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a b s t r a c t 

Spinal cord injury (SCI) has been considered to cause sudden, irreversible loss of function in patients. However, 

developments in stem cell biology and regenerative medicine are changing this conventional notion. Here we 

reviewed the overview of regenerative medicine of SCI. 

As a consequence of the establishment of human induced pluripotent stem cells (hiPSCs), hiPSC-based thera- 

pies for SCI, such as neural stem/progenitor cell (NS/PC) transplantation, have emerged as promising therapeutic 

modalities. Using several animal models, hiPSC-NS/PC transplantation into subacute injured spinal cords has been 

repeatedly demonstrated to improve locomotor function. 

Some biological mechanisms underlying this improvement have been proposed. In particular, combined with 

advanced neuroscience techniques such as designer receptors exclusively activated by designer drugs (DREADDs), 

neuronal relay theory, in which the transplanted cell-derived neurons reconstruct disrupted neuronal circuits, was 

proven to be involved histologically, pharmaceutically, electrophysiologically, and via in vivo bioimaging. 

Based on these findings, hiPSC-NS/PC transplantation for subacute SCI was moved ahead to a clinical study 

on human patients. At the same time, the search for effective treatments for chronic SCI is proceeding gradually, 

combining hiPSC-NS/PC transplantation with other treatment modalities such as rehabilitation, pharmaceuti- 

cal interventions, or optimal scaffolds. In addition to NS/PCs, oligodendrocyte precursor cells (OPCs) are also a 

promising cell source for transplantation, as demyelinated axons affected by SCI can be repaired by OPCs. Thera- 

pies with OPCs derived from hiPSCs are still in preclinical studies but have shown favorable outcomes in animal 

models. 

In the future, several therapeutic options may be available according to the pathological conditions and the 

time period of SCI. Moreover, the application of regenerative therapy for the spinal cord could be broadened to 

degenerative disorders, such as spinal canal stenosis. 

Summary sentence: A historical review of human induced pluripotent stem cell (hiPSC) based cell transplan- 

tation therapy for spinal cord injury (SCI), in particular about footsteps of hiPSC-derived neural stem/progenitor 

cell transplantation, recent clinical study, and its future perspective. 
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ntroduction 

Spinal cord injury (SCI) is a grueling condition in which the spinal

ord parenchyma, part of the central nervous system (CNS), is damaged,

esulting in the paralysis of the sensory, motor, and autonomic nerves

elow the level of injury. SCI occurs mainly as a result of traumatic in-

uries such as traffic accidents, falls, or sports accidents. Treatment for

CI consists mainly of 1) decompression and fusion surgery on the phys-

cally compressed spinal cord to prevent further damage and 2) rehabil-

tation to enhance residual function. However, a fundamental treatment
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o regenerate the damaged spinal cord and to recover lost function has

ot been established. This is because nerve cells do not self-renew, nor

oes CNS tissue regenerate once damaged [1] . 

In recent years, research in stem cell biology and regenerative

edicine has attracted attention with positive expectations for ther-

peutic approaches for the tragic condition of SCI [2–5] . For exam-

le, clinical studies have been conducted on therapies involving intra-

enous administration of bone marrow-derived mesenchymal stem cells

nd therapeutic agents such as granulocyte colony-stimulating factor

6–8] and hepatocyte growth factor [ 9 , 10 ]. Based on the belief that
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t  
he injured spinal cord can be regenerated by replacing the damaged

ells, the authors’ group has long been studying intraspinal transplanta-

ion of neural stem/progenitor cells (NS/PCs) derived from human in-

uced pluripotent stem cells (hiPSCs) for SCI therapy. In this review, we

resent an overview of previous studies and recent progress in hiPSC-

erived NS/PC transplantation therapy for SCI. 

athophysiology of SCI 

The condition of the injured spinal cord changes over time [ 3 , 11 , 12 ].

nitially, the trauma causes mechanical damage to the tissue. This me-

hanical damage is called the primary injury. After the primary injury,

econdary injury occurs due to the self-destructive tissue process and in-

ammatory reaction. The primary injury disrupts the blood–spinal cord

arrier, leading to edema in the white matter of the spinal cord and

emorrhage in the gray matter within a few minutes. This disruption

f blood flow in the injured area results in vasoconstriction and throm-

us formation in the microenvironment, resulting in localized ischemia.

ccordingly, the subsequent oxidase-induced neuronal cell death and

xonal demyelination further impair the normal function of the spinal

ord. This period of intense inflammation at the injured site causing

econdary injury is generally referred to as the acute phase [13–17] . 

