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Mining human clinical waste as a rich
source of stem cells for neural regeneration
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SUMMARY

Neural diseases are challenging to treat and are regarded as one of the major causes of disability and
morbidity in the world. Stem cells can provide a solution, by offering a mechanism to replace damaged
circuitry. However, obtaining sufficient cell sources for neural regeneration remains a significant chal-
lenge. In recent years, waste-derived stem(-like) cells (WDS-lCs) extracted from both prenatal and adult
clinical waste tissues/products, have gained increasing attention for application in neural tissue repair
and remodeling. This often-overlooked pool of cells possesses favorable characteristics; including self-
renewal, neural differentiation, secretion of neurogenic factors, cost-effectiveness, and low ethical
concerns. Here, we offer a perspective regarding the biological properties, extraction protocols, and pre-
clinical and clinical treatments where prenatal and adult WDS-lCs have been utilized for cell replacement
therapy in neural applications, and the challenges involved in optimizing these approaches toward patient
led therapies.

INTRODUCTION

The adult nervous system has limited regenerative capacity, which is why loss or dysfunction of neurons is permanent post-injury or disease.1,2

Cell replacement therapy (CRT) has the potential to replace damaged cells and tissues.3 However, the limited number of stem cells (SCs) in

neural tissues and the complications associated with their isolation and expansion4 make it essential to explore other autologous stem cell

sources. Recent studies have demonstrated the presence of SCs in human waste-derived products, which have many advantages over other

sources of SCs. In this review, we provide an overview of the properties of the SCs extracted from human biological waste sources and their

potential in neural cell regeneration.
Cellular sources in stem cell therapy for neural regeneration

SCs can be found in different tissues in which they rejuvenate or repair the aged/injured cells.5 Based on the SCs’ capability to differentiate

into different cell lineages, they are categorized as totipotent, pluripotent, multipotent, and unipotent SCs. Some SC types applicable to neu-

ral CRT can be seen in Table 1 with their different differentiation capacities, advantages, and disadvantages. For more discussion on this

please refer to the supplemental information section. Here, we will focus on neural stem cells or those that have been previously explored

for neural applications.

As a new source of cells for the treatment of neural diseases, cells with regenerative potential can be extracted from otherwise discarded

human waste tissues. For instance, cells that express the markers of MSCs and display high plasticity may be beneficial to CNS repair and can

be obtained from prenatal tissues (which include the amniotic membrane, amniotic fluid, placenta, and umbilical cord [UC]15), as well as post-

natal tissues (including urine, waste adipose tissue from liposuction surgery,16 and dental pulps) that are normal discarded as clinical waste.

Traditionally these have not been considered a valid source, due to differences in self-renewal capacity, differentiation ability, growth kinetics,

and immunomodulatory ability,17,18 and the debate about defining cells extracted from parts of the body other than ‘‘traditional’’ bone

marrow asmesenchymal stem cells (MSCs) or stromal cells19 continues. Here, cells derived fromwaste tissues that demonstrate high plasticity
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Table 1. Applicable SCs with various differentiation capacities in neural CRT

Differentiation

capacity

Applicable SCs

source in

neural CRT Advantages Disadvantages Reference

Totipotent Blastomere � Perfect potential in
differentiation to
all cell types

� Probability of tumorigenesis
and impaired behavior of cells

� The risk of immunogenic issues
� Ethical issues

Ruff et al.6;

Adami et al.7

Pluripotent Embryonic

SCs (EmSCs)

� Good potential in
differentiation to
various cell types

� Probability of tumorigenesis
and impaired behavior of cells

� Risk of immunogenic issues
� Ethical issues

Klimanskaya et al.8;

Taupin9; Guha et al.10

Induced pluripotent

SCs (iPSCs)

� Good potential in
differentiation to
various cell types

� Providing the exact
genome of the patient

� Difficult culturing, differentiation,
and maintenance process

� High batch to batch heterogenicity
� High cost

Bonaventura et al.11;

Barral and Kurian12

Multipotent Mesenchymal

SCs (MSCs)

� Good potential in
differentiation to cell
types of a specific germ layer

� Various available sources
� No risk of immunogenic issues

� Invasion of the isolation
process for the patients

� Risk of infection for
patients after isolation

Chao-Han et al.6;

Biehl and Russell13;

Alessandrini et al.14

Unipotent Somatic cells

(neural cells)

� No risk of immunogenic issues
� Proper match as the

prototype cells for replacing
lost neural cells after injury

� Limited self-renewal as
well as migration capacity

� Invasion of the isolation
process accompanied by
damage to the intact brain

Taupin et al.9;

Alessandrini et al.14
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(either prenatal or postnatal tissues) are defined as waste-derived stem-like cells (WDS-lC). TheseWDS-lCs have many advantages over other

sources of SCs, including a facilitated cellular extraction procedure with minor invasion, low cost, high cell content, and autologous isolation,

which reduces the risk of eliciting an immune response, making them ideal candidates for a CRT in the nervous system. The CRT with these

WDS-ICs can be done through direct administration of the cells to the nervous tissues, which suffer from spreading the cells to the non-target

tissue, or via a biomaterial that both provides a good environment for the cells to either differentiate before administration or after that in the

body and high cell retention20 (Figure 1). While theseWDS-ICs have the potential to be used for regeneration of different tissues, this review

will focus on the cells with the ability to express MSC markers for neural applications.
HUMAN WDS-lCs IN NEURAL REGENERATIVE MEDICINE

Prenatal WDS-lCs

Prenatal WDS-lCs includes cells isolated from cord blood and discarded tissues at the time of birth, such as the fetal membrane (amnion and

chorion), placenta, or UC.21 Although the plasticity of prenatal WDS-lCs is between that of adult SCs and embryonic SC (EmSCs) (Figure 2)22

this is balanced against the benefits of prenatalWDS-lCs, including lower ethical issues, low immunogenicity, easy-to-scale production,23 high

differential potency, and faster expansion compared to adult SCs. They are safe, collected in an non-invasive fashion, and therefore their po-

tential in clinical applications attracts huge attention.21 Hematopoietic SCs (HSCs), endothelial progenitor cells, and mesenchymal stem-like

cells (MS-lCs) can be isolated from umbilical cord blood (UCB) as well as fromWharton’s jelly of the UC, amniotic fluid, and the placenta.While

all of these kinds of cells can be used for neural regeneration through direct or indirect differentiation, because of the challenges regarding

the process of cell reprogramming,MS-lCs are themost common type of SCs that are used in neural regeneration. Therefore, the focus of this

review is the ability of MSCs from clinical waste tissues where they can be extracted in sufficient numbers to be suitable for neural regener-

ation. However, there may be some confusion about MSCs’ mesodermal origin and their ability to regenerate ectodermal-derived neural

cells. Accordingly, it should be noted that someMSCs originate from the neural crest in mesoderm that has a wide range of abilities to differ-

entiate into different cell types. However, the information about the origin of these cells after maturation and also the mechanism behind the

differentiation of these cells into neural cells are insufficient and not completely clarified in the literature.24

Prenatal WD-lSCs can be distinguished based on their origin into three groups, which are discussed in the following subsections.

Amnion-derived stem-like cells

Interestingly, multipotent stem-like cells (S-lCs) can be derived from the amniotic fluid or membrane and express markers associated with the

pluripotent EmSC phenotype (NANOG, OCT-4, and SOX-2),25 immunosuppression (CD73),26 cell-cell and cell-matrix interaction (CD90),27

and angiogenic activity (CD105).28 Also, amnion-derived stem-like cells (AmS-lCs) are inexpensive, readily available, and have high expand-

ability, neuroprotective function, low teratogenic ability, immunomodulatory, and anti-inflammatory properties.29–31

Several types of SCs can be isolated from the amniotic membrane, including amniotic epithelial stem-like cells (AmES-lCs) from the

amniotic epithelium and amniotic mesenchymal stem-like cells (AmMS-ICs) from the amniotic mesoderm. Also, in the case of amniotic
2 iScience 27, 110307, August 16, 2024



Figure 1. Isolation of WDS-ICs from either clinical prenatal or adult waste and the way of their administration in the CRT of nervous system

This figure contains modified elements from Servier Medical Art (http://smart.servier.com).
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fluid-derived SCs (AmFS-lCs) along with heterogeneous cellular populations that are present, the major cells are amniotic fluid mesenchymal

stem-like cells (AmFMS-lCs), which show MSC features.31–33

AmS-lCs can be easily isolated during prenatal checkups from the amniotic fluid using an amniocentesis procedure or upon removal of

the amniotic membrane after birth. The extraction methods are carried out without destroying human embryos and therefore have

fewer ethical concerns.34 Moreover, enough SCs for therapeutic applications can be obtained from a small biopsy of either amniotic fluid

or membrane.35–37 Similarly, it is indicated that the broad multipotency of AmFS-lCs makes them ideal for differentiation into osteogenic,

adipogenic, myogenic, neurogenic, and endothelial lineages.38

Due to the regenerative ability and lack of immune rejection associated with suppression of T and B cell responses, AmS-lCs have under-

gone several pre-clinical trials in the contexts of wound healing,39 infertility,40 lung diseases,41 non-union fractures,42 and neural disorders

such as spinal cord disease and cerebral palsy.43 For example, the world’s first clinical trial aiming to investigate the efficacy and safety of

using allogenic AmES-lCs in ischemic stroke patients was completed in Australia on Australian New Zealand Clinical Trials Registry

(ANZCTR).44,45 In these applications, the isolated and expanded AmSCs can be cryopreserved in cell banks as potential future treatments

for the patients. Further details about the cryopreservation process were mentioned in the studies by Moon et al. and Yong et al.46,47 which

is out of the scope of the current review paper.

Neural application of AmS-lCs. AmS-lCs have outstanding characteristics that make them ideal to use in neural tissue engineering and cell

therapy. In addition to their availability, studies show that AmS-lCs can synthesize and secrete neural growth factors and neurotransmitters, pro-

moting neural tissue regeneration.48 For instance, ischemic and hemorrhagic brain injuries are one of the targets of using humanAmS-lCs. Most

studies use intracerebral (IC) or intravenous (IV) injection to administer the cells for treatment.31 It was demonstrated that after IC injection of

AmES-lCs in a rat cerebral artery occlusion model, the infarcted regions and neuronal apoptosis were reduced along with improved cognitive

function caused by an increased number of differentiated AmES-lCs into neuronal-like cells.49 In addition, the intraventricular transplantation of

AmES-lCs in cerebral hemorrhagic rats resulted in activation of microglia, a decrease in brain edema, and regeneration of surrounding tissue.50

Similarly, a recent study investigated the efficacy of IV grafting of AmFS-lCs in ameliorating behavioral disorders in the ischemic stroke brain rat

model.51 It was shown that after injection of AmFS-lCs labeled with multimodal iron oxide nanoparticles into the tail vein, the implanted cells

were able to readily migrate toward ischemic regions, decrease the infarct volume, and improve motor functions. The transplanted cells

increased the expression and secretion of neuroprotective factors as well as angiogenic factors such as vascular endothelial growth factors

(VEGFs).51 Preclinical studies suggested that the application of AmS-lCs therapy in these brain injuries exhibited promising outcomes due to

the replacement of damaged neural cells with newly differentiated cells, suppression of immune/inflammatory response, and secretion of cyto-

kines, growth factors, and neuroprotective factors, which mimic the native cellular microenvironment and facilitate neural regeneration.31
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Figure 2. Plasticity of different types of cells

This figure is created with Servier Medical Art (http://smart.servier.com).

ll
OPEN ACCESS

iScience
Review
However, it is worthmentioning that the timeof cellular administration after stroke is critical, especially during early treatment. Accordingly,

the effects of IV humanAmES-lCs therapy within the first three days of ischemic stroke in animal models were evaluated.52 Acutely post-stroke

administration of AmES-lCs led to the migration of cells to the infarct area as well as the spleen, which, respectively, restored neural function

partially and attenuated systemic immunosuppression. The injection in 1–3 days post-stroke resulted in significantly fewer apoptotic cells, ex-

hibited greater grip strength, long-term neural function recovery, attenuation of behavioral deficits, and greater survival rate than other

groups.52 This study showed that functional recovery in 1–3 days post-stroke injection particularly is carried out via modulation of post-stroke

inflammatory responses. Human AmES-lCs reduced inflammation, polarized macrophages to M2 or pro-healing, and induced regulatory

T cells to the site of injury, which caused accelerated repair. Also, IV injections of cells are consideredmore clinically feasible than IC injections

to some extent, since IC injection requires expensive imaging technologies and expert knowledge to trace the cells within the target tissues,

whichmay not be readily available at some stroke centers.Moreover, there is a chance of iatrogenic injury caused during cell administration.53

AmS-lCs were also shown to have significant effects on the treatment of spinal cord injuries (SCIs) and their associated disorders by pro-

moting axonal sprouting, neuronal differentiation, and prevention of glial scar formation at the lesion site.33,54,55 Studies have used either

direct administration of cells using local injection to the injury site or by transplantation of cell-laden scaffolds. For example, a study evaluated

the efficacy of transplantation of humanAmFS-lCs into the site of injury for treatment of the bladder dysfunction in spinal cord-injured rats and

regeneration of the bladder wall. They revealed that compared to human embryonic kidney 293 cells (HEK293) that could only heal a fraction

of bladder wall, injection of AmFS-lCs led to higher secretion of insulin-like growth factor-1 (IGF-1) and transforming growth factor b1 (TGF-

b1), and subsequently, the synthesis of elastin and collagen and bladder wall remodeling (Figure 3A). Additionally, increased level of nerve

growth factor (NGF) and brain-derived neurotrophic factor (BDNF) resulted in tissue reinnervation and therefore restoration of bladder

functionality.56

While these cell-based therapies appear promising in the treatment of neurological disorders, their long-term effectiveness and success in

clinical applications require careful verification, as well as an understanding of their mechanisms of action. An overview of the mentioned

studies in the application of AmS-lCs is illustrated in Table 2 after the discussion of other prenatal stem-like cell sources.

Placental-derived stem-like cells

Having fewer ethical issues (as opposed to EmSCs) in addition to the abundance of discarded placental tissue makes this tissue a promising

source for stem-like cell extraction. Almost 350,000 births happen every day around the world, in which prenatal tissues are discarded.93,94

While placental-derived stem-like cells (PS-lCs) are as pluripotent as EmSCs, with a lower ethical barrier.64

Placental tissue is enriched with embryonic progenitor cells, trophoblastic cells, HSCs, and MSCs. Still, cells with MSC characteristics are

the most extracted cell line from the placenta and play essential roles during placental development. They contribute to the vascularization

and stability of the cytotrophoblast column through paracrine signals.95 Similar to AmS-lCs the PS-lCs also express OCT-4, SOX2, CD29,

CD37, and CD166, which helps for neural differentiation.64

In terms of the superiority of PS-lCs, it can be said that the absence of aging prevents deterioration of proliferation, differentiation, and

therapeutic and immunomodulatory properties.96 Additionally, the therapeutic effects of paracrine secretome of PS-lCs, and their capacity to

be a delivery agent and migration ability of PS-lCs to be attracted to an injury site put these cells in the spotlight for tissue engineering ap-

plications. However, the clinical usage of these cells is still in its infancy, and as such their safety has not been confirmed, especially for allo-

geneic applications. The time-consuming procedure of expanding these cells before clinical use is one obstacle that should be tackled by

addition of different signals in vitro to speed up this procedure.97 Overall, optimizing extraction, culturing, expansion as well as cryopreser-

vation and storage is the main key to pave the path for these cells’ clinical applications.

Neural application of PS-lCs. PS-lC-based therapy has been widely investigated for neurological diseases in different animal models. The

PS-lCs can be used directly, or they can be differentiated beforehand, and their neural lineage can be used. Moreover, the growth factor

secreted by PS-lCs or their differentiated lineage growth factor secretion can be used for the treatment of different neurological dis-

eases.98–100
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Figure 3. The neurogenic potential of transplanted human AmS-lCs in treatment of spinal cord injuries and nerve hernia

(A) Representative Immunoconfocal microscopy images of neural marker expression in sections of spinal cords in controls and AFS-lCs implanted group (n = 6).56

HGF: hepatocyte growth factor, BDNF: brain-derived neurotrophic factor, NGF: nerve growth factor, STEM121: human stem cell cytoplasm antibody, c-Met:

tyrosine-protein kinase Met, and phosphorylated c-Met, hCD90: human CD90, GFAP: glial fibrillary acidic protein, and DAPI: 40,6-diamidino-2- phenylindole.

(B) The graph of produced neurogenic factors and representative immunostained images of spinal cross-sections in myelomeningocele rat model injected with

retinoic acid (RA) and human AmS-lCs derived from amniotic fluid (hAFSCs).

(B’) H&E stained andmacroscopic images of isolated rat spinal samples before (left) and after (right) treatment showed reduction in cross-section area (340; scale

bars: 500 mm, n = 5).57
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For instance, direct IV injection of PS-lCs resulted in upregulation of VEGF, HGF, and BDNF in a rat with stroke and it decreased the anti-

inflammatory response, in a mouse with Alzheimer’s disease (AD).64 In addition to stroke and AD, other neurological conditions such as mye-

lomeningocele, ballistic-like brain injury, and Parkinson’s disease (PD) have also been considered for PS-lCs-based cell therapy.98–100

The addition of growth factors can be used to adjust differentiation conditions, such as retinoic acid and glial-derived neurotrophic factor

(GDNF) to facilitate neural differentiation of PS-lCs and extract neural progenitors. It has been demonstrated that inhibiting histone deace-

tylase expression through valproic acid led to an increase in the expression of neurites and neural lineagemarkers.101 Valproic acid helps with

S-lC maintenance and differentiation and affects BDNF and GDNF expression in astrocytes, which protects dopaminergic (DA) neurons and

leads to a full commitment to neural linage differentiation. Hence, the proposed protocol can be used to differentiate PS-lCs for nerve tissue

engineering applications.101 Overall, providing desirable growth conditions and addition of neural stimulant signals for PS-lCs in vitro can

lead to optimizing expansion of these cells before clinical application to not only have fully committed cells but also to increase their pop-

ulation to achieve the highest success.

