into SCI animals.77 
As expected, the transplanted cells formed tumor-like growths. 
When the apoptosis inducer was injected, the transplanted cells 
were completely ablated, indicating this system’s effectiveness in 
salvaging from undesired overgrowth. However, this system 
ablated all transplanted cells, including the differentiated cells 
that were contributing to the functional recovery. Eventually, 
the improved motor function achieved by the transplantation 
deteriorated after the suicide gene system was triggered.

To overcome this disadvantage, we next chose the herpes sim-
plex virus type 1 thymidine kinase (HSVtk) gene as a candidate 
suicide gene.82 Via HSVtk, ganciclovir (GCV), the prodrug, can 
be converted to cytotoxic GCV-triphosphate. Thus, HSVtk-ex-

pressing cells can be eliminated by GCV induction. This system 
kills the cell by causing a delay in the S and G2 phases, resulting 
in apoptosis of only proliferating cells. Upon transplanting HS-
Vtk-transduced tumorigenic hiPSC-NPCs and stimulating the 
suicide by GCV, only proliferative cells were ablated, and the 
improved locomotor function was sustained. Therefore, this 
new approach enables treatment of tumorigenesis without sac-
rifice of the improved motor function.

CLINICAL APPLICATION OF hiPSC-NPC 
TRANSPLANTATION

Given the considerable evidence from basic and preclinical 
studies revealing the effectiveness and safety of hiPSC-NPC trans-
plantation, our transplantation therapy for SCI has reached the 
clinical application stage.6

Similar to other transplantation therapies for SCI, the treat-
ments in our previous studies have mainly treated SCI at the 
subacute phase, which is considered an optimal time for treat-
ment due to the neural plasticity and reactivity at this stage.10

Since autologous transplantation is unrealistic for the subacute 
phase because of the lack of a generation period for transplant-
ed iPSCs, allograft transplantation of NPCs derived from an 
hiPSC stock at the Center for iPS Cell Research and Application 
(CiRA) is being applied in this clinical trial. The hiPSC stocks 
were generated from human leukocyte antigen (HLA) superdo-
nors who are homozygous at the 3 major HLA gene loci to main-
tain a pool of immunologically safe iPSC clones corresponding 
to various HLA types. The quality of the generated cells has been 
thoroughly checked based on general characteristics, marker 

Fig. 2. Schematic illustration of iPSC-NPC transplantation therapy in the clinical trial. iPSC, induced pluripotent stem cell; NPC, 
neural precursor cell; HLA, human leukocyte antigen; SCI, spinal cord injury; CiRA, Center for iPS Cell Research and Applica-
tion.
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expression of differentiated cells, and genomic factors to ensure 
safety after transplantation (Fig. 2).10

Beginning in 2021, we began recruiting complete SCI patients 
(American Spinal Cord Injury Association Impairment Scale A) 
within 14–28 days of injury. hiPSC-NPCs pretreated with GSI 
are being transplanted, and patients will be followed up for one 
year with proper neurologic evaluations.

TRANSPLANTATION THERAPY FOR THE 
CHRONIC PHASE

The next mission for this treatment is to expand toward the 
chronic phase after injury. More than 90% of patients still suffer 
from their impairments and disabilities in the chronic phase; 
therefore, this phase is the most significant stage for related re-
search.10 However, as Nishimura et al. proved the difficulty of 
treating chronic SCI by only NPC transplantation, several stud-
ies have failed to recover motor functions in the chronic phase, 
and only a few reports have shed light on this challenging situa-
tion.84-86 Additionally, the timing of chronic phase in the studies 
of rodent model lay from 28 days to 91 days after injury.28,37,38,87 
The underlying environment in chronic phase will not be in a 
homogeneous pathology following the progression after injury, 
thus, the wide range of this phase results in confusion and diffi-
culty for treating.

Since NPC transplantation alone is insufficient for treating 
chronic SCI, combination with other therapeutic factors is re-
quired to overcome this difficult situation. Okubo et al.37 report-
ed functional recovery upon transplantation of GSI-pretreated 
hiPSC-NPCs into chronic SCI model mice. Notch signaling in-
hibition promoted the maturation of transplanted cells and re-
sulted in significantly enhanced axonal regrowth, remyelination, 
and inhibitory synapse formation with host neurons. Addition-
ally, GSI pretreatment caused phosphorylation of p38 mitogen-
activated protein kinases, which are also key molecules required 
to promote axonal regeneration. Through these favorable factors, 
we succeeded in improving locomotor function in the chronic 
phase.

Another promising therapy involves concomitant rehabilita-
tion. Rehabilitation is known to be an effective treatment for 
SCI, even in the clinical stage.88-92 In our previous report, com-
bining rehabilitative treatment with transplantation of NPCs 
harvested from embryonic mouse spinal cords enhanced the 
independent therapeutic effects of each single therapy.93 The 
synergistic effects of this combination therapy facilitated neuro-
nal differentiation of transplanted cells and maturation of the 

central pattern generator. Since hiPSC-derived cells were not 
used in this study, the synergistic effects of hiPSC-NPCs and 
rehabilitation need to be confirmed in the near future.

The use of chondroitinase ABC (ChABC) to degrade chon-
droitin sulfate proteoglycans, which form a potent barrier for 
axon regeneration, is also a promising strategy to treat chronic 
SCI.94 Upon delivery of ChABC, transplanted iPSC-NPCs can 
survive and differentiate into neural cells. Furthermore, the dif-
ferentiated neurons form functional synapses and improve the 
motor function of host animals.

Finally, the Marsala group transplanted human spinal cord-
derived neural stem cells into 4 humans with chronic SCI.95 By 
using a cell line authorized by U.S. Food and Drug Administra-
tion, the safety of the transplantation was implied, although it 
did not have the statistical power to evaluate functional changes.

CONCLUSION

Due to the numerous efforts and evidence accumulated to 
date, hiPSC-NPC transplantation therapy has advanced to the 
clinical application stage. Nevertheless, several aspects remain 
to be investigated, such as the detailed therapeutic mechanisms 
and strategies to enhance the therapeutic effects. Although nu-
merous studies have significantly succeeded to improve func-
tional outcomes, no one has fully recovered the injured spinal 
cord and behaviors, especially in sever injury models. The patho-
physiological knowledge of injured spinal cord and mechanisms 
to treat this injury must lead to an optimal strategy for complete 
improvement from SCI. Additionally, the permanent effect of 
transplantation has not been proven in animal models because 
of the short lifespan compared with human. To secure safety 
and confirm the persistent functional enhancement, long term 
studies using primate models are required. Lastly, to establish 
and enable this transplantation therapy to proceed to the treat-
ment of chronic SCI, further basic researches are required.
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