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Preface

Perinatal brain injury is a leading cause of cerebral palsy (CP), often resulting in 
lifelong disabilities. Because more than 90% of CP patients today survive into 
adulthood, the economic and social burdens associated with support for the patients 
and their families are significant, and therefore pathophysiological understanding of 
the disease and development of effective therapies are urgent public health needs. 
Perinatal hypoxic–ischemic encephalopathy (HIE) is an important cause of brain 
injury resulting from reduced cerebral blood flow at birth that leads to hypoxia and 
hypoglycemia in brain cells. Impaired uptake of glutamate by brain neurons results 
in intracellular calcium accumulation, which ultimately causes irreversible damage. 
To date, hypothermia therapy has been the only effective treatment for HIE to pre-
vent the development of CP. A recent publication in the United States [1], however, 
indicated benefits of autologous umbilical cord blood stem cell transplantation com-
bined with hypothermia therapy for HIE, drawing attention to cell therapy for peri-
natal brain injury. This book, coauthored by leading physicians in the field, is 
intended to provide comprehensive and concise information to readers on the most 
recent advances in cell therapy for perinatal brain injury, from basic stem cell biol-
ogy to clinical essentials.

Stem cells in umbilical cord blood were first discovered by Japanese researchers, 
Nakahata and Ogawa, in [2]. This led to a report by Gluckman et al. in [3] on the 
first clinical success of cord blood transplantation (CBT) in a patient with Fanconi’s 
anemia. Since then, various public and private cord blood banks have been estab-
lished and have provided cord blood units for transplantation to more than 30,000 
pediatric and adult patients. CBT quickly gained importance also in Japan after the 
foundation of the Japanese Cord Blood Bank Network in 1999. Although initially 
limited to hematological disorders, CBT has found its application in inherited meta-
bolic disorders since the turn of this century. In 2005, Escolar et al. reported a sig-
nificant survival benefit of CBT in patients with early-stage infantile Krabbe disease 
[4]. According to their report, the 6-year mortality rate was 0% in 11 patients who 
underwent CBT from unrelated donors before the development of symptoms as 
opposed to an untreated cohort of 190 children who all died before reaching 8 years 
of age. In 2008, the potential of cord blood stem cells to differentiate into neural 



vi

cells was reported [5] and offered promising new uses of CBT and bone marrow 
transplantation in inherited metabolic diseases as reviewed by Prasad and Kurtzberg 
in [6]. Along with the reported clinical successes in inherited metabolic diseases, 
researchers in the field of brain injury began to devote their efforts to scientific stud-
ies on the role of CBT in central nervous system injuries associated with hypoxia 
and ischemia, exploring the potential of cord blood stem cells for brain 
regeneration.

In vitro experiments in [7] and [8] demonstrated the expression of neural and 
normal cell markers in human nucleated cord blood cells and the expression of oli-
godendroglial and astrocytic features in CD34+ and other cord blood stem cells. 
Through in vivo studies using a rat model of ischemic stroke, an improved outcome 
after intravenous administration of human cord blood stem cells to male rats was 
demonstrated in [9], and reduction in spastic paresis after intraperitoneal transplan-
tation of human cord blood stem cells within 24 h of injury was reported in [10]. 
Although incorporation of the transplanted human mononuclear cells primarily 
around the lesioned brain area and engraftment 14 days posttransplantation were 
demonstrated, significant changes in lesion volume or differentiation into astrocytes 
were not observed. Thus, differentiation of human nucleated cord blood cells into 
neural cells observed in vitro was not confirmed in in vivo studies. These laboratory 
results are consistent with clinical data in humans. Kurtzberg et al. reported in [11] 
that donor-derived cells had differentiated into vessels, microglia, and choroid 
plexus cells but not into neuroectodermal cells (i.e., neurons, astrocytes, and oligo-
dendrocytes) in the brain of a female infant with Krabbe disease who received 
CBT. These studies collectively suggest that transplanted cells do cross the blood–
brain barrier and engraft in the brain but do not restore the lost function by differen-
tiating into neural cells. Rather, it seems that these cells achieve clinical benefits 
through some other mechanisms that facilitate the repair of surrounding tissues.

The clinical efficacy of CBT in CP patients has recently been demonstrated. 
Autologous CBT in 20 CP patients in a study by Lee et al. in [12] and allogeneic 
CBT in 31 CP patients in a study by Min et  al. in [13] both led to neurological 
improvements without serious adverse events. In the most recent study published in 
2014, Cotten et  al. [1] isolated stem cells from the autologous cord blood and 
administered them to cooled infants with moderate or severe HIE. The treatment 
was safe and resulted in significantly better intact survival with Bayley III scores of 
≥85 compared with infants who received hypothermia therapy alone, although 
overall survival was not significantly different between the two groups. So, how 
does CBT work in the treatment of CP? Regulation of microglial response and facil-
itation of axonal sprouting have been indicated by recent studies. These findings 
suggest that the cord blood is capable of repairing brain damage through multiple 
endogenous pathways.

Although much of today’s laboratory research focuses on embryonic stem cells 
and induced pluripotent stem cells that can differentiate into any type of tissue, 
these approaches have limitations in terms of clinical application to the treatment of 
perinatal HIE because they require a longer preparation and culture time, which 
may not fit within the short time window for optimal therapy. Allogeneic cells may 
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be stocked in advance, but this approach always comes with the risk of immune 
rejection. In contrast, cord blood, once considered medical waste, is an ideal source 
of stem cells for perinatal HIE as it obviates the ethical issues associated with the 
use of fetal cells and at the same time reduces the risk of rejection if autologous cord 
blood is used.

On August 6, 2014, the first clinical trial protocol for autologous cord blood stem 
cell therapy for neonatal HIE was approved in Japan. This trial is a new multicenter 
effort involving 11 CP research groups across Japan collaborating at all levels from 
the nonclinical to clinical phases to evaluate the safety and efficacy of autologous 
cord blood stem cell transplantation in HIE infants in combination with hypother-
mia therapy. Perinatal HIE is a leading cause of CP, and severe HIE occurs in one to 
six cases per 1000 live births. Despite effective treatment such as hypothermia ther-
apy, severe sequelae still develop in 50% of patients. Because no effective treatment 
exists once brain damage has been established and CP symptoms have developed, 
neonatal management before the establishment of damage is crucial. In this context, 
CBT, in combination with hypothermia therapy, is a promising cell-based regenera-
tive approach for preventing CP associated with perinatal brain injury.
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Preface

With the advancement of prenatal obstetric care and postnatal intensive neonatal 
care, the incidence of cerebral palsy (CP) has been decreasing in developed coun-
tries. In fact, the incidence of CP in Okinawa Prefecture, which is in the southwest-
ern part of Japan, was reported as 1.5 per 1000 live births between 2007 and 2009 
[1], which corresponds to two thirds of the figure between 1995 and 2001. Because 
the progress of perinatal medicine covers wide-ranging aspects, it seems difficult to 
ascribe the improvement to any new specific technique. Accumulated evidence con-
firms the protective effects of hypothermia therapy on neonatal hypoxic–ischemic 
encephalopathy, and the therapy has been introduced as standard care in current 
clinical settings in Japan, reasonably contributing to the improved outcomes to a 
certain extent.

The Japan Obstetric Compensation System for Cerebral Palsy, which is a 
government-supported system, started registration of infants born after 2009 who 
suffered from CP possibly related to delivery. The registration reports approxi-
mately 1500 infants born between 2009 and 2011 who were diagnosed as having 
severe CP before the age of 5 years and fulfilling the conditions of the compensation 
by the system. This compensation system does not enroll infants born before 28 
gestation weeks, and therefore caution is necessary when we interpret the figure. It 
is indisputable, however, that a significant number of infants still suffer from neona-
tal encephalopathy, requiring development of novel therapeutic approaches.

In this regard, we have remarked on the potential of stem cell therapy as early 
pioneers. After encouraging data in animal models reported by Dr. Tsuji [2], Dr. 
Shintaku organized a research group called the Neonatal Encephalopathy 
Consortium, Japan, consisting of neonatologists, neuroscientists, and pediatricians, 
and initiated a feasibility study using autologous umbilical cord blood stem cells. 
This special monograph is a product of the research group’s work, reflecting their 
discussions and providing updated information on stem cell therapy applied to neo-
natal hypoxic–ischemic encephalopathy.