Another way to make use of PS-lCs for neural tissue engineering is with their secreted vesicles. These secreted vesicles are a communi-

cation path for intracellular communication. Furthermore, they can act as therapeutic agents or differentiation signals. Recently, the potential

of the secreted extracellular vesicle in treating MS in a murine model was demonstrated by reducing oligodendroglia’s DNA damage. More-

over, they led to an increase in myelination of spinal cord cells by affecting endogenous oligodendrocyte precursor cells.66 The advantage of

utilizing exosomes and growth factors of PS-lCs over cells is reduced donor rejection rate, otherwise both groups led to the same result

regarding neuron regeneration.66 Different applications of PS-lCs for the treatment of neurological diseases are present in Table 2.

Overall, placental-derived cells, have great potency for neural regeneration applications thanks to their similarity to MSCs.
iScience 27, 110307, August 16, 2024 5



Table 2. Overview of prenatal WDS-lC studies

Source Disorder Model Final achievement Reference

AmES-lCs Stroke Rat � Reduction of infarcted regions caused by
cerebral artery occlusion and neuronal
apoptosis

� Improvement of cognitive functions
� Increase of differentiation into neuronal-like

cells

Liu et al.49

AmES-lCs Stroke Rat � Activation of microglia
� Decrease in brain edema
� Tissue regeneration

Dong et al.50

AmES-lCs Stroke Rat � Migration of cells toward the infarct area
� Neural function recovery
� Attenuation of behavioral deficits

Evans et al.52

AmES-lCs SCI Rat � Regrowth of damaged axons and paracrine
factors secretion

Xue et al.58

AmES-lCs SCI Rat � Neural sprouting
� Microglial inactivation

Wang et al.59

AmES-lCs MS Rat � Immunomodulation
� Remyelination
� Neuroprotection

Liu et al.60

AmES-lCs Autism spectrum

disorder

Mouse � Mitigation of social deficits
� Improvement of neurogenesis in the hippo-

campus

Zhang et al.61

AmFS-lCs Stroke Rat � Reduction of the infarct volume
� Improvement of motor functions,
� Increase of neuroprotective and angiogenic

factors secretion

Sibov et al.51

AmES-lCs SCI Rat � Improvement of migration of SCs to the site
of injury in the myelomeningocele model

� Increase of neurogenesis and neuroprotec-
tion caused by HGF secretion

Abe et al.57

AmMS-lCs Sciatic nerve injury Rat � Differentiation of AmMS-lCs into Schwann
cell-like cells

� Peripheral nerve regeneration
� Functional recovery

Chen et al.62

AmMS-lCs MS Mouse � Promotion of angiogenesis
� Neural tissue survival
� Regulation of MMPs activity
� Increase of neural differentiation

Abbasi-Kangevari et al.63

PS-lCs Stroke Rat � Upregulation of VEGF, HGF, and BDNF
� Neuroprotectivity

Oliveira and Barreto-Filho64

PS-lCs AD Mouse � Lower anti-inflammatory responses Oliveira and Barreto-Filho64

PS-lCs Spinal Cord Injury Rat � Enhancement of motor function
� Improvement of sensory and motor dys-

functions

Yang et al.65

PS-lCs and secretes MS Mouse � Boost in the motor function
� Reduction the DNA damage of oligoden-

droglia.
� Increase in myelination of spinal cord cells

Clark et al.66

UCMS-lCs stroke Rat � Reduction of the infarct size
� Improvement of neurobehavioral function

Koh et al.67

UCMS-lCs stroke Rat � Reduction of the infarct size
� Improvement of neurobehavioral function
� Promotion of the angiogenesis process of

the injured part

Liao et al.68

UCMS-lCs stroke Rat � Increase of synaptophysin and vascular
density

� The proliferation of endogenous neural
progenitor cells

Zhang et al.69

UCMS-lCs stroke Rat � Secretion of biological potent cytokines
from UCMS-lCs is more effective than the
route and time of administration in IV
infusion

Shehadah et al.70

UCMS-lCs stroke Rat � Increase of remyelination and gliosis Oppliger et al.71

(Continued on next page)
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Table 2. Continued

Source Disorder Model Final achievement Reference

UCMS-lCs stroke Human � Improvement of muscle strength in two pa-
tients of ischemic and no significant change
was observed in the patient with hemor-
rhage stroke

Jiang et al.72

UCMS-lCs SCI Rat � Improvement of motor function Li et al.73

UCMS-lCs SCI Rat � Suppression of mechanical allodynia Roh et al.55

UCMS-lCs SCI Rat � Higher survival rate than bone marrow
MSCs

� Improvement of functional recovery
� Reduction of allodynia
� Improvement of hyperalgesia

Yousefifard et al.74

UCMS-lCs SCI Human � Effective treatment in �60% of patients
� Improvement of their motor and sensory

function, bowel and bladder ability

Liu et al.75

UCMS-lCs SCI Human � Improvement of neurological functional re-
covery

Cheng et al.76

UCMS-lCs PD Monkey � Amelioration of the functional deficits Yan et al.77

UCMS-lCs PD Rat � Progressive enhancement of motor
behavior

Han et al.78

UCMS-lCs AD Mouse � Enhancement of cognitive and sensori-
motor task

Boutajangout et al.79

UCMS-lCs AD Mouse � Improvement of memory and reduction of
Abeta deposition

Yang et al.80

UCMS-lCs MS Rat � Prevention of EAE onset
� Amelioration of outcome of established

EAE

Donders et al.81

UCMS-lCs MS Rat � Reduction perivascular immune cell infiltra-
tions, demyelination, and axonal injury in
the spinal cord

� Enhancement of survival of the EAE model

Liu et al.82

UCMS-lCs MS Human � Improvement of symptoms
� Decrease the relapse occurrence of MS

Li et al.83

UCMS-lCs MS Human � Enhancement of EDSS scores, bladder,
bowel, and sexual function

� Enhancement of non-dominant hand
average scores, walk time, and generally
their quality of life after one month of
treatment and appearance of the inactive
lesion in the MRI image of 83.3% of patients
after one year

Riordan et al.84

UCBMS-lCs Stroke Dog � Differentiation into neurons and astrocytes
� Reduction of the lesion volume
� Increase in secretion of von Willebrand fac-

tor and neuroprotective factors, such as
BDNF and VEGF

Chung et al.85

UCBMS-lCs Stroke Rat � Improvement of motor function by both
intrathecal and IV administration

Lim et al.86

UCBMS-lCs Stroke Rat � Lack of connection between the donor of
the cells and their therapeutic effect

Park et al.87

UCBMS-lCs Stroke Rat � Improvement of histologic abnormalities of
penumbra only after 6 h of UBCMS-lCs
administration

Kim et al.88

UCBMS-lCs SCI Dog � More nerve regeneration and anti-inflam-
matory effect in comparison with fat, bone
marrow, Wharton’s jelly derived MSCs

Ryu et al.89

UCBMS-lCs SCI Dog � Enhancement of nerve conduction velocity
� Consistency of the nerve cell bodies struc-

turally

Lim et al.90

UCBMS-lCs SCI Rat � Promotion of the recovery of damaged spi-
nal cord

Cui et al.91

UCBMS-lCs AD Mouse � Reduction of markers of glial activation,
oxidative stress, and apoptosis levels

Lee et al.92
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In order to boost their performance even further, different techniques can be used, such as pre-differentiating these cells before treatment,

injecting them with differentiating factors, and utilizing their secretomes. Although the application of PS-lCs in a clinical trial has not been

evaluated broadly, this waste-based stem-like cell holds great promise for treating neural-based disorders.

Umbilical cord-derived stem-like cells

The importance of UCB as a source of HSCs and endothelial progenitor cells was first announced in 1974 by Knudtzon.102 The first suc-

cessful transplant of UCB-derived HSCs (UCHSCs) was done in 1988 for a boy with Fanconi’s anemia from his younger sister’s UCB.103

Since then, because of the therapeutic application of these cells, cryopreservation of UCB for future use was developed.104 In 1991, re-

searchers found that UCB is not the only source of stem-like cells (S-lCs), but that a broad range of cells can be obtained by isolating

fibroblast-like cells from Wharton’s jelly.105 This declaration was completed in 2004 by investigating the markers of isolated cells, which

are the same as what is expressed by MSCs such as CD29, CD44, CD51, CD73, and CD105, and not CD34 and CD45 that are the markers

of HSCs.106,107

Neural application of UCS-lCs. Umbilical cord-derived stem-like cells (UCS-lCs) are the most studied prenatal S-lCs in the field of stroke

treatment.108 For instance, IC implantation of UCMS-lCs in the brain of immunosuppressed ischemic stroke rats showed that they homed in on

the injured part, decreased the infarct size as can be seen in Figure 4A, and enhanced neurobehavioral function, but they could not become

functional active neuronal cells. These results were explained by the neuroprotective effect of UCMS-lCs and their disability in constructing a

new network between implanted cells and host tissue.67 It is also indicated that transplantation of UCMSCs in a strokemodel not only reduced

the infarct volume and improved neurobehavioral function (Figure 4B) but also increased the amount of VEGF and basic fibroblast growth

factor (bFGF) in the brain and substantially encouraged the angiogenesis process of the injured part (Figure 4B’).68 Similarly, transplantation

of UCMSCs in the injured part of the brain of three patients improvedmuscle strength in two patients with ischemic stroke, and no significant

change was observed in the patients with hemorrhagic stroke.72

UCMS-lC transplantation can also be delivered intravenously, which improved neurobehavioral function by increasing synaptophysin and

vascular density and promoting endogenous neural progenitor cell proliferation, but it did not result in a reduction in injury size.69 During the

administration of UCMS-lCs via IV infusion, the biodistribution of the injected UCMS-lCs labeled by indium-111 (In-111) oxine was analyzed by

single-photon emission computed tomography. The results demonstrated that about 1%of administratedUCMS-lCs reached the injured part

of the brain. The low homing ability of cells in this study, shows that the success of this transplantation came from other factors like the

secreted potent cytokine that results in the enhancement of angiogenesis (Figure 4C).70,110 Some of the beneficial secreted biological com-

pounds fromUCMS-lCs, namely IL-8 and VEGF-A, are related to their angiogenic impact.111 The intranasal transplantation of UCMS-lCs as an

alternative to IV or IC, also caused an increase in remyelination and gliosis in Wistar rat pups with a hypoxic-ischemic insult.71 All of these

results have strengthened this view that although these kinds of cells express MSCs markers, they are stromal cells and cannot proliferate

and differentiate like SCs.18

Although all administrationmethods showed promising results, they can still affect therapeutic outcomes. As an illustration, in comparison

between intrathecally or intravenously administered UCBMS-lCs to a rat stroke model, migration of cells to the ischemic area through intra-

thecal was higher than that through IV. However, both groups showed significant improvement in motor function.86 On the other hand,

different donors of UCB cannot contribute to the therapeutic effect of UCBMS-lCs as revealed that different types of donor-derived

UCBMS-lCs administrated intracerebrally caused the same tissue regeneration.87 It was also reported that both UCBMS-lCs with the low

and high number of passages revealed the same effect on the treatment of the middle cerebral artery occlusion rat model.112

UCMS-lCs have been shown to be more effective in treating PD than bone marrow MSCs in previous studies, since dopaminergic cells

differentiated fromUCMS-lCs expressed higher levels of tyrosine hydroxylase andNurr1 compared to those differentiated frombonemarrow

MSCs.113

In addition, differentiated cells can be more beneficial in clinical use if they reach and stay in the target site sufficiently compared with

undifferentiated cells.108,113 Therefore, some genetic modifications on UCMS-lCs77 or the use of growth factors during cell administration78

can enhance the efficacy of the treatment. For example, the transplantation of genetically modified UCMS-lCs by two important genes in PD

(Lmx1a and NTN) into PD monkey models showed recuperation of the functional deficits.77 In another in vivo test on 6-hydroxydopamine-

induced PD rat models, UCMS-lCs were transplanted with a growth factor cocktail into the lesion part of the brain, and the results indicated

that DA neurons conversion in the midbrain and progressive improvement of motor behavior.78 UCMS-lCs can also secrete soluble factors

with immunomodulatory and anti-inflammatory functions, such as soluble intracellular adhesion molecule-1 108, which increases neurogen-

esis and decreases neuroinflammation.114 Accordingly, the transplantation of UCBMS-lCs to an AD mouse model reduced glial activation,

oxidative stress, and apoptosis levels.92

The modulation of immune cell function in UCMS-lCs can prevent the onset of experimental autoimmune encephalomyelitis (EAE) and

improve the results of established EAE in MS.81 Moreover, transplantation of UCMS-lCs could reduce perivascular immune cell infiltrations,

demyelination, and axonal injury in the spinal cord and subsequently enhance survival of the EAE model through secretion of an anti-inflam-

matory protein, such as tumor necrosis factor alpha (TNF-a)-stimulated gene/protein 6 (TSG-6).82

Finally, in a large clinical study on the effect of intrathecally administrated UCMS-lCs on a vast range of neurological disorders, 100 patients

enrolled and followed up for more than one year after treatment. The results of this study showed that 47% of patients (contained 12% with

SCI, 11% with cerebral palsy, 9% with post-traumatic brain syndromes, 9% with post-brain infarction, 3% with spinocerebellar ataxias, and 3%
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Figure 4. The effect of UCMSC administration on infarct size reduction and vascular density

(A) significant reduction of infarct volume in the human UCMS-lC treated group compared to the PBS-treated group.67

(B) Representative macroscopic appearance of brain slices at 28 days after transplantation and quantitative data of infarct volume in PBS and UCMS-lCs treated

group, (B’) Representative DAPI staining image of PBS and UCMS-lCs treated intracerebral hemorrhage 14 days post-transplantation, and vWF immunostaining

images to display incorporation of UCMS-lCs into endothelium and their maintenance in the blood vessel wall.109

(C) significant increase of vascular density and perimeter in human UCS-lCs treated tissue over time in comparison with control tissue.70
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with motor neuron disease) responded to the treatment and their functional indices were improved and only 22% of patients, had mild or

moderate side effects.115

Although there is a large number of in vitro, in vivo, and clinical trials on the application of UCMS-lCs, and in most of the studies they were

considered as MSCs, they usually did not differentiate into the neural cells completely or proliferate like SCs and behaved more like the stro-

mal cells to support the tissues by their secretions. Therefore, the outcomes of these studies can be enhanced by using some cell reprogram-

ming approaches77 or introducing biomaterials to induce neural differentiation of UCMS-lCs116,117 or materials that can control the delivery of

the secretion of these cells in the target tissues and continue such supportive behavior.118

Adult WDS-lCs

Because of the great importance of SCs in the treatment of a vast range of diseases, some parameters such as the harvestingmethod from the

donor and the number of collected cells are taken into account. The current method of adult SC harvesting needs needle insertion, biopsy, or

physical dislodgement by scraping. However, adultWDS-lCs can be considered as a suitable choice with advantages such as the non-invasive

method of cell collection, lack of bioethical concerns, and their higher proliferation potential. Adult WDS-lCs can be obtained from urine,

waste adipose after liposuction, dental pulp, and peripheral blood.
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Urine-derived stem-like cells

A promising and readily available type of S-lCs derived from adult waste materials is urine-derived stem-like cells (US-lCs).119 Despite hetero-

geneous cell populations in human urine, there are generally two types of cellular colonymorphologies presented in urine samples; firstly, flat

and smooth surface with high cell-cell contact categorized as renal squamous epithelium-like cells and secondly, single, dense, adherent, and

disperse cells known as US-lCs. The main origins of these cells are kidney tubules or papilla (i.e., kidney glomerulus epithelial cells) and the

upper urinary tract. Although the first cell colony showed limited application in kidney regeneration, US-lCs provide high expandability in vitro

with approximately 100–140 cellular colonies grown from each urine sample during 24 h culture time and better plasticity to differentiate into

different cell types (e.g., osteogenic, chondrogenic, adipogenic, myogenic, and neurogenic lineages) compared to renal stem/progenitor

cells.120–123 US-lCs can be regarded as multipotent MS-lCs residing in the urinary tract system that present cobblestone to spindle-like phe-

notypes and express various surfacemarkers associated with self-renewal, immunomodulation, endothelialization, and the ability of differen-

tiation to hematopoietic SCs and neurons, including CD44, CD73, CD29, CD105, CD166, CD90, CD224, CD146, and CD13.122–124 In addition

to controlled telomerase activity, which would not cause teratoma formation, US-lCs have high efficacy for reprogramming into iPSCs, can

secrete regenerative growth factors, and exhibit immunomodulatory properties.120

It has been suggested that US-lCs can be introduced as an alternative cell source for the generation of mature cells after in vivo transplan-

tation in the treatment of neurological disorders and brain regeneration.125–127 Therefore, as a benefit of using such potent and patient-spe-

cific cells, the number of clinical trials would increase noticeably compared to previous clinical studies using iPSC-derived dopamine neurons,

which took nearly 2 months for the generation of functional and matured neurons.128,129

Neural application of US-lCs. Regarding the use of US-lCs in neural tissue regeneration, studies employed various approaches from

growing in biomaterial-based hydrogels to exposure to small molecule/growth factor cocktails for efficient generation of neural progenitor

cells.130,131 For instance, a protocol was developed to generate large quantities of neural progenitor cells from US-lCs by treating themwith a

small molecule formulation. The results showed that these treated cells serve neuronal properties and functions (including electrophysiolog-

ical activity and survival after transplantation) both in vitro and in vivo.132 These results notwithstanding, there is still room for the development

of a standardized protocol for US-lC differentiation that shows reliable outcomes and feasibility.