Subsequently, reactive astrocytes migrate around the injured area to

urround the inflammatory cells that have infiltrated the lesion [12] .

his process prevents further spreading of the injury. This period is

efined as the subacute phase, generally corresponding to one to two

eeks after SCI in rodents and two to four weeks in primates [18] . 

Eventually, the injury gradually moves to the chronic phase.

hroughout the chronic phase, glial scars and cavities are formed in the

njured area [ 4 , 19 ]. In this condition, the spinal cord becomes firmly

table, with the disruption of the healthy and natural neural circuit.

ence, it was thought that functional disability in the patient is irre-

ersible once the SCI reaches the chronic phase. 

In this way, the pathophysiology of SCI varies greatly according to

he time after the injury, so treatments for SCI should differ depend-

ng on the time after and pathophysiology of the injury. The aforemen-

ioned decompression and fusion surgeries are aimed at reducing sec-

ndary injury. Therefore, these surgeries are carried out in the acute

hase for physically compressed spinal cords associated with fractures,

islocations, or swelling. Methylprednisolone has been administered in

he acute phase to reduce secondary injury, but a consensus on its safety

nd effectiveness has not yet been reached [20–22] . In this way, these

xisting treatments mainly focus on preserving surviving tissue and pre-

enting further damage. Various attempts have been made, but the re-

overy of lost function has been a great challenge in the treatment of

CI. 

S/PC transplantation therapy for SCI 

Stem cells are somatic cells that possess both a multipotent capacity

o differentiate into various cell types and a self-renewal capacity to pro-

iferate while maintaining an undifferentiated state. Endogenous stem

ells are involved in the self-repair of damaged tissues, such as lizard

ail or human skin. It has been reported that intrinsic neural stem cells

xist in the spinal cord, but most intrinsic neural stem cells in the spinal

ord differentiate into astrocytes after SCI [ 23 , 24 ]. Therefore, intrinsic

eural stem cells contribute little to the cellular replenishment of neu-

ons and oligodendrocytes, so the damaged spinal cord fails to recover

o a healthy intact condition. This has been thought to be one of the

ain causes of irreversible damage. 

Therefore, it was hypothesized that spinal cord regeneration could be

chieved by transplanting NS/PCs, which have the ability to differenti-

te into neural cells such as neurons, astrocytes, and oligodendrocytes,

nto the injured spinal cord. This revolutionary therapeutic approach

iffers fundamentally from conventional therapies that aim to reduce

econdary damage in the acute phase. It aims to regenerate damaged
2 
issue and recover functional loss by replacing nerve cells through trans-

lantation. 

ptimal time for NS/PC transplantation 

Several studies have been conducted to determine when transplanted

ells can be successfully engrafted. The results of these studies indicated

hat the acute phase, when strong inflammation occurs, is not suitable

or the successful engraftment of transplanted cells [ 3 , 18 , 25 ]. This is

ecause the strong inflammation, especially the action of complement

roteins such as C5a, in the acute phase is hostile to the transplanted

S/PCs and differentiated immature neural cells, as it is to the dam-

ged spinal cord [26] . On the other hand, the chronic phase, when glial

car formation has completed, was also reported to be less than ideal

or transplantation. This is because although the transplanted cells are

iable in the glial scar, they fail to exert their therapeutic effect due to

he strong intercellular adhesion of the glial scar and the axonal growth

nhibitory factors released from the glial scar [27] . 

Therefore, the subacute phase, when inflammation has subsided but

he glial scar has not completely formed, was considered to be the op-

imal time period for transplantation [25] . Thus far, most cell trans-

lantation therapy studies, including ours, have mainly focused on the

ubacute phase ( Fig. 1 ). Recently, a study showed that inflammation can

e reduced faster by using a C5a receptor antagonist, and the optimal

ime window for transplantation can be broadened [26] . 

ransplantation of hiPSC-derived NS/PCs into injured spinal cords

First, we and other researchers transplanted NS/PCs derived from

etal rats into subacute injured adult rat spinal cords and reported im-

roved locomotor function [ 25 , 28 , 29 ]. Then, we furthered our research

y transplanting NS/PCs derived from human fetuses into subacute in-

ured common marmoset (a nonhuman primate) spinal cords [ 30 , 31 ].

mproved locomotor function was observed in this research. The find-

ngs of these studies showed great promise for the clinical application of

egenerative medicine for SCI. However, aborted fetal tissue was needed

o obtain the NS/PCs for these studies, which raised a serious ethical

roblem. In some countries, including ours, clinical application of fetal

issue-derived NS/PCs is not permitted under law. 