We truly appreciate the dedication of all contributors and congratulate their 
accomplishment as shown in this book.
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Chapter 1
Clinical Trial of Autologous Cord Blood Cell 
Therapy for Neonatal Hypoxic Ischemic 
Encephalopathy (HIE)

Masahiro Tsuji and Haruo Shintaku

Abstract  Cell-based therapy is attracting attention not only for its regenerative 
property but also for its long therapeutic time window. A growing number of studies 
in animal models with brain injuries have shown that cell therapies are beneficial. 
Among the variety of cell types to be used for cell therapies, autologous umbilical 
cord blood cells (UCBCs) are the most feasible; UCB contains several types of stem 
cells, the collection of the UCB is totally noninvasive and no ethical issues are 
involved, and UCBCs have no tumorigenicity. More than 20 preclinical studies have 
examined the effects of human UCBCs in models of neonatal brain injury; the 
majority of the studies were conducted in a rodent model of hypoxia-ischemia. 
Systemic administration of mononuclear fraction of UCB is the most extensively 
explored, and most of the studies have shown beneficial effects. Intravenous infu-
sion of autologous non-cryopreserved volume- and red blood cell-reduced UCB is 
the most feasible method for cell therapy, especially when used at the acute phase 
of acute onset diseases. Fewer than ten clinical studies, including ours, using UCB 
for newborns with acute brain injury have been reported or listed on open registra-
tion websites, and only a few of the studies have reported the results, proving safety 
and feasibility and implying efficacy. No randomized control studies have been 
reported with respect to cell therapies during the newborn period. Further preclini-
cal studies to optimize the treatment protocol and clinical trials to prove efficacy are 
warranted.
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1.1  �Background of Cell Therapy for Neonatal Hypoxic-
Ischemic Encephalopathy (HIE)

Acute brain injury may occur unexpectedly during the perinatal and neonatal peri-
ods. The conditions in which neonates present with acute brain dysfunction are 
collectively termed neonatal encephalopathy [1]. The signs and symptoms of 
brain dysfunction are recognized as an altered level of consciousness, weak mus-
cle tone, impaired feeding, respiratory depression, and seizures. The vast majority 
of infants with neonatal encephalopathy are born with asphyxia, the causes of 
which are heterogeneous, such as low maternal blood pressure, premature placen-
tal abruption, compression of the umbilical cord, and severe congenital heart dis-
ease. The pathophysiology of neonatal encephalopathy is hypoxic-ischemic 
encephalopathy (HIE) in the majority of cases, up to 85% of neonatal encepha-
lopathy cases, followed by neonatal stroke, which accounts for up to 10% of cases 
[2]. Children with severe neonatal HIE typically die or develop severe neurologi-
cal sequelae such as cerebral palsy (CP), mental retardation, and epilepsy [3]. 
Children with moderate neonatal HIE suffer neurological sequelae in many cases; 
81% have cognitive dysfunctions, and 30% have cerebral palsy when the survi-
vors are assessed in their late teens [4].

Success in the translation of mild hypothermia was a landmark event for both 
neonatologists/pediatricians and neuroscientists. Before the introduction of mild 
hypothermia, treatment in neonatal intensive care units (NICUs) was merely sup-
portive. Mild hypothermia was the first and is still the only treatment proven 
effective in large-scale randomized clinical trials [5, 6]. However, even if infants 
are treated with hypothermia, nearly half of them die or are left with moderate to 
severe neurological impairments. The therapeutic time window of hypothermia 
is within 6 h after birth. Therefore, there is an urgent need for the development 
of novel therapies for HIE. A review in year 2006 reported that nearly 700 thera-
pies for acute stroke had proven effective in preclinical studies and that over 100 
of them had been used in practice. Nevertheless, tissue plasminogen activator 
administered within 3 h after the onset of stroke was the only therapy proven 
effective in a clinical study [7]. Most of those therapies exert beneficial effects 
only when administered before the ischemic insult or immediately after the 
insult. Although some therapies demonstrate beneficial effects even when admin-
istered after certain periods of time, the therapeutic time window rarely exceed 
6 h after the insult.

Cell-based therapy is attracting a lot of attention because not only of its regen-
erative property but also of the long therapeutic time window. Various studies in 
animal models with brain injuries have shown that cell therapies are beneficial. 
Those studies range from embryonic stem cells and induced pluripotent stem cells 
to mononuclear cell fractions of bone marrow and umbilical cord blood with 
respect to cell type, from culturing with several gene transfections and manipula-
tions to simple separation of cells with gradient centrifugation with respect to cell 
preparation, from intracerebral transplantation to intravenous injection with respect 
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to the administration route, and from xenotransplantation (from different species) 
to autologous transplantation (using one’s own cells) with respect to the origin of 
cells.

In this chapter, after we briefly review the history of cell therapies in both pre-
clinical and clinical studies, we review cell therapies using umbilical cord blood.

1.2  �History of Cell Therapies for Brain Injury

1.2.1  �Preclinical Studies on Cell Therapies for Neonatal  
Brain Injury

During the early days of research in stem cell therapy, most researchers conceived 
of the concept of “regeneration,” in which transplanted stem cells proliferate and 
differentiate into new neurons and replace lost neurons. During the past decade, 
several other concepts have been added to the research, in which transplanted stem 
cells secrete a variety of trophic factors, suppress inflammation and modulate the 
immune response, and enhance endogenous neurogenesis and angiogenesis [8, 9]. 
A growing number of studies have demonstrated that the long-term survival of stem 
cells transplanted in the brain is not necessary [10–12]. Furthermore, many studies 
have shown that transition into the brain is not necessary in order that the adminis-
tered cells exert beneficial effects on an injured brain [13, 14]. Currently conceived 
mechanisms of stem cell therapy are multimodal and not confined to regeneration. 
Hence the term “cell-based therapy” could be more appropriate than “regenerative 
therapy” at least in the field of acute brain injury.

More than 60 research articles on cell-based therapies for perinatal/neonatal 
brain injury have been published to date, and the number has been growing each 
year [15] (see Chap. 5 for details). The vast majority of those studies used rodent 
models of neonatal HIE. During the first decade since the first report in this field by 
[16], intracerebral transplantation of either the fetal brain tissue or neural stem cells 
(NSCs) was investigated. Systemic administration by intraperitoneal injection of 
cells was first reported by Meier et al. in [17]. Also, Meier et al. was the first to 
report the effects of umbilical cord blood (UCB) cells in neonatal models. 
Intravenous injection, a clinically feasible route of systemic administration, was 
first reported by Yasuhara et al. [18]. During the second decade, roughly equal num-
bers of studies using intracranial transplantation or systemic administration of stem 
cells have been reported in this research field. With respect to the donor cells, the 
mononuclear cell (MNC) fraction of human UCB and mesenchymal stem cells 
(MSCs) derived from rodent bone marrow (BM) have been most extensively inves-
tigated. MNCs are infused systematically and MSCs are transplanted intracranially 
in many of the studies.

Human UCB (hUCB) is the most extensively used cell source for preclinical 
research in neonatal brain injury. Over 20 studies have been reported in the  

1  Clinical Trial of Autologous Cord Blood Cell Therapy



4

literature [15, 19]. For details, refer to Chap. 5 in this textbook. Briefly, the majority 
of them have reported the beneficial effects of cell therapy in either morphological 
or behavioral evaluations or in both evaluations, although some reported no 
therapeutic effects. No adverse effects were noted. Two studies examined the effects 
of hUCB CD34+ cells (hematopoietic/endothelial progenitor cells); three studies 
examined the effects of MSCs derived from hUCB; one study examined the effects 
of total nucleated cells; and all the other studies examined the effects of MNC frac-
tion of hUCB. With respect to the administration route, cells were transplanted into 
brains in three studies with MSCs and two studies with MNCs; cells were injected 
systemically in other studies, intraperitoneally in approximately one third of the 
studies, and intravenously in approximately two thirds of the studies. The effective 
cell dose varied from 1.5 × 104 cells up to 1 × 108. Similarly, effective timing for the 
cell administration varied from 6 h to 7 days after the insult. Few studies have exam-
ined the optimal cell dose and timing of cell administration. Taking these findings 
together, among cell therapies for neonatal brain injury, systemic administration of 
hUCB MNCs is the most vigorously studied, and it has proven effective with no 
serious adverse effects, although the optimal therapeutic protocol, such as the tim-
ing and dose of cells, is not known. This therapy, intravenous infusion of autologous 
UCB cells (UCBCs), is considered to have the lowest risk in clinical translation for 
infants with brain injury [20].