After isolation, US-lCs can undergo either direct reprogramming to neuronal cells or first be reprogrammed to iPSCs and then differen-

tiated to neural SCs and finally converted into astrocytes, oligodendrocytes, and neurons.119,133 The process of cellular reprogramming is car-

ried out using an inductive medium containing specific growth factors, small molecules, drugs, and physical stimulants or by genetic manip-

ulation of cells through transfection with viral/non-viral vectors to increase the differentiation efficacy.133

Asmentionedpreviously, neural cell transplantation is one of the effectivemethods of treating neurodegenerative diseases such as stroke,

AD, PD, etc.133 Due to the safety concerns associatedwith using transcriptional factors and viral vectors for cellular transfection, a combination

of small molecules as a safe and cost-effective approach can be applied to improve the reprogramming efficacy of US-lCs.131 Accordingly,

centrifuged US-lCs were cultured into the gelatin-coated plate and subjected to the neuron induction medium containing special small mol-

ecules. Based on the results, using a medium supplemented with a chemical cocktail including ISX9, I-BET, and RA (the metabolite of vitamin

A) resulted in increased neuronal differentiation, inhibited non-neuronal genes, and promoted neurogenesis, respectively. This work estab-

lished a protocol for converting both renal cells and US-lCs into neuronal cells not only for cell therapy but also for diseasemodeling and drug

screening applications.131

MSC-generated exosomes have been proven to have a direct effect on promoting neurogenesis. However, their application is limited due

to the lack of cell sources and invasive extraction procedures.134–136 Alternatively, the use of US-lCs is restricted not only to the cells them-

selves but also to their paracrine secretions. To illustrate, exosomes derived from US-lCs showed positive outcomes for post-ischemic stroke

treatment in rats. The research findings demonstrated that promoting neurogenesis and functional recovery increased proliferation and

neuronal differentiation using IV injection of US-lCs exosomes in rat models.137

It is worthmentioning that considering several challenges in successful and functional differentiation of SCs to neural lineages and despite

some studies examining US-lCs direct differentiation to neuronal cells, most research has used iPSC-derived USCs (UiPSCs) for this applica-

tion.119,123 Moreover, due to high reprogramming efficacy and the omission of the mesenchymal-to-epithelial transitional step leading to

short induction time, US-lCs seem more advantageous rather than other somatic cells for the generation of iPSCs.123,133,138

As an example, a rapid and efficient method for the differentiation of UiPSCs into motor neurons was investigated. With the benefit of

using small molecules supplemented in neural differentiation medium, mature motor neurons were generated after 26 days of culture,

and they expressed neural markers. Moreover, the co-culture of these differentiated cells with C2C12 cells, mouse muscle cells, led to the

formation of neuromuscular junctions. These results revealed the functional capacity of using UiPSCs as a promising treatment for motor

neuron diseases.129

Application of US-lCs/UiPSCs for the development of a platform for investigation of disease underlying reactions and investigation of

appropriate therapeutic strategies has noticeably attracted both research and clinical focus.139 To generate simple and cost-effective

approaches for understanding the molecular mechanisms of disease, testing potential drug reactions, and developing an efficient treat-

ment for diabetic brain disorders, diabetic patients’ urine samples were used and the isolated US-lCs were reprogrammed into UiPSCs

and then differentiated to neurons, astrocytes, and microvascular endothelial cells. A co-culture of these three resultant cells in a 3D

system was used to produce a disease model in vitro, which significantly mimicked the cerebral microenvironment of diabetic

patients.140
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Similarly, functional cerebral organoids were created from UiPSC embryoid bodies with robust capacity for neurogenesis and astroglio-

genesis, which represented practical biospecimens for studying neurodevelopment and pharmacological responses. It was reported that

despite some variations associated with different urine samples and cell reprogramming procedures, all the UiPSC aggregates differentiated

in a neural induction medium and developed into cerebral organoids, which also induced tissue vascularization in the brains of adult mice.141

Despite showingpromising results in various studies, US-lCs are less likely to be frequently used in neural regeneration applications due to the

challenges in their differentiation into neural lineages compared to their differentiation into urinary and kidney cells. However, with further

work such as geneticmanipulation and reprogramming of these cells, as well as the application of UiPSCs, this opinionmay prove to be incor-

rect. An overview of the mentioned studies in the application of US-lCs is illustrated in Table 3 (section Peripheral blood stem cells).

Adipose-derived MS-lCs

Adipose tissue is a connective tissue in bidirectional interactions with other organs. It is more than just a passive source of energy. It is an

endocrine tissue that plays a critical role in metabolism, immunity, and hematopoietic systems.163 Adipose-derived MS-lCs (ADMS-lCs)

are rich sources of MS-lCs with the ability to differentiate into nerve-like cells.164 The specific antigens of ADMS-lCs include CD34, CD73,

and CD90. ADMS-lCs do not express the blood cell markers like CD45 and CD31. Moreover, CD13, CD29, CD44, CD58, and CD166 are

MSC markers expressed by ADMS-lCs. It should be noted that the isolation method and culture protocol affect the expression of these

markers.165,166 Various methods are used to separate adipose tissue, including Coleman’s technique, liposuction, and direct excision. Based

on the location of excision and the age of the person, the function of the SCs may be affected.164 Rodbell first carried out progenitor cell

extraction from adipose tissue in 1964,167 which was altered by Zuk et al. in the year 2001 using liposuction wastes.168 These methods can

be used to provide autologous cell sources and consequently the lack of undesired host versus graft disease.164,167

Differentiation of ADMS-lCs into desired cell lineages such as neurons depends on various parameters such as culturing conditions.169 The

induction medium for neuronal cells consists of butylated hydroxyanisole (an antioxidant that enhances neural SC survival), valproic acid (a

branch-chained fatty acid that participates in the blockade of voltage-dependent sodium channels and the potentiation of gamma-amino-

butyric acid [GABA; GABA is a chemical messenger widely distributed in the brain that reduces neuron activity in the neurons to which it

binds]), and forskolin (a neural stimulus that regulates the neurotransmitter transporters and ion channels169,170). It is also possible to differ-

entiate ADM-lCs into Schwann cells using a cell growth medium supplemented with PDGF, bFGF, forskolin, and glial growth factor

(GGF)-2.171,160 A genetics-based protocol contained a sequential treatment of ADMS-lCs with FGF 2 (for 10 days) and miR-218, which led

to differentiated neural cells from ADMS-lCs.172

Neural application of ADMS-lCs. ADMS-lCs secrete numerous growth factors, namely VEGF, bFGF, NGF, BDNF, and neurotrophins,

which play a critical role in remyelination, reducing neural cell apoptosis, and maintaining the CNS functions.150 Transplantation of ADMS-

lCs into the hippocampi of transgenic AD model mice was accompanied by reduced oxidative stress and alleviated cognitive impairment.

Immunofluorescence staining revealed that the number of newly generated cells in the hippocampus in ADmice was significantly higher after

adipose-derived MSC transplantation. Adipose-derived MSC transplantation enhanced neurogenic activity as well.144 IC transplantation of

ADMS-lCs also demonstrated improved omission of amyloid beta (Ab) from the hippocampus because of the alteration of themicroglial acti-

vation after ADMS-lC transplantation, which was also accompanied by a reduction in expression of toxic inflammatory cytokines. Overall,

these results reduced disease symptoms.145 The potential of IV injection of ADMS-lCs in the treatment of AD was also evaluated on the trans-

genic mice model of Tg2576, which confirmed the migration of intravenously injected ADMS-lCs through the blood-brain barrier into the

brain.91,146 A comparison between the efficacy of two IV and IC injection methods, which are related to the prevention of AD inception

and the therapeutic potential of the transplanted ADMS-lCs, respectively, demonstrated the acceptable potential of both methods. They

both resulted in a reduction of Ab peptides by regulating neurotrophic factors like VEGF, which led to enhanced learning and memory

abilities.146

It is suggested that the deficiency of the mitochondria can be involved in the degeneration process of dopaminergic cells by the produc-

tion of reactive oxygen species, which leads to PD.148 ADMS-lCs have been shown to have neuroprotective effects on animal models of PD.148

IV transplantation of ADMS-lCs caused a reduction of dopaminergic cell death as well as the functional recovery ofmitochondria by increasing

the activity of mitochondrial complex I, which led to the recovery of dopaminergic cells.148 PD animal models have been created using

1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, a PD-inducing agent that causes motor deficiency by killing dopaminergic cells, and n-butyli-

denephthalide (BP), a herbal anti-inflammatory and anti-cancer agent that reduces Ab.149 The transplantation of ADMS-lCs in the striatum of

themouse resulted in balance improvement as well as an increased number of dopaminergic cells. The pretreatment of ADMS-lCs with BP led

to the expression of neurogenic genes in vitro and better behavioral improvement in the disease model.149

When ADMS-lCs and neurotrophic factor secreting cells were co-transplanted into rat MS spinal cords that were locally demyelinated,

motor responses were enhanced, possibly due to reduced apoptosis and improved differentiation of ADMS-lCs into oligodendrocytes in

the presence of neurotrophic factors.150 When used in combination with ADMS-lC transplantation on remyelination in cuprizone-induced

MS rat models, injection of pregnenolone (steroid hormones produced locally by the nervous system) showed improved regeneration

with increased thickness of myelinated axons. The results also demonstrated increased expression of oligodendrocyte differentiation-related

genes, which showed the positive potential of ADMS-lCs and pregnenolone in the treatment of MS.151

ADMS-lC transplantation prevented further pathologic changes, like secretion of inflammatory cytokines or apoptotic responses of neural

cells, after ischemic stroke and led to neural regeneration. Also, the effectiveness of ADMS-lCs was found to be independent of the
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Table 3. Overview of adult WDS-lCs studies

Source Disorder Model Final achievement Reference

US-lCs Neurological diseases Rat � Neuronal differentiation and neurogenesis Liu et al.131

US-lCs Cerebral diseases Mouse � Formation of functional cerebral organoids
from UiPSCs with high capacity of
neurogenesis, astrogliogenesis, and
vascularization

Lin et al.141

US-lCs PD Rat � Increase of neural differentiation and prolif-
eration

� Expression of neural markers using PDGF
and laminin

Kim et al.122

US-lCs SCI Rat � Regeneration of nerve structure and erec-
tile function

� Improvement of vascular cell function
around damaged tissue after injection of
modified USCs

Yang et al.142

US-lCs SCI Rat � Improvement of cellular migration
� Differentiation in damaged nerve with neu-

roprotective effect inhibiting tissue loss

Liu et al.143

US-lCs Stroke Rat � Promotion of neurogenesis
� Functional recovery

Ling et al.137

AS-lCs AD Mouse, Rat � Reduction of Ab
� Reduction of inflammatory cytokines

expression
� Improvement of learning and memory abil-

ity

Yan et al.144; Ma et al.145;

Kim et al.146; Nasiri et al.147

AS-lCs PD Mouse � Increase of dopaminergic cells
� Reduction of Ab
� Balance improvement

Choi et al.148; Chi et al.149

AS-lCs MS Rat � Improvement of axonal regeneration
� Increase in the myelin sheet thickness
� Increase of differentiation to oligodendro-

cytes
� Enhancement of motor responses

Razavi et al.150; Ganji et al.151

AS-lCs Stroke Rat � Reduction of the lesion area,
� Inhibition to further pathologic changes
� Enhancement of motor function

Yousefifard et al.152; Zhao et al.153

AS-lCs SCI Mouse, Rat, Dog � Improvement of cell survival,
� Reduction of scar formation
� Axonal regeneration
� Improvement of functional recovery

Ohta et al.154; Razavi et al.155;

Gao et al.156; Tang et al.157;

Bach et al.158

AS-lCs SCI Human � 71% showed sensory recovery, while the
limited motor recovery was observed

Hur et al.159

AS-lCs Sciatic nerve injury Rat � Improvement of axonal regeneration Summa e al.160; Nakada et al.161

DPS-lCs SCI Rat � High rate of neural differentiation
� Increase in neurotrophic factor expression

and significant locomotor regeneration

Zhang et al.162
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administration route.152 The potential of the cell-free protein extracts of ADMS-lCs as alternatives for complete ADMS-lCs in the treatment of

stroke has also been evaluated. The IV injection of ADMS-lCs and extracts of ADMS-lCs in transient middle cerebral artery occlusion rat

models reduced lesion area in the long-term for both groups. However, their molecular mechanism of action was reported to be different.

ADMS-lCs provided higher expression of neurotrophic factors, which resulted in a prolonged reduction of symptoms. While injection of ex-

tracts of ADMS-lCs led to fast neurological improvements, which might be a result of more efficient downregulation of proinflammatory cy-

tokines’ expression.153

The potential of ADMS-lCs in the treatment of SCI has been investigated in numerous studies, and interestingly, the cells promoted func-

tional recovery without achieving long-term survival of the transplanted cells. Instead, the secretion of various growth factors and immuno-

modulatory cytokines like VEGF, bFGF, IL-3, IL-6, neural growth factor, and HGF by ADMS-lCs led to SCI recovery.154,155,173 The successful

differentiation of human-derived ADMS-lCs to motor neurons in the presence of sonic hedgehog, retinoic acid, and neurotrophic factors has

also been reported. The differentiated cells transplanted in the SCImicemodel showed the expression of anti-inflammatory cytokines in addi-

tion to providing an optimized microenvironment. Moreover, behavioral recovery was demonstrated after cell transplantation in the animal

model.156 The positive potential of IV transplantation of ADMS-lCs in the functional recovery of SCI rat models is also reported. There was a

high likelihood of ADMS-lC differentiation, as well as a slow accumulation at the injury site of injected cells. The secretion of factors that partic-

ipate in cell survival was also reported, which all together enhanced the functional recovery in rats.154 Neurotrophic secreting cells
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Figure 5. The neurogenic potential of adipose-derived mesenchymal stem-like cells (ADMS-lCs) in the treatment of neural disorders

(A) shows an increased number of newly born neural-potent cells in the presence of ADMS-lCs, dispersed throughout the dentate gyrus of Alzheimer’s disease

mice model in comparison with the group that received Hank’s balanced salt solution (HSBB).144

(B) decreased number of Ab plaques in the presence of ADSCs in both cortex and hippocampus of Alzheimer’s disease mice model, scale bar:100 mm.145

(C) The picture demonstrates the remyelination of demyelinated corpus callosum in multiple sclerosis rat model due to transplantation of ADMS-lCs.153

(D) Shows the effect of the administration route of ADMS-lCs extracts on the lesion area during stroke in rat models. The IV administration resulted in the least

lesion area compared with intraperitoneal (Ip) and intracerebral (Ic) administration.151
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differentiated from ADMS-lCs were also confirmed to have a higher potential in remyelination and increase of myelin sheath thickness

compared with undifferentiated ADMS-lCs because of their secretion of growth and neurotrophic factors.155

Genetically modified Ngn2-ADMS-lCs in an SCI rat model led to improved functional recovery, showing more neural differentiation,

decreased scar formation, as well as secretion of BDNF and VEGF. Ngn2 is a proneural gene responsible for neural differentiation while pre-

venting astrocytes from differentiating and, as a result, inhibiting scar formation, which is an obstacle for axon regeneration.157 Autologous

ADMS-lC intrathecal transplantation in patients who suffered from SCI showed limited motor behavior recovery in five out of 14 patients,

which might be low due to measurements were recorded only for 8 months. However, 71% of patients showed improved sensory recovery.

In conclusion, despite the safe behavior of ADMS-lCs after transplantation and no sign of tumor formation, the clinical efficacy of ADMS-lC-

based cell therapies needs more evaluation.159

Chronic pain after SCI is another issue that SCI patients confront. The use of low-level laser therapy is one physiotherapy approach to con-

trolling such pain.174 The administration of low-level laser in combination with human-derived ADMS-lC transplantation in SCI rat models re-

vealed decreased neuropathic pain after SCI by increased expression of GDNF and GABA receptors, which are responsible for neurogenesis

as well as myelination and control of the pain, respectively174 Figure 5.

