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Abstract
Recovery from neurological injuries is typically incomplete and often results in significant and permanent disabilities.
Currently, most available therapies are limited to supportive or palliative measures, aimed at managing the symptoms of the
condition. Because restorative therapies targeting the underlying cause of most neurological diseases do not exist, cell
therapies targeting anti-inflammatory, neuroprotective and regenerative potential hold great promise. Cord blood (CB) cells
can induce repair through mechanisms that involve trophic or cell-based paracrine effects or cellular integration and dif-
ferentiation. Both may be operative in emerging CB therapies for neurologic conditions, and there are numerous potential
applications of CB-based regenerative therapies in neurological diseases, including genetic diseases of childhood, ischemic
events such as stroke and neurodegenerative diseases of adulthood. CB appears to hold promise as an effective therapy for
patients with brain injuries. In this Review, we describe the state of science and clinical applications of CB therapy for brain
injury.
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Introduction

Neurological injuries can result from any number of
insults to the brain, including traumatic, vascular,
infectious, genetic and environmental etiologies.
Although the cause and mechanism of damage may
vary, brain injuries share certain unifying features:
as a group they are common, affecting people of all
ages and races; they are costly, often causing
chronic disabilities that carry significant medical
and societal costs; and their current treatment op-
tions are extremely limited. Although recovery from
a brain injury is typically incomplete, the brain’s
capacity for self-renewal—albeit limited—has
recently been recognized. Concurrently, substantial
advancements have been made in the field of stem
cell biology. For these reasons, great interest has
been generated in developing stem cell therapies as
potential treatments to repair damage, regain func-
tion and improve quality of life in patients with
neurological disorders. In this article, we will review
the potential applications of umbilical cord blood
(CB) as a source of stem cells for such therapies and
some of the brain injuries in which they may be
effective.

Umbilical CB as a source of stem cells for neurological
applications

Several properties unique to CB make it an attractive
source of stem cells for regenerative and restorative
purposes. (i) Stem cell characteristics: CB is rich in
highly proliferative stem and progenitor cells of the
hematopoietic and other lineages mobilized by
placental signals promoting homing to developing
organs [1,2]. Comparedwith stem cells obtained from
adult bone marrow (BM), CB stem cells are less
mature and therefore have longer telomeres and
greater proliferating potential [3]. CB-derived cells
have been differentiated into numerous cell types
throughout the body, including neural cells. Recently,
induced pluripotent stem cells (iPS) have also been
isolated from CB with simpler methods and greater
efficiency as compared with adult cell sources [4e6].
There is also mounting preclinical evidence that
cellular therapies act through paracrine and trophic
mechanisms of cell signaling to enhance neuro-
protection and restoration [7]. (ii) Availability: There
are more than 130 million births per year worldwide,
so there is ample opportunity to collect CB units for
regenerative purposes. Processes are well established
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for the collection, testing, characterization and storage
of CB units, which can be cryopreserved for decades
for future use. Over the past 20 years, approximately
700,000 unrelated donor CB units have been
collected, characterized and banked for public use,
and an additional 2 to 3 million CB units have been
stored privately for family use. (iii) Safety profile: CB
can be collected non-invasively without risk to the
mother or infant donor. Compared with adult BM
stem cells, CB cells are less immunogenic and less
likely to transmit infections through latent viruses. In
more than 25 years of use in allogeneic, unrelated
hematopoietic stem cell transplantation, CB has not
been shown to cause teratomas or solid tumors. (iv)
Noncontroversial: Given that cord blood was histori-
cally discarded asmedical wastewith the placenta after
birth, it remains a noncontroversial source of stem and
progenitor cells. All of these features make CB an
attractive source of cells for cellular therapies and
regenerative medicine. Of note, umbilical cord tissue
is also readily available for harvest at the time of de-
livery. Mesenchymal stromal cells (MSCs) have been
directly isolated or expanded from cord tissue and
studied in animal models. These tissues are currently
under study in early-phase clinical trials for arthritis,
spinal cord injury, Alzheimer’s disease and autism.
However, the safety and efficacy of these cells is not
currently established, and the optimal methods of
processing, storing and manufacturing cell products
from cord tissue are still the subject of investigation.