1.2.2  �Clinical Use of Cell Therapy with Umbilical Cord Blood

Blood transfusion is the oldest cell therapy for mankind. Hematopoietic stem cell 
(HSC) transplantation, i.e., BM transplantation, is the first cell therapy to use the 
regenerative property of stem cells and a well-established standard therapy for 
patients with leukemia and other malignant diseases. BM transplantation exerts 
benefits for mitigating neurodegenerative progress in some inborn errors of metabo-
lism, such as Hurler’s disease and adrenoleukodystrophy [21–23]. UCB contains a 
high concentration of HSCs; hence UCB transplantation is an excellent alternative 
for BM transplantation. UCB transplantation favorably alters the disease progres-
sion of some inborn errors of metabolism as well [24, 25]. The beneficial effect of 
HSC transplantation is primarily through enzyme replacement by the donor cells. 
Healthy donor cells engraft in the recipient and continue to excrete the enzyme that 
is defective in the recipient. Although HSC transplantation involves the intravenous 
administration of HSCs, transfused cells enter the donor brain and survive for 
months [26]. In addition to enzyme replacement, HSC transplantation is considered 
to exert a benefit through its effect on the immune system, such as the effect of 
donor-derived microglia in the brain [27]. One case study suggests that donor gene 
material reaches neurons and that these neurons contain some proteins of the donor 
gene product [28]. Taking these findings together, intravenous administration of 
HSCs has effects on the brain through a couple of mechanisms other than the 
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hematopoietic potency. In addition, there is no risk of tumorigenicity in either UCB 
or BM transplantation.

1.3  �Current Status of Cell Therapies for Brain Injury

Among the variety of cell types to be used for cell therapies, autologous UCBCs 
are the most feasible; the collection of the cells is totally noninvasive, and no ethi-
cal issues are involved as UCBs are usually discarded directly after birth. The 
safety and feasibility of intravenous infusion of cryopreserved autologous UCB 
have been reported in a study in children with neurological disorders, most of 
whom had CP [29]. Among 184 study participants, three patients experienced 
infusion reaction, which resolved after discontinuation of the infusion and medi-
cal therapy. No other adverse events were reported during the 12-month follow-
up. Supported with positive results of systemic administration of hUCBCs in 
preclinical studies on neonatal encephalopathy, several institutions in several 
countries have started applying UCB transfusion for children with brain injury of 
non-metabolic origin.

1.3.1  �Systemic Administration of UCBCs  
for Chronic Brain Injury

The chronic phase of brain injury is an easier target to treat with cell therapy compared 
with the acute phase of brain injury especially when the injury is sudden onset as in 
neonatal encephalopathy. Hence, CP has been the main target of UCBC therapy thus 
far. CP is a group of permanent disorders affecting motor development and posture 
resulting from various ischemic brain injuries that occur during the prenatal or neonatal 
period, of which neonatal HIE is the most conspicuous cause. Nearly 20 clinical trials 
are listed on the website of the US National Institute of Health (ClinicalTrials.gov) as 
a cell therapy for CP and related diseases (Table 1.1). Approximately half of the trials 
use UCB and the other half use cells derived from BM.

Of the 20 trials, 11 trials from six research groups use UCBCs. Only one of those 
trials has published the results thus far (NCT01193660) [30]. NCT01193660 is a 
randomized trial with 96 participants conducted at CHA University in South Korea. 
HLA-matched allogeneic UCB containing >3 × 107/kg total nucleated cells (TNCs) 
was intravenously administered to children with CP along with erythropoietin and 
immunosuppressive treatment. Compared with the control group and the group 
treated with erythropoietin only, the UCB-treated group had significantly higher 
scores on the Gross Motor Performance Measure and Bayley II Mental and Motor 
Scales at 6 months. The incidence of serious adverse events did not differ between 
groups. The same group compared allogeneic (three patients) and autologous (four 
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patients) UCB transplantation in children with CP [31]. The allogeneic transplanta-
tion showed a better outcome than autologous transplantation.

Among the remaining ten trials, one trial (NCT01988584) uses either autologous 
UCB or BM-MNCs, three other trials (NCT01072370, NCT01147653, 
NCT02460484) use autologous UCB, five trials (NCT01528436, NCT01639404, 
NCT01991145, NCT02025972, NCT02599207) use allogeneic UCB, and one trial 
(NCT01929434) does not specify the source of UCB. Cells are administered intra-
venously in many of the trials but intra-arterially or intrathecally in some trials. 
NCT01929434 is the only phase III trial among them; the rest of them are either 
phase I or II trials. Regarding the cell types used, MSCs are used in a single trial 
(NCT01929434), MNCs are used in some trials (NCT01988584, NCT01072370), 
and the cell type used is not described in other trials.

Apart from the clinical studies listed on ClinicalTrials.gov, there are a few case 
reports of cell therapies in infants with brain injury. Jensen and Hamelmann reported 
the case of a boy with HI brain injury due to cardiac arrest at 2 years of age [32]. The 
boy received autologous intravenous UCB transfusion 9 weeks after the cardiac arrest. 
He demonstrated remarkable neurofunctional recovery from a vegetative state during 
the 2 months after the cell therapy. Jansen and Hamelmann attribute the recovery to 
the cell therapy. A pilot study of the intravenous infusion of autologous UCB was 
conducted in 20 children with CP with no control group [33]. Five children showed 
more improvements in neurodevelopmental evaluations than would normally be 
expected during the 6-month period after the infusion. Clinical studies using cells 
derived other than from either UCB or BM are limited. A randomized control trial of 
allogeneic transplantations of olfactory ensheathing cells (OECs) in 33 children with 
CP has been reported [34]. OECs were isolated from an aborted human fetal olfactory 
bulb, and the cells were injected into the frontal lobe of the patients. The OEC-treated 
children showed better Gross Motor Function Measure score than the controls. 
Although these results seem promising, it is difficult to interpret the efficacy as they 
are a case report and a clinical trial with no control group or with a small sample size.

1.3.2  �Systemic Administration of UCBCs for Acute  
Brain Injury

Treating sudden onset diseases during their acute phase is difficult. Cells that require 
a preparation process with cell culture cannot be used during the acute phase, as cell 
culture takes from days to weeks. Hence, when culture work is required to prepare 
them, cells should be allogeneically prepared in advance (off-the-shelf). Autologous 
cells are advantageous over allogeneic cells in many respects; autologous cells have 
no or minimal risks on immune reactions and virus infections, no ethical issues 
related to the donors, and no shortage of donors. BM cells are a feasible autologous 
cell source for acute treatment in children and adults. However, collecting BM cells 
from a sick newborn is relatively invasive. In contrast, the collection of UCB is 
totally noninvasive for a newborn and his or her mother. For these reasons, 

M. Tsuji and H. Shintaku
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autologous UCB is the most feasible cell source of autologous cells for treating 
acute onset diseases during the acute phase.

1.3.2.1  �Clinical Trials of Systemic Administration of UCBCs for Acute 
Brain Injury

Seven clinical trials are listed on ClinicalTrials.gov as trials for newborns with neo-
natal encephalopathy to the best of our knowledge: NCT00593242, 
NCT02612155NCT01506258, NCT01649648, NCT02256618, NCT02434965, 
NCT02605018 (NCT02551003 seems identical to NCT02605018), and 
NCT02612155 (Table 1.2). All of them use autologous UCB. The registration web-
sites of five of the trials do not specify the cell type used, most of which are assumed 
to be volume-reduced whole nucleated cells. The remaining two trials use either 
UCB CD34+ cells or UCB along with placenta-derived stem cells. Almost all of 
them are administered intravenously; two trials do not specify the administration 
route. Apart from one trial, in which cells are infused up to 7 days after birth, cells 
are administered within a few days after birth.

Only NCT00593242 (principal investigator, Dr. Cotten at Duke University, 
USA) has been completed, and the results have been published [35]. Cotten and 
colleagues enrolled 23 infants treated with hypothermia for HIE and intravenously 
infused non-cryopreserved volume- and red blood cell-reduced UCBCs: up to four 
doses (up to two doses in the current protocol), ~72 postnatal hours (~48 postnatal 
hours in the current protocol), and the mean number of cells after processing 
4.1 × 108 cells/patient. No significant infusion reactions were noted. One-year neu-
rodevelopmental outcomes were assessed with Bayley III, and 72% of UCBC 
treated infants had Bayley scores ≥85. Of infants who did not have available UCB 
and received standard treatments including hypothermia during the study period, 
41% had Bayley scores ≥85. Of note, 26% of UCBC-treated infants were outborn 
(transported from an outside hospital after delivery), while 88% of infants with 
standard treatment were outborn. As outborn infants generally tend to have poorer 
outcome than inborn infants, caution should be exercised in interpreting the benefit 
of UCBCs. Nevertheless, the trial suggests that autologous UCBC infusion therapy 
for neonatal HIE is safe and feasible and may improve the outcome.

One of the seven trials is being conducted by us in Japan (NCT02256618, prin-
cipal investigator, Dr. Shintaku at Osaka City University); our protocol is similar to 
the one at Duke University.