The establishment and development of hiPSCs drastically changed

his difficult situation. iPSCs are established by inducing some repro-

ramming factor genes in somatic cells, thus bypassing the ethical prob-

em described above [ 32 , 33 ]. Therefore, hiPSCs were presumed to be a

romising cell source for NS/PC transplantation therapy. 

We first established a method for stable induction of hiPSCs to

S/PCs [ 34 , 35 ]. Then, we transplanted the hiPSC-derived NS/PCs into

he subacute injured spinal cords of mice [36] . In this study, hindlimb

ocomotor function was improved after transplantation. Pathologically,

ransplanted NS/PCs differentiated into three neural lineage cells: neu-

ons, astrocytes, and oligodendrocytes. Moreover, synapse formation be-

ween grafted and host neurons was confirmed through immunoelec-

ron microscopic examination. Next, we transplanted the hiPSC-derived

S/PCs into the subacute injured spinal cords of common marmosets

37] . Secondary injury was inhibited, and graft-derived axons were elon-

ated into the host spinal cord. Motor function was successfully im-

roved in the transplanted animals. On the basis of these research find-

ngs, we started a clinical study of hiPSC-derived NS/PC transplantation

nto human subacute injured spinal cords [ 38 , 39 ]. We are carefully fol-

owing the clinical courses of the patients after transplantation. 

iological mechanism underlying the effectiveness of 

iPSC-derived NS/PC transplantation therapy 

The clinical study of hiPSC-derived NS/PC transplantation therapy

as already begun, but the biological mechanism underlying the effec-

iveness of this therapy has remained elusive. In previous studies, several
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Fig. 1. Optimal time period for cell transplantation. Neither the acute phase, when strong inflammation occurs, nor the chronic phase, when glial scar formation 

has completed, are suitable for cell transplantation. Therefore, the subacute phase, when inflammation has subsided but the glial scar has not completely formed, is 

considered to be the optimal time period for transplantation. To broaden the time window for transplantation, a C5a receptor antagonist was reported to be effective 

for reducing inflammation. 
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actors were reported to be involved in the efficacy of this transplanta-

ion therapy [5] . Three of these factors, which are the most widely pro-

ounded, are the regeneration of the neuronal circuit between the graft

nd host tissue [40–42] , the remyelination of demyelinated host axons

43–46] , and neuroprotection by neurotrophic factors secreted by the

S/PCs and host tissue [ 27 , 47 ] ( Fig. 2 ). 

However, how those factors specifically yield functional improve-

ent and how much those factors contribute to the improvement have

ot been sufficiently elucidated [48] . It is critically important to clarify

he mechanism underlying this functional improvement for the further

dvancement of this therapy. 

pplication of designer receptors in basic research for spinal cord 

egeneration 

Currently, with advancements in neuroscience and molecular cell bi-

logy, various new methods have been developed to control neuronal

ctivity. One of these new techniques is designer receptors exclusively

ctivated by designer drugs (DREADDs) [49–52] . These are genetically

odified G-protein-coupled receptors that are engineered to respond ex-

lusively to synthetic ligands, such as clozapine N-oxide (CNO), and not

o endogenous ligands. By using DREADDs, researchers can selectively

nd reversibly manipulate the neural activity of target neurons [52] . 

We established hiPSC-derived NS/PCs expressing hM4Di, which is

 type of DREADD that inhibits neural activity when CNO is admin-

stered. Then, we transplanted these hM4Di-expressing hiPSC-derived

S/PCs into the subacute injured spinal cords of mice [53] . As we ob-

erved before, hindlimb locomotor function was significantly improved

fter transplantation in transplanted mice compared to sham control

ice. Thereafter, we injected the mice with CNO intraperitoneally at

0 weeks after transplantation. One hour after CNO administration,

art of the improved locomotor function was diminished temporally in

he transplanted group. On the other hand, locomotor function in the

ham control group was not affected by CNO administration. This re-

ult showed that selective inhibition of hM4Di-expressing graft-derived

eurons decreased the improved function and indicated that the graft-

erived neurons contributed to the reconstruction of damaged neural

ircuits. Moreover, the result in which a part of the motor function re-

overy was reduced by selective inhibition means that the rest of the

unctional recovery was assumed to be the contribution of other mech-

nisms, such as remyelination or neurotrophic factor release. 