Since the first unrelated donor CB transplant in
1988, more than 30,000 CB transplants have been
performed, and CB has become a proven source of
stem cells for hematopoietic reconstitution for
myelo-ablative stem cell transplantation. Addition-
ally, CB also contains non-hematopoietic stem cell
populations that are capable of differentiating into
numerous cell types throughout the body. In
particular, the CB-derived unrestricted somatic
stem cell first described by Koegler is a non-
hematopoietic multipotent cell with the ability to
differentiate into several lineages in vitro and in vivo,
including osteoclasts, hepatocytes and neurons,
among others [8e10]. CB-derived cells can also
differentiate into MSCs, chondrocytes, osteocytes,
adipocytes, cardiac and skeletal muscle myocytes,
hepatocytes, pancreatic cells, skin cells, endothelial
colony-forming cells and neural cells [11e22].
Though the specific cell of origin that gives rise to
neural cells has not yet been identified, neurons,
astrocytes, oligodendrocytes and microglia have all
repeatedly been derived in vitro from CB progenitor
cells by means of gene transfection, ex vivo culture
with and growth factor supplementation, through
generation of iPS and/or the use of chemical agents
[10,22e30].

Evidence of neural differentiation has also been
detected in vivo. Donor CB-derived tissue-specific
cells have been identified in multiple organs in both
animals and humans after HSCT, including the liver,
lung, pancreas, skeletal muscle and brain [19,31,32],
indicating that CB cells are capable of repopulating
more than just the hematopoietic system. This may
be due to the presence of a true embryonic-like stem
cell in CB and/or small numbers of committed,
tissue-specific, non-hematopoietic progenitors. It is
important to note that observations of in vivo
engraftment and differentiation have occurred in
immunocompetent, xenogenic animal models, but in
humans only after receiving myelo-ablative and
immuno-ablative preparative therapies. It is not clear
if infusions of CB into an immunocompetent person
will produce similar results.

Potential mechanisms of CB-derived therapies in brain
injuries

Although CB cells have the ability to differentiate
into tissue-specific cells and integrate into host or-
gans, there is growing evidence that their therapeutic
effects probably are mediated by an ability to influ-
ence tissue damage and repair by signaling and
activation of host cells through trophic and/or para-
crine effects. Although the exact mechanisms of
neural sparing and/or recovery remain the subject of
preclinical investigations, several mechanisms have
been hypothesized [33]. The survival potential of
host neural cells may be enhanced by the delivery of
trophic factors from infused and/or transplanted CB
cells that provide anti-inflammatory and neuro-
protective effects [34e37]. Brain plasticity may be
increased by enhancing synaptogenesis, instigating
endogenous repair mechanisms, stimulating angio-
genesis resulting in neovascularization and inducing
migration and proliferation of endogenous neural
stem cells [38e40]. To a lesser degree, CB stem cells
may also migrate, integrate, proliferate and differ-
entiate into “replacement” neuronal and glial cells
and play a role in re-myelination [41]. Additionally,
many neurologic diseases involve activation of
pro-apoptotic signal transduction, which could be
harnessed to attract cells to brain lesions in those
diseases. Thus, CB-derived cells could also poten-
tially act as a vehicle to deliver neuroprotective and
restorative factors or signal endogenous cells to act in
a targeted way toward damaged brain tissue. Given
their numerous potential mechanisms of action,
CB-derived therapies may be applicable to a wide
range of neurological injuries including, but not
limited to, genetic diseases of childhood, ischemic
damage (acute and/or chronic) and neurodegenera-
tive diseases of adulthood. The remainder of this
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article will review the rationale, preclinical models
and early clinical experience of CB and related
therapies for some of these neurological conditions.

Childhood genetic brain diseases

The potential of CB cells to differentiate into non-
hematopoietic lineages in humans was initially
identified in children undergoing unrelated donor

CB transplantation for certain inherited metabolic
diseases (IMDs), a heterogeneous group of genetic
diseases. In many IMDs, patients lack a critical
enzyme necessary for the production and mainte-
nance of myelin or other cellular-based structural
parts of the nervous system, resulting in progressive
neurological deterioration caused by absent or
abnormal brain myelination. Affected babies may
appear normal at birth but develop symptoms in the
first months to years of life, ultimately resulting in
death in childhood.