1.3.2.2  �Our Clinical Trial of Systemic Administration of UCBCs 
for Acute Brain Injury

We, Neonatal Encephalopathy Consortium Japan, are currently conducting a phase 
I trial named “Autologous cord blood cell therapy for neonatal encephalopathy” 
(NCT02256618). This is a pilot study for testing the feasibility and safety of UCBC 

1  Clinical Trial of Autologous Cord Blood Cell Therapy
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therapy in infants with neonatal HIE; the study is an open-label single group assign-
ment. If a neonate is born with signs and symptoms of moderate to severe encepha-
lopathy and meets the criteria for therapeutic hypothermia, the neonate is considered 
for entry of this clinical study; inclusion and exclusion criteria for the study are set 
in line with those of therapeutic hypothermia for term newborns with HIE (Table 1.3). 
Estimated enrollment is six cases. To make sure that UCB is properly collected 
without contamination, we exclude outborn infants from the trial. If an infant is 
born with severe asphyxia, the UCB is collected directly after the birth from an 
umbilical cord vein with special care to avoid contamination. We obtain parental 
consent before collecting UCB.  UCB is volume- and red blood cell-reduced by 
centrifugation in a closed system using an automated machine named Sepax 
(Biosafe Inc. Switzerland). The volume- and red blood cell-reduced UCB contains 
all sorts of nucleated cells, including a variety of stem cells such as CD34+ hemato-
poietic stem/endothelial progenitor cells. The processed UCB is divided into three 
doses and stored at 4 °C until use. The cell dose is not adjusted. The total amount of 
UCB collected is used after the abovementioned simple centrifugation. Estimated 
cell doses administered would be approximately 6 × 108 cells/newborn. If the total 
amount of UCB is less than 40 mL, the newborn shall not be enrolled in the trial 

Table 1.3  Entry criteria for our clinical trial; autologous cord blood cell therapy for neonatal 
encephalopathy

Inclusion criteria

 � Infants are eligible if they meet all the following inclusion criteria except ④
1. � ≥36 weeks gestation
2. � Either a 10-min Apgar score ≤ 5, continued need for resuscitation for at least 10 min, or 

severe acidosis, defined as pH <7.0
Or base deficit ≥ 16 mmol/L in a sample of umbilical cord blood or any blood during the first 
hour after birth
3. � Moderate to severe encephalopathy (Sarnat II to III)
4. � A moderately or severely abnormal background amplitude-integrated EEG (aEEG) voltage or 

seizures identified by aEEG, if monitored
5. � Up to 24 h of age
6. � Autologous umbilical cord blood available to infuse within 3 days after birth
7. � A person with parental authority must have given consent for the study
Exclusion criteria

1. � Known major congenital anomalies, such as chromosomal anomalies, heart diseases
2. � Major intracranial hemorrhage identified by brain ultrasonography or computed tomography
3. � Severe growth restriction, with birth weight less than 1800 g
4. � Severe infectious disease, such as sepsis
5. � Hyperkalemia
6. � Outborn infants (infants born at hospitals other than the study sites)
7. � Volume of collected cord blood <40 mL
8. � Infants judged critically ill and unlikely to benefit from neonatal intensive care by the 

attending neonatologist

aEEG amplitude-integrated EEG

1  Clinical Trial of Autologous Cord Blood Cell Therapy
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because the automated UCB process may not be reliable if the volume to be pro-
cessed were less than 40 mL. We examined the quality of the processed and non-
cryopreserved UCB using UCB collected from volunteers before commencement of 
this trial. At 72 h after the processing, there was no growth of bacteria or increase in 
potassium, and cell viability was well maintained. We obtain written informed con-
sent from the parent(s) twice; first, when we consider the newborn with HIE meets 
the entry criteria after the initial assessment, which is normally a few hours after the 
birth, and, second, before the first administration of UCBC treatment for the 
newborn.

Autologous volume-reduced cord blood cells are administered intravenously at 
12–24, 36–48, and 60–72 h after birth. Circulatory and respiratory status is closely 
monitored during and after the cell treatment. The primary outcome measure is the 
rate of adverse events. The combined rate of three adverse events at 30 days of age, 
death, continuous respiratory support, and continuous use of vasopressor, will be 
compared between the neonates with cell therapy and those with conventional ther-
apy including hypothermia. The secondary outcome measure is efficacy. 
Neuroimaging at 12  months of age and neurodevelopmental function measured 
with Bayley III at 18 months of age will be compared between the cell recipients 
and neonates with conventional therapy. The infants will be followed for safety and 
neurodevelopmental outcome up to 10 years of age.

1.3.3  �Systemic Administration of UCBCs for Brain Injury 
Associated with Preterm Birth

To the best of our knowledge, as few as one clinical trial (NCT01121328) is listed 
on ClinicalTrials.gov with respect to cell treatment for brain injury associated with 
preterm birth. The clinical trial focuses on premature infants born less than 34 weeks 
of gestation. Autologous UCB-MNCs are infused in the first 14 days after birth.

1.3.4  �Issues to be Considered for UCBC Therapies

All those trials but one are small nonrandomized ones; therefore the efficacy of the 
cell therapies would not be known. The group led by Cotten is preparing a phase II 
clinical trial (NCT02612155) with an estimated enrollment of 160 cases.

The properties of hUCBCs may be altered by several factors, such as the gesta-
tional age and perinatal asphyxia [36, 37]. For example, Aly et al. reported that 
although the UCB-MNC count does not differ between healthy term newborns and 
term newborns with perinatal asphyxia, neuronal differentiation of hUCB-MSCs is 
more pronounced in the cells derived from newborns with asphyxia [38]. 
Lymphocyte counts are elevated in term infants with HIE, although the counts 
rapidly normalized [39]. The apoptosis of neutrophils is impaired in cord blood 
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compared with adult peripheral blood, and the apoptosis is reduced by hypoxia 
[40]. Those alterations may become beneficial or detrimental to infants receiving 
UCB therapy.

Autologous UCBC treatment is the most feasible cell therapy for neonates with 
encephalopathy during the acute phase. Although the therapy has the lowest risk for 
clinical use, there are some drawbacks. The following two issues are critical. Firstly, 
autologous UCB may be difficult to collect in an urgent situation. Secondly, the risk 
of bacterial contamination is not negligible as the UCB is not cryopreserved for 
days, especially when a neonate is born via vaginal delivery at a small hospital with 
limited medical staff.

1.4  �Conclusion

A growing number of preclinical studies suggest that systemic administration of 
UCBCs has the potential for ameliorating infant brain injury even when the treat-
ment is started days after the insult. As having the lowest risk in clinical use for sick 
newborns, intravenous administration of autologous UCBCs without cell sorting 
and cell culturing has been tried in many institutions in several countries. There is, 
however, a paucity of preclinical data on the optimal treatment protocol for neonatal 
encephalopathy. Rigorous preclinical studies are needed to optimize the protocol as 
well as to clarify the mechanisms of action. At the same time, many patients and 
their parents are desperately seeking opportunities to receive cell therapies, as the 
current therapies for neonatal encephalopathy and its neurological sequelae offer 
limited hope. We believe it is important to proceed with clinical trials promptly 
under monitoring by the regulatory authorities.
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Chapter 2
New Strategy of Clinical Studies 
for Premature Babies with Ischemic  
Brain Damage

Makoto Nabetani and Haruo Shintaku

Abstract  In Japan, we started autologous cord blood therapy for newborns with 
HIE in 2014 (described in Chap. 1). Another research group started autologous cord 
blood therapy for patients with cerebral palsy in 2017. However, cerebral palsy is 
induced in nearly twice as many premature babies with IVH and PVL as that by 
term newborns with HIE (Touyama et al. Brain Dev 38:792–799, 2016; Koterazawa 
et  al. No to Hattatsu 48:14–19, 2016; Glinianaia et  al. Dev Med Child Neurol 
59:864–870, 2017). Therefore, we are now promoting a new clinical study protocol 
of cell therapy for premature newborns with PVL or IVH.

Keywords  Cell therapy · Periventricular leukomalacia · PVL · Intraventricular 
hemorrhage · IVH

2.1  �Introduction

Clinical studies of regenerative medicine such as various types of stem cells, embry-
onic stem (ES) cells, and/or iPS cells have increased rapidly, and the number of 
clinical studies had exceeded 500 worldwide in 2016 [1]. However, hyperbole, dis-
tortion, and overselling of these regenerative medicines have also been reported in 
some journals [2]. Among these different strategies of cell therapies, the intravenous 
administration of UCB stem cell therapy could be the safest and most feasible 
because UCB has been used for hematopoietic stem cell transplantation in patients 
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with hematological diseases over several decades. Stem cells, obtained from umbili-
cal cord blood, normally discarded after birth, are emerging as a safe and potentially 
effective therapy. Therefore, cell therapy using UCB has been expanded for novel 
applications. Recent reports have stated that the most common indication for UCB 
therapy is neurological diseases, including studies of cerebral palsy [3]. Other indi-
cations included diabetes mellitus, cardiac and vascular diseases, and hepatic dis-
eases. Thirty-one studies administered total nucleated cells, mononuclear cells, or 
CD34+ cells, while 20 studies used cord blood-derived mesenchymal stromal cells. 
Eleven out of 46 studies described that cellular products used autologous products. 
They reported that 4/4 showed clinical benefit in cerebral palsy [4]. Furthermore, 
autologous UCB therapy has fewer ethical issues than allogenic UCB because autol-
ogous UCB has no possibility of rejection and no necessity of immune suppressive 
therapy to prevent rejection or GVHD. Therefore, autologous umbilical cord blood 
stem cell therapy could be the most feasible therapy for premature newborns with 
IVH or PVL. We are now challenging new project to investigate the feasibility and 
safety of autologous cord blood cell therapy for premature babies with IVH or PVL.

