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Abstract 
Neurodegenerative diseases (ND) are an entire spectrum of clinical conditions that affect the central and peripheral nervous system. There 
is no cure currently, with treatment focusing mainly on slowing down progression or symptomatic relief. Cellular therapies with various cell 
types from different sources are being conducted as clinical trials for several ND diseases. They include neural, mesenchymal and hemopoi-
etic stem cells, and neural cells derived from embryonic stem cells and induced pluripotent stem cells. In this review, we present the list of 
cellular therapies for ND comprising 33 trials that used neural stem progenitors, 8 that used differentiated neural cells ,and 109 trials that in-
volved non-neural cells in the 7 ND. Encouraging results have been shown in a few early-phase clinical trials that require further investigations 
in a randomized setting. However, such definitive trials may not be possible given the relative cost of the trials, and in the setting of rare 
diseases.
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Graphical Abstract 

Introduction
Neural stem cells (NSCs) are multipotent cells found within 
the central nervous system (CNS) and can differentiate into 
neural lineages of neurons, glial, and oligodendrocytes.1-5 
Sources of NSCs for clinical transplantation range from 
fetal neural tissues, transdifferentiated cells from embryonic 
stem cells (ESCs), mesenchymal stem cells (MSCs), and in-
duced pluripotent stem cells (iPSCs). Neurodegenerative 
diseases (ND) are disorders characterized by progressive loss 
of neurons associated with deposition of proteins showing 
altered physicochemical properties in the brain and in pe-
ripheral organs.6 Affecting hundreds of millions worldwide, 
they are debilitating and increasingly represent a major global 
health challenge worldwide today, with limited management 
options and mostly non-curative. A cellular therapy approach 
has been proposed to address the clinical gap to effect a cure 
for ND. The first clinical trials using stem cells in ND took 
place in mid-1980s with 3-400 participants treated with fetal 
cell transplantation for Parkinson’s disease (PD), in the open-
label format. Subsequently, patients with Huntington’s have 
also experienced clinical benefits with implants of fetal neural 

grafts,7-9 although temporal. Since then, many other neural 
and non-neural cell transplantation has been investigated for 
a range of neurological conditions.

Cell transplantation of neural lineages can exert clinical 
benefits through multiple mechanisms, such as (1) working 
synergistically with the endogenous microenvironment to 
upregulate intrinsic cell proliferation or neuroprotection 
enhancing the overall regenerative capacity of the transplanted 
tissue and (2) integrating into the endogenous host network, 
replacing the cells of interests/injured cells10 as well as form 
functional synapses.11 As such, the focus of this review is to 
detail the latest clinical trials using NSCs and cells of neural 
lineage for the treatment of ND. Clinical trials involving 
stem cells from other sources have also been listed but not 
elaborated upon.

Methods
For each disease, a search of the disease name (Parkinson’s 
Disease, Amyotrophic Lateral Sclerosis, Multiple Sclerosis, 
Batten Disease, Pelizaeus-Merzbacher Disease, Huntington’s 



512 Stem Cells Translational Medicine, 2023, Vol. 12, No. 8

Disease, Macular Degeneration, Retinitis Pigmentosa, 
Alzheimer Disease, Niemann-Pick Diseases, Krabbe Disease, 
Gaucher Disease, Tay-Sachs Disease, Sandhoff Disease, 
Mucopolysaccharidoses, Spinocerebellar Ataxias, Dementia 
With Lewy Bodies, Frontotemporal Lobar Degeneration, 
Multiple System Atrophy), neural stem cells, neural cells, and 
cell therapy were performed on clinicaltrials.gov. Diseases 
with cell therapy using cells of neural lineage are discussed. 
They will also be listed in the tables, followed by the non-
neural lineage cell clinical trials for each disease type. For this 
purpose, only interventional and not observational studies 
are included. Studies that were terminated, withdrawn, sus-
pended, or unknown (past completion dates but status not 
verified for more than 2 years) were excluded. Similarly, 
studies not registered in clinicaltrials.gov were omitted from 
this study.

Parkinson’s Disease
Parkinson’s disease is a chronic ND characterized by the pro-
gressive loss of dopaminergic (DA) neurons in the substantia 
nigra. It is manifested by motor movement impairment such 
as bradykinesia, tremors, postural instability, and muscle 
rigidity. It can be effectively treated with medications such 
as levodopa, dopamine agonists, and monoamine oxidase 
inhibitors in the early stages but these medications are un-
able to stop the underlying neurodegeneration.12,13 To date, 
no curative therapies are available to reverse the progression 
of the disease processes.14 Since the late 80s, several groups 
have transplanted human fetal ventral mesencephalic (fVM) 
tissues into the caudate and putamen of PD patients, resulting 
in moderate amelioration of PD symptoms.15-19 Further anal-
ysis of the human clinical trials with fVM transplantation 
demonstrated clinical improvements in various parameters14 
with the best outcomes for milder PD patients with a short 
disease duration. However, such grafts are associated with 
the development of dyskinesis,20,21 postulated to be due to the 
presence of serotonergic cells in the donated grafts.22 Han et 
al. have summarized in a book chapter the clinical outcomes 
of earlier trials of fetal brain-derived neural stem cell trans-
plantation into PD patients. With the patients (n between 1 
and 40) observed between 12 months and 24 years, symptom 
improvement was observed in 11 of the 13 trials, and dyski-
nesia was reported in 3 out of the 12 trials.23 Moreover, graft 
survival is low, which necessitates multiple donors per patient. 
With the advancements made in the DA neurons differentia-
tion protocols, DA neurons can be differentiated from various 
cell sources (ESCs, iPSCs, and MSCs) and these more defined 
and differentiated populations of cells, being more homoge-
nous have led to new waves of initiatives for cell transplanta-
tion in PD patients.14

There have been 18 trials listed on clinicaltrials.gov 
with 4 being neural lineage and directly delivered into the 
brain (Table 1). There is 1 trial utilizing NSCs derived from 
Wharton’s jelly (WJ) MSCs through in vitro differentiation 
(NCT03684122). The multipotency characteristic of MSCs 
enables them to differentiate into many cell types, including 
neurons and other neuronal cells.24 WJ-MSCs differentiated 
into NSCs were found to have enhanced therapeutic poten-
tial compared to undifferentiated WJ-MSCs. These NSCs pre-
serve their immunomodulatory properties while displaying 
neuroectodermal characteristics.25 There are 2 other clinical 
trials using neural progenitor cells (NPCs)(NCT03309514 
and NCT01329926) but both were withdrawn due to 

insufficient funding. Another 3 studies involved differentiated 
neural cells, specifically peripheral nerve grafts containing 
Schwann cells, and DA neurons differentiated from human 
embryonic stem cells. The 2 trials that implant autologous pe-
ripheral nerve graft directly into the substantia nigra showed 
that it is safe, feasible, and associated with clinical benefits.26,27 
The challenge with the use of peripheral nerve grafts is that 
they contain heterogenous populations of cell types. While it 
has been proven feasible and safe, more data awaits on its 
efficacy.27