When donor CB cells engraft in a patient with
particular genetic lysosomal and peroxisomal storage
diseases, they serve as a constant source of enzyme
replacement, thereby slowing or halting the natural
progression of disease [42e45]. When patients with
these diseases, ranging in age from newborns to
young adults, are transplanted early in the course of
their disease, they derive extensive benefits from the
transplant procedure, which both extends life for
decades and greatly improves neurologic functioning
[46e48]. High pre-transplant performance status, a
marker of disease progression, is associated with a
much higher rate of survival than transplants per-
formed in children with lower performance scores
[43]. Clinical and pathological observations from
these patients provide additional support for the
concept that CB cells can repair non-hematopoietic
tissues.

Autopsy studies in humans who died after intra-
venously administered, sex-mismatched BM and CB
transplant have confirmed the engraftment of donor
cells throughout the brain months after trans-
plantation [49e51]. Most engrafting cells were
non-neuronal microglial cells, but donor-derived
neurons, astrocytes and oligodendrocytes have been
identified. Globoid bodies, the pathological peri-
vascular signature of Krabbe disease, were not
detected in the brain of a patient transplanted for
early infantile Krabbe disease at 3 weeks of age who
died of unrelated causes at 5 years of age [51]. On
the basis of these observations, our group hypothe-
sized that CB contained cells capable of differenti-
ating into oligodendrocyte- and microglial-like
cells. We subsequently cultured and expanded
oligodendrocyte-like cells from fresh and cry-
opreserved CB after 3 to 4 weeks in tissue culture
supplemented with neurotrophic growth factors
[22,24]. These cells (DUOC-01 or “O-cells”) grow
as an adherent population that, after 21 days in cul-
ture, express surface antigens found on oligoden-
drocytes (O1, O4, PLP, MBP) and microglia
(CD45, CD11b), make corresponding RNAs and
myelinate shiverer neuron axons in an in vitro po-
tency assay (Figure 1). They also constitutively pro-
duce interleukin-6 and interleukin-10 and retain the

Figure 1. In vitro functional assay of myelination of shiverer mouse
neurons by cryopreserved CB-derived oligodendrocyte-like cells
(DUOC-01). Shiverer neurons co-cultured with O-cells were co-
stained for BT3 (Texas red) and MBP (fluorescein isothiocya-
nate). Controls stained positive for BT3 (A1) but not MBP (A2).
When co-cultured with DUOC-01 for 1 week, BT3 (B1) and MBP
(B2) were expressed. Z-stacked projection after 3 weeks in culture
demonstrated BT3 expression (C1, D1) and close association
between BT3-expressing neuronal cells and MBP-expressing cells
(C2), with MBP expression along axonal processes (D2) (reprinted
from Tracy et al [22] with permission from Elsevier ! 2011).
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ability to produce lysosomal enzymes in culture after
manufacturing. Although the exact cell of origin for
the DUOC-01 cell is not known, a starting culture of
200! 106CBmononuclear cells yields approximately
2 to 3 million DUOC-01 cells after 21 days in culture.
DUOC-01 doubling time is slow and estimated at
one-doubling every 3 to 4 days. The cells have been
shown in brain slice models to mediate repair of
oxidative injury and to promote re-myelination.
Intrathecal dosing in immunodeficient newborn
mice showed the best distribution of DUOC-01 in the
central nervous system as compared with intravenous
or intracranial delivery routes.

Results of CB transplantation for IMDs suggest
that greater benefit is likely when the transplant is
performed early in the disease course before the
development of clinical neurologic and other mani-
festations [48,52,53]. However, damage to the cen-
tral nervous system occurs prenatally in some of
these disorders. In addition, neurologic progression
often occurs during and in the early months after
transplant before sufficient numbers of donor cells
engraft in the brain and produce adequate levels of
the deficient enzyme. As a result, patients often have
a progressive loss of neurologic function for the first
few months after transplantation before the disease
stabilizes, and most patients are left with some re-
sidual and irreversible neurologic impairment. To
address this delay in engraftment, a phase I trial is
underway in which the DUOC-01 described above
are administered intrathecally 1 month after a stan-
dard allogeneic CB transplant from the same CB
donor. The goal of this therapy is to accelerate de-
livery of donor cells to the central nervous system,
thereby bridging the gap between systemic trans-
plantation and engraftment of cells in the brain,
resulting in an earlier arrest of disease progression.
This trial is one example that the availability of well-
characterized, screened and HLA-typed CB, coupled
with its vast differentiation potential, makes it an
attractive source of stem cells for applications in
tissue repair and regeneration, particularly in the
central nervous system.