2.2  �New Idea of Clinical Study Protocol

Major inclusion criteria included premature newborns who were born at 24–33 weeks 
old. The collection of baby cord blood cells is performed immediately after birth. 
The required volume of collected cord blood is over 15 mL. Separation is performed 
in cell processing center within 36 h of birth and returned to the hospital. The sepa-
rated cord blood cells are administered intravenously within 36–72  h after birth 
(Fig. 2.1).

Birth
Day0

36H-72H 1month-3month

IC with family

Infusion

evaluate prognosis

Evaluation before discharge

IC with family

Premature newborns with IVH and PVL (born at 24-33 weeks old) 

6month,
12month 、

1y6month

Collect Umbilical Cord Blood( > 15ml)

Separation in cell processing center

Fig. 2.1  New idea of cell therapy for premature newborns with IVH and PVL
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2.3  �Discussion

2.3.1  �Therapeutic Effect of UCB in a Hematopoietic Disease

In 1982, Nakahata and Ogawa reported that umbilical cord blood contains hemopoi-
etic colony-forming cells with extensive capability to generate mono- and multipo-
tential hemopoietic progenitors [5]. Since then it has been confirmed that UBC also 
contains various rich stem cells such as hematopoietic stem cells, endothelial pro-
genitor cells, and mesenchymal stromal cells.

CD34 surface antigen has been widely used as a marker of hematopoietic stem 
cells and endothelial progenitor cells. UCB contains about 0.3–2% CD34+ cells, 
while peripheral blood of an adult contains < 0.01% CD34+ cells [6–8].

Firstly, the therapeutic effects of UCB have been shown in hematological dis-
eases, such as leukemia, Fanconi’s anemia, and aplastic anemia, replacing the 
hematopoietic stem cells over the past few decades [9–14].

2.3.2  �Therapeutic Effect of UCB in Various  
Intractable Diseases

In recent years, UCB has been identified as a source of endothelial stem/progenitor 
cells and has an effect on various intractable diseases including cerebral palsy, dia-
betes mellitus, cardiac and vascular diseases, and hepatic diseases. Various types of 
stem cells are possible sources of cell therapy for clinical applications especially for 
neurological diseases [15–17].

In 2004, Kurtzberg reported that allogeneic UCB has been used for patients 
with inherited metabolic disorders and neurodegenerative diseases, i.e., Hurler’s 
syndrome and Krabbe’s disease, with the aim of delivering the deficient enzyme 
through the stem cells. Seventeen of the 20 children were alive at the median point 
of 905 days after transplantation (event-free survival rate, 85%). Transplantation 
improved neurocognitive performance and decreased the somatic features of 
Hurler’s syndrome. Cord blood from unrelated donors appears to be an excellent 
source of stem cells for transplantation in patients with Hurler’s syndrome. Eleven 
asymptomatic newborns (age range, 12–44 days) and 14 symptomatic infants (age 
range, 142–352 days) with infantile Krabbe’s disease underwent transplantation 
of UCB from unrelated donors after myeloablative chemotherapy. Transplantation 
of UCB from unrelated donors in newborns with infantile Krabbe’s disease favor-
ably altered the natural history of the disease. However, transplantation in babies 
after symptoms had developed did not result in substantive neurologic improve-
ment [18, 19].

Also in 2004, Taguchi reported that CD 34+ cells are effective for brain damage 
after stroke and started phase 1–1/2a clinical studies for patients with stroke for the 
first time. Phase 1/2a study of CD 34+ cells therapy for 12 patients with stroke showed 
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favorable neurologic recovery and improvement in cerebral blood flow and metabo-
lism with no serious adverse events. In comparison with historical controls, patients 
receiving cell therapy had significantly better neurologic outcomes. The results indi-
cated that intravenous transplantation of autologous bone marrow mononuclear cells 
is safe and feasible. Positive results and trends favoring neurologic recovery and 
improvement in cerebral blood flow and metabolism by cell therapy underscore the 
relevance of larger-scale, randomized controlled trials using this approach [20, 21].

2.3.3  �Therapeutic Effect of UCB in Cerebral Palsy

In this chapter, we focus on the potential therapeutic effects of cell therapies espe-
cially UCB therapy for newborns with ischemic disease which has progressed dra-
matically over the past few decades. In 2006 Meier et al. reported the effectiveness 
of intraperitoneal infusion of UCB cells in rats with neonatal hypoxia [22]. Kurtzberg 
is conducting a phase 2 study for cerebral palsy by using autologous cord blood 
cells at Duke University in the USA. On the other hand, Cox et al. reported a feasi-
bility study showing that autologous bone marrow mononuclear cells were logisti-
cally feasible and safe to prescribe intravenously for children suffering from head 
trauma within 48 h of incident in 2011 [23]. Wang and Sharma also started a clinical 
study using autologous bone marrow mononuclear cells for cerebral palsy patients 
in 2013 and 2015 [24, 25].

It was also reported that concomitant administration of allogeneic UCB and 
recombinant human erythropoietin may boost the efficacy of UCB, as it has neuro-
trophic effects. Thus, allogeneic UCB treatment might ameliorate motor and cogni-
tive dysfunction in children with CP undergoing active rehabilitation, accompanied 
by structural and metabolic changes in the brain [26]. Subarachnoid placement of 
stem cells was performed for 180 cases with diplegia and quadriplegia after trauma 
in India. This was effective in 32% of patients with no short- and long-term adverse 
effects. In the long-term follow-up, functional indices improved in 57 (31.67%) 
patients, including 54 patients with traumatic paraplegia/quadriplegia, 2 with cere-
bral palsy, and 1 with viral encephalitis [27]. Recently, Mancias-Guerra started an 
open-label phase 1 trial to investigate the safety and tolerability of intrathecal deliv-
ery of autologous bone marrow nucleated cells in children with cerebral palsy [28].

2.3.4  �Possibility of Therapeutic Effect of UCB in Premature 
Newborns with PVL and IVH

Rizk reported that the most common indication for UCB therapy was neurological 
diseases (25 studies), including studies of cerebral palsy (12 studies). Other indica-
tions included diabetes mellitus (nine studies), cardiac and vascular diseases (seven 
studies), and hepatic diseases (four studies). Most studies administered total 
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nucleated cells, mononuclear cells, or CD34+ cells (31 studies), while 20 studies 
used cord blood-derived mesenchymal stem cells. Forty-six studies described cel-
lular products obtained from allogeneic sources, while 11 studies used autologous 
products. They identified three indications where multiple prospective controlled 
studies have been published (4/4 studies reported clinical benefit in cerebral palsy, 
1/3 studies reported benefit for cirrhosis, and 1/3 studies reported biochemical 
response in type 1 diabetes) [4]. Autologous UCB therapy has fewer ethical issues 
than allogenic UCB because autologous UCB has no possibility of rejection and no 
necessity of immune suppressive therapy to prevent rejection or GVHD. Autologous 
UCB stem cell therapy could be the most feasible therapy for premature newborns. 
Recent experimental and clinical reports have indicated that cord blood stem cell 
therapy might provide protective effect on hypoxic-ischemic brain damage by the 
process shown below:

	1.	 Immunomodulation/anti-inflammatory action [29–31]
	2.	 Reduction of apoptosis and oxidative stress [32–34]
	3.	 Enhancement of regenerative process by secretion of various cytokines [35–38]
	4.	 Enhancement of regenerative process by angiogenesis to better circulation of the 

brain [39–46]
	5.	 Enhancement of regenerative process by neurogenesis [47–54]
	6.	 However, clinical studies of autologous UCB stem cell therapy for premature 

newborns with IVH or PVL have not been published. We need to challenge the 
new clinical study to investigate feasibility and safety of autolougous UCB cell 
therapy for premature babies with IVH or PVL.