Amyotrophic Lateral Sclerosis
Amyotrophic Lateral Sclerosis (ALS) is a progressive motor 
neuron disease affecting motoneurons in the cortex, brain 
stems, and spinal cord with a worldwide incidence of 2-3 per 
100 000.28 Affected patients suffers from progressive muscle 
weakness, atrophy, spasticity, and paralysis, culminating 
in death within 3-5 years. The majority (90%) of the cases 
are sporadic with the remaining 10% being familial ALS.29 
As yet, there is neither a cure nor effective therapy to stop 
the progression of the disease. Stem cell transplantation has 
been proposed as a promising therapeutic option11,30 as they 
are equipped with the complex cellular machinery to modify 
the local environment through secretions of neurotrophic 
factors31,32 as well as possibly differentiate into astrocytes 
to increase the efficiency of glutamate re-uptake, a process 
disrupted in ALS.33 In addition, transplanted stem cells that 
differentiate into neuronal cells may form synapses with the 
native motor neurons, providing trophic, and/ or contact-
mediated support.34 Several studies have demonstrated the 
safety and efficacy of stem cells from different sources such 
as fetal NSCs,35-37 peripheral blood stem cells,38,39 MSCs,40-46 
and olfactory ensheathing cells, a differentiated cell of neural 
lineage47 in ALS patients.

Among the 32 cell transplantation clinical trials recorded, 
5 are with cells that are neural-related and are delivered 
through direct injections (Table 2). Only one uses human 
fetal NSCs injected intraspinally, which showed the absence 
of progression of disease of all 6 enrolled participants for 
18 months, with 2 experiencing improvements in ambula-
tion scores.48 This work, extended to another 12 participants 
showed neither severe adverse effects nor increased disease 
progression over 60 months, and improvement in ALS func-
tional rating scale between 1st and 4th month after trans-
plantation.49 Next, Kadimastem et al. demonstrated that 
intrathecal injection of 100-250 million ESCs-derived as-
trocyte, AstroRx, significantly reduced the rate of disease 
progression by 6 months (NCT03482050).50 There are an-
other 2 trials, 1 using glial restricted progenitor cells (Q 
cell) that has yet to initiate recruitment and another using 
human NPCs genetically engineered to hyper-express glial-
derived neurotrophic factor (GDNF) that showed a single 
administration of these cells was safe and are able to pro-
vide new support cells and deliver GDNF up to 42 months 
post-transplantation.51

MSCs are the most common cells used for the treatment 
of ALS (24 out of the 32 trials). Across the trials, 24 (73%) 
are phase I/II trials which are mainly safety trials with small 
patient samples, with 11 out of the 32 trials not specifying 
the cell dose. More studies are required to elucidate the most 
effective cells source and dose, method of administration, 
and frequency of transplantation,29 along with the ability 
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Table 2 Clinical trials listed on clinicaltrials.gov for amyotrophic lateral sclerosis

No Disease Sponsor Cell type Route Cell dose Planned 
participants

Year Phase Clinical trial #

1 ALS Azienda 
Ospedaliera 
Santa Maria, 
Terni, Italy

Human fetal NSC Intraspinal 2.25 or 
4.5 M

18 2011 1 NCT01640067

2 ALS Cedars-Sinai 
Medical Center

Human neural progeni-
tor cells expressing GDNF 
(CNS10-NPC-GDNF)

Unilateral 
lumbar 
spinal cord 
injections

0.2 M, 0.5 
M

18 2017 1 NCT02943850

3 ALS Kadimastem ESC-derived astrocyte 
(AstroRx)

IT 100 M, 
250 M

16 2018 1,2 NCT03482050

4 ALS Q Therapeutics Glial restricted progenitor 
cells (Q cell)

Transplan-
tation into 
lumbar or 
cervical spi-
nal cord

Lumbar 
(dose 1), 
cervical 
(dose 
1,2,3,4,5)

30 2021 1,2 NCT02478450

5 ALS Cedars-Sinai 
Medical Center

Human neural progeni-
tor cells expressing GDNF 
(CNS10-NPC-GDNF)

Injection 
into motor 
cortex

5.25M, 
10.5M

16 2022 1 NCT05306457

6 ALS Fundacion para 
la Formacion 
e Investigacion 
Sanitarias de 
la Region de 
Murcia

Autologous BMSC Intraspinal Not 
mentioned

11 2007 1/2 NCT00855400

7 ALS Fundacion para 
la Formacion 
e Investigacion 
Sanitarias de 
la Region de 
Murcia

Autologous BMSC IT Not 
mentioned

63 2010 1/2 NCT01254539

8 ALS The First Affili-
ated Hospital of 
Dalian Medical 
University

Autologous peripheral blood 
MNC

Transplant 
into suba-
rachnoid 
space

Not 
mentioned

14 2010 na NCT03085706

9 ALS Mayo Clinic Autologous adipose MSC Intraspinal 1 M 1 2010 1 NCT01142856

10 ALS Mayo Clinic Autologous adipose MSC IT 10, 50, 
100 M, 
200 M

27 2012 1 NCT01609283

11 ALS Mayo Clinic Autologous adipose MSC IT 60-150M 60 2017 2 NCT03268603

12 ALS Corestem Autologous BM MSC 
(HYNR-CS inj)

IT 2 M/kg 71 2011 1,2  NCT01363401

13 ALS Corestem Autologous BM MSC 
[Lenzumestrocel 
(Neuronata-R Inj.)]

IT 2 M/kg or 
5 M/kg

115 2021 3 NCT04745299

14 ALS Brainstorm-cell 
therapeutics

Autologous BM MSC 
secreting neurotrophic 
factors (MSC-NTF)

IT and IM IT (24 M), 
I M (60 
M)

12 2011 1,2 NCT01051882

15 ALS Brainstorm-cell 
therapeutics

autologous BM MSC 
secreting neurotrophic 
factors (MSC-NTF)

IM 94 M, 141 
M or 188 
M

14 2012 2 NCT01777646

16 ALS/ND Hanyang Uni-
versity Seoul 
Hospital

Autologous BM MSC 
(HYNR-CS inj)