Ischemic injuries

Observations of CB used to treat children with ge-
netic conditions led to the hypothesis that CB might
also be beneficial in patients with brain injury.
Numerous animal models have demonstrated both
neurological and survival benefits of CB cells in the
setting of stroke, ischemia and intracranial hemor-
rhage [54e57]. These injuries differ in that some are
focal (ie, stroke) and others are global (ie, hypoxia),
but all are typically characterized by immediate
damage to all neural cell types within the affected

region, accelerating a cascade of events that lead to
demyelination and necrosis of brain tissue. Inflam-
mation, apoptosis, neuronal and oligodendrocyte
death and astrocytosis are all operative in mediating
damage resulting from these insults. Therefore,
therapeutic strategies might involve methods to
promote cell survival and repair or regeneration of
the affected areas, potentially through anti-
inflammatory effects, neurogenesis, synaptogenesis
and/or angiogenesis after the injury has been sus-
tained. Neuroprotection, neovascularization and
neuronal regeneration have all been demonstrated in
various models [40,54]. The most extensively stud-
ied models involve brain damage resulting from
permanent middle cerebral artery occlusion
(MCAO) in adult rats or transient occlusion
accompanied with hypoxia in neonatal rats or mice.
Intravenous injection of CB can greatly mitigate the
damage caused by such acute hypoxic/ischemic brain
injury [58].

In addition to evaluating treatment response and
further elucidating mechanism of action, many pre-
clinical studies have attempted to address other
critical aspects of cell administration, including dose,
timing and route of delivery. In addition to func-
tional outcomes, Vendrame et al. [54] examined
anatomic measures of infarct volume after MCAO in
the presence of increasing doses of CB cells. At 4
weeks after infusion, infarct volume measurements
revealed an inverse relationship between CB cell
dose and damage volume, reaching significance at a
dose of 107 cells, thereby demonstrating a dose-
dependent relationship between CB cell dose,
behavioral improvement and neuronal sparing. Also
in an MCAO model, Chen et al. [55] showed a
greater improvement in somatosensory behavior and
neurologic dysfunction when CB or bone marrow
stromal cells were administered at 1 day versus 7
days after the injury, which suggests that earlier may
be better. In fact, the majority of stroke models have
evaluated stem cell therapy in the acute or subacute
setting, immediately to several days after the insult.
However, Shen et al. [59] demonstrated improve-
ment in functional outcomes in rats treated intrave-
nously with bone marrow stromal cells 1 month after
MCAO stroke. In this model, scar tissue was reduced
and the number of proliferating cells and oligoden-
drocyte precursors in the area of injury were
increased, possibly indicating neurogenesis and
myelination. This suggests that although the ideal
timing of cellular therapy for stroke or other brain
injury is still unknown, benefits may be attainable
long after the injury is sustained. Models delivering
cells through the intravenous, intra-arterial and
intracerebral routes have not demonstrated that any
one mode of delivery is significantly superior in terms
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of functional outcomes [60,61]. In animal models,
delivery of MSCs and neural stem cells to the brain
has also been accomplished through intranasal
administration, an attractive alternative because of its
noninvasiveness [62,63].