We also used hM3Dq, which is another type of DREADD that acti-

ates neural activity when CNO is administered. We transected the corti-

ospinal tract (CST) of mice and transplanted hiPSC-derived NS/PCs into

he lesion [40] . Then, we injected hM3Dq-expressing adeno-associated

irus into the mouse primary motor cortex. After CNO administration,

he in vivo imaging system revealed that E-SARE promoter activity was
3 
nhanced in graft-derived neural cells. E-SARE is a synthetic promoter

hose activity is enhanced soon after neuronal activity. This result

howed that the graft-derived neuron in the CST was activated after

he stimulation of the primary motor cortex and indicated the recon-

truction of neuronal connectivity from the primary motor cortex to the

raft-derived neuron in the cervical CST. 

Furthermore, in another study, we established hiPSC-derived NS/PCs

xpressing hM3Dq. Then, we transplanted these hM3Dq-expressing

iPSC-derived NS/PCs into the subacute injured spinal cords of mice

54] . After transplantation, CNO was injected peritoneally each day.

hrough this continuous stimulation of the graft, synaptic activity was

nhanced in the host spinal cord tissue around the graft, and locomotor

unction was significantly improved in the stimulated group compared

ith the transplantation-alone group. Moreover, it was also shown that

lectrical activity within the host spinal cord was enhanced soon after

NO administration. This result revealed that the activation of trans-

lanted neural cells can enhance the efficacy of NS/PC transplantation

herapy and provided a basis for further advancement of this therapy to

e combined with adjuvant therapy, such as rehabilitation and electrical

r magnetic stimulation. 

pplication for chronic SCI 

As mentioned above, we and other researchers have conducted many

tudies regarding hiPSC-derived NS/PC transplantation therapy for sub-

cute SCI. Consequently, a clinical study on human patients was even-

ually started [ 38 , 39 ]. However, the study of SCI is just the beginning

ecause there remain important challenges for chronic SCI [55] . A ma-

ority of patients are in the chronic phase, in which regeneration is ex-

remely difficult because of glial scar and cavity formation [ 4 , 19 , 56 ].

hus far, studies in which the efficacy of hiPSC-NS/PC transplantation

as been reported are very limited, but researchers have been tackling

his problem. 

We first transplanted hiPSC-NS/PCs into chronic injured spinal cords

f mice [27] . The NS/PCs survived in the lesion, but the glial scar en-

losed the transplanted cells, axonal regrowth beyond the glial scar

id not occur, and we could not confirm locomotor function recovery.

herefore, combined approaches in which some other strategy is added

o the hiPSC-NS/PC transplantation have been attempted. 

One approach is to combine rehabilitation with cell transplantation.

e transplanted mouse fetus-derived NS/PCs into injured mouse spinal

ords 49 days after SCI, and those mice underwent treadmill training for

pproximately 50 days [57] . Compared to the control group, the trans-

lantation and rehabilitation combination group showed a significant

mprovement in hindlimb motor function. On the other hand, transplan-

ation alone or rehabilitation alone did not lead to significant improve-

ent. The recovery due to this combination therapy is considered to be
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Fig. 2. Biological mechanism underlying the effectiveness of cell transplantation therapy. Neuronal circuit disconnection, axonal demyelination, and neuronal cell 

death occur following spinal cord injury. Cell transplantation therapy is reported to regenerate neuronal circuits, remyelinate demyelinated host axons, and protect 

remaining neural cells by neurotrophic factors. 
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riggered by the synergistic effect of neuronal differentiation of trans-

lanted cells and neuronal pattern generator activation. 

Another approach for chronic SCI is pharmaceutical administra-

ion to hiPSC-NS/PCs before transplantation. We focused on gamma-

ecretase inhibitor (GSI), which is reported to promote neuronal differ-

ntiation of NS/PCs by inhibiting Notch signaling [ 58 , 59 ]. We adminis-

ered GSI to hiPSC-NS/PCs and then transplanted them into the chronic

njured spinal cords of mice [60] . As a result, the transplanted cells

ere engrafted in the spinal cord, the graft-derived axon extended be-

ond the glial scar, and locomotor function was significantly improved

n the transplanted group. Moreover, some researchers have focused on

hondroitinase ABC because this enzyme can degrade chondroitin sul-

ate proteoglycans, which are one component of glial scars and act as a

arrier for regeneration. They combined intrathecal chondroitinase ABC

nd intraspinal cell transplantation of hiPSC-derived NS/PCs or human

ell-derived oligodendrocyte precursor cells (OPCs), and they reported

he long-term survival, migration, and integration of transplanted cells

s well as behavioral recovery [61–64] . 