IT 0.5,1 or 2 
M/kg

6 2012 1 NCT01758510

17 ALS Bioinova, s.r.o. Autologous BM MSC IT 15 ± 4.5 
M cells

26 2012 1,2 NCT03828123

18 ALS Hospital 
Universitario Dr. 
Jose E. Gonzalez

Autologous HSC IT Not 
mentioned

14 2012 2/3 NCT01933321

19 ALS Royan Institute Autologous BM MSC IV 2 M/kg 6 2013 1 NCT01759797

20 ALS Royan Institute Autologous BM MSC IT 2 M/kg 8 2013 1 NCT01771640

21 ALS Royan Institute Allogenic adipose MSC IV 2 M/kg 19 2014 1 NCT02492516

22 ALS Brainstorm-cell 
therapeutics

Autologous BM MSC 
(NurOwn)

IT and IM Not 
mentioned

48 2014 2 NCT02017912
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to diagnose the disease earlier to improve outcomes of cell 
therapy before the onset of irreversible damage.52

Multiple Sclerosis
Multiple sclerosis (MS) is an immune-mediated demyelinating 
disease of the CNS resulting in CNS neurodegeneration and 
axonal loss. It is characterized by early acute lesions com-
posed of discrete areas of inflammatory demyelination that 
either resolve by remyelination or evolve into chronic lesions 
with associated axonal loss, oligodendroglial cell loss, and 
glial scarring.25 Current disease modifying therapies may 
prevent or delay disease progression through immunosup-
pression and immunomodulation53-56 although beset with po-
tentially serious adverse events.57 Once progressive disability 
is established, there is currently no cure.58

A total of 48 studies involving cell therapy for MS was 
retrieved (Table 3), with 5 cell sources being of neural 
lineage (10.4%), 22 using MSCs as donor cells, and 10 
studies utilizing dendritic and T cells as an immuno-
therapy approach. Among the clinical trials using cells of 
neural lineage, 2 used autologous sources while 3 were al-
logenic (2 fetal and 1 umbilical cord blood). Intrathecal/
intraventricular routes were the mode of administration for 
those cells. The first phase I trial commenced in 2014, with 
intrathecal autologous MSCs-derived NPCs given in 3 doses 
of 10 million cells 3 months apart.25 MSCs-derived NPCs 
are a subpopulation of MSCs that exhibit neuroectodermal 
lineage characteristics with reduced capacity to undergo 
mesodermal differentiation,59-63 minimizing risks of ec-
topic differentiation.64 Similar to MSCs, these NPCs exhibit 

No Disease Sponsor Cell type Route Cell dose Planned 
participants

Year Phase Clinical trial #

23 ALS Brainstorm-cell 
therapeutics

Autologous BM 
MSC(NurOwn)

IT Not 
mentioned

263 2017 3 NCT03280056

24 ALS Andalusian 
initiative for ad-
vanced therapies 
- Fundación 
Pública 
Andaluza 
Progreso y Salud

Autologous adipose MSC IV 1,2 or 4 
M/kg

52 2014 1,2 NCT02290886

25 ALS China Medical 
University Hos-
pital

Autologous adipose MSC IV and 
intracerebral

IV(200-
800 M), 
IC (100-
400 M)

1 2015 1 NCT02383654

26 ALS Hospital e 
Maternidade Dr. 
Christóvão da 
Gama

Autologous MSC IT 100 M 3 2015 1 NCT02987413

27 ALS Mossakowski 
Medical Re-
search Centre 
Polish Academy 
of Sciences

Autologous adipose regener-
ative cells

Intraspinal/
IT

44 M 30 2015 1 NCT03296501

28 ALS Hadassah Medi-
cal Organization

Autologous BM MSC IT 4 M/kg 20 2016 1,2 NCT04821479

29 Stroke/TBI/
Parkinson/
ALS/ 
Alzheimer/ 
Dementia

MD Stem Cells Autologous BMSC IV and 
intranasal

Not 
mentioned

500 2016 na NCT02795052

30 ALS Polski Bank 
Komorek 
Macierzystych 
JSC (PBKM)

WJ MSC IT Not 
mentioned

20 2020 1,2 NCT04651855

31 ALS Rapa 
Therapeutics 
LLC

Autologous hybrid TREG/
Th2 Cell (RAPA-501)

IV 20 M or 
80 M

21 2020 1/2 NCT04220190

32 ALS Fundacion para 
la Formacion 
e Investigacion 
Sanitarias de 
la Region de 
Murcia

Autologous BM MNC IM Not 
mentioned

100 2021 2 NCT04849065

Abbreviations: ALS, amyotrophic lateral aclerosis; BM, bone marrow; GDNF, glial-derived neurotrophic factors; HSC, hemopoietic stem cells; IM, 
intramuscular; IT, intrathecal; IV, intravenous; M, million; MNC, mononuclear cells; MSC, mesenchymal stem cells; na, not applicable NSC, neural stem 
cells; SC, stem cells; TBI, traumatic brain injury; UC, umbilical cord; WJ, Wharton Jelly.

Table 2. Continued



516 Stem Cells Translational Medicine, 2023, Vol. 12, No. 8

Table 3. Clinical trials listed on clinicaltrials.gov for multiple sclerosis.

No Disease Sponsor Cell type Route Cell dose Planned 
participants

Year Phase Clinical trial #

1 MS Tisch Multiple Sclero-
sis Research Center of 
New York

Autologous MSC-
derived neural 
progenitors (MSC-
NP)

IT 6-30M 20 2014 1 NCT01933802

2 MS Tisch Multiple Sclero-
sis Research Center of 
New York

Autologous MSC-
derived neural 
progenitors (MSC-
NP)

IT Not 
mentioned

50 2018 2 NCT03355365

3 Progressive Mul-
tiple Sclerosis

IRCCS San Raffaele Fetal-derived NSC IT 0.7 M, 1.4 
M, 2.8 M, 
5.7 M

4 2017 1 NCT03269071

4 Secondary pro-
gressive MS

Casa Sollievo della 
Sofferenza IRCCS

Fetal-derived NSC Intraventricular 5, 10, 16, 
and 24 M

24 2017 1 NCT03282760

5 Primary progres-
sive MS

Joanne Kurtzberg UCB-derived 
oligodendrocyte-
like cells (DUOC-
01)

IT 10 M (3 
pax), 10-25 
M (3 pax), 
25-50 M 
(16pax)