CB therapy has also been studied in models of
hypoxic ischemic encephalopathy. In a neonatal rat
model that results in severe cerebral damage and
contralateral spastic paresis after unilateral carotid
artery ligation on day 7 of life, intraperitoneal CB
mononuclear cells administered 1 day after the
hypoxic event migrate to the area of brain damage
and persist for at least 2 weeks. Although the extent
of morphologic injury on gross pathology was not
altered, animals that received CB mononuclear cells
did not develop spastic paresis, which indicates
functional recovery [56]. In a baby rabbit model of
ischemic encephalopathy, Derrick et al. [64]
demonstrated that labeled human CB cells reached
the brain within 24 hours, persisted for at least 1
week and decreased the degree of brain damage on
magnetic resonance imaging (MRI). In severely
affected animals, CB administration improved gross
motor function in a short-term functional assay [65].
Additionally, Ballabh et al. [66] developed a rabbit
model of intraventricular hemorrhage (IVH) by
administering glycerol intraperitoneally to premature
rabbit pups. In this model, IVH is followed by
the development of hydrocephalus and subsequent
white matter demyelination. Intraventricular admini-
stration of human CB cells 24 and 72 hours after
glycerol failed to prevent the hydrocephalus but did
reduce subsequent demyelination (Ballabh, personal
communication, 2014).

In summary, xenogenic infusion of CB cells in
animals after ischemic injury results in improved
survival and functional outcomes. Optimal dose,
timing and route of administration as well as specifics
regarding mechanism of action are not fully under-
stood and may vary on the basis of type, degree and
time interval since the insult.

Clinical experience

Intravenous infusion of CB is currently under
investigation in clinical trials for a variety of
ischemic-related conditions, including neonatal
hypoxic ischemic encephalopathy, cerebral palsy and
stroke. Of note, intrathecal administration of allo-
geneic CB-derived cells, mostly MSCs, has been
performed for a variety of neurologic conditions in a
few small studies, primarily in China. In general, side
effects are reported to be minor and transient, most
commonly including fever, headache and dizziness
[67e70]. Efficacy cannot be determined at this time,
and further safety studies are needed.

Perinatal brain injury

The fetal and neonatal brain is uniquely susceptible
to injury from a variety of causes, most frequently
caused by ischemia in full-term babies, but also
commonly including periventricular leukomalacia
and IVH in preterm neonates.

In a phase I trial of newborns with hypoxic
ischemic brain injury at birth conducted at Duke,
fresh, non-cryopreserved, volume-reduced and red
blood cellereduced autologous CB was infused in
one, two or four doses of 1 to 5 ! 107 nucleated cells/
kg within the first 48 to 72 hours of life in babies with
moderate-to-severe encephalopathy qualifying for
systemic hypothermia [71]. Initial infusions were
administered an average of 6.5 hours after birth, with
a second infusion before 48 hours of life. Babies who
received CB infusions were compared with a
concomitant group of babies treated at Duke who
were cooled but did not receive CB cells. Infusions
were found to be safe in these critically ill babies, and
babies receiving cells had increased survival rates to
discharge (100% versus 85%, P ¼ 0.20) and
improved function at 1 year of age (74% versus 41%
with development in the normal range, P ¼ 0.05). A
phase II randomized trial is currently in develop-
ment. If this therapy improves the outcome of babies
with significant birth trauma, the current model of
CB collection and banking may need to adapt to
make this therapy available to all eligible babies. It
may also be necessary to develop safe and effective
therapies through the use of allogeneic CB donors
because many of these babies and/or mothers will be
too sick at birth to prioritize autologous CB
collection.

Repeated autologous CB infusions are also being
studied in young babies born with congenital hy-
drocephalus. In this condition, excessive accumula-
tion of cerebral spinal fluid (CSF) within the
ventricular system of the brain results in a progressive
increase in ventricular volume and intracranial
pressure, leaving the brain limited space to develop
and expand. The increased pressure damages the
developing brain through a crush injury that causes
mechanical distortion and impaired blood flow as
well as extravasation of CSF into the brain paren-
chyma that causes demyelination and loss of axons.
Although some white matter changes may be
reversible after ventriculo-peritoneal shunt place-
ment to divert the flow of CSF after birth, most
affected children are left with a myriad of motor,
sensory and cognitive deficits caused by their early
brain injury. At Duke University, more than 80 pa-
tients ages 6 days to 4 years with congenital hydro-
cephalus have received autologous CB infusions.
Because these babies are identified prenatally, CB
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collection can be planned in advance of delivery.
Because of their small size, and perhaps their delivery
by cesarean section, most autologous CB units were
large enough to supply multiple doses. Thus, pa-
tients received up to four doses of autologous CB at
approximately 2- to 6-month intervals (unpublished
data). Although the efficacy of this approach is still
under investigation, there have been no safety con-
cerns. This indicates that repeated dosing of autol-
ogous CB is safe even in very young babies, and such
a dosing scheme could be potentially advantageous
for other neurologic conditions as well.