Dental pulp-derived stem-like cells

Dental pulp-derived stem-like cells (DPS-lCs) include dental pulp stem cells (DPSCs) from the pulp of extracted permanent and wisdom teeth,

as well as SCs from human exfoliated deciduous teeth (SHED). DPS-lCs distinctly originate from the embryonic neural crest and exhibit unique

neurotrophic properties that set them apart from other MSCs sources175; however, DPS-lCs are cells like other MSCs in terms of multipotency

and self-renewal ability.176 These features underscoreDPSCs and SHED’s potential utility for regenerativemedicine, leveraging what is other-

wise considered medical waste. In addition to the high plasticity of DPS-lCs, they can secrete different factors (secretome) and affect injured

tissue regeneration through the paracrine mechanism.177

The advantage of DPS-lCs in comparison to bone marrow-derived SCs is related to their high regenerative ability, which makes them suit-

able for regenerative applications. Additionally, their high proliferation capacity and noninvasive isolation techniques without strict ethics re-

quirements have placed these cells in the spotlight for cell therapy and tissue engineering applications.176,177
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Neural application of DPS-lCs. DPS-lCs can be directly used for neural disease or they can be differentiated into the neural lineage be-

forehand. The differentiated cells can be used for cell therapy or their secretome can be used for neuron regeneration or treatment of neural

diseases. An appropriate differentiation medium and signals through adding growth factors or loading cells into a scaffold make neural

differentiation possible fromDPS-lCs. Different growth factors such as PDGF, TGF-b, bFGF, BMPs, and especially NGF can affect DPS-lC pro-

liferation and differentiation.178 Differentiated neural cells from DPS-lCs can generate action potentials due to developing a voltage-depen-

dent sodium channel, which is essential for the treatment of neurodegenerative diseases.179 DPS-lCs can differentiate into specific neural

cells, such as dopaminergic neurons, as long as a suitable differentiation medium is provided.180 The secretome of DPS-lCs includes neuro-

trophic factors, such as VEGF, neurotrophin-3 (NT-3), GDNF, BDNF, etc.181–183 The role of DPS-lCs for neuro-relateddiseases can be classified

as protective or therapeutic. In the protective role, the DPS-lCs attenuate the death of neuron cells in a toxic microenvironment184; moreover

secreted neurotrophic factors from DPS-lCs affect substantia nigra dopaminergic neuron apoptosis and lead to an increase in dopamine up-

take.185 In the therapeutic role, DPS-lCs reduce the apoptosis rate, but also they change the morphology of diseased cells to healthy cells by

re-elongating dendrites AD.186

While DPS-lCs cannot be classified as MSCs, their neurotrophic factors make them promising for neurodegenerative disease therapies.

This type of cell can be used directly for neural diseases by injection, protecting neural cells, and stimulating their healthy environment, or

they can be expanded ex vivo, and their secretion and exosome can be collected for the treatment of neural diseases. The neurotrophic fac-

tors in their secretome can directly affect neuron cells’ behavior and help their regeneration, yet a clinical trial has not been conducted, and all

investigations are in the in vivo and in vitro stages.

Peripheral blood SCs

Peripheral blood stem cells (PBSCs) are the same as blood-forming cells in the bone marrow, which includes HSCs, MSCs, endothelial progen-

itor cells, CD34+ SCs, CD14� SCs, and very small embryonic-like (VSEL) SCs.187 Extraction of SCs from the peripheral blood enjoys some ben-

efits rather than the bonemarrow-originated cells, like a minimal invasive collection method, lower limitation in the number of autologous SCs

and a lower risk of malignant cells’ existence.187 However, the lower number ofMSCs in this source of SCs, makes the isolation process ofMSCs

challenging and unreasonable. Consequently, this source of SCs may not be a good option for neural regeneration. However, some studies

reported the differentiation of peripheral blood-derived MSCs into the Schwann cells for the regeneration of injured peripheral nerves.188,189
ADVANTAGES AND LIMITATIONS

As with every therapeutic approach, using WDS-LCs for neural tissue regeneration has its challenges as well as advantages. WDS-LCs are

most notable for their non-invasive harvesting process, as mentioned previously. Moreover, as they are harvested from waste tissues, there

is almost no concern about their supply or ethical issues. Using WDS-lCs also paves the way for autologous SCs implantation in some cases,

which decreases the risk of immunogenicity significantly. However, adult SCs properties are greatly dependent on the age of the donor.190

Moreover, the health condition of the donor affects derived-cell behavior and harvesting procedures, which affect the outcome. For example,

diabetic patients would not be great candidates for US-lC-based therapy due to the high concentration of glucose and the presence of pro-

teases in their urine caused by diabetic nephropathy, the derived SCs show poor expandability and regeneration potential. Table 4 displays

more details of the advantages and limitations of each type of WDS-lCs.
CLINICAL TRIALS

About 60 clinical trials on the application of WDS-lCs in neural disorders have been listed on the NIH clinical trial webpage at the time of

writing.Most of the studies are related to the application of UCS-lCs (42 cases in total with 20 trials in phase 1 and 20 trials in phase 2), followed

by ADS-lCs (34 cases in total with 15 cases in phase 1 and 14 cases in phase 2 of clinical trials). However, there are seldom reports regarding the

clinical applications of PSCs and DPSs. These trials are mainly carried out to evaluate the safety and efficacy of different insertion routes used

for the delivery ofWDS-ICs to the neural system. Clinical trials on neurological disorders, particularly stroke and SCIs, have increasedover time

(Figure S2). The details of reported clinical trials on different kinds of neurological disorders are presented in Table S1.

According to the literature reviewed in this paper, each type of WDS-lCs has experienced different levels of progress. For instance, UCS-

lCs showed the highest level of progress, with phase 2 and 3 level trials for the treatment of neural diseases. The reason behind the interest in

selecting UCS-lCs is mainly related to their ability to suppress mitogen-induced lymphocyte proliferation as well as multilineage differenti-

ation capabilities.198,199 Furthermore, AmES-lCs have completed the clinical safety and efficacy tests in Australia and New Zealand for

ischemic stroke, which achieved improvement in cognitive functions and modulating neuropathology.45 Figure 6 displays the progress level

of the differentWDS-lCs in the treatment of five common neural disorders, namely, stroke, SCI, PD, AD, andMS. Based on the progression of

the use of WDS-ICs in the treatment of neural diseases and high numbers of trials reaching the phase 2, there is a hope for further develop-

ment of a cell-based therapy with low/lacking risk of immunogenicity.

Considering the ethical and tumorgenicity concerns related to some of the WDS-ICs (particularly from the prenatal origins), multiple an-

imal studies and some clinical studies currently focus instead on using the secretion of these cells in the form of extracellular vehicles (EVs).

Preliminary results have proved their efficacy in AD treatment. EVs derived from UCMS-lCs and PS-lCs improved neural recovery more than

othermesenchymal stem cell (MSC)-derived EVs as the small vesicles can penetrate the blood-brain barrier and exhibit potency similar to their

parental cells.45,200
14 iScience 27, 110307, August 16, 2024



Table 4. Advantages and limitations of using different types of waste-derived SCs

Source Advantages Limitations Reference

AmS-lCs and

AmFS-lCs

� Low immunogenicity
� Inexpensive and high availability
� Neuroprotective function
� Low teratogenic ability
� Broad multipotency
� Immunomodulatory and anti-inflammatory

properties
� Self-renewal and multi-lineage differentia-

tion

� The harvesting procedure
through amniocentesis
can be challenging.

Deus et al.31; Kubiak et al.33;

Cananzi et al.35; Joo et al.36;

Kim et al.37; Nawaz et al.38;

Veneruso et al.48

PS-lCs � Abundancy of discarded placental tissue
� Non-invasive isolation
� High differentiation capacity
� Immunomodulatory properties
� Ability to differentiate to all three layers
� High expression of neurogenic markers
� Enriched with embryonic progenitor cells

and MSCs
� Low chance of tumorigenicity

� Chance of infection,
� Chance of rejection
� Lack of clinical trial

Farmer93; Maltepe and Fisher94;

Oliveira and Barreto-Filho64;

Fauza95; Matikainen and Laine191

UCMS-lCs and

UCBMS-lCs

� Low cost
� Convenient isolation
� Large cell content
� High proliferation potential
� Fast self-renewal
� High differentiation capability
� Low immunogenicity
� Noninvasive harvesting
� Low risk of infections
� Low possibility of teratomas production
� Constant doubling time (DT) up to 10 pas-

sages
� Higher frequency of colonogenic cells

compared with other SCs

� The low survival rate
after injection

� Disability of homing to
the lesion site that
decreases their
differentiation potential

Zhang et al.23; Li et al.192;

Dalous et al.193; Yin et al.194;

Azzopardi and Blundell195

US-lCs � Cost-effectiveness
� High availability
� Simple and non-invasive isolation
� High expandability
� High differentiation capability
� Self-renewal
� Immunomodulatory properties
� Obtainable regardless of age, gender,

health condition, and the genetic origin
� Low teratogenesis
� Being patient-specific

� Require fast and fresh
sample collection

� Low adherence to
non-coated culture plates

� Heterogeneous cell
population

Bento et al.119; Huang et al.120;

Sato et al.123; Pavathuparambil

Abdul Manaph124; Denham and

Dottori126; Frega et al.127;

Gunhanlar et al.128

ADS-lCs � Autologous transplantation
� Free of immunogenicity
� Ability to secret neurotrophic factors and

cytokines
� High availability
� Self-renewal ability
� Pluripotency
� Safety
� Low-invasive harvesting

� Heterogeneous cell
population

� Lack of standard isolation
and culture protocols

� Controversial carcinogenicity

Dai et al.164; Choi et al.148;

Gao et al.156; Câmara et al.196

DPS-lCs � Multipotency and self-renewal ability
� High plasticity
� Patient-specific
� Non-invasive isolation

� Low cell density
after extraction

Yamada et al.176;

Kichenbrand et al.177;

Liu et al.197
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However, there is a need for more investigation regarding the influence of WDS-ICs transplantation on injured neural systems and their

therapeutic efficacy.Moreover, standardization of the isolation, culture, and characterization of stem cells derived from humanwaste is neces-

sary to ensure consistency and reproducibility of results across different studies and clinical trials. Moreover, long-term follow-up data from

clinical trials particularly for WDS-ICs with prenatal origin are needed tomonitor for any potential long-term complications or adverse effects.
CONCLUSION AND FUTURE TREND

Considering the low capacity of cellular renewal in neural tissues, cell delivery to the injury site is one of the most effective approaches in

treating neural diseases. Accordingly, WDS-lCs show great promise in neural regeneration among various cell sources because of their
iScience 27, 110307, August 16, 2024 15



Figure 6. Progress level of different types of WDS-lCs in the treatment of the most common neural disorders, including stroke, SCI, PD, AD, and MS
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multipotency and high expandability. These characteristics, along with their cost-effectiveness and low ethical concerns, have increased their

application in neural regenerative medicine, either in cell therapy or cell-encapsulated biomaterials. In addition, it’s worth noting that certain

WDS-lCs, like USCs, possess abundant resources that allow for the utilization of autologous cell sources. This approach reduces immune

response risk compared to allogeneic cell sources. These autologous cell sources can pave the way to the development of personalized neu-

ral medicine, which has attracted the world’s attention.

Extraction techniques are paramount to utilizing the full potential of WDS-ICs fully. This review paper has introduced various non-invasive

extraction methods, including utilizing modified cell culture protocols such as culturing cells in growth factor-supplemented media. These

innovative techniques have shown promising results in enhancing cellular potency, as well as improving the survival and proliferation rates

of WDS-ICs. It is crucial to note that differentiating stem cells always carries inherent safety risks. Therefore, it is imperative to conduct a

comprehensive evaluation of the genetic profile of WDS-lCs, both before and after differentiation. This evaluation can help mitigate terato-

genesis, the formation of unwanted cell lineages, and the emergence of undesirable cellular responses. By implementing a concise and

thorough genetic assessment, the risks associated with these cellular therapies can be effectively minimized, ensuring the safe and optimal

utilization of WDS-ICs in regenerative medicine.

Apart from the impact of extractionmethods on the ultimate therapeutic outcomes, additional factors related to cell transplantation, such

as themethod and timing of transplantation, also play a role in obtaining a better outcome.Most studies have consistently demonstrated that

early-stage transplantation yields more favorable treatment outcomes, particularly within the initial three days post-injury. In terms of trans-

plantationmethods, each approachpossesses distinct advantages anddisadvantages, necessitating careful consideration of the specific type

and location of the neural disorders when making a selection. By considering these factors, healthcare professionals and researchers can

make informed decisions regarding the most appropriate transplantation method, thereby optimizing the potential benefits of WDS-IC ther-

apy in neural regenerative medicine.

Regarding the therapeutic effects of WDS-ICs in neural diseases, this research underscores not only the therapeutic potential of trans-

planted WDS-lCs in addressing neural disorders but also sheds light on the significant alterations in the secretion of cytokines and growth

factors, particularly prompting the neuroprotective factors production in the presence of these cells that could improve treatment outcomes.

However, the mechanism behind these changes and whether the transplanted cells or their secretion caused the regeneration is still unclear

and necessitates further investigation.

Furthermore, this review paper assesses the impact of different delivery techniques on the ultimate therapeutic outcomes. Despite the

considerable number of studies investigating the utilization of WDS-lCs for treating neurological diseases, there remains an imperative de-

mand to enhance the efficacy of stem cell delivery for tissue repair or regeneration. In the case of direct delivery of stem cells into the injured

site, the selection of an appropriate method for cell administration is of utmost importance to ensure treatment success. In the context of

encapsulation or engraftment of stem cells within a carrier, choosing suitable biomaterials possessing suitable physicochemical properties,

with or without releasing exogenous bioactive factors, plays a critical role in creating a protective niche. This niche facilitates enhanced cell

retention, attachment, viability, and ultimately contributes to long-term neural healing.

In conclusion, given that WDS-lCs represent novel sources of SCs, it is essential to conduct further investigations to advance cellular en-

gineering techniques, gain a comprehensive understanding of potential adverse effects, and achieve successful clinical outcomes. These
16 iScience 27, 110307, August 16, 2024
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endeavors will contribute to refining and optimizing WDS-lC-based therapies, paving the way for their widespread application in neural

regenerative medicine.

LIMITATIONS OF THE STUDY

As discussed previously, apart from the type of WDSCs used in CRT for neural diseases, some other parameters, such as the extraction

method, time and the pathway of administration, the stage of the diseases, etc. significantly influence the success of the CRT. Because of

the lack of a universal guideline for these types of CRT, the general limitations and advantages of WDSCs were reviewed in the context of

neural diseases in this study.
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Borlongan, C. (2016). Amnion-derived stem
cell transplantation: A novel treatment for
neurological disorders. Brain Circ. 2, 1–7.
https://doi.org/10.4103/2394-8108.178537.

44. Krause, M., Lozano, J., and Lim, R. (2019).
The Regenerative and Reparative Potential
of Amniotic Membrane Stem Cells BT -
Perinatal Stem Cells: Biology,
Manufacturing and Translational Medicine.
In Perinatal Stem Cells, Z.C. Han, T.A.
Takahashi, Z. Han, and Z. Li, eds. (Springer
Singapore), pp. 9–26. https://doi.org/10.
1007/978-981-13-2703-2_2.

45. Xu, H., Zhang, J., Tsang, K.S., Yang, H., and
Gao, W.-Q. (2019). Therapeutic Potential of
Human Amniotic Epithelial Cells on Injuries
and Disorders in the Central Nervous
System. Stem Cells Int. 2019, 5432301.
https://doi.org/10.1155/2019/5432301.

46. Moon, J.H., Lee, J.R., Jee, B.C., Suh, C.S.,
Kim, S.H., Lim, H.J., and Kim, H.K. (2008).
Successful vitrification of human amnion-
derived mesenchymal stem cells. Hum.
Reprod. 23, 1760–1770. https://doi.org/10.
1093/humrep/den202.

47. Yong, K.W., Wan Safwani, W.K.Z., Xu, F.,
Wan Abas, W.A.B., Choi, J.R., and
Pingguan-Murphy, B. (2015).
Cryopreservation of Human Mesenchymal
Stem Cells for Clinical Applications: Current
Methods and Challenges. Biopreserv.
Biobank. 13, 231–239. https://doi.org/10.
1089/bio.2014.0104.

48. Veneruso, V., Rossi, F., Villella, A., Bena, A.,
Forloni, G., and Veglianese, P. (2019). Stem
cell paracrine effect and delivery strategies
for spinal cord injury regeneration.
J. Control. Release 300, 141–153. https://
doi.org/10.1016/j.jconrel.2019.02.038.

49. Liu, T., Wu, J., Huang, Q., Hou, Y., Jiang, Z.,
Zang, S., and Guo, L. (2008). Human
amniotic epithelial cells ameliorate
behavioral dysfunction and reduce infarct
size in the rat middle cerebral artery
occlusion model. Shock 29, 603–611.
https://doi.org/10.1097/shk.
0b013e318157e845.

50. Dong, W., Chen, H., Yang, X., Guo, L., and
Hui, G. (2010). Treatment of intracerebral
haemorrhage in rats with intraventricular
transplantation of human amniotic epithelial
cells. Cell Biol. Int. 34, 573–577. https://doi.
org/10.1042/CBI20090248.

51. Sibov, T.T., Pavon, L.F., Cabral, F.R., Cunha,
I.F., de Oliveira, D.M., de Souza, J.G., Marti,
L.C., da Cruz, E.F., Malheiros, J.M., Paiva,
F.F., et al. (2019). Intravenous Grafts of
Human Amniotic Fluid-Derived Stem Cells
Reduce Behavioral Deficits in Experimental
Ischemic Stroke. Cell Transplant. 28, 1306–
1320. https://doi.org/10.1177/
0963689719854342.

52. Evans, M.A., Lim, R., Kim, H.A., Chu, H.X.,
Gardiner-Mann, C.V., Taylor, K.W.E., Chan,
C.T., Brait, V.H., Lee, S., Dinh, Q.N., et al.
(2018). Acute or Delayed Systemic
Administration of Human Amnion Epithelial
Cells Improves Outcomes in Experimental
Stroke. Stroke 49, 700–709.