20 2021 1a NCT04943289

6 MS Baylor College of 
Medicine

Autologous CD34+ 
HSC

IV 3 M 10 1999 2 NCT00040482

7 MS Ottawa Hospital Re-
search Institute

Autologous CD34+ 
HSC

IV Not 
mentioned

24 2001 2 NCT01099930

8 MS Hadassah Medical 
Organization

Autologous T cell SubC 10-30 M 
cells (×4 
doses)

30 2002 1/2 NCT01448252

9 Relapse 
Remitting MS/
secondary Pro-
gressive MS

Opexa Therapeutics Autologous mye-
lin reactive T cell 
(Tovaxin)

SubC 6-9 M, 30-
45 M, or 
60-90 M

16 2002 1/2 NCT00587691

10 Relapse 
Remitting MS

Opexa Therapeutics Autologous mye-
lin reactive T cell 
(Tovaxin)

SubC 30-45 M 150 2006 2 NCT00245622

11 MS/secondary 
Progressive MS

Opexa Therapeutics Autologous T 
cell (Tcelna/ 
Imilecleucel-T)

SubC 30-45M 
(×5 a yr) 
×2 yrs

183 2012 2 NCT01684761

12 MS Northwestern Uni-
versity

Autologous 
mobilized HSC

IV Not 
mentioned

110 2005 2 NCT00273364

13 Relapse 
Remitting MS

National Institute of 
Allergy and Infectious 
Diseases (NIAID)

Autologous CD34+ 
HSC

IV Not 
mentioned

25 2006 2 NCT00288626

14 Relapsing MS/re-
lapsing remitting 
MS/secondary 
progressive MS

National Institute of 
Allergy and Infectious 
Diseases (NIAID)

Autologous HSC IV 4-7.5M 
CD34+ 
cells/kg

156 2019 3 NCT04047628

15 MS Hadassah Medical 
Organization

Autologous BM 
MSC

IT and IV IT (1M/
kg) and IV 
(0.3-1M/
kg)

24 2006 1/2 NCT00781872

16 MS Hadassah Medical 
Organization

Autologous BM 
MSC

IT and IV IT (1M/
kg) and IV 
(1M/kg) up 
to 8 times

24 2013 1/2 NCT04823000

17 MS Talaris Therapeutics Allogenic HSC IV Not 
mentioned

3 2007 1/2 NCT00497952

18 MS University of Cam-
bridge

Autologous BM 
MSC

IV up to 2 M/
kg

10 2008 1/2 NCT00395200

19 MS/autoimmune 
disease/cerebellar 
degeneration/

Fred Hutchinson Can-
cer Center

Autologous or syn-
geneic peripheral 
blood stem cell

IV At least 4 
M CD34+ 
cells/kg

80 2008 2 NCT00716066
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No Disease Sponsor Cell type Route Cell dose Planned 
participants

Year Phase Clinical trial #

20 Autoimmune 
disease/nervous 
system disease

Andalusian Initia-
tive for Advanced 
Therapies - Fundación 
Pública Andaluza 
Progreso y Salud

Autologous adi-
pose MSC

IV 4 M/kg 30 2010 1/2 NCT01056471

21 MS Andalusian Initia-
tive for Advanced 
Therapies - Fundación 
Pública Andaluza 
Progreso y Salud

Autologous BM 
MSC

IV 1-2 M/kg 26 2013 1/2 NCT01745783

22 MS Royan Institute Autologous BM 
MSC

IV Not 
mentioned

22 2011 1/2 NCT01377870

23 Relapse remitting 
MS/secondary 
progressive MS/
progressive re-
lapsing MS

The Cleveland Clinic Autologous BM 
MSC

IV 1-2 M/kg 24 2011 1 NCT00813969

24 MS University of Jordan Autologous BM 
MSC

IT 13 2012 2 NCT01895439

25 MS University of Jordan Allogenic WJ MSC IT and IV IT(200 M) 
with 100 
M (iv)

60 2017 1/2 NCT03326505

26 Progressive MS North Bristol NHS 
Trust

Autologous BM 
cells

IV Not 
mentioned

80 2012 2 NCT01815632

27 MS North Bristol NHS 
Trust

Autologous BM 
cells

IV Not 
mentioned

4 2014 na NCT01932593

28 Relapse remitting 
MS

Germans Trias i Pujol 
Hospital

Autologous BM 
MSC

IV 1 M/kg 9 2012 1/2 NCT02035514

29 MS Antonio Uccelli Autologous BM 
MSC

IV 1-2m M/kg 20 2012 1/2 NCT01854957

30 MS Imperial College 
London

Autologous BM 
MSC

IV 1-2 M/kg 21 2012 1/2 NCT01606215

31 MS Karolinska Institutet Autologous BM 
MSC

IV 1-2 M/kg 7 2012 1 NCT03778333

32 MS Translational 
Biosciences

Allogenic WJ MSC IV 140 M 
(over 7 
days, 20 
M/day)

20 2014 1/2 NCT02034188

33 MS Sara Varea Autologous 
tolerogenic den-
dritic cells

IV Not 
mentioned

20 2015 1 NCT02283671

34 MS Ottawa Hospital Re-
search Institute

Autologous BM 
MSC

IV 1-2 M/kg 31 2015 2 NCT02239393

35 Relapse remitting 
MS/secondary 
progressive MS

Banc de Sang i Teixits Autologous BM 
MSC  
(XCEL-MC-ALPHA)

IV Not 
mentioned

8 2015 1/2 NCT02495766

36 MS Dimitrios Karussis Autologous BM 
MSC

IT or IV 1 M/kg 48 2015 2 NCT02166021

37 Relapse remitting 
MS/secondary 
progressive MS

Centro de 
Hematología y 
Medicina Interna

Autologous periph-
eral blood stem 
cells

IV At least 
1 M/kg 
CD34+ 
cells

1000 2015 na NCT02674217

38 Relapse-
remitting/chronic 
progressive MS

Fundació Institut 
Germans Trias i Pujol

Autologous VitD3 
tolerogenic mon-
ocyte derived 
dendritic cells 
(tolDC-VitD3)

intranodal 5 M, 10 M, 
15 M

16 2017 1 NCT02903537

39 MS University Hospital, 
Antwerp

Autologous 
tolerogenic den-
dritic cells (tolDC)

intradermal 5 M, 10 M, 
15 M

9 2017 1 NCT02618902

40 Primary and 
secondary pro-
gressive MS

Atara Biotherapeutics Allogenic T Cell 
(ATA188)

IV Not 
mentioned

265 2017 1/2 NCT03283826

Table 3. Continued
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immunoregulatory and trophic properties both in vitro and 
in vivo along with upregulation of trophic factors including 
hepatocyte growth factor,59,60,65 with encouraging results 
of improved muscle strength, and bladder function in half 
of the participants. Additionally, four-tenth of participants 
had a reduction in expanded disability status scale scores 
compared to baseline, with no serious adverse events 
reported.25