Cerebral palsy

Clinical studies evaluating the use of CB in children
with cerebral palsy are ongoing in both the United
States and Korea. In a safety study, we treated 184
infants and children with cerebral palsy (76%),
congenital hydrocephalus (12%) and other brain in-
juries (12%) with intravenous autologous CB infusions
[72]. Patients were treated in the outpatient clinic
through a peripheral intravenous injection after a sin-
gle dose of Tylenol, Benadryl and Solumedrol. In-
fusions contained a median of 2.0 ! 107 total
nucleated cells/kg (range, 0.1e13.3 ! 107) and 0.7 !
105 CD34þ cells/kg (range, 0.04-6.4 ! 105).
Approximately 1.5% of patients had hypersensitivity
reactions (ie, hives and/or wheezing) during the CB
infusion that resolved after discontinuation of the
infusion and outpatient medical management. With

more than 3 years of follow-up, no additional adverse
events have been reported, indicating that the proce-
dure is safe. A randomized, double-blind, placebo-
controlled study is in process to determine the efficacy
of this approach. In this study, children ages 1 to 6
years are randomly assigned to the order in which they
receive CB and placebo infusions, each given 1 year
apart. Motor, cognitive and imaging studies are per-
formed at baseline and 1 and 2 years to evaluate any
differences between CB and placebo groups. Within
each group, patients are stratified by age to determine
if the time interval between injury and infusion affects
response. The primary end point is improvement in
motor function on standardized scales. Preliminarily,
studies with the MRI biomarker of white matter con-
nectivity have shown that clinical functional phenotype
correlated with MRI findings through the use of
whole-brain connectivity analysis (Figure 2) [73]. A
similar study of allogeneic CB and erythropoietin was
conducted in Korean children with cerebral palsy [74].
The investigators reported greater improvements in
cognitive and select motor functions in children who
received CB and erythropoietin versus control pa-
tients. There was no CB-only group for comparison.

Stroke

Most human studies of stem cells in adults who have
had a stroke have used autologous BM cells [75,76].
Although no safety concerns have been identified,
the studies are too small to reliably assess efficacy.

Figure 2. Inter-regional whole-brain connectivity analysis of 17 children with cerebral palsy. Red-yellow nodes indicate significantly reduced
total connectivity to all other brain regions in severe versus moderate cerebral palsy. Cool-colored connections between nodes indicate
significantly reduced mutual connectivities in the severely affected group compared with the moderately affected group (reprinted with
permission from Cotten et al [71]). R, right; L, left; A, anterior; P, posterior.

6 J. M. Sun & J. Kurtzberg



However, because the majority of adult stroke vic-
tims are elderly and critically ill after their injury, a
CB-derived off-the-shelf therapy is an attractive
alternative to autologous BM because it would avoid
the need for a potentially risky BM harvest in these
critically ill patients. Trials that use allogeneic cell
sources are planned or underway. In these studies,
cell sources will include MSCs derived from adipose
tissue, bone marrow or umbilical cord, fetal neural
stem cells and CB; patients may be treated in the
acute or chronic setting (up to 5 years after stroke);
and cells will be administered intravenously, intra-
arterially or intracranially. In the only published se-
ries of four stroke patients (three ischemic, one
hemorrhagic) treated with allogeneic MSCs isolated
from umbilical cord, the procedure was safe and
produced no adverse events [77]. In the patients with
ischemic stroke, but not those with hemorrhagic
stroke, MSC therapy was associated with improved
neurological function as assessed by use of the
modified Rankin scale.