As just described, the application of hiPSC-NS/PC transplantation

or chronic SCI has a long way to go, but steady progress is being made.

urther advancement is expected. 
4 
ther strategies for spinal cord regeneration using hiPSCs 

Because of their multipotency, hiPSCs can be differentiated into var-

ous kinds of cells under well-coordinated culture conditions. Naturally,

ifferent kinds of cells other than NS/PCs have been considered for

ransplantation. One promising candidate is OPCs, considering that one

f the main causes of functional impairment after SCI is demyelina-

ion. Oligodendrocytes are absolutely essential for remyelination, and

ndeed, mouse embryonic stem cell-derived OPC transplantation into

he injured spinal cords of rats can myelinate demyelinated axons and

mprove locomotor function [65] . The transplantation of hiPSC-NS/PCs

an theoretically replenish neurons, astrocytes, and oligodendrocytes,

ut a major proportion of transplanted cells differentiate into neurons,

hereas the proportion that differentiate into oligodendrocytes is as low

s three percent [36] . Therefore, culture conditions were optimized for

iPSC-OPCs [ 43 , 66 ], and these hiPSC-OPCs were transplanted into the

ubacute injured spinal cords of mice [ 43 , 45 ]. Forty percent of trans-

lanted cells differentiated into oligodendrocytes, and the remyelination

f host-damaged axons was confirmed by immunoelectron microscopy.

onsequently, locomotor function was improved in the transplanted

roup. 
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As just described, neurons and oligodendrocytes are both promis-

ng cell targets for spinal cord regeneration. On the other hand, astro-

ytes, the other type of neural cell, have also been considered graft tar-

ets. Hayashi et al. differentiated mouse iPSCs into astrocytes and trans-

lanted them into the injured spinal cords of rat [67] . In this case, loco-

otor function was not recovered, and neuropathic pain worsened after

ransplantation. This result indicates that astrocyte transplantation is ap-

arently harmful to SCI [12] . In early studies, reactive astrocytes were

haracterized into the A1 neurotoxic phenotype and A2 neuroprotective

henotype [ 68 , 69 ], but binary characterization is currently insufficient

o describe diverse astrocyte heterogeneity [70] . There remains much

o be revealed regarding the role of reactive astrocytes after SCI, but if

europrotective astrocytes can be distinguished and phenotype conver-

ion can be controlled, astrocytes or astrocyte precursor cells might be

rospective options for spinal cord regeneration. 

As mentioned above, hiPSCs can differentiate into various cell types,

nd each cell type can induce different reactions after transplantation.

herefore, future strategies should be investigated to select optimal cell

ypes depending on the pathological condition of SCI, for example, the

ransplantation of hiPSC-NS/PCs for SCI with severe damage in gray

atter and/or hiPSC-OPCs for SCI with demyelination. Moreover, re-

earchers have mainly focused on motor functional recovery after SCI,

ut future studies are also necessary to focus on pain or sensory func-

ion considering the fact that this treatment is starting to be applied in

uman patients, as sensory disturbance and neuropathic pain are also

ajor complaints after SCI [ 71 , 72 ]. As research topics in spinal cord

egeneration, astrocytes and microglia are less well investigated, and

urther studies are awaited. 

onclusions 

We reviewed progress thus far and future perspectives in spinal cord

egeneration using hiPSCs for the treatment of SCI. A clinical study has

ust begun on hiPSC-NS/PC transplantation for the treatment of suba-

ute SCI, and the results are now being validated. At the same time, ba-

ic research is actively being conducted on the mechanism underlying

he efficacy of this transplantation therapy, the development of com-

ined therapy for chronic SCI, and the induction of other iPSC-derived

ell types that are distinct from NS/PCs. Although many challenges re-

ain to be solved, we and other researchers around the world have been

orking on these issues and making steady progress. A therapeutic ap-

roach for patients with impaired function due to not only SCI but also

egenerative diseases such as spinal canal stenosis is expected in the

ear future. 
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