53. Evans, M.A., Broughton, B.R.S., Drummond,
G.R., Ma, H., Phan, T.G., Wallace, E.M., Lim,
R., and Sobey, C.G. (2018). Amnion
epithelial cells - a novel therapy for ischemic
stroke? Neural Regen. Res. 13, 1346–1349.
https://doi.org/10.4103/1673-5374.235223.

54. Sayad-Fathi, S., Nasiri, E., and Zaminy, A.
(2019). Advances in stem cell treatment for
sciatic nerve injury. Expert Opin. Biol. Ther.
19, 301–311. https://doi.org/10.1080/
14712598.2019.1576630.

55. Roh, D.-H., Seo, M.-S., Choi, H.-S., Park,
S.-B., Han, H.-J., Beitz, A.J., Kang, K.-S., and
Lee, J.-H. (2013). Transplantation of Human
Umbilical Cord Blood or Amniotic Epithelial
Stem Cells Alleviates Mechanical Allodynia
after Spinal Cord Injury in Rats. Cell
Transplant. 22, 1577–1590. https://doi.org/
10.3727/096368912X659907.

56. Liang, C.-C., Shaw, S.-W.S., Ko, Y.-S.,
Huang, Y.-H., and Lee, T.-H. (2020). Effect of
amniotic fluid stem cell transplantation on
the recovery of bladder dysfunction in spinal
cord-injured rats. Sci. Rep. 10, 10030.
https://doi.org/10.1038/s41598-020-
67163-7.

57. Abe, Y., Ochiai, D., Masuda, H., Sato, Y.,
Otani, T., Fukutake, M., Ikenoue, S.,
Miyakoshi, K., Okano, H., and Tanaka, M.
(2019). In Utero Amniotic Fluid Stem Cell
Therapy Protects Against
Myelomeningocele via Spinal Cord
Coverage and Hepatocyte Growth Factor
Secretion. Stem Cells Transl. Med. 8, 1170–
1179. https://doi.org/10.1002/sctm.
19-0002.

58. Xue, H., Zhang, X.-Y., Liu, J.-M., Song, Y., Li,
Y.-F., and Chen, D. (2013). Development of a
chemically extracted acellular muscle
scaffold seeded with amniotic epithelial
cells to promote spinal cord repair.
J. Biomed. Mater. Res. 101, 145–156.
https://doi.org/10.1002/jbm.a.34311.

59. Wang, T.-G., Xu, J., Zhu, A.-H., Lu, H., Miao,
Z.-N., Zhao, P., Hui, G.-Z., and Wu, W.-J.
(2016). Human amniotic epithelial cells
combined with silk fibroin scaffold in the
repair of spinal cord injury. Neural Regen.
Res. 11, 1670–1677. https://doi.org/10.
4103/1673-5374.193249.

60. Liu, Y.-H., Chan, J., Vaghjiani, V., Murthi, P.,
Manuelpillai, U., and Toh, B.-H. (2014).
Human amniotic epithelial cells suppress
relapse of corticosteroid-remitted

https://doi.org/10.1016/j.stem.2022.03.014
https://doi.org/10.3389/fimmu.2018.00813
https://doi.org/10.3389/fimmu.2018.00813
https://doi.org/10.4049/jimmunol.173.6.3581
https://doi.org/10.4049/jimmunol.173.6.3581
https://doi.org/10.1074/jbc.M400843200
https://doi.org/10.1517/14712598.2011.587800
https://doi.org/10.1517/14712598.2011.587800
https://doi.org/10.1016/j.stem.2023.08.005
https://doi.org/10.1016/j.actbio.2020.04.035
https://doi.org/10.1016/j.actbio.2020.04.035
https://doi.org/10.1016/j.stem.2022.08.009
https://doi.org/10.1016/j.stem.2022.08.009
https://doi.org/10.1002/mus.26760
https://doi.org/10.1002/mus.26760
https://doi.org/10.1016/j.stem.2022.04.003
https://doi.org/10.1016/j.stem.2022.04.003
https://doi.org/10.1016/S1472-6483(10)60111-3
https://doi.org/10.1016/S1472-6483(10)60111-3
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref27
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref27
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref27
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref27
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref28
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref28
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref28
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref28
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref28
https://doi.org/10.1016/j.aanat.2019.151452
https://doi.org/10.1016/j.aanat.2019.151452
https://doi.org/10.1016/j.placenta.2018.04.004
https://doi.org/10.1016/j.placenta.2018.04.004
https://doi.org/10.1002/rmb2.12339
https://doi.org/10.1002/rmb2.12339
https://doi.org/10.1155/2019/4236973
https://doi.org/10.3389/fcell.2019.00268
https://doi.org/10.3389/fcell.2019.00268
https://doi.org/10.4103/2394-8108.178537
https://doi.org/10.1007/978-981-13-2703-2_2
https://doi.org/10.1007/978-981-13-2703-2_2
https://doi.org/10.1155/2019/5432301
https://doi.org/10.1093/humrep/den202
https://doi.org/10.1093/humrep/den202
https://doi.org/10.1089/bio.2014.0104
https://doi.org/10.1089/bio.2014.0104
https://doi.org/10.1016/j.jconrel.2019.02.038
https://doi.org/10.1016/j.jconrel.2019.02.038
https://doi.org/10.1097/shk.0b013e318157e845
https://doi.org/10.1097/shk.0b013e318157e845
https://doi.org/10.1042/CBI20090248
https://doi.org/10.1042/CBI20090248
https://doi.org/10.1177/0963689719854342
https://doi.org/10.1177/0963689719854342
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref43
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref43
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref43
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref43
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref43
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref43
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref43
https://doi.org/10.4103/1673-5374.235223
https://doi.org/10.1080/14712598.2019.1576630
https://doi.org/10.1080/14712598.2019.1576630
https://doi.org/10.3727/096368912X659907
https://doi.org/10.3727/096368912X659907
https://doi.org/10.1038/s41598-020-67163-7
https://doi.org/10.1038/s41598-020-67163-7
https://doi.org/10.1002/sctm.19-0002
https://doi.org/10.1002/sctm.19-0002
https://doi.org/10.1002/jbm.a.34311
https://doi.org/10.4103/1673-5374.193249
https://doi.org/10.4103/1673-5374.193249


ll
OPEN ACCESS

iScience
Review
experimental autoimmune disease.
Cytotherapy 16, 535–544. https://doi.org/
10.1016/j.jcyt.2013.10.007.

61. Zhang, R., Cai, Y., Xiao, R., Zhong, H., Li, X.,
Guo, L., Xu, H., and Fan, X. (2019). Human
amniotic epithelial cell transplantation
promotes neurogenesis and ameliorates
social deficits in BTBR mice. Stem Cell Res.
Ther. 10, 153. https://doi.org/10.1186/
s13287-019-1267-0.

62. Chen, W., Xiao, S., Wei, Z., Deng, C., Nie, K.,
and Wang, D. (2019). Schwann Cell-Like
Cells Derived from Human Amniotic
Mesenchymal Stem Cells Promote
Peripheral Nerve Regeneration through a
MicroRNA-214/c-Jun Pathway. Stem Cells
Int. 2019, 2490761. https://doi.org/10.1155/
2019/2490761.

63. Abbasi-Kangevari, M., Ghamari, S.-H.,
Safaeinejad, F., Bahrami, S., and Niknejad,
H. (2019). Potential Therapeutic Features of
Human Amniotic Mesenchymal Stem Cells
in Multiple Sclerosis: Immunomodulation,
Inflammation Suppression, Angiogenesis
Promotion, Oxidative Stress Inhibition,
Neurogenesis Induction, MMPs Regulation,
and Remyelination Stimulation. Front.
Immunol. 10, 238. https://doi.org/10.3389/
fimmu.2019.00238.

64. Oliveira, M.S., and Barreto-Filho, J.B. (2015).
Placental-derived stem cells: Culture,
differentiation and challenges. World J.
Stem Cells 7, 769–775. https://doi.org/10.
4252/wjsc.v7.i4.769.

65. Yang, L., Li, Z., Zhao, W., Liu, W., Zhou, Y.,
and Jia, J. (2014). Transplantation of
placenta-derived mesenchymal stem cell-
induced neural stem cells to treat spinal
cord injury. Neural Regen. Res. 9, 2197–
2204. https://doi.org/10.4103/1673-5374.
147953.

66. Clark, K., Zhang, S., Barthe, S., Kumar, P.,
Pivetti, C., Kreutzberg, N., Reed, C., Wang,
Y., Paxton, Z., Farmer, D., et al. (2019).
Placental Mesenchymal Stem Cell-Derived
Extracellular Vesicles Promote Myelin
Regeneration in an Animal Model of
Multiple Sclerosis. Cells 8, 1497. https://doi.
org/10.3390/cells8121497.

67. Koh, S.-H., Kim, K.S., Choi, M.R., Jung, K.H.,
Park, K.S., Chai, Y.G., Roh, W., Hwang, S.J.,
Ko, H.-J., Huh, Y.-M., et al. (2008).
Implantation of human umbilical cord-
derived mesenchymal stem cells as a
neuroprotective therapy for ischemic stroke
in rats. Brain Res. 1229, 233–248. https://doi.
org/10.1016/j.brainres.2008.06.087.

68. Liao, W., Xie, J., Zhong, J., Liu, Y., Du, L.,
Zhou, B., Xu, J., Liu, P., Yang, S., Wang, J.,
et al. (2009). Therapeutic effect of human
umbilical cord multipotent mesenchymal
stromal cells in a rat model of stroke.
Transplantation 87, 350–359. https://doi.
org/10.1097/TP.0b013e318195742e.

69. Zhang, L., Yi, L., Chopp, M., Kramer, B.C.,
Romanko, M., Gosiewska, A., and Hong, K.
(2013). Intravenous administration of human
umbilical tissue-derived cells improves
neurological function in aged rats after
embolic stroke. Cell Transplant. 22, 1569–
1576. https://doi.org/10.3727/
096368912X658674.

70. Shehadah, A., Chen, J., Kramer, B.,
Zacharek, A., Cui, Y., Roberts, C., Lu, M., and
Chopp, M. (2013). Efficacy of single and
multiple injections of human umbilical
tissue-derived cells following experimental
stroke in rats. PLoS One 8, e54083. https://
doi.org/10.1371/journal.pone.0054083.
71. Oppliger, B., Joerger-Messerli, M., Mueller,
M., Reinhart, U., Schneider, P., Surbek, D.V.,
and Schoeberlein, A. (2016). Intranasal
Delivery of Umbilical Cord-Derived
Mesenchymal Stem Cells Preserves
Myelination in Perinatal Brain Damage.
Stem Cells Dev. 25, 1234–1242. https://doi.
org/10.1089/scd.2016.0027.

72. Jiang, Y., Zhu,W., Zhu, J., Wu, L., Xu, G., and
Liu, X. (2013). Feasibility of Delivering
Mesenchymal Stem Cells via Catheter to the
Proximal End of the Lesion Artery in Patients
with Stroke in the Territory of the Middle
Cerebral Artery. Cell Transplant. 22, 2291–
2298. https://doi.org/10.3727/
096368912X658818.

73. Li, C., Chen, X., Qiao, S., Liu, X., Liu, C., Zhu,
D., Su, J., and Wang, Z. (2016). Effects of
Wharton’s jelly cells of the human umbilical
cord on acute spinal cord injury in rats, and
expression of interleukin-1b and nerve
growth factor in spinal cord tissues. Artif.
Cells, Nanomed. Biotechnol. 44, 1254–1258.
https://doi.org/10.3109/21691401.2015.
1019671.

74. Yousefifard, M., Nasirinezhad, F., Shardi
Manaheji, H., Janzadeh, A., Hosseini, M.,
and Keshavarz, M. (2016). Human bone
marrow-derived and umbilical cord-derived
mesenchymal stem cells for alleviating
neuropathic pain in a spinal cord injury
model. Stem Cell Res. Ther. 7, 36. https://
doi.org/10.1186/s13287-016-0295-2.

75. Liu, J., Han, D., Wang, Z., Xue, M., Zhu, L.,
Yan, H., Zheng, X., Guo, Z., and Wang, H.
(2013). Clinical analysis of the treatment of
spinal cord injury with umbilical cord
mesenchymal stem cells. Cytotherapy 15,
185–191. https://doi.org/10.1016/j.jcyt.
2012.09.005.

76. Cheng, H., Liu, X., Hua, R., Dai, G., Wang, X.,
Gao, J., and An, Y. (2014). Clinical
observation of umbilical cord mesenchymal
stem cell transplantation in treatment for
sequelae of thoracolumbar spinal cord
injury. J. Transl. Med. 12, 253. https://doi.
org/10.1186/s12967-014-0253-7.

77. Yan, M., Sun, M., Zhou, Y., Wang, W., He, Z.,
Tang, D., Lu, S., Wang, X., Li, S., Wang, W.,
and Li, H. (2013). Conversion of human
umbilical cord mesenchymal stem cells in
Wharton’s jelly to dopamine neurons
mediated by the Lmx1a and neurturin
in vitro: potential therapeutic application for
Parkinson’s disease in a rhesus monkey
model. PLoS One 8, e64000. https://doi.
org/10.1371/journal.pone.0064000.

78. Han, F., Chen, C., Wang, W., Song, H., Li, S.,
Duan, J., Lu, X., Wu, S., Zhang, N., Chen, Q.,
et al. (2018). Human umbilical cord-derived
mesenchymal stromal cells ameliorated
motor defects of 6-OHDA-induced rat
model of Parkinson’s disease. Oncotarget 5.
https://doi.org/10.18632/oncotarget.24103.

79. Boutajangout, A., Noorwali, A., Atta, H., and
Wisniewski, T. (2017). HumanUmbilical Cord
Stem Cell Xenografts Improve Cognitive
Decline and Reduce the Amyloid Burden in
a Mouse Model of Alzheimer’s Disease.
Curr. Alzheimer Res. 14, 104–111. https://
doi.org/10.2174/
1567205013666161004151416.

80. Yang, H., Xie, Z., Wei, L., Yang, H., Yang, S.,
Zhu, Z., Wang, P., Zhao, C., and Bi, J. (2013).
Human umbilical cord mesenchymal stem
cell-derived neuron-like cells rescue
memory deficits and reduce amyloid-beta
deposition in an AbPP/PS1 transgenic
mouse model. Stem Cell Res. Ther. 4, 76.
https://doi.org/10.1186/scrt227.

81. Donders, R., Vanheusden, M., Bogie, J.F.J.,
Ravanidis, S., Thewissen, K., Stinissen, P.,
Gyselaers, W., Hendriks, J.J.A., and
Hellings, N. (2015). Human Wharton’s Jelly-
Derived Stem Cells Display
Immunomodulatory Properties and
Transiently Improve Rat Experimental
Autoimmune Encephalomyelitis. Cell
Transplant. 24, 2077–2098. https://doi.org/
10.3727/096368914X685104.

82. Liu, R., Zhang, Z., Lu, Z., Borlongan, C., Pan,
J., Chen, J., Qian, L., Liu, Z., Zhu, L., Zhang,
J., and Xu, Y. (2013). Human Umbilical Cord
Stem Cells Ameliorate Experimental
Autoimmune Encephalomyelitis by
Regulating Immunoinflammation and
Remyelination. Stem Cells Dev. 22, 1053–
1062. https://doi.org/10.1089/scd.
2012.0463.

83. Li, J.-F., Zhang, D.-J., Geng, T., Chen, L.,
Huang, H., Yin, H.-L., Zhang, Y.-Z., Lou, J.-Y.,
Cao, B., and Wang, Y.-L. (2014). The
Potential of Human Umbilical Cord-Derived
Mesenchymal StemCells as a Novel Cellular
Therapy for Multiple Sclerosis. Cell
Transplant. 23, 113–122. https://doi.org/10.
3727/096368914X685005.

84. Riordan, N.H., Morales, I., Fernández, G.,
Allen, N., Fearnot, N.E., Leckrone, M.E.,
Markovich, D.J., Mansfield, D., Avila, D.,
Patel, A.N., et al. (2018). Clinical feasibility of
umbilical cord tissue-derived mesenchymal
stem cells in the treatment of multiple
sclerosis. J. Transl. Med. 16, 57. https://doi.
org/10.1186/s12967-018-1433-7.

85. Chung, D.-J., Choi, C.-B., Lee, S.-H., Kang,
E.-H., Lee, J.-H., Hwang, S.-H., Han, H., Lee,
J.-H., Choe, B.-Y., Lee, S.-Y., and Kim, H.Y.
(2009). Intraarterially delivered human
umbilical cord blood-derived mesenchymal
stem cells in canine cerebral ischemia.
J. Neurosci. Res. 87, 3554–3567. https://doi.
org/10.1002/jnr.22162.

86. Lim, J.Y., Jeong, C.H., Jun, J.A., Kim, S.M.,
Ryu, C.H., Hou, Y., Oh, W., Chang, J.W., and
Jeun, S.-S. (2011). Therapeutic effects of
human umbilical cord blood-derived
mesenchymal stem cells after intrathecal
administration by lumbar puncture in a rat
model of cerebral ischemia. Stem Cell Res.
Ther. 2, 38. https://doi.org/10.1186/scrt79.