Autism

The cause of autism is still the subject of much
investigation, though a multifactorial etiology
involving both genetic (ie, Rett syndrome, Fragile X,
pathogenic copy number variants) and environ-
mental factors is likely. The mechanism by which
these factors interact and affect the developing brain,
causing social, communication and, in some cases,
cognitive impairment, are also unknown. With stem
cell therapy emerging as potential treatment for other
neurological conditions, the question of whether it
might have a role in the treatment of autism has also
been raised. In a mouse model of autism, animals
that received intraventricular injections of human
adipose-derived stem cells had decreased repetitive
movements and improved social activity [78]. This
finding, in conjunction with early observations of
increased brain connectivity in young children with
cerebral palsy receiving autologous CB infusions
[73], generated the hypothesis that CB infusion may
aid in the restoration of faulty neural connections in
children with autism, thereby improving the clinical
symptoms. Autologous CB and/or bone marrow
treatment in children with autism is currently under
investigation in several countries [70,79]. The man-
ifestations of autism vary in both quality and severity
in any given patient. Therefore, identifying both
suitable subjects and reliable outcome measures that
can objectively measure response to therapeutic in-
terventions is both challenging and critical to con-
ducting valid clinical trials of cell therapy in autism.
Event-related potentials of word processing, ob-
tained from EEG readings, have been correlated with

receptive language, cognitive ability and adaptive
behavior [80] and may be useful as an objective
outcome. Functional MRI findings have also been
associated with the autistic traits of auditory target
detection, social target detection and executive def-
icits, which indicates that functional MRI may be
useful as a biomarker of clinical response [81e83].
Clinical studies evaluating CB in children with
autism are underway at Duke University in North
Carolina, the Sutter Institute in California and in
China. The first Duke study will focus on identifying
the most appropriate outcome measures to be used
as study end points in clinical trials of cellular ther-
apies in children with autism.

Neurodegenerative diseases

As opposed to acute or developmental brain injuries,
chronic neurodegenerative diseases are often char-
acterized by preferential loss of a specific cell popu-
lation. These diseases follow a slowly progressive
course, typically preceded by an asymptomatic
period during which damage is already occurring. In
this class of diseases, neuroprotective therapies given
early in the course of disease could potentially slow
or halt disease progression, and neurorestorative
therapies might ultimately focus on replacement of a
specific cell type through regeneration techniques.

Cellular approaches to neurodegenerative dis-
eases have been studied most extensively in Parkin-
son’s disease, in which degeneration of primarily
nigrostriatal dopaminergic neurons results in motor
symptoms such as resting tremors, rigidity and
hypokenisia. Cell replacement strategies have been
attempted in more than 300 patients with Parkin-
son’s disease through the use of intrastriatal im-
plantation of fetal mesencephalic tissue, and several
open-label trials suggest clinical benefit [84,85].
Given the limitations of the use of human fetal tissue,
however, interest has grown in generating dopami-
nergic neurons from other cell sources. Neurons that
express dopamine-related genes and demonstrate the
ability to synthesize and release dopamine have been
successfully derived from CB stem cells in vitro [25].
In hemi-parkinsonian rats, unmodified human um-
bilical cord MSCs injected into the striatum can
improve behavioral symptoms, and this effect is
enhanced by adenovirus-mediated vascular endo-
thelial growth factor modification of the cells [86].
These studies indicate that CB has potential as a
source of stem cells for cellular replacement strate-
gies in Parkinson’s disease.

CB cells have been evaluated in in vitro and
in vivo models of Alzheimer’s disease. Transgenic
mice treated with CB-MSCs show a reduction in
both microglial activation and b-amyloid deposits,
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the pathologic signature of the disease [87]. CB-
treated mice also demonstrate decreased cognitive
impairment in functional assays [88] and an
extended lifespan [89]. Although the mechanism is
not entirely clear, it is possible that the CB cells
mediate the microglial response to b-amyloid de-
posits, promote b-amyloid phagocytosis and/or pre-
vent apoptosis of host cells. Neurostem, a CB-MSC
product, has been investigated in a phase I trial in
Korea, although results of that study have not yet
been published.