2.4  �Conclusion

Autologous UCB stem cell therapy might be the most feasible therapy for prema-
ture newborns who were born at 24–33 weeks old. Further clarification is required 
on the feasibility and efficacy of cell therapy for premature newborn babies with 
IVH or PVL.
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Chapter 3
Pathophysiology and Pathology of Neonatal 
Hypoxic-Ischemic Encephalopathy

Masahiro Hayakawa

Abstract  Hypoxic-ischemic encephalopathy (HIE) is one of the most important 
diseases in perinatal medicine. The pathophysiology and pathology of HIE are quite 
unique. The mode of cell death includes necrosis and apoptosis. Necrosis occurs in 
conditions of primary energy failure following the initial injury. On the other hand, 
apoptosis occurs days after the initial injury. The damaged area in the brain depends 
on the mode of injury. Severe and prolonged insults result in diffuse and marked 
neuronal necrosis. The cerebral cortex-deep nuclear pattern of neuronal injury 
appears to be related to insults that are less severe and due to partial asphyxia. The 
deep nuclear-brainstem pattern of injury to the basal ganglia-thalamus-brainstem 
occurs in infants with total asphyxia.

Keywords  Hypoxic-ischemic encephalopathy · Primary energy failure · 
Secondary energy failure · Total asphyxia · Partial asphyxia

3.1  �Introduction

Hypoxia-ischemia in the perinatal period is an important cause of neurological 
sequelae and associated disabilities in children. In Japan, the incidence of moderate 
to severe hypoxic-ischemic encephalopathy (HIE) is reported to be 0.37/1000 
births. Infants with moderate to severe HIE tend to develop cerebral palsy (CP) [1]. 
CP is one of the most costly neurologic disabilities (about 100 million JPY/patient) 
because of its persistence over the life span. In a term infant, the most common 
mechanism of hypoxic injury is intrauterine asphyxia brought on by circulatory 
problems, such as clotting of placental arteries, placental abruption, or 
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inflammatory processes. These result in perinatal depression leading to diminished 
exchange of oxygen and carbon dioxide and severe lactic acidosis. In this chapter, 
the pathophysiology and pathology of HIE are reviewed.

3.2  �The Mode of Cell Death in Hypoxic-Ischemic 
Encephalopathy

There are two fundamental modes of cell death in the nervous system, necrosis and 
apoptosis. It is now clear that hypoxic-ischemic insults may lead to necrosis and/or 
apoptosis, which is dependent principally on the severity of the insult and the matu-
rational state of the cell. Certain characteristics readily distinguish these two forms 
of cell death. Necrotic cell death is characterized by cytoplasmic vacuolation, mem-
brane disintegration, cell rupture, and release of intracellular contents. As a conse-
quence, inflammation and phagocytosis subsequently occur. By contrast, apoptosis 
is characterized by condensation and margination of chromatin, cell shrinkage, rela-
tive preservation of cellular membranes, and cell death without inflammation.

3.3  �The Primary and Secondary Energy Failure in Hypoxic-
Ischemic Encephalopathy (Fig. 3.1)

Primary energy failure occurs as a result of the initial reduction of cerebral blood 
flow [2]. The impairment of cerebral blood flow leads to decreases in oxygen and 
glucose levels, which lead to significantly less adenosine triphosphate (ATP) and 
increased lactate production [3]. Low ATP levels cause the failure of many of the 
mechanisms that maintain cell integrity, particularly the sodium/potassium (Na+/
K+) pumps and mechanisms to maintain low intracellular calcium. When the Na+/K+ 
pumps fail, an excessive influx of Na+ precipitates massive depolarization of neu-
rons. This leads to the release of glutamate, a prominent excitatory neurotransmitter. 
The glutamate binds to AMPA/kainate and NMDA glutamate receptors, allowing 
additional influx of intracellular calcium and sodium [4]. Increased intracellular 
calcium has significant detrimental effects, which lead to cerebral edema, ischemia, 
and microvascular damage, with resultant necrosis and/or apoptosis. Most of the 
effects of primary energy failure lead to cellular necrosis through impaired cellular 
integrity and disruption of the cytoskeleton and cell membrane.

Necrosis occurs in conditions of very severe hypoxia and ischemia [4]. This 
causes cells to swell and rupture, leading to cell death. Upon rupture, cellular con-
tents are released, leading to inflammation. When inflammation occurs, there is an 
influx of microglia to the area, which release inflammatory mediators [5]. 
Inflammatory mediators can damage the white matter and lead to formation of scar 
tissue. If the insult is less severe, the cells may recover or progress to apoptosis [4]. 
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Apoptosis causes cell shrinkage and general preservation of the cellular membranes 
with no associated inflammation. Apoptosis can occur days following the initial 
injury [6]. Both necrosis and apoptosis can lead to decreased brain function.

The extent of primary energy failure contributes to further injury during the sec-
ondary energy failure phase. If the hypoxic-ischemic insult is severe, neuronal cell 
death can occur through necrosis [5]. Once blood flow is restored, there is a brief 
period of recovery. This brief recovery is the latent period, which is characterized by 
normal cerebral metabolism. The latent period is thought to vary depending on the 
extent and severity of the hypoxic-ischemic insult; the more severe the insult, the 
shorter the latent period is [7]. Currently, the exact timing of the primary energy 
failure phase, the latent period, and the beginning and ending of the secondary 
energy failure phase remain unknown [8]. The latent period is considered the opti-
mal timing for therapeutic interventions.

The secondary energy failure phase occurs 6–48 h after the initial injury. The 
exact mechanisms of secondary energy failure remain unclear but appear to be 
related to oxidative stress, excitotoxicity, and inflammation. The overproduction of 
free radicals, which cause damage to neuronal cell membranes and lead to necrosis 
or apoptosis, causes oxidative stress. Oxidative stress is particularly harmful to the 
neonatal brain [9] due to low concentrations of antioxidants and a high consumption 
of oxygen when transitioning from the fetal to neonatal life [10]. Neonates also have 
high concentrations of unsaturated fatty acids that break down to form more oxygen 
free radicals. During a hypoxic-ischemic state, protein-bound iron is released, 
which makes Fe2+ available to react with peroxides and form free radicals. The 
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Fig. 3.1  Cell death pathway involved in hypoxic-ischemic brain injury
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increased susceptibility to free radical formation and the decreased ability of the 
neonatal brain to eliminate free radicals lead to damage of neuronal tissue. 
Excitotoxicity occurs when excessive levels of extracellular neurotransmitters, 
especially glutamate, overstimulate excitatory receptors. The overstimulation allows 
additional influx of sodium and calcium into neural cells. Glutamate is used by a 
variety of neuronal pathways, including hearing, vision, somatosensory function, 
and learning and memory, which can account for the disruptive effect of HIE on 
subsequent development. Inflammation is also thought to be important in the devel-
opment of the HIE-related brain injury [10].

3.4  �Pathophysiology of Hypoxic-Ischemic Encephalopathy 
in a Term Neonate (Fig. 3.2)

A reduction of oxygenation to the fetus leads to bradycardia, which reduces cerebral 
perfusion pressure as well as oxygenation of neural tissue. The degree to which 
oxygenation is impaired can also vary. The extent of damage will depend on the 
degree of impaired oxygenation and the duration of impaired oxygenation; the more 
severe the degree of impaired oxygenation and the longer the duration of impaired 
oxygenation, the greater the risk of permanent neurological injury. Additionally, the 
rapidity of onset of the decrease in flow influences the pattern of injury seen in the 
brain. In such situations, the fetus faces a sudden profound asphyxia, often termed 
total asphyxia [11], with a marginally less severe asphyxia which is referred to as 
near-total asphyxia. This event represents a complete interruption in the supply of 
oxygen. This total lack of oxygen can be tolerated for only a relatively brief period 
of time before there is permanent neurological damage and can potentially lead to 
fetal death. With a sudden decrease in blood flow and oxygen, there is little time for 
the redistribution of blood flow to protect more mature neurons in the central gray 
matter of the basal ganglia, thalamus, and brainstem. The relative maturity or imma-
turity of the developing brain increases or decreases the vulnerability of the tissues 
to the effects of a decrease in oxygenation and blood flow. Neurons that are mature 
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Fig. 3.2  The relationship between mode of injury and lesions
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and functional are more vulnerable to a lack of nutrients, whereas cortical areas of 
the brain that are immature and nonfunctional are accustomed to the relatively 
hypoxic in utero environment and are less vulnerable [12].

Where the degree of impaired oxygen delivery is less dramatic, the fetus faces 
partial asphyxia. The fetus is equipped with a number of compensatory strategies 
that allow it to withstand impaired oxygen gas exchange for hours. The ultimate 
impact of impaired gas exchange on the fetus will depend on the duration and 
magnitude of the insult. With a more gradual onset of decreased flow and oxygen, 
there is time for a relative shift of flow to protect more valuable and vulnerable 
structures. With a shift in blood flow to the brainstem and central gray matter, the 
burden of the injury falls on the supratentorial distal portions of the cortex and white 
matter, in the so-called watershed zones located between the vascular territories 
(Fig. 3.3), between the anterior and middle cerebral arteries, and between the poste-
rior and middle cerebral arteries (Figs. 3.4 and 3.5).