87. Park, H.W., Chang, J.W., Yang, Y.S., Oh, W.,
Hwang, J.H., Kim, D.G., and Paek, S.H.
(2015). The Effect of Donor-Dependent
Administration of Human Umbilical Cord
Blood-Derived Mesenchymal Stem Cells
following Focal Cerebral Ischemia in Rats.
Exp. Neurobiol. 24, 358–365. https://doi.
org/10.5607/en.2015.24.4.358.

88. Kim, E.S., Ahn, S.Y., Im, G.H., Sung, D.K.,
Park, Y.R., Choi, S.H., Choi, S.J., Chang, Y.S.,
Oh, W., Lee, J.H., and Park, W.S. (2012).
Human umbilical cord blood-derived
mesenchymal stem cell transplantation
attenuates severe brain injury by permanent
middle cerebral artery occlusion in newborn
rats. Pediatr. Res. 72, 277–284. https://doi.
org/10.1038/pr.2012.71.

89. Ryu, H.-H., Kang, B.-J., Park, S.-S., Kim, Y.,
Sung, G.-J., Woo, H.-M., Kim, W.H., and
Kweon, O.-K. (2012). Comparison of
mesenchymal stem cells derived from fat,
bone marrow, Wharton’s jelly, and umbilical
cord blood for treating spinal cord injuries in
dogs. J. Vet. Med. Sci. 74, 1617–1630.
https://doi.org/10.1292/jvms.12-0065.
iScience 27, 110307, August 16, 2024 19

https://doi.org/10.1016/j.jcyt.2013.10.007
https://doi.org/10.1016/j.jcyt.2013.10.007
https://doi.org/10.1186/s13287-019-1267-0
https://doi.org/10.1186/s13287-019-1267-0
https://doi.org/10.1155/2019/2490761
https://doi.org/10.1155/2019/2490761
https://doi.org/10.3389/fimmu.2019.00238
https://doi.org/10.3389/fimmu.2019.00238
https://doi.org/10.4252/wjsc.v7.i4.769
https://doi.org/10.4252/wjsc.v7.i4.769
https://doi.org/10.4103/1673-5374.147953
https://doi.org/10.4103/1673-5374.147953
https://doi.org/10.3390/cells8121497
https://doi.org/10.3390/cells8121497
https://doi.org/10.1016/j.brainres.2008.06.087
https://doi.org/10.1016/j.brainres.2008.06.087
https://doi.org/10.1097/TP.0b013e318195742e
https://doi.org/10.1097/TP.0b013e318195742e
https://doi.org/10.3727/096368912X658674
https://doi.org/10.3727/096368912X658674
https://doi.org/10.1371/journal.pone.0054083
https://doi.org/10.1371/journal.pone.0054083
https://doi.org/10.1089/scd.2016.0027
https://doi.org/10.1089/scd.2016.0027
https://doi.org/10.3727/096368912X658818
https://doi.org/10.3727/096368912X658818
https://doi.org/10.3109/21691401.2015.1019671
https://doi.org/10.3109/21691401.2015.1019671
https://doi.org/10.1186/s13287-016-0295-2
https://doi.org/10.1186/s13287-016-0295-2
https://doi.org/10.1016/j.jcyt.2012.09.005
https://doi.org/10.1016/j.jcyt.2012.09.005
https://doi.org/10.1186/s12967-014-0253-7
https://doi.org/10.1186/s12967-014-0253-7
https://doi.org/10.1371/journal.pone.0064000
https://doi.org/10.1371/journal.pone.0064000
https://doi.org/10.18632/oncotarget.24103
https://doi.org/10.2174/1567205013666161004151416
https://doi.org/10.2174/1567205013666161004151416
https://doi.org/10.2174/1567205013666161004151416
https://doi.org/10.1186/scrt227
https://doi.org/10.3727/096368914X685104
https://doi.org/10.3727/096368914X685104
https://doi.org/10.1089/scd.2012.0463
https://doi.org/10.1089/scd.2012.0463
https://doi.org/10.3727/096368914X685005
https://doi.org/10.3727/096368914X685005
https://doi.org/10.1186/s12967-018-1433-7
https://doi.org/10.1186/s12967-018-1433-7
https://doi.org/10.1002/jnr.22162
https://doi.org/10.1002/jnr.22162
https://doi.org/10.1186/scrt79
https://doi.org/10.5607/en.2015.24.4.358
https://doi.org/10.5607/en.2015.24.4.358
https://doi.org/10.1038/pr.2012.71
https://doi.org/10.1038/pr.2012.71
https://doi.org/10.1292/jvms.12-0065


ll
OPEN ACCESS

iScience
Review
90. Lim, J.-H., Byeon, Y.-E., Ryu, H.-H., Jeong,
Y.-H., Lee, Y.-W., Kim,W.H., Kang, K.-S., and
Kweon, O.-K. (2007). Transplantation of
canine umbilical cord blood-derived
mesenchymal stem cells in experimentally
induced spinal cord injured dogs. J. Vet. Sci.
8, 275–282. https://doi.org/10.4142/jvs.
2007.8.3.275.

91. Cui, B., Li, E., Yang, B., and Wang, B. (2014).
Human umbilical cord blood-derived
mesenchymal stem cell transplantation for
the treatment of spinal cord injury. Exp.
Ther. Med. 7, 1233–1236. https://doi.org/10.
3892/etm.2014.1608.

92. Lee, H.J., Lee, J.K., Lee, H., Shin, J., Carter,
J.E., Sakamoto, T., Jin, H.K., and Bae, J.
(2010). The therapeutic potential of human
umbilical cord blood-derived mesenchymal
stem cells in Alzheimer’s disease. Neurosci.
Lett. 481, 30–35. https://doi.org/10.1016/j.
neulet.2010.06.045.

93. Farmer, D. (2017). Placental stem cells: The
promise of curing diseases before birth.
Placenta 59, 113–115. https://doi.org/10.
1016/j.placenta.2017.04.022.

94. Maltepe, E., and Fisher, S.J. (2015). Placenta:
The Forgotten Organ. Annu. Rev. Cell Dev.
Biol. 31, 523–552. https://doi.org/10.1146/
annurev-cellbio-100814-125620.

95. Fauza, D. (2004). Amniotic fluid and
placental stem cells. Best Pract. Res. Clin.
Obstet. Gynaecol. 18, 877–891. https://doi.
org/10.1016/j.bpobgyn.2004.07.001.

96. Pischiutta, F., Sammali, E., Parolini, O.,
Carswell, H.V.O., and Zanier, E.R. (2018).
Placenta-Derived Cells for Acute Brain
Injury. Cell Transplant. 27, 151–167. https://
doi.org/10.1177/0963689717732992.

97. Hassouna, A., Abd Elgwad, M.M., and
Fahmy, H. (2019). Stromal stem cells:
Nature, biology and potential therapeutic
applications. In Stromal Cells - Structure,
Function, and Therapeutic Implications,
M.T. Valarmathi, ed. (IntechOpen). https://
doi.org/10.5772/intechopen.71899.

98. Antoniadou, E., and David, A.L. (2016).
Placental stem cells. Best Pract. Res. Clin.
Obstet. Gynaecol. 31, 13–29. https://doi.
org/10.1016/j.bpobgyn.2015.08.014.

99. Park, S., Kim, E., Koh, S.-E., Maeng, S., Lee,
W., Lim, J., Shim, I., and Lee, Y.-J. (2012).
Dopaminergic differentiation of neural
progenitors derived from placental
mesenchymal stem cells in the brains of
Parkinson’s disease model rats and
alleviation of asymmetric rotational
behavior. Brain Res. 1466, 158–166. https://
doi.org/10.1016/j.brainres.2012.05.032.

100. Wang, A., Brown, E.G., Lankford, L., Keller,
B.A., Pivetti, C.D., Sitkin, N.A., Beattie, M.S.,
Bresnahan, J.C., and Farmer, D.L. (2015).
Placental Mesenchymal Stromal Cells
Rescue Ambulation in Ovine
Myelomeningocele. Stem Cells Transl. Med.
4, 659–669. https://doi.org/10.5966/sctm.
2014-0296.

101. Talwadekar, M., Fernandes, S., Kale, V., and
Limaye, L. (2017). Valproic acid enhances the
neural differentiation of human placenta
derived-mesenchymal stem cells in vitro.
J. Tissue Eng. Regen. Med. 11, 3111–3123.
https://doi.org/10.1002/term.2219.

102. Knudtzon, S. (1974). In vitro growth of
granulocytic colonies from circulating cells
in human cord blood. Blood 43, 357–361.

103. Gluckman, E., Broxmeyer, H.E., Auerbach,
A.D., Friedman, H.S., Douglas, G.W.,
Devergie, A., Esperou, H., Thierry, D., Socie,
G., Lehn, P., et al. (1989). Hematopoietic
20 iScience 27, 110307, August 16, 2024
Reconstitution in a Patient with Fanconi’s
Anemia by Means of Umbilical-Cord Blood
from an HLA-Identical Sibling. N. Engl. J.
Med. 321, 1174–1178. https://doi.org/10.
1056/NEJM198910263211707.

104. Brown, K.S. (2019). Quality Assessment of
Umbilical Cord Tissue in Newborn StemCell
Banking. In Perinatal Stem Cells (Springer
Singapore), pp. 39–45. https://doi.org/10.
1007/978-981-13-2703-2_4.

105. McElreavey, K.D., Irvine, A.I., Ennis, K.T., and
McLean, W.H. (1991). Isolation, culture and
characterisation of fibroblast-like cells
derived from the Wharton’s jelly portion of
human umbilical cord. Biochem. Soc. Trans.
19, 29S. https://doi.org/10.1042/
bst019029s.

106. Wang, H.-S., Hung, S.-C., Peng, S.-T.,
Huang, C.-C., Wei, H.-M., Guo, Y.-J., Fu,
Y.-S., Lai, M.-C., and Chen, C.-C. (2004).
Mesenchymal stem cells in the Wharton’s
jelly of the human umbilical cord. Stem Cell.
22, 1330–1337. https://doi.org/10.1634/
stemcells.2004-0013.

107. Arutyunyan, I., Elchaninov, A., Makarov, A.,
and Fatkhudinov, T. (2016). Umbilical Cord
as Prospective Source for Mesenchymal
Stem Cell-Based Therapy. Stem Cells Int.
2016, 6901286–6901317. https://doi.org/10.
1155/2016/6901286.

108. Liao, W. (2019). Therapeutic Application of
Perinatal Mesenchymal Stem Cells in
Nervous System Diseases. In Perinatal Stem
Cells (Springer Singapore), pp. 57–73.
https://doi.org/10.1007/978-981-13-
2703-2_6.

109. Liao, W., Zhong, J., Yu, J., Xie, J., Liu, Y., Du,
L., Yang, S., Liu, P., Xu, J., Wang, J., et al.
(2009). Therapeutic benefit of human
umbilical cord derived mesenchymal
stromal cells in intracerebral hemorrhage
rat: implications of anti-inflammation and
angiogenesis. Cell. Physiol. Biochem. 24,
307–316. https://doi.org/10.1159/
000233255.

110. Zhang, L., Li, Y., Romanko, M., Kramer, B.C.,
Gosiewska, A., Chopp, M., and Hong, K.
(2012). Different routes of administration of
human umbilical tissue-derived cells
improve functional recovery in the rat after
focal cerebral ischemia. Brain Res. 1489,
104–112. https://doi.org/10.1016/j.brainres.
2012.10.017.

111. Zhou, X., Gu, J., Gu, Y., He, M., Bi, Y., Chen,
J., and Li, T. (2015). Human Umbilical Cord-
Derived Mesenchymal Stem Cells Improve
Learning and Memory Function in Hypoxic-
Ischemic Brain-Damaged Rats via an IL-8-
Mediated Secretion Mechanism Rather than
Differentiation Pattern Induction. Cell.
Physiol. Biochem. 35, 2383–2401. https://
doi.org/10.1159/000374040.

112. Hocum Stone, L.L., Xiao, F., Rotschafer, J.,
Nan, Z., Juliano, M., Sanberg, C.D.,
Sanberg, P.R., Kuzmin-Nichols, N., Grande,
A., Cheeran, M.C.-J., and Low, W.C. (2016).
Amelioration of Ischemic Brain Injury in Rats
With Human Umbilical Cord Blood Stem
Cells: Mechanisms of Action. Cell
Transplant. 25, 1473–1488. https://doi.org/
10.3727/096368916X691277.

113. Shetty, P., Thakur, A.M., and Viswanathan, C.
(2013). Dopaminergic cells, derived from a
high efficiency differentiation protocol from
umbilical cord derived mesenchymal stem
cells, alleviate symptoms in a Parkinson’s
disease rodent model. Cell Biol. Int. 37,
167–180. https://doi.org/10.1002/cbin.
10029.
114. Kim, J.-Y., Kim, D.H., Kim, J.H., Lee, D.,
Jeon, H.B., Kwon, S.-J., Kim, S.M., Yoo, Y.J.,
Lee, E.H., Choi, S.J., et al. (2012). Soluble
intracellular adhesion molecule-1 secreted
by human umbilical cord blood-derived
mesenchymal stem cell reduces amyloid-b
plaques. Cell Death Differ. 19, 680–691.
https://doi.org/10.1038/cdd.2011.140.

115. Miao, X., Wu, X., and Shi, W. (2015).
Umbilical cord mesenchymal stem cells in
neurological disorders: A clinical study.
Indian J. Biochem. Biophys. 52, 140–146.

116. Deng, W.-S., Liu, X.-Y., Ma, K., Liang, B., Liu,
Y.-F., Wang, R.-J., Chen, X.-Y., and Zhang, S.
(2021). Recovery of motor function in rats
with complete spinal cord injury following
implantation of collagen/silk fibroin scaffold
combined with human umbilical cord-
mesenchymal stem cells. Rev. Assoc. Med.
Bras. 67, 1342–1348. https://doi.org/10.
1590/1806-9282.20200697.

117. Yao, M., Li, J., Zhang, J., Ma, S., Wang, L.,
Gao, F., and Guan, F. (2021). Dual-
enzymatically cross-linked gelatin hydrogel
enhances neural differentiation of human
umbilical cord mesenchymal stem cells and
functional recovery in experimental murine
spinal cord injury. J. Mater. Chem. B 9,
440–452. https://doi.org/10.1039/
D0TB02033H.

118. Wang, B., Chang, M., Zhang, R., Wo, J., Wu,
B., Zhang, H., Zhou, Z., Li, Z., Zhang, F.,
Zhong, C., et al. (2022). Spinal cord injury
target-immunotherapy with TNF-a
autoregulated and feedback-controlled
human umbilical cord mesenchymal stem
cell derived exosomes remodelled by
CRISPR/Cas9 plasmid. Biomater. Adv. 133,
112624. https://doi.org/10.1016/j.msec.
2021.112624.

119. Bento, G., Shafigullina, A.K., Rizvanov, A.A.,
Sardão, V.A., Macedo, M.P., and Oliveira,
P.J. (2020). Urine-Derived Stem Cells:
Applications in Regenerative and Predictive
Medicine. Cells 9, 573. https://doi.org/10.
3390/cells9030573.

120. Huang, P., Li, Y., Nasser, M.I., Guo, H.,
Huang, H., Zhao, M., and Zhu, P. (2020).
Urine-Derived Induced Pluripotent Stem
Cells in Cardiovascular Disease. Cardiol.
Res. Pract. 2020, 8.

121. Tsukamoto, M., Kimura, K., Yoshida, T.,
Tanaka, M., Kuwamura, M., Ayabe, T.,
Ishihara, G.,Watanabe, K., Okada, M., Iijima,
M., et al. (2024). Generation of canine
induced pluripotent stem cells under
feeder-free conditions using Sendai virus
vector encoding six canine reprogramming
factors. Stem Cell Rep. 19, 141–157. https://
doi.org/10.1016/j.stemcr.2023.11.010.

122. Kim, J.Y., Chun, S.Y., Park, J.-S., Chung,
J.-W., Ha, Y.-S., Lee, J.N., and Kwon, T.G.
(2018). Laminin and Platelet-Derived Growth
Factor-BB PromoteNeuronal Differentiation
of Human Urine-Derived Stem Cells. Tissue
Eng. Regen. Med. 15, 195–209. https://doi.
org/10.1007/s13770-017-0102-x.

123. Sato, M., Takizawa, H., Nakamura, A.,
Turner, B.J., Shabanpoor, F., and Aoki, Y.
(2019). Application of Urine-Derived Stem
Cells to Cellular Modeling in Neuromuscular
and Neurodegenerative Diseases. Front.
Mol. Neurosci. 12, 297. https://doi.org/10.
3389/fnmol.2019.00297.