Amyotrophic lateral sclerosis (ALS), a neurode-
generative disease characterized by a loss of upper
and lower motor neurons, is another condition that
may be responsive to cellular therapy. Although the
exact mechanism of neuronal loss has not been
identified, neuro-inflammation, including astrocyte
and microglial activation, has been shown to play a
role. In ALS, cellular therapies could potentially act
as modifiers of the inflammatory state, thereby pro-
moting longer survival of motor neurons. CB has
been investigated in a mouse model of ALS. Given as
a single large (25 ! 106 cells) dose, CB mononuclear
cells delivered intravenously delayed the onset of
disease in presymptomatic mice and extended sur-
vival by 20% to 25% [90]. When smaller doses (1 or
2.5 ! 106 cells/dose) were administered to pre-
symptomatic or early symptomatic animals at weekly
intervals, disease progression was again delayed and
survival was prolonged [91]. CB cells were detected
throughout the brain and spinal cord but concen-
trated in the ventral horn gray matter of the spinal
cord, an area known to be affected by ALS. In the
ventral horns, the number of microglia and reactive
astrocytes were decreased in mice treated with CB
cells, and the number of motor neurons were
increased in mice who began treatment pre-
symptomatically or at the higher dose (2.5 ! 106

cells/dose) once symptoms had developed. In addi-
tion to demonstrating that CB cells can modulate
neuro-inflammation and prolong host neuron sur-
vival, the experiment also highlights the fact that cell
dose and timing are important factors to optimize the
effectiveness of cellular therapies for neurological
conditions.

Summary

Until recently, the mature human brain was thought
to be static. We now know that the adult human
brain retains some capacity for self-renewal, though
it is intrinsically quite limited. In the context of brain
injuries, stem cell therapy may play both a neuro-
protective role by dampening the inflammatory
response, particularly in the acute setting, as well as a

reconstructive role by enhancing the brain’s repair
mechanisms. A cellular therapy that could reduce the
neurological sequelae of brain injury in adults would
be truly revolutionary and have public health rami-
fications, given the high prevalence of these condi-
tions. Because of its relative availability, favorable
safety profile and pluripotential nature, CB is a prime
source of stem cells for such therapies.

Unlike the adult brain, the exponential growth
and continued development of a child’s brain from
the fetal period through early childhood has long
been recognized. The developing brain exhibits
remarkable plasticity, as evidenced by the rapidity
and propensity with which young children can ac-
quire and hone new skills. Although this ongoing
development makes the immature brain particularly
susceptible to injury, it may also provide a greater
opportunity to affect repair. In the acute setting,
mechanisms of neural protection and early repair are
likely to be similar in children and adults. However,
if stem cell therapy can be harnessed to modulate the
developing brain’s intrinsic plasticity, then the ther-
apeutic window may be much wider in children,
extending the potential benefits to the many children
who do not exhibit neurological symptoms of their
brain injury until months to years after the injury
occurred. As the mechanisms by which cells affect
brain plasticity are further defined, they may also be
applicable to injuries in the adult brain, providing
additional tools to further enhance recovery and/or
extend the therapeutic window for repair.

For many of the conditions discussed in this
article, long-term engraftment of CB cells may not be
necessary to produce the desired effects. There is
mounting preclinical evidence that cellular therapies
act through paracrine and trophic mechanisms of cell
signaling to enhance neuroprotection and restora-
tion. In that case, allogeneic CB cells provide a
readily available source of well-characterized cells for
such applications. The use of allogeneic cells, how-
ever, does raise some additional questions regarding
how long donor cells must survive in the patient to
exert their effects, whether immunosuppression is
necessary to enable donor cell survival for that
duration and what the risk of graft-versus-host dis-
ease would be in these scenarios. Observations in
immunocompetent, xenogeneic models are encour-
aging in this regard.

Neurological injuries are typically associated with
permanent and life-long disabilities, hefty expenses
and a lack of therapeutic options to prevent or repair
tissue damage. Much work remains to be done in
preclinical and clinical studies to further define effi-
cacy, dose, route, timing and need for immunosup-
pression before cell-based therapies can be routinely
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used in the clinic. Nonetheless, cellular therapies,
particularly those that use CB cells, have great po-
tential to significantly advance the treatment of pa-
tients with acquired and genetic brain diseases.

Disclosure of interests: The authors have no
commercial, proprietary, or financial interest in the
products or companies described in this article.
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