A fetus may suffer from a partial asphyxia, which is then followed by a total 
asphyxia. In these circumstances, the fetus is said to have suffered from a “mixed 
pattern” of asphyxia.

3.4.1  �Near-Total Asphyxia

A sudden, marked, or catastrophic decrease in cerebral blood flow or oxygenation 
to the fetal brain or newborn infant produces near-total asphyxia [11]. The three 
most common causes for this decrease are placental abruption, cord prolapse, and 
uterine rupture [13]. Most near-total asphyxia cases are terminal events occurring 
immediately before delivery. Near-total asphyxia can also occur in a fetus in utero 
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Fig. 3.3  Anatomical 
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matter
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before labor and delivery when the mother experiences a cardiac arrest or cardiovas-
cular collapse as the result of a reaction to an anesthetic or other drugs, has a vaso-
vagal reaction, or goes into shock secondary to trauma, for example, in a motor 
vehicle accident.

Anterior cerebral artery

Posterior cerebral artery

Middle cerebral artery

Fig. 3.5  Territories of the major three cerebral arteries

Anterior cerebral artery

Posterior cerebral artery

Middle cerebral artery

Fig. 3.4  Anatomical characteristics of the three major cerebral arteries
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Vulnerability to near-total asphyxia in a term infant is manifested in mature neu-
rons with high metabolic rates that are most sensitive to the deprivation of nutrients 
[14]. Such regions of vulnerability include the posterior putamina, ventrolateral 
nucleus of the thalamus, pre- and postcentral gyri (the rolandic cortex region that 
lies along the central sulcus), and subrolandic white matter that is an area of active 
myelination at term [12]. In addition, the hippocampi, the superior vermis, and mul-
tiple small areas within the brainstem, primarily the cranial nerve nuclei and inter-
nal capsules, are also highly sensitive to profound asphyxia [15]. More extensive 
areas of the basal ganglia can be involved, including other portions of the thalami, 
the full putamina, globus pallidus, and caudate nuclei. Extensive injuries to the 
basal ganglia are less common than injuries to the putamen.

3.4.2  �Partial Asphyxia

As the fetus comes to full term, the watershed zones in the brain, the areas between 
vascular territories, shift from the periventricular region toward the cortex and the 
subcortical white matter (Fig. 3.3). The watershed regions lie anteriorly between the 
anterior and middle cerebral arteries, primarily in the parasagittal region of the ante-
rior frontal and parietal lobes, and posteriorly between the middle and posterior 
cerebral arteries in the parasagittal region of the posterior parietal and occipital 
lobes (Fig. 3.5). There is also an inferior watershed zone in the region of the poste-
rior inferior temporal lobes. Additionally, there is a watershed region between the 
branches of the vertebral and basilar arteries between the superior cerebellar, poste-
rior inferior cerebellar, and anterior cerebellar arteries in the cerebellum; however, 
this watershed is rarely found to be involved in a term infant with hypoxic-ischemic 
brain injury. Watershed territory injuries of the supratentorial brain occur in term 
fetuses and neonates when there is a reduction in blood flow and oxygenation. The 
partial asphyxic pattern of injury may occur silently in utero during the last weeks 
of gestation and become manifest following delivery or at a later point in time. More 
often it is recognized during the labor and delivery period, when it is associated with 
events such as cord compression with a nuchal cord, oligohydramnios producing 
cord compression, or placental insufficiency owing to abnormalities of placental 
growth and development. Such injuries are most frequently gradual in onset, lead-
ing to a progressive but significant reduction in blood flow and oxygenation to the 
tissue at the end of the vessels in the watershed zones [16]. A series of such events 
occurring over 1 or more hours results in variable injury to either or both the gray 
and white matter at the site of the watershed zone. Prolongation of the insult can 
produce involvement extending beyond the usual watershed region and involving 
greater portions of the cerebral hemispheres. With further depletion of energy 
reserves and further diminishing of the fetal heart rate, a pattern of injury may 
develop that has elements of a partial and near-total asphyxia.

In severe partial asphyxia, the period of reduced blood flow and oxygenation 
goes on for a sufficiently long time or to a sufficient degree of deprivation of 
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nutrients that the area of cerebral cortical gray matter and subcortical white matter 
involvement extends beyond the typical watershed areas of the brain. This involve-
ment produces a more homogeneous and extensive pattern of cortical and subcorti-
cal injury with edema and resultant mass effects that tend to involve large portions 
or all of the cerebral lobes bilaterally.

3.4.3  �Mixed Partial Prolonged Asphyxia Leading to Terminal 
Profound Asphyxia

A mixed form of asphyxic injury occurs when energy substrates are depleted in 
partial asphyxia, leading to a further insult in the form of a terminal near-total col-
lapse. This injury is seen clinically as a sudden bradycardic event superimposed on 
a prior more gradual abnormal decline in fetal heart rate. In addition to the damage 
from the partial asphyxia occurring in, or beyond, the watershed regions, the addi-
tion of severe bradycardic events causes injury to the thalamus and putamina with 
the possibility of hippocampal, vermian, and brainstem injury as well.

3.5  �Pathology of Hypoxic-Ischemic Encephalopathy

3.5.1  �Selective Neuronal Necrosis

Selective neuronal necrosis is the most common injury response observed after 
intrapartum hypoxic ischemia. The patterns include diffuse neuronal injury, cere-
bral cortex-deep nuclear neuronal injury, and deep nuclear-brainstem neuronal 
injury.

Excitotoxicity is believed to be responsible for the neuronal damage caused by 
hypoxic ischemia in the developing brain [17]. There is evidence that the neuronal 
pattern of damage reflects the dysfunction of a set of excitatory neuronal circuits 
triggering selective neuronal death [18]. Brain injury after transient hypoxic isch-
emia is an evolving process; transient severe hypoxic ischemia and subsequent 
reperfusion/reoxygenation lead not only to immediate cell death but trigger com-
plex biochemical events, which result in further delayed neuronal death [19]. 
However, apoptotic cell death is currently considered to be the main cause of 
delayed neuronal death based on evidence from hypoxic ischemia in animal models 
and human infants who subsequently died.

Factors related to the severity and the temporal characteristics of the insult appear 
to be of particular importance in determining the major pattern of selective neuronal 
injury in the newborn. Diffuse neuronal injury typically occurs following a very 
severe, very prolonged insult. The major sites which typically develop diffuse neu-
ronal necrosis in a term infant include the cerebral cortex, hippocampus, deep 
nuclear structures (the caudate, putamen, and thalamus), and brainstem. 
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Cerebral-deep nuclear neuronal injury usually occurs following a moderate to 
severe, prolonged insult and typically consists of injury to the perirolandic cortex/
putamen and thalamus. Deep nuclear-brainstem neuronal injury typically follows a 
severe, abrupt insult. The brainstem, thalamus, and basal ganglia have an active 
metabolism, and corresponding blood flow is abundant in these areas making them 
most vulnerable to acute anoxia.

It is postulated that adaptive mechanisms normally operate during asphyxic 
events. In the most profound and severe insults, blood diverts from the cerebral 
hemisphere to vital deep nuclear structures. Since deep nuclear structures have high 
rates of energy use, these nuclei are particularly likely to be injured. In the most 
prolonged and less severe insults, the diversion of blood to deep nuclear structures 
occurs, at least to a degree, and the cerebral regions are more likely to be injured 
after brief, repeated hypoxic-ischemic insults [20, 21].

3.5.2  �Parasagittal Cerebral Injury

Parasagittal cerebral injury is a lesion of the cerebral cortex and subcortical white 
matter with a characteristic distribution over the superomedial aspects of the cere-
bral convexities [22]. This pattern of injury is characterized by necrosis of the cortex 
and the immediately adjacent white matter and usually affects the parieto-occipital 
regions (the posterior watershed) more than the anterior watershed. The precuneus 
is an area of the brain that lies at the junction of all three major cerebral arteries and 
is particularly vulnerable to damage in this pattern of injury. At the cellular level, 
laminar necrosis of cortical pyramidal neurons is typically seen. The likely areas of 
greatest ischemia relate to parasagittal vascular anatomical factors. Thus, the areas 
of necrosis in parasagittal cerebral injury are in the border zones between the end 
fields of the major cerebral arteries (Figs. 3.4 and 3.5). These border zones are the 
brain regions most susceptible to a fall in cerebral perfusion pressure. The water-
shed concept is analogous to an irrigation system supplying a series of fields with 
water and emphasizes the vulnerability of the last fields when the head of pressure 
falls.