There had been some success reported with immuno-
therapy, such as the use of autologous T cells primed against 
myelin basic protein, myelin oligodendrocyte glycoprotein, 
and proteolipid protein (PLP) resulting in a reduced annu-
alized relapse rate in a randomized controlled trial.57 The 
large majority of trials using MSCs were of small number (n 
= 7-60), which showed similar outcomes with either intrave-
nous or intrathecal approaches.40,66-69

Rare Neurodegenerative Diseases
A group of rare ND has been grouped into this section 
including Pelizaeus-Merzbacher disease (PMD), Batten 
disease, and a few enzymes deficiency disorders (Table 4). 
PMD is an X-linked hypomyelinating disorder that pro-
gressively degenerate the white matter of the brain causing 
problems in learning, coordination, and motor skills.70-72 
Gene duplications and point mutation of the PLP1 gene re-
sult in abnormal myelin production or abnormal trafficking 
in the endoplasmic reticulum of oligodendrocytes.73,74 
Neuronal Ceroid Lipofuscinosis (NCL), also known as 
Batten disease is a heterogenous class of lysosomal storage 
disease characterized by neurodegeneration that share 
common clinical features of progressive visual and cogni-
tive decline.75

To date, there have been a few stem cell based clinical 
trials, with cell sources ranging from human fetal CNS-
derived NSCs to hemopoietic stem cells (HSCs) from BM 
and perinatal tissues including placental, cord, and cord 
blood. Direct CNS delivery of allogeneic CNS-derived 
NSCs was used in 3 trials and umbilical cord blood-derived 
oligodendrocyte-like cells in one. The use of human CNS 
stem cells for treatment of NCL is a first-in-human clin-
ical trial involving a purified population of human NSCs, 
for a ND (NCT00337636). Results concluded that neural 
cell transplantation in NCL is largely safe, with evidence 
of long-term engraftment determined at post-mortem, 
suggesting a therapeutic role for NSCs in ND. Nevertheless, 
it remains crucial to target earlier disease stages for a better 
runway to curtail disease progression and potential clinical 
improvement.76

In the case of PMD, a phase I trial with fetal NSCs in 4 
PMD participants showed successful engraftment and donor-
derived myelination in 2009.[71,72] However, there was evidence 
of disease progression in 2 subjects at long-term follow-up. 
There was evidence of donor-specific alloantibodies, which 
may necessitate immunosuppressive therapies for such allo-
geneic cell therapy. Kurtzberg et al. performed a clinical trial 
using cord blood-derived oligodendrocyte-like cells (DUOC-
01) for inherited metabolic diseases (NCT02254863).77 
Preliminary results on participants (n = 7) with Batten disease 
demonstrated safety and feasibility parameters for transplan-
tation of DUOC-01, and promising results in 4 out of the 
5 survivors showing no evidence of the disease on magnetic 
resonance imaging.78

The rarity of such ND makes it challenging to re-
cruit patients for any trials. As the use of autologous cells 
is precluded in genetic diseases, unless in the context of 

No Disease Sponsor Cell type Route Cell dose Planned 
participants

Year Phase Clinical trial #

41 Chronic progres-
sive MS

Brainstorm-Cell 
Therapeutics

Autologous BM 
MSC (NurOwn)

IT Not 
mentioned 
(3 doses)

20 2019 2 NCT03799718

42 Relapse-
remitting MS

Judith Pich Autologous pe-
ripheral blood 
differentiated adult 
tolerogenic den-
dritic cells

IV Not 
mentioned

45 2020 2 NCT04530318

43 Relapse remitting 
MS

FibroBiologics Tolerogenic 
fibroblasts

IV 100 M 5 2020 1 NCT05080270

44 MS Nantes University 
Hospital

Autologous EBV-
specific cytotoxic 
T-cell lymphocytes

IV Not 
mentioned

7 2021 1 NCT02912897

45 Relapse remitting 
MS

Uppsala University Autologous HSC IV Not 
mentioned

200 2021 na NCT05029206

46 MS Hope Biosciences 
Stem Cell Research 
Foundation

Adipose MSC (HB-
adMSCs)

IV Not 
mentioned

24 2021 2 NCT05116540

47 Progressive MS Haukeland University 
Hospital

Autologous BM 
MSC

IT Not 
mentioned

18 2021 1/2 NCT04749667

48 MS ImStem Biotechnol-
ogy

ESC MSC (IMS001) IV Low or 
high dose

30 2021 1 NCT04956744

Abbreviations: BM, bone marrow; BMSC, bone marrow stem cells; ESC; embryonic stem cells; HSC, hemopoietic stem cells; IT, intrathecal; IV, intravenous; 
M, million; MS. Multiple sclerosis; MSC, mesenchymal stem cells; na, not applicable NSC, neural stem cells; SubC, subcutaneous; UCB, umbilical cord 
blood; WJ, Wharton Jelly.

Table 3. Continued
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gene-edited approaches, the immediate focus should be the 
development of effective immunosuppressive protocols, and 
early administration of allogeneic stem cells.75,79

Huntington’s Disease
Huntington’s disease (HD) is an autosomal dominant ND 
where cognitive, motor, and psychiatric abilities progres-
sively decline over 2-3 decades. HD mainly affects the me-
dium spiny striatal neurons, making it an attractive target for 
cell therapy.80 Of the 4 trials retrieved, only 1 used fetal neu-
ronal tissue (Table 5). In that seminal French study, human 
fetal-derived graft demonstrated survival and significant 
improvements in both motor and cognitive function in 3 
participants over a 6-year period7,81 but faded off thereafter 
suggesting the lack of a permanent cure. The other 3 trials 
involved the use of MSCs, specifically Cellavita-HD, with the 
latest phase II/III trials initiated in 2020.

There are many other active clinical trials that aim to treat 
HD, as reviewed by Kim et al.,82 with stem cell therapies 

accounting for around 10% (3/28). The advantage of stem 
cells is that the new neurons can replace degenerating cells in 
the affected brain regions and, consequently, ameliorate the 
disease profile. This efficacy might be further improved by en-
gineering the cells to hyper-secrete BDNF, GDNF, or other 
neurotropic factors or combining stem cells with genetic 
modification therapy for HD.