124. Pavathuparambil Abdul Manaph, N., Al-
Hawwas, M., Bobrovskaya, L., Coates, P.T.,
and Zhou, X.-F. (2018). Urine-derived cells
for human cell therapy. Stem Cell Res. Ther.

https://doi.org/10.4142/jvs.2007.8.3.275
https://doi.org/10.4142/jvs.2007.8.3.275
https://doi.org/10.3892/etm.2014.1608
https://doi.org/10.3892/etm.2014.1608
https://doi.org/10.1016/j.neulet.2010.06.045
https://doi.org/10.1016/j.neulet.2010.06.045
https://doi.org/10.1016/j.placenta.2017.04.022
https://doi.org/10.1016/j.placenta.2017.04.022
https://doi.org/10.1146/annurev-cellbio-100814-125620
https://doi.org/10.1146/annurev-cellbio-100814-125620
https://doi.org/10.1016/j.bpobgyn.2004.07.001
https://doi.org/10.1016/j.bpobgyn.2004.07.001
https://doi.org/10.1177/0963689717732992
https://doi.org/10.1177/0963689717732992
https://doi.org/10.5772/intechopen.71899
https://doi.org/10.5772/intechopen.71899
https://doi.org/10.1016/j.bpobgyn.2015.08.014
https://doi.org/10.1016/j.bpobgyn.2015.08.014
https://doi.org/10.1016/j.brainres.2012.05.032
https://doi.org/10.1016/j.brainres.2012.05.032
https://doi.org/10.5966/sctm.2014-0296
https://doi.org/10.5966/sctm.2014-0296
https://doi.org/10.1002/term.2219
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref60
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref60
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref60
https://doi.org/10.1056/NEJM198910263211707
https://doi.org/10.1056/NEJM198910263211707
https://doi.org/10.1007/978-981-13-2703-2_4
https://doi.org/10.1007/978-981-13-2703-2_4
https://doi.org/10.1042/bst019029s
https://doi.org/10.1042/bst019029s
https://doi.org/10.1634/stemcells.2004-0013
https://doi.org/10.1634/stemcells.2004-0013
https://doi.org/10.1155/2016/6901286
https://doi.org/10.1155/2016/6901286
https://doi.org/10.1007/978-981-13-2703-2_6
https://doi.org/10.1007/978-981-13-2703-2_6
https://doi.org/10.1159/000233255
https://doi.org/10.1159/000233255
https://doi.org/10.1016/j.brainres.2012.10.017
https://doi.org/10.1016/j.brainres.2012.10.017
https://doi.org/10.1159/000374040
https://doi.org/10.1159/000374040
https://doi.org/10.3727/096368916X691277
https://doi.org/10.3727/096368916X691277
https://doi.org/10.1002/cbin.10029
https://doi.org/10.1002/cbin.10029
https://doi.org/10.1038/cdd.2011.140
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref86
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref86
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref86
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref86
https://doi.org/10.1590/1806-9282.20200697
https://doi.org/10.1590/1806-9282.20200697
https://doi.org/10.1039/D0TB02033H
https://doi.org/10.1039/D0TB02033H
https://doi.org/10.1016/j.msec.2021.112624
https://doi.org/10.1016/j.msec.2021.112624
https://doi.org/10.3390/cells9030573
https://doi.org/10.3390/cells9030573
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref91
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref91
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref91
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref91
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref91
https://doi.org/10.1016/j.stemcr.2023.11.010
https://doi.org/10.1016/j.stemcr.2023.11.010
https://doi.org/10.1007/s13770-017-0102-x
https://doi.org/10.1007/s13770-017-0102-x
https://doi.org/10.3389/fnmol.2019.00297
https://doi.org/10.3389/fnmol.2019.00297


ll
OPEN ACCESS

iScience
Review
9, 189. https://doi.org/10.1186/s13287-018-
0932-z.

125. Denham, M., and Dottori, M. (2011). Neural
differentiation of induced pluripotent stem
cells. Methods Mol. Biol. 793, 99–110.
https://doi.org/10.1007/978-1-61779-
328-8_7.

126. Pistollato, F., Canovas-Jorda, D., Zagoura,
D., and Price, A. (2017). Protocol for the
Differentiation of Human Induced
Pluripotent Stem Cells into Mixed Cultures
of Neurons and Glia for Neurotoxicity
Testing. JoVE 124, e55702. https://doi.org/
10.3791/55702.

127. Frega, M., van Gestel, S.H.C., Linda, K., van
der Raadt, J., Keller, J., Van Rhijn, J.-R.,
Schubert, D., Albers, C.A., and Nadif Kasri,
N. (2017). Rapid Neuronal Differentiation of
Induced Pluripotent Stem Cells for
Measuring Network Activity on Micro-
electrode Arrays. J. Vis. Exp. 119, 54900.
https://doi.org/10.3791/54900.

128. Gunhanlar, N., Shpak, G., van der Kroeg, M.,
Gouty-Colomer, L.A., Munshi, S.T.,
Lendemeijer, B., Ghazvini, M., Dupont, C.,
Hoogendijk, W.J.G., Gribnau, J., et al.
(2018). A simplified protocol for
differentiation of electrophysiologically
mature neuronal networks from human
induced pluripotent stem cells. Mol.
Psychiatry 23, 1336–1344. https://doi.org/
10.1038/mp.2017.56.

129. Yi, H., Xie, B., Liu, B., Wang, X., Xu, L., Liu, J.,
Li, M., Zhong, X., and Peng, F. (2018).
Derivation and Identification of Motor
Neurons from Human Urine-Derived
Induced Pluripotent Stem Cells. Stem Cells
Int. 2018, 9.

130. Guan, J.-J., Niu, X., Gong, F.-X., Hu, B., Guo,
S.-C., Lou, Y.-L., Zhang, C.-Q., Deng, Z.-F.,
and Wang, Y. (2014). Biological
characteristics of human-urine-derived stem
cells: potential for cell-based therapy in
neurology. Tissue Eng. Part A 20, 1794–
1806. https://doi.org/10.1089/ten.TEA.
2013.0584.

131. Liu, D., Rychkov, G., Al-Hawwas, M.,
Manaph, N.P.A., Zhou, F., Bobrovskaya, L.,
Liao, H., and Zhou, X.-F. (2020). Conversion
of human urine-derived cells into neuron-
like cells by small molecules. Mol. Biol. Rep.
47, 2713–2722. https://doi.org/10.1007/
s11033-020-05370-1.

132. Cheng, L., Hu, W., Qiu, B., Zhao, J., Yu, Y.,
Guan, W., Wang, M., Yang, W., and Pei, G.
(2014). Generation of neural progenitor cells
by chemical cocktails and hypoxia. Cell Res.
24, 665–679. https://doi.org/10.1038/cr.
2014.32.

133. Bharadwaj, S., Liu, G., Shi, Y., Markert, C.,
Andersson, K.-E., Atala, A., and Zhang, Y.
(2011). Characterization of Urine-Derived
Stem Cells Obtained from Upper Urinary
Tract for Use in Cell-Based Urological Tissue
Engineering. Tissue Eng. Part A 17, 2123–
2132. https://doi.org/10.1089/ten.tea.
2010.0637.

134. Yuan, H., Guan, J., Zhang, J., Zhang, R., and
Li, M. (2016). Exosomes secreted by human
urine - derived stem cells accelerate skin
wound healing by promoting angiogenesis
in rat. Cell Biol. Int. 41, 933. https://doi.org/
10.1002/cbin.10615.

135. Nakamura, Y., Miyaki, S., Ishitobi, H.,
Matsuyama, S., Nakasa, T., Kamei, N.,
Akimoto, T., Higashi, Y., and Ochi, M. (2015).
Mesenchymal-stem-cell-derived exosomes
accelerate skeletal muscle regeneration.
FEBS Lett. 589, 1257–1265. https://doi.org/
10.1016/j.febslet.2015.03.031.

136. Toh,W.S., Lai, R.C., Hui, J.H.P., and Lim, S.K.
(2017). MSC exosome as a cell-free MSC
therapy for cartilage regeneration:
Implications for osteoarthritis treatment.
Semin. Cell Dev. Biol. 67, 56–64. https://doi.
org/10.1016/j.semcdb.2016.11.008.

137. Ling, X., Zhang, G., Xia, Y., Zhu, Q., Zhang,
J., Li, Q., Niu, X., Hu, G., Yang, Y., Wang, Y.,
and Deng, Z. (2020). Exosomes from human
urine-derived stem cells enhanced
neurogenesis via miR-26a/HDAC6 axis after
ischaemic stroke. J. Cell Mol. Med. 24,
640–654. https://doi.org/10.1111/jcmm.
14774.

138. Abbas, T.O., Ali, T.A., and Uddin, S. (2020).
Urine as a Main Effector in Urological Tissue
Engineering—A Double-Edged Sword.
Cells 9, 538. https://doi.org/10.3390/
cells9030538.

139. Wang, L., Wang, L., Huang, W., Su, H., Xue,
Y., Su, Z., Liao, B., Wang, H., Bao, X., Qin, D.,
et al. (2013). Generation of integration-free
neural progenitor cells from cells in human
urine. Nat. Methods 10, 84–89. https://doi.
org/10.1038/nmeth.2283.

140. Liu, W., Zhang, P., Tan, J., and Lin, Y. (2020).
Differentiation of Urine-Derived Induced
Pluripotent Stem Cells to Neurons,
Astrocytes, and Microvascular Endothelial
Cells from a Diabetic Patient. Cell.
Reprogram. 22, 147–155. https://doi.org/10.
1089/cell.2019.0088.

141. Lin, V.J.T., Hu, J., Zolekar, A., Yan, L.-J., and
Wang, Y.-C. (2020). Urine Sample-Derived
Cerebral Organoids Suitable for Studying
Neurodevelopment and Pharmacological
Responses. Front. Cell Dev. Biol. 8, 304.
https://doi.org/10.3389/fcell.2020.00304.

142. Yang, Q., Chen, X., Zheng, T., Han, D.,
Zhang, H., Shi, Y., Bian, J., Sun, X., Xia, K.,
Liang, X., et al. (2016). Transplantation of
Human Urine-Derived Stem Cells
Transfected with Pigment Epithelium-
Derived Factor to Protect Erectile Function
in a Rat Model of Cavernous Nerve Injury.
Cell Transplant. 25, 1987–2001. https://doi.
org/10.3727/096368916X691448.

143. Liu, A., Kang, S., Yu, P., Shi, L., and Zhou, L.
(2020). Transplantation of human urine-
derived neural progenitor cells after spinal
cord injury in rats. Neurosci. Lett. 735,
135201. https://doi.org/10.1016/j.neulet.
2020.135201.

144. Yan, Y., Ma, T., Gong, K., Ao, Q., Zhang, X.,
and Gong, Y. (2014). Adipose-derived
mesenchymal stem cell transplantation
promotes adult neurogenesis in the brains
of Alzheimer’s disease mice. Neural Regen.
Res. 9, 798–805. https://doi.org/10.4103/
1673-5374.131596.

145. Ma, T., Gong, K., Ao, Q., Yan, Y., Song, B.,
Huang, H., Zhang, X., and Gong, Y. (2013).
Intracerebral transplantation of adipose-
derived mesenchymal stem cells
alternatively activates microglia and
ameliorates neuropathological deficits in
Alzheimer’s disease mice. Cell Transplant.
22, 113–126. https://doi.org/10.3727/
096368913X672181.

146. Kim, S., Chang, K.A., Kim, J.A., Park, H.G.,
Ra, J.C., Kim, H.S., and Suh, Y.H. (2012). The
Preventive and Therapeutic Effects of
Intravenous Human Adipose-Derived Stem
Cells in Alzheimer’s DiseaseMice. PLoSOne
7, e45757. https://doi.org/10.1371/journal.
pone.0045757.
147. Nasiri, E., Alizadeh, A., Roushandeh, A.M.,
Gazor, R., Hashemi-Firouzi, N., and
Golipoor, Z. (2019). Melatonin-pretreated
adipose-derived mesenchymal stem cells
efficeintly improved learning , memory , and
cognition in an animal model of Alzheimer ’
s disease. Metab. Brain Dis. 34, 1131–1143.

148. Choi, H.S., Kim, H.J., Oh, J.H., Park, H.G., Ra,
J.C., Chang, K.A., and Suh, Y.H. (2015).
Therapeutic potentials of human adipose-
derived stem cells on the mouse model of
Parkinson’s disease. Neurobiol. Aging 36,
2885–2892. https://doi.org/10.1016/j.
neurobiolaging.2015.06.022.

149. Chi, K., Fu, R.H., Huang, Y.C., Chen, S.Y.,
Hsu, C.J., Lin, S.Z., Tu, C.T., Chang, L.H.,Wu,
P.A., and Liu, S.P. (2018). Adipose-derived
Stem Cells Stimulated with n-
Butylidenephthalide Exhibit Therapeutic
Effects in a Mouse Model of Parkinson’s
Disease. Cell Transplant. 27, 456–470.
https://doi.org/10.1177/0963689718757408.

150. Razavi, S., Ghasemi, N., Ghasemi, N.,
Mardani, M., Mardani, M., Salehi, H., Salehi,
H., and Ph, D. (2018). Co-Transplantation of
Human Neurotrophic Factor Secreting Cells
and Adipose-Derived Stem Cells in Rat
Model of Multiple Sclerosis. Cell J. 20,
46–52. https://doi.org/10.22074/cellj.
2018.4777.

151. Ganji, R., Razavi, S., Ghasemi, N., and
Mardani, M. (2020). Improvement of
Remyelination in Demyelinated Corpus
Callosum Using Human Adipose-Derived
Stem Cells (hADSCs) and Pregnenolone in
the Cuprizone Rat Model of Multiple
Sclerosis. J. Mol. Neurosci. 70, 1088–1099.
https://doi.org/10.1007/s12031-020-
01515-w.

152. Yousefifard, M., Shamseddin, J., Babahajian,
A., and Sarveazad, A. (2020). Efficacy of
adipose derived stem cells on functional
and neurological improvement following
ischemic stroke: a systematic review and
meta-analysis. BMC Neurol. 20, 294. https://
doi.org/10.1186/s12883-020-01865-3.

153. Zhao, K., Li, R., Gu, C., Liu, L., Jia, Y., Guo, X.,
Zhang,W., Pei, C., Tian, L., Li, B., et al. (2017).
Intravenous Administration of Adipose-
Derived StemCell Protein Extracts Improves
Neurological Deficits in a Rat Model of
Stroke. Stem Cells Int. 2017, 2153629.
https://doi.org/10.1155/2017/2153629.

154. Ohta, Y., Hamaguchi, A., Ootaki, M.,
Watanabe, M., Takeba, Y., Iiri, T.,
Matsumoto, N., and Takenaga, M. (2017).
Intravenous infusion of adipose-derived
stem/stromal cells improves functional
recovery of rats with spinal cord injury.
Cytotherapy 19, 839–848. https://doi.org/
10.1016/j.jcyt.2017.04.002.

155. Razavi, S., Ghasemi, N., Mardani, M., and
Salehi, H. (2017). Remyelination
improvement after neurotrophic factors
secreting cells transplantation in rat spinal
cord injury. Iran. J. Basic Med. Sci. 20,
392–398.

156. Gao, S., Guo, X., Zhao, S., Jin, Y., Zhou, F.,
Yuan, P., Cao, L., Wang, J., Qiu, Y., Sun, C.,
et al. (2019). Differentiation of human
adipose-derived stem cells into neuron/
motoneuron-like cells for cell replacement
therapy of spinal cord injury. Cell Death Dis.
10, 597–615. https://doi.org/10.1038/
s41419-019-1772-1.

157. Tang, L., Lu, X., Zhu, R., Qian, T., Tao, Y., Li,
K., Zheng, J., Zhao, P., Li, S., Wang, X., and
Li, L. (2016). Adipose-Derived Stem Cells
Expressing the Neurogenin-2 Promote
iScience 27, 110307, August 16, 2024 21

https://doi.org/10.1186/s13287-018-0932-z
https://doi.org/10.1186/s13287-018-0932-z
https://doi.org/10.1007/978-1-61779-328-8_7
https://doi.org/10.1007/978-1-61779-328-8_7
https://doi.org/10.3791/55702
https://doi.org/10.3791/55702
https://doi.org/10.3791/54900
https://doi.org/10.1038/mp.2017.56
https://doi.org/10.1038/mp.2017.56
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref100
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref100
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref100
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref100
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref100
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref100
https://doi.org/10.1089/ten.TEA.2013.0584
https://doi.org/10.1089/ten.TEA.2013.0584
https://doi.org/10.1007/s11033-020-05370-1
https://doi.org/10.1007/s11033-020-05370-1
https://doi.org/10.1038/cr.2014.32
https://doi.org/10.1038/cr.2014.32
https://doi.org/10.1089/ten.tea.2010.0637
https://doi.org/10.1089/ten.tea.2010.0637
https://doi.org/10.1002/cbin.10615
https://doi.org/10.1002/cbin.10615
https://doi.org/10.1016/j.febslet.2015.03.031
https://doi.org/10.1016/j.febslet.2015.03.031
https://doi.org/10.1016/j.semcdb.2016.11.008
https://doi.org/10.1016/j.semcdb.2016.11.008
https://doi.org/10.1111/jcmm.14774
https://doi.org/10.1111/jcmm.14774
https://doi.org/10.3390/cells9030538
https://doi.org/10.3390/cells9030538
https://doi.org/10.1038/nmeth.2283
https://doi.org/10.1038/nmeth.2283
https://doi.org/10.1089/cell.2019.0088
https://doi.org/10.1089/cell.2019.0088
https://doi.org/10.3389/fcell.2020.00304
https://doi.org/10.3727/096368916X691448
https://doi.org/10.3727/096368916X691448
https://doi.org/10.1016/j.neulet.2020.135201
https://doi.org/10.1016/j.neulet.2020.135201
https://doi.org/10.4103/1673-5374.131596
https://doi.org/10.4103/1673-5374.131596
https://doi.org/10.3727/096368913X672181
https://doi.org/10.3727/096368913X672181
https://doi.org/10.1371/journal.pone.0045757
https://doi.org/10.1371/journal.pone.0045757
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref190
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref190
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref190
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref190
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref190
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref190
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref190
https://doi.org/10.1016/j.neurobiolaging.2015.06.022
https://doi.org/10.1016/j.neurobiolaging.2015.06.022
https://doi.org/10.1177/0963689718757408
https://doi.org/10.22074/cellj.2018.4777
https://doi.org/10.22074/cellj.2018.4777
https://doi.org/10.1007/s12031-020-01515-w
https://doi.org/10.1007/s12031-020-01515-w
https://doi.org/10.1186/s12883-020-01865-3
https://doi.org/10.1186/s12883-020-01865-3
https://doi.org/10.1155/2017/2153629
https://doi.org/10.1016/j.jcyt.2017.04.002
https://doi.org/10.1016/j.jcyt.2017.04.002
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref135
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref135
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref135
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref135
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref135
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref135
https://doi.org/10.1038/s41419-019-1772-1
https://doi.org/10.1038/s41419-019-1772-1


ll
OPEN ACCESS

iScience
Review
Functional Recovery After Spinal Cord Injury
in Rat. Cell. Mol. Neurobiol. 36, 657–667.
https://doi.org/10.1007/s10571-015-0246-y.