Macular Degeneration
There are 2 main forms of macular degeneration (MD); 
Stargardt disease (STGD1) being the most common cause 
of MD in children and young adults,83 and age-related mac-
ular degeneration affecting up to 8.7% of the world’s pop-
ulation84 and Stargardt disease results from ABCA4 gene 
mutations85 and results in progressively severe impairment 
of sight. Atrophic age-related MD shares the key features of 
progressive atrophy of retinal pigment epithelium (RPE) and 
overlying photoreceptor cells as STGD1,83 while age-related 
MD is due to exposure to immune-mediated and oxidative 

Table 4. Clinical trials listed on clinicaltrials.gov for Batten and Pelizaeus-Merzbacher diseases.

No Disease Sponsor Cell type Route Cell dose Planned 
participants

Year Phase Clinical trial #

1 Batten disease StemCells, 
Inc

CNS-SC Stereotactic injection 
into subcortical sites 
and lateral ventricles

Low dose 
(700M), high 
dose (1400M)

6 2006 1 NCT00337636

2 PMD StemCells, 
Inc.

CNS-SC Intracerebral 300 M 4 2009 1 NCT01005004

3 PMD StemCells, 
Inc.

CNS-SC Intracerebral 300 M 4 2011 1 NCT01391637

4 Batten/MPS II/NP/
PMD/inborn meta-
bolic brain disease/

Joanne 
Kurtzberg

UCB derived 
oligodendrocyte-like 
cells (DUOC-01)

IT 50.1-350.1 
M/kg

12 2014 1 NCT02254863

5 Batten/NP/
Gaucher’s/

Masonic 
Cancer 
Center

allogenic BM and 
UCB HSC

IV Not 
mentioned

135 1995 2,3 NCT00176904

6 NP/PMD/Tay 
Sachs/Krabbe/
Batten/Sandhorf 
disease

Talaris 
Therapeutics 
Inc

allogenic HSC IV Not 
mentioned

30 2011 1,2 NCT01372228

7 Batten/MPS I and 
IV/NP/Gauchers/
Krabbe/Fucosidosis

New York 
Medical 
College

placental derived SC 
and cord blood

IV Not 
mentioned

43 2013 1 NCT01586455

Abbreviations: BM, bone marrow; CNS SC, central nervous system neural stem cells; HSC, hemopoietic stem cells; IT, intrathecal; IV, intravenous; M, 
million; MPS, Mucopolysaccharidosis; NP, Niemann-Pick; PMD, Pelizaeus-Merzbacher disease; SC, stem cells; UCB, umbilical cord blood.

Table 5 Clinical Trials listed on clinicaltrials.gov for Huntington’s disease

No Disease Sponsor Cell type Route Cell dose Planned 
participants

Year Phase Clinical trial #

1 Huntington’s 
disease

Assistance Publique 
- Hôpitaux de Paris

Fetal neurons Intracerebral Not 
mentioned

54 2002 2 NCT00190450

2 Huntington’s 
disease’s

Azidus Brasil Immature dental pulp 
MSC (NestaCell-HDTM)

IV 3 M/kg or 
6 M/kg

6 2017 1 NCT02728115

3 Huntington’s 
disease

Azidus Brasil Immature dental pulp 
MSC (NestaCell-HDTM)

IV 9 M/kg or 
18 M/kg

35 2018 2 NCT03252535

4 Huntington‘s 
disease

Azidus Brasil Immature dental pulp 
MSC (NestaCell-HDTM)

IV 24 M/kg 35 2020 2,3 NCT04219241

Abbreviations: IV, intravenous; M, million; MSC, mesenchymal stem cells.
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Table 6. Clinical trials listed on clinicaltrials.gov for macular degeneration.

No Disease Sponsor Cell type Route Cell dose Planned 
participants

Year Phase Clinical trial #

1 Stargartd disease Astellas Institute 
for Regenerative 
Medicine

ESC RPE 
(MA09-hRPE)

Subretinal 50 000, 100 000, 150 000 
and 200 000

12 2011 1/2 NCT01469832

2 Stargartd disease Astellas Institute 
for Regenerative 
Medicine

ESC RPE 
(MA09-hRPE)

Subretinal 50 000, 100 000, 150 000 
and 200 000

12 2013 1/2 NCT02941991

3 AMD Astellas Institute 
for Regenerative 
Medicine

ESC RPE 
(MA09-hRPE)

Subretinal 50 000, 100 000, 150 000 
and 200 000

13 2011 1/2 NCT01344993

4 AMD Astellas Institute 
for Regenerative 
Medicine

ESC RPE 
(MA09-hRPE)

Subretinal 50 000, 100 000, 150 000 
and 200 000

11 2013 1/2 NCT02463344

5 Stargartd disease Astellas Institute 
for Regenerative 
Medicine

ESC RPE 
(MA09-hRPE)

subretinal 50 000, 100 000, 150 000 
and 200 000

13 2011 1/2 NCT01345006

6 Stargartd disease Astellas Institute 
for Regenerative 
Medicine

ESC RPE 
(MA09-hRPE)

Subretinal 50 000, 100 000, 150 000 
and 200 000

13 2012 1/2 NCT02445612

7 AMD StemCells, Inc CNS SC Subretinal 200 000/ 1 M 15 2012 1/2 NCT01632527

8 AMD Lineage 
Therapeutics/
Hoffmann-La 
Roche

ESC RPE 
(Opregen)

Subretinal 50 000-200 000 24 2015 1/2 NCT02286089

9 AMD/Stargartd Federal University 
of São Paulo

ESC RPE Subretinal 100 000 15 2015 1/2 NCT02903576

10 Dry MD/GA Regenerative Patch 
Technologies, LLC

ESC RPE 
(CPCB-RPE1)

Subretinal 100 000 16 2016 1/2 NCT02590692

11 Macular degener-
ative disease

Astellas Institute 
for Regenerative 
Medicine

ESC RPE 
(ASP7316)

Subretinal Not mentioned 36 2018 1/2 NCT03167203

12 AMD Astellas Institute 
for Regenerative 
Medicine

ESC RPE 
(ASP7317)

Into the 
macular

Low, med, high cell dose 18 2018 1 NCT03178149

13 AMD National Eye In-
stitute

Autologous 
iPSC RPE

Subretinal Not mentioned 20 2020 1/2a NCT04339764

14 AMD Moorfields Eye 
Hospital NHS 
Foundation Trust

ESC RPE (PF-
05206388)

Intraocular Not mentioned 10 2021 1 NCT01691261

15 Macular degen-
eration

Beijing Tongren 
Hospital

Autologous 
iPSC RPE

Subretinal Not mentioned 10 2022 1 NCT05445063

16 AMD Institute of Bio-
physics and Cell 
Engineering of 
National Academy 
of Sciences of 
Belarus

Autologous 
cultured reti-
nal stem and 
progenitor 
cells

Subretinal Not mentioned 20 2022 1/2 NCT05187104

17 AMD Janssen Research 
& Development

Umbilical 
tissue cells 
(CNTO2476)

Subretinal 60 K, 120 K, 300 K, 560 K 39 2010 1/2 NCT01226628

18 GA MD Janssen Research 
& Development

Umbilical 
tissue cells 
(CNTO2476)

Subretinal 0.3 M 21 2015 2 NCT02659098

19 AMD/Stargartd 
disease

University of San 
Paulo

Autologous 
BM SC

Intravitreal 10 M 20 2011 1/2 NCT01518127

20 Retinopathy/Age-
related and he-
reditary macular 
degeneration

University of Cal-
ifornia

Autologous 
BM SC

Intravitreal Not mentioned 15 2012 1 NCT01736059

21 Retinopathy/Age-
related and he-
reditary macular 
degeneration

MD Stem Cells Autologous 
BM SC

Retro-
bulbar, 
intravitreal, 
subretinal, 
intraoptic

240 M (retrobulbar), 
4 M (intravitreal), 8 M 
(subretinal, intraoptic)

500 2016 na NCT03011541
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stresses from genetic and environmental factors.86 They are 
currently incurable although replenishment of degenerating 
RPE cells with healthy cells offers the possibility of benefit 
by supporting the function and survival of overlying photo-
receptor cells.86

There are 22 trials listed of which 16 involved neural-
related cells (Table 6). ESCs-derived RPE cells from the 
ESCs line MA09 were used in 6 of these trials. The first 
ESCs-derived RPE cells were initiated in 2011 with 12 
participants (NCT01469832) where subretinal injections of 
200 000 ESCs-RPE cells were found to be safe, although no 
benefit was established.83 Another 2 trials (NCT01345006 
for STGD1 and NCT01344993 for age-related MD) 
demonstrated similar reassuring safety outcomes using 
the same hESCs-RPE source for up to 37 months post-
transplantation.86,87 In these 2 trials where only 1 eye was 
treated, best-corrected visual acuity (BCVA) improved in 
the majority of treated eyes (10 out of 17) in addition to 
improvements in vision-related quality-of-life measures.86 
Since then, there have been at least 4 different ESCs de-
rived RPE cell products (CPCB-RPE1, ASP7316, ASP7317, 
and PF-05206388) developed by 3 companies that are cur-
rently in phase I/II clinical trials for different forms of MD 
(Table 6). Among them, CPCB-RPE1 has been shown to 
be safe and well tolerated by participants with advanced 
dry age-related MD at 1-year post-transplantation with 
improvements of BCVA in 4 out of 15 participants.88 
Instances of focally reduced sensitivity and thinning in the 
hyperpigmented retina at higher doses of hESCs derived 
RPE has been observed which suggest the potential for 
harm and indicate that intervention at earlier stages of de-
generation should be approached with caution.83

The first clinical trial using autologous human iPSCs derived 
RPE for MD was led by Dr Takahashi in 1 patient in 2013.89 
The patient suffered no severe adverse event or rejection aside 
from cystoid macular edema, with BCVA remaining stable at 
1-year post-transplantation (JPRN-UMIN000011929).89 There 
are currently 2 other autologous iPSCs-RPE trials for MD reg-
istered (NCT04339764 in 2020 and NCT05445063 in 2022).

The majority of the donor cells for treatment of MD are 
generally differentiated RPE cell types. Nonetheless, we found 
6 trials using autologous bone marrow stem cells (BMSCs), 
human umbilical tissue-derived cells, and allogenic umbilical 
cord MSC for cell therapy through various routes (Table 6). 
There are currently no phase III trials using cell therapy for 
MD despite the first trial taking place back in 2011, alluding 
to the difficulties in developing effective cell therapies for MD.

Retinitis Pigmentosa
Retinitis pigmentosa (RP) is an inherited retinal dystrophy 
that is characterized by the onset of night blindness, loss of 

peripheral vision, and loss of central vision in the later stages 
through the death of photoreceptors.90 There is no effective 
treatment for RP as once photoreceptors are lost, they do not 
regenerate, with most being legally blind by age 40.

Six of the 19 cell therapy trials are performed with cells 
of neural lineage (Table 7). Five of them used retinal progen-
itor cells (RPCs) that can be expanded and differentiated into 
retinal cells, and have been derived from either fetal ocular 
tissues (n = 4) or ESCs (n = 1). Transplanted RPCs have not 
been rejected immunologically, nor formed tumors in the ab-
sence of immunosuppressants.91,92 Another trial transplanting 
3-6 million fetal derived-RPCs intravitreally (n = 54) was 
shown to be safe at 12 months follow-up. Based on the results 
published on clinicaltrials.gov, there seems to have beneficial 
effects at the higher cell dose with significant improvement of 
BCVA and other measures between treated and non-treated 
eyes.92 There is a single trial that utilizes human fetal NPCs 
directly instead of more differentiated and lineage-restricted 
retinal progenitor cells (NCT04284293), while others used 
BM-derived HSCs, or MSCs from different sources (Table 7). 
More research needs to be focused on (1) improving the effi-
cacy of transplants with photoreceptor potential, (2) improve 
survival of cells implanted in the subretinal space in areas of 
geographic atrophy, and (3) factors impacting the immuno-
logical readiness of the subretinal space to facilitate longer 
survival of the transplanted cells.93

Discussion
We found 8 clinical trials involving NSCs, 10 involving 
neural progenitors, and 23 involving differentiated neural 
cells (Supplementary Table S1). However, only clinical trials 
listed on clinicaltrials.gov were covered and while it is the 
largest clinical trials registry, this would inevitably exclude 
those only listed on other trials’ databases such as EU Clinical 
Trials Register and Japan Registry for Clinical Trials and 
others. NSCs have shown potential for the treatment of ND 
but have yet to be fully exploited. The mammalian brain has 
a limited ability for repair and regeneration through neu-
rogenesis and gliogenesis. Of the available cell sources for 
therapy, NSCs have an advantage over the other cell sources 
as it can not only contribute to multipotent differentiation 
in replacing neural and non-neural cell types but also par-
ticipate in modulating inflammatory damage through the 
secretion of trophic factors. Fetal tissue grafts on the other 
hand require multiple donors due to the small quantity of 
stem cells per donor and poor graft survival, with the need 
to coordinate collection, processing, and analysis before 
transplantation, and thus presents a significant logistical 
challenge. While tissue grafts serve to replace the required 
cells and produce cytokine/growth hormones etc., more 

No Disease Sponsor Cell type Route Cell dose Planned 
participants

Year Phase Clinical trial #

22 Macular degener-
ation/RP

Foundation of 
Orthopaedics 
and Regenerative 
Medicine

UC MSC IV, 
subtenon

100 M 20 2022 1  NCT05147701

Abbreviations: AMD, age-related macular degeneration; BM SC, bone marrow stem cells; CNS SC, human central nervous system neural stem cells; ESC, 
embryonic stem cells; GA, geographic atrophy; iPSC, induced pluripotent stem cells; IV, intravenous; million; na, not applicable RP, retinitis pigmentosa; 
RPE, retinal pigment epithelium; UC MSC, umbilical cord mesenchymal stem cells.