158. Bach, F.S., Lucia, C., Rebelatto, K., Fracaro,
L., Fragoso, F.Y.I., Daga, D.R., Brofman,
P.R.S., Pimpão, C.T., Engracia Filho, J.R.,
Montiani-Ferreira, F., and Villanova, J.A., Jr.
(2019). Comparison of the Efficacy of
Surgical Decompression Alone and
Combined With Canine Adipose Tissue-
Derived Stem Cell Transplantation in Dogs
With Acute Thoracolumbar Disk Disease
and Spinal Cord Injury. Front. Vet. Sci. 6,
383–411. https://doi.org/10.3389/fvets.
2019.00383.

159. Hur, J.W., Cho, T., Park, D., Lee, J., Park, J.,
and Chung, Y.-G. (2016). Intrathecal
transplantation of autologous adipose-
derived mesenchymal stem cells for treating
spinal cord injury: A human trial. J. Spinal
Cord Med. 39, 655–664. https://doi.org/10.
1179/2045772315Y.0000000048.

160. Summa, P.G., Kingham, P.J., Raffoul, W.,
Wiberg, M., Terenghi, G., and
Kalbermatten, D.F. (2010). Adipose-derived
stem cells enhance peripheral nerve
regeneration. Br. J. Plast. Surg. 63, 1544–
1552. https://doi.org/10.1016/j.bjps.2009.
09.012.

161. Nakada, M., Itoh, S., Tada, K., Matsuta, M.,
Murai, A., and Tsuchiya, H. (2020). Effects of
hybridization of decellularized allogenic
nerves with adipose- derive stem cell sheets
to facilitate nerve regeneration. Brain Res.
1746, 147025. https://doi.org/10.1016/j.
brainres.2020.147025.

162. Zhang, J., Lu, X., Feng, G., Gu, Z., Sun, Y.,
Bao, G., Xu, G., Lu, Y., Chen, J., Xu, L., et al.
(2016). Chitosan scaffolds induce human
dental pulp stem cells to neural
differentiation: potential roles for spinal
cord injury therapy. Cell Tissue Res. 366,
129–142. https://doi.org/10.1007/s00441-
016-2402-1.

163. Bajek, A., Gurtowska, N., Olkowska, J.,
Kazmierski, L., Maj, M., and Drewa, T. (2016).
Adipose-Derived Stem Cells as a Tool in
Cell-Based Therapies. Arch. Immunol. Ther.
Exp. 64, 443–454. https://doi.org/10.1007/
s00005-016-0394-x.

164. Dai, R., Wang, Z., Samanipour, R., Koo, K.I.,
and Kim, K. (2016). Adipose-Derived Stem
Cells for Tissue Engineering and
Regenerative Medicine Applications. Stem
Cells Int. 2016, 6737345. https://doi.org/10.
1155/2016/6737345.

165. Wankhade, U.D., Shen, M., Kolhe, R., and
Fulzele, S. (2016). Advances in Adipose-
Derived Stem Cells Isolation,
Characterization, and Application in
Regenerative Tissue Engineering. Stem
Cells Int. 2016, 3206807. https://doi.org/10.
1155/2016/3206807.

166. He, Y., and Lu, F. (2016). Development of
Synthetic and Natural Materials for Tissue
Engineering Applications Using Adipose
Stem Cells. Stem Cells Int. 2016, 5786257.
https://doi.org/10.1155/2016/5786257.

167. Rodbell, M. (1964). Metabolism of Isolated
Fat Cells. J. Biol. Chem. 239, 375–380.

168. Zuk, P.A., Zhu, M., Mizuno, H., Huang, J.,
Futrell, J.W., Katz, A.J., Benhaim, P., Lorenz,
H.P., and Hedrick, M.H. (2001). Multilineage
cells from human adipose tissue:
Implications for cell-based therapies. Tissue
Eng. 7, 211–228. https://doi.org/10.1089/
107632701300062859.
22 iScience 27, 110307, August 16, 2024
169. Safford, K., and Rice, H. (2005). Stem Cell
Therapy for Neurologic Disorders:
Therapeutic Potential of Adipose-Derived
Stem Cells. Curr. Drug Targets 6, 57–62.
https://doi.org/10.2174/1389450053345028.

170. Safford, K.M., Hicok, K.C., Safford, S.D.,
Halvorsen, Y.D.C., Wilkison, W.O., Gimble,
J.M., and Rice, H.E. (2002). Neurogenic
differentiation of murine and human
adipose-derived stromal cells. Biochem.
Biophys. Res. Commun. 294, 371–379.
https://doi.org/10.1016/S0006-291X(02)
00469-2.

171. Kingham, P.J., Kalbermatten, D.F., Mahay,
D., Armstrong, S.J., Wiberg, M., and
Terenghi, G. (2007). Adipose-derived stem
cells differentiate into a Schwann cell
phenotype and promote neurite outgrowth
in vitro. Exp. Neurol. 207, 267–274. https://
doi.org/10.1016/j.expneurol.2007.06.029.

172. Hu, F., Sun, B., Xu, P., Zhu, Y., Meng, X.H.,
Teng, G.J., and Xiao, Z.D. (2017). MiR-218
Induces Neuronal Differentiation of ASCs in
a Temporally Sequential Manner with
Fibroblast Growth Factor by Regulation of
the Wnt Signaling Pathway. Sci. Rep. 7,
39427. https://doi.org/10.1038/srep39427.

173. Kolar, M.K., Kingham, P.J., Novikova, L.N.,
Wiberg, M., Novikov, N., Science, P., and
Surgery, P. (2014). The therapeutic effects of
human adipose derived stem cells in a rat
cervical spinal cord injury model. Stem Cells
Dev. 23, 1659–1674.

174. Sarveazad, A., Janzadeh, A., Taheripak, G.,
Dameni, S., Yousefifard, M., and
Nasirinezhad, F. (2019). Co-administration
of human adipose-derived stem cells and
low-level laser to alleviate neuropathic pain
after experimental spinal cord injury. Stem
Cell Res. Ther. 10, 183–215.

175. Anoop, M., and Datta, I. (2021). Stem Cells
Derived from Human Exfoliated Deciduous
Teeth (SHED) in Neuronal Disorders: A
Review. Curr. Stem Cell Res. Ther. 16,
535–550. https://doi.org/10.2174/
1574888X16666201221151512.

176. Yamada, Y., Nakamura-Yamada, S., Kusano,
K., and Baba, S. (2019). Clinical potential and
current progress of dental pulp stem cells
for various systemic diseases in regenerative
medicine: A concise review. Int. J. Mol. Sci.
20, 1132. https://doi.org/10.3390/
ijms20051132.

177. Kichenbrand, C., Velot, E., Menu, P., and
Moby, V. (2019). Dental Pulp Stem Cell-
DerivedConditionedMedium: An Attractive
Alternative for Regenerative Therapy. Tissue
Eng. Part B Rev. 25, 78–88. https://doi.org/
10.1089/ten.teb.2018.0168.

178. Tsutsui, T.W. (2020). Dental pulp stem cells:
Advances to applications. Stem Cells Clon.
13, 33–42. https://doi.org/10.2147/SCCAA.
S166759.

179. Arthur, A., Rychkov, G., Shi, S., Koblar, S.A.,
and Gronthos, S. (2008). Adult Human
Dental Pulp StemCells Differentiate Toward
Functionally Active Neurons Under
Appropriate Environmental Cues. Stem
Cell. 26, 1787–1795. https://doi.org/10.
1634/stemcells.2007-0979.

180. Gonmanee, T., Thonabulsombat, C.,
Vongsavan, K., and Sritanaudomchai, H.
(2018). Differentiation of stem cells from
human deciduous and permanent teeth into
spiral ganglion neuron-like cells. Arch. Oral
Biol. 88, 34–41. https://doi.org/10.1016/j.
archoralbio.2018.01.011.
181. Nosrat, I.V., Widenfalk, J., Olson, L., and
Nosrat, C.A. (2001). Dental Pulp Cells
Produce Neurotrophic Factors, Interact with
Trigeminal Neurons in Vitro, and Rescue
Motoneurons after Spinal Cord Injury. Dev.
Biol. 238, 120–132. https://doi.org/10.1006/
dbio.2001.0400.

182. Mita, T., Furukawa-Hibi, Y., Takeuchi, H.,
Hattori, H., Yamada, K., Hibi, H., Ueda, M.,
and Yamamoto, A. (2015). Conditioned
medium from the stem cells of human dental
pulp improves cognitive function in a mouse
model of Alzheimer’s disease. Behav. Brain
Res. 293, 189–197. https://doi.org/10.1016/j.
bbr.2015.07.043.

183. Kudo, D., Inden, M., Sekine, S., Tamaoki, N.,
Iida, K., Naito, E., Watanabe, K., Kamishina,
H., Shibata, T., and Hozumi, I. (2015).
Conditioned medium of dental pulp cells
stimulated by Chinese propolis show
neuroprotection and neurite extension
in vitro. Neurosci. Lett. 589, 92–97. https://
doi.org/10.1016/j.neulet.2015.01.035.

184. Apel, C., Forlenza, O.V., De Paula, V.J.R.,
Talib, L.L., Denecke, B., Eduardo, C.P., and
Gattaz, W.F. (2009). The neuroprotective
effect of dental pulp cells in models of
Alzheimer’s and Parkinson’s disease.
J. Neural. Transm. 116, 71–78. https://doi.
org/10.1007/s00702-008-0135-3.

185. Nesti, C., Pardini, C., Barachini, S.,
D’Alessandro, D., Siciliano, G., Murri, L.,
Petrini, M., and Vaglini, F. (2011). Human
dental pulp stem cells protect mouse
dopaminergic neurons against MPP+ or
rotenone. Brain Res. 1367, 94–102. https://
doi.org/10.1016/j.brainres.2010.09.042.

186. Wang, F., Jia, Y., Liu, J., Zhai, J., Cao, N.,
Yue, W., He, H., and Pei, X. (2017). Dental
pulp stem cells promote regeneration of
damaged neuron cells on the cellular model
of Alzheimer’s disease. Cell Biol. Int. 41,
639–650. https://doi.org/10.1002/cbin.
10767.

187. Zhang, Y., and Huang, B. (2012). Peripheral
Blood Stem Cells: Phenotypic Diversity and
Potential Clinical Applications. Stem Cell
Rev. Rep. 8, 917–925. https://doi.org/10.
1007/s12015-012-9361-z.

188. Pan, M., Wang, X., Chen, Y., Cao, S., Wen, J.,
Wu, G., Li, Y., Li, L., Qian, C., Qin, Z., et al.
(2017). Tissue engineering with peripheral
blood-derived mesenchymal stem cells
promotes the regeneration of injured
peripheral nerves. Exp. Neurol. 292, 92–101.
https://doi.org/10.1016/j.expneurol.2017.
03.005.

189. Kijima, Y., Ishikawa, M., Sunagawa, T.,
Nakanishi, K., Kamei, N., Yamada, K.,
Tanaka, N., Kawamata, S., Asahara, T., and
Ochi, M. (2009). Regeneration of peripheral
nerve after transplantation of CD133+ cells
derived from human peripheral blood.
J. Neurosurg. 110, 758–767. https://doi.org/
10.3171/2008.3.17571.

190. Mistriotis, P., and Andreadis, S.T. (2013).
Hair Follicle: A Novel Source of Multipotent
Stem Cells for Tissue Engineering and
Regenerative Medicine. Tissue Eng. Part B
Rev. 19, 265–278. https://doi.org/10.1089/
ten.teb.2012.0422.

191. Matikainen, T., and Laine, J. (2005). Placenta
- An alternative source of stem cells. Toxicol.
Appl. Pharmacol. 207, 544–549. https://doi.
org/10.1016/j.taap.2005.01.039.

192. Li, T., Xia, M., Gao, Y., Chen, Y., and Xu, Y.
(2015). Human umbilical cord mesenchymal

https://doi.org/10.1007/s10571-015-0246-y
https://doi.org/10.3389/fvets.2019.00383
https://doi.org/10.3389/fvets.2019.00383
https://doi.org/10.1179/2045772315Y.0000000048
https://doi.org/10.1179/2045772315Y.0000000048
https://doi.org/10.1016/j.bjps.2009.09.012
https://doi.org/10.1016/j.bjps.2009.09.012
https://doi.org/10.1016/j.brainres.2020.147025
https://doi.org/10.1016/j.brainres.2020.147025
https://doi.org/10.1007/s00441-016-2402-1
https://doi.org/10.1007/s00441-016-2402-1
https://doi.org/10.1007/s00005-016-0394-x
https://doi.org/10.1007/s00005-016-0394-x
https://doi.org/10.1155/2016/6737345
https://doi.org/10.1155/2016/6737345
https://doi.org/10.1155/2016/3206807
https://doi.org/10.1155/2016/3206807
https://doi.org/10.1155/2016/5786257
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref117
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref117
https://doi.org/10.1089/107632701300062859
https://doi.org/10.1089/107632701300062859
https://doi.org/10.2174/1389450053345028
https://doi.org/10.1016/S0006-291X(02)00469-2
https://doi.org/10.1016/S0006-291X(02)00469-2
https://doi.org/10.1016/j.expneurol.2007.06.029
https://doi.org/10.1016/j.expneurol.2007.06.029
https://doi.org/10.1038/srep39427
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref133
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref133
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref133
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref133
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref133
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref133
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref139
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref139
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref139
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref139
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref139
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref139
http://refhub.elsevier.com/S2589-0042(24)01532-3/sref139
https://doi.org/10.2174/1574888X16666201221151512
https://doi.org/10.2174/1574888X16666201221151512
https://doi.org/10.3390/ijms20051132
https://doi.org/10.3390/ijms20051132
https://doi.org/10.1089/ten.teb.2018.0168
https://doi.org/10.1089/ten.teb.2018.0168
https://doi.org/10.2147/SCCAA.S166759
https://doi.org/10.2147/SCCAA.S166759
https://doi.org/10.1634/stemcells.2007-0979
https://doi.org/10.1634/stemcells.2007-0979
https://doi.org/10.1016/j.archoralbio.2018.01.011
https://doi.org/10.1016/j.archoralbio.2018.01.011
https://doi.org/10.1006/dbio.2001.0400
https://doi.org/10.1006/dbio.2001.0400
https://doi.org/10.1016/j.bbr.2015.07.043
https://doi.org/10.1016/j.bbr.2015.07.043
https://doi.org/10.1016/j.neulet.2015.01.035
https://doi.org/10.1016/j.neulet.2015.01.035
https://doi.org/10.1007/s00702-008-0135-3
https://doi.org/10.1007/s00702-008-0135-3
https://doi.org/10.1016/j.brainres.2010.09.042
https://doi.org/10.1016/j.brainres.2010.09.042
https://doi.org/10.1002/cbin.10767
https://doi.org/10.1002/cbin.10767
https://doi.org/10.1007/s12015-012-9361-z
https://doi.org/10.1007/s12015-012-9361-z
https://doi.org/10.1016/j.expneurol.2017.03.005
https://doi.org/10.1016/j.expneurol.2017.03.005
https://doi.org/10.3171/2008.3.17571
https://doi.org/10.3171/2008.3.17571
https://doi.org/10.1089/ten.teb.2012.0422
https://doi.org/10.1089/ten.teb.2012.0422
https://doi.org/10.1016/j.taap.2005.01.039
https://doi.org/10.1016/j.taap.2005.01.039


ll
OPEN ACCESS

iScience
Review
stem cells: an overview of their potential in
cell-based therapy. Expert Opin. Biol. Ther.
15, 1293–1306. https://doi.org/10.1517/
14712598.2015.1051528.

193. Dalous, J., Larghero, J., and Baud, O. (2012).
Transplantation of umbilical cord–derived
mesenchymal stem cells as a novel strategy
to protect the central nervous system:
technical aspects, preclinical studies, and
clinical perspectives. Pediatr. Res. 71,
482–490. https://doi.org/10.1038/pr.
2011.67.

194. Yin, S., Ji, C., Wu, P., Jin, C., and Qian, H.
(2019). Human umbilical cord mesenchymal
stem cells and exosomes: bioactive ways of
tissue injury repair. Am. J. Transl. Res. 11,
1230–1240.
195. Azzopardi, J.I., and Blundell, R. (2018).
Review: Umbilical Cord Stem Cells. Stem
Cell Discov. 08, 1–11. https://doi.org/10.
4236/scd.2018.81001.
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