Table 6. Continued

https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szad041#supplementary-data
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such as repair of pathways, axonal outgrowth restorations 
are existing challenges that hamper the engraftment of tissue 
grafts, and their overall survival.94 Bioengineered scaffolds 

that reproduce the conditions of the extracellular matrix, 
enhance exchange, and crosstalk between different cell 
types, engrafted and hosts’ cells, and healthy and injured 

Table 7. Clinical trials listed on clinicaltrials.gov for retinitis pigmentosa.

No Disease Sponsor Cell type Route Cell dose Planned 
participants

Year Phase Clinical trial #

1 Retinitis Pigmentosa ReNeuron 
Limited

fetal RPC Subretinal 200K, 500K, 1M 29 2015 1/2 NCT02464436

2 Retinitis Pigmentosa jCyte, Inc Fetal RPC (jCell) Intravitreal 0.5-3M 38 2015 1/2 NCT02320812

3 Retinitis Pigmentosa jCyte, Inc Fetal RPC (jCell) Intravitreal 3 or 6M 84 2017 2 NCT03073733

4 Retinitis Pigmentosa jCyte, Inc Fetal RPC (jCell) Intravitreal 6M 30 2020 2 NCT04604899

5 Retinitis Pigmentosa 
due to monogenic mu-
tation

Centre 
d’Etude des 
Cellules 
Souches

ESCs retinal  
pigment  
epithelium

Subretinal not mentioned 12 2019 1/2 NCT03963154

6 Retinitis Pigmentosa Cedars-Sinai 
Medical 
Center

Fetal neural 
progenitor cells 
(CNS10-NPC)

Subretinal 300K and 1M 16 2021 1/2 NCT04284293

7 Retinitis Pigmentosa University of 
Sao Paulo

Autologous BM 
SC

Intravitreal 10M 5 2009 1 NCT01068561

8 Retinitis Pigmentosa University of 
Sao Paulo

Autologous BM 
SC

Intravitreal 10M 50 2011 2 NCT01560715

9 Retinitis Pigmentosa University of 
California, 
Davis

Autologous BM 
CD34+ cells

Intravitreal 1-7 M 15 2012 1 NCT01736059

10 Retinitis Pigmentosa University of 
California, 
Davis

Autologous BM 
CD34+ cells

Intravitreal Not mentioned 4 2021 1 NCT04925687

11 Retinitis Pigmentosa Mahidol Uni-
versity

Autologous BM 
MSC

Intravitreal 1 M 14 2012 1 NCT01531348

12 Retinitis Pigmentosa Red de 
Terapia 
Celular

Autologous BM 
SC

Intravitreal 5-60 M 8 2014 1 NCT02280135

13 Retinitis Pigmentosa MD Stem 
Cells

Autologous BM 
SC

Retrobulbar, 
Intravitreal, 
Subretinal, 
Intraoptic

240 M (ret-
robulbar), 
4M(intravitreal), 
8 M (subretinal, 
intraoptic)

500 2017 na NCT03011541

14 Retinitis Pigmentosa PT. Prodia 
Stem Cell 
Indonesia

UC MSC Peribulbar 1 M 18 2018 1/2 NCT04315025

15 Retinitis Pigmentosa Ankara 
Universitesi 
Teknokent

WJ MSC Subtenon 2-6 M 32 2019 3 NCT04224207

16 Retinitis Pigmentosa Jinnah Burn 
and Recon-
structive Sur-
gery Centre, 
Lahore

UC MSC Subtenon, 
suprachoroidal

Not mentioned 50 2021 2 NCT04763369

17 Retinitis Pigmentosa University of 
California, 
Davis

Autologous BM 
CD34+ cells

Intravitreal Not mentioned 4 2021 1 NCT04925687

18 Retinitis Pigmentosa TC Erciyes 
University

WJ MSC or 
exosomes

Subtenon Not mentioned 135 2022 2,3 NCT05413148

19 Retinitis Pigmentosa The Foun-
dation for 
Orthopaedics 
and Regen-
erative Med-
icine

UC MSC IV and 
subtenon

100 M 20 2022 1 NCT05147701

Abbreviations BM, bone marrow; ESC, embryonic stem cells; IV, intravenous; MSC, mesenchymal stem cells; na, not applicable RP, retinitis pigmentosa; 
RPC, retinal progenitor cells; SC, stem cells; UC, umbilical cord; WJ, Wharton Jelly.
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tissues while providing cell support will be a step forward. 
The use of advanced cryopreservation techniques such as 
vitrification may help address some logistical issues with 
the scheduling of neurosurgical transplantation.95 The use 
of hESCs-derived RPE has been extensively used for MD, 
which presents a theoretical risk of immune rejection. It is 
hoped that the advent of autologous-iPSCs-derived RPE/
RPCs may circumvent the immune considerations although 
both hESCs and iPSCs-derived cells have tumorigenic po-
tential albeit a small risk. To err on the side of caution, 
differentiated cells are preferred (Supplementary Table S1), 
where a very consistent and high purity cells of interest can 
be obtained for clinical use, doing away with the dangers of 
tumorigenicity and/or unintended differentiation or prolif-
eration of stem cells. Further improvements in precise dif-
ferentiation of the desired cells from different cell sources, 
with minimal risk of tumorigenicity remain a priority80,96 
with standardization in the characterization of these cells 
to define its multi-potency or lineage-restriction. For cell 
therapy via direct neurotransplantation, the need to develop 
minimally invasive but highly precise surgical techniques is 
also crucial and it is timely for now, with the higher reso-
lution imaging currently available, to allow accurate graft 
placement, and post-surgery observation.14 It is also impor-
tant to design randomized placebo-controlled trials while 
standardizing the disease rating scales and long-term meas-
urable outcomes to establish effectiveness of the treatment. 
Finally, we will need to push forward with earlier detection 
and intervention for the best potential of cellular therapy.
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