3.6  �Conclusion

HIE is one of the most serious birth complications. The hypoxic-ischemic event can 
be caused by multiple events, but ultimately brain injury occurs because of impaired 
cerebral blood flow and oxygen delivery to the brain. The phases of injury are cat-
egorized as primary and secondary energy failure with the latent period between the 
phases being the optimal timing for interventions. The majority of treatment strate-
gies target ameliorating the effects of the secondary energy failure. Nowadays, 
research for new treatments using stem cells against HIE have been conducted. 
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However, most of them are basic research using model animals. There are a few 
clinical trials of stem cell therapies against HIE. We must continue to search for 
ways to prevent and treat the effects of the hypoxic-ischemic event to improve neu-
rological outcomes in infants with HIE.
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Chapter 4
Neural Stem/Progenitor Cells for Perinatal 
Brain Injury

Yoshiaki Sato

Abstract  Cell transplantation therapy is a potential treatment for neonatal brain 
injury. Neural stem/progenitor cells (NSPCs) are defined as cells that have abilities 
for self-renewal and differentiation into neurons, astrocytes, and oligodendrocytes. 
There are several origins of NSPCs, namely, ES cell-derived NSPCs, iPS-derived 
NSPCs, fetal NSPCs, and adult NSPCs.

NSPCs were formerly the cell type most commonly studied in the early period in 
the stem cell research to develop novel therapies for neuronal diseases. There are 
several experimental studies using NSPCs for the treatment of perinatal brain inju-
ries. However, there has been only one clinical trial using NSPCs for neonatal brain 
injury to date. In the clinical application of NSPC treatment for neonatal brain 
injury, we would encounter greater difficulty due to ethical considerations when 
preparing the cells. In addition, we must consider the invasive approach for injec-
tion of cells.

In this chapter, I describe the various origins of NSPCs as well as preclinical and 
clinical studies involving NSPCs.

Keywords  Neural stem/progenitor cells · Neural lineage · Neuron · Astrocyte · 
Oligodendrocyte

4.1  �Introduction

Stem cells are derived from various tissues and are defined by their properties of 
self-renewal and multipotency. They are capable of generating committed progeni-
tor cells to variable degrees and ultimately differentiating into mature cells. Cell 
transplantation therapy is a potential treatment for neonatal brain injury. So far, 
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several kinds of stem cells have been investigated as “a player” in cell transplanta-
tion therapy including embryonic stem (ES) cells, neural stem/progenitor cells 
(NSPCs), bone marrow stromal cells, umbilical cord stem cells, and induced plu-
ripotent stem (iPS) cells [1].

NSPCs are defined as cells that have abilities for self-renewal and differentiation 
into neurons, astrocytes, and oligodendrocytes. Their differentiated cell types 
depend on the stage of development and the region from which they are isolated 
[2–4], and the proliferation and differentiation of NSPCs are regulated by both 
intrinsic factors, such as transcription factors, and extrinsic factors, such as growth 
factors including fibroblast growth factors (FGFs) and epidermal growth factors 
(EGFs) [5].

In this chapter, I describe the various origins of NSPCs as well as preclinical and 
clinical studies involving NSPCs.

4.2  �Origins of NSPCs

There are several origins of NSPCs that have been studied, namely, ES cell-derived 
NSPCs, iPS-derived NSPCs, fetal NSPCs, and adult NSPCs.

ES cells are pluripotent cells isolated from the inner cell mass of blastocysts. ES 
cells have an indefinite self-renewal capacity as well as an ability to differentiate 
into all cell types derived from the three embryonic germ layers [6, 7]. The prolif-
eration and pluripotent capacities of ES cells are the highest of all stem cell types; 
however, the high degree of pluripotency could easily lead to teratoma formation 
[1]. Therefore, it is necessary to restrict ES cells to a neuronal lineage for cell trans-
plantation therapy. Many research groups have strived to establish methods to gen-
erate a highly enriched population of NSPCs from ES cells, and two major methods 
have since been developed: exposure of ES cells to retinoic acid [8–10] and selec-
tion of NSPCs from cultures of ES cells in the presence of FGF-2 [11]. Several 
selective markers have been found for NSPCs including nestin, Lewis X, PNA, 
HSA, Musashi-1, and Sox1. Ethical constraints are a potential problem for the use 
of ES cells for transplantation therapy. There are still very few countries that have 
clear legislation for the usage of human blastocysts.

Pluripotent cells were originally induced from differentiated cells such as skin 
fibroblasts [12]. These induced cells (iPS cells) exhibit morphology and growth 
properties similar to those of ES cells and express ES cell marker genes. Since iPS 
cells can be established from the cells of individual patients, they can generate 
autologous NSPCs for transplantation. Although the tumorigenicity of these cells 
must be overcome, as in the case of ES cells, they are promising as a source of stem 
cells for transplantation therapy in the future.

Fetal NSPCs are directly isolated from embryonic or fetal brains and usually 
propagated in culture as neurospheres in the presence of EGF and FGF-2 [13]. 
Adult NSPCs persist in the subventricular zone and the hippocampal subgranular 

Y. Sato



39

zone throughout life [14–16] and can be also isolated from these areas and propa-
gated in the same way as fetal NSPCs [17, 18]. Since NSPCs are more lineage-
restricted than ES cells, they have a lower possibility to form tumors after 
transplantation. Ethical considerations need to be addressed prior to the use of post-
mortem human brains as a source of NSPCs in future clinical applications. In addi-
tion, the limited availability is a potential disadvantage for adult NSPCs; however, 
adult NSPCs have a potential advantage, namely, a possibility to generate autolo-
gous transplantation of cells prepared from small biopsies of neural tissues from 
patients themselves.

4.3  �Preclinical Studies for Perinatal Brain Injury 
with NSPCs

NSPCs were formerly the cell type most commonly studied in the early period in 
the stem cell research to develop novel therapies for neuronal diseases. There are 
several experimental studies using NSPCs for the treatment of perinatal brain 
injuries.

First, Park et al. in 2002 [19], showed that seeding NSPCs onto a polymer scaf-
fold that was subsequently implanted into the hypoxic-ischemic infarction cavities 
dramatically reduced parenchymal loss. These authors also showed the effect of 
hypoxia-ischemia (HI) on the migration and differentiation of NSPCs [20] and that 
neurotrophin-3-expressing NSPCs could increase the rate of neuronal differentia-
tion from 5 to >80% [21]. Imitola et al. demonstrated the inflammatory mechanisms 
involved in the migration of NSPCs in HI [22]. Mueller et al. transplanted human 
embryonic germ cell-derived neural stem cells into the forebrain of neonatal mice 
with excitotoxic brain damage and showed that these cells differentiated into neuro-
nal and glial cells and replace lost neurons [23].

Our group evaluated a strategy for the treatment of perinatal brain injury using a 
combination of neural cell/tissue transplantation with niche modification [1]. 
Chondroitin sulfate proteoglycans (CSPGs) are one of the major components of the 
extracellular matrix in the central nervous system (CNS) and are involved in various 
cellular events in the formation and maintenance of the neural network [24]. 
Chondroitinase ABC (ChABC) treatment, which degrades glycosaminoglycan 
(GAG) side chains of CSPGs, combined with NSPC grafts has been shown to pro-
mote the migration of grafted NSPCs and axonal regeneration after injury of the 
mature spinal cord. In addition, CSPGs in the substrata impair neural cell attachment, 
and removal of chondroitin sulfate (CS) by ChABC digestion can intensify cell 
attachment to the substratum [1]. Injection of NSPCs with ChABC into the injured 
neonatal brain may help the adhesion and/or migration of NSPCs to the injured site 
and may reduce neuronal brain injury. In our study, intracerebroventricular injection 
of NSPCs with ChABC, not NSPCs alone, reduced brain injury in a rat neonatal HI 
model [25].
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Subsequently, several publications with neural stem cells for perinatal brain 
injury emerged. Comi et  al. used postnatal day 12 CD1 mice with right-sided 
carotid ligation. Two or 7 days after ligation, mice received an intrastriatal injec-
tion of B5 ES cell-derived neural stem cells. Pups receiving stem cells 2 days but 
not 7  days after ligation had less severe hemispheric brain atrophy [26]. Daadi 
et  al. showed that human neural stem cell derived from human ES cells trans-
planted into the forebrain 24 h after the induction of HI significantly improved the 
use of the contralateral impeded forelimb in the rotarod test and upregulated genes 
involved in neurogenesis, gliogenesis, and neurotrophic support when examined 
with microarray analysis [27]. Zheng et al. revealed that with VEGF transfection, 
NSPCs were marginally better than when they had not been transfected [28]. 
Shinoyama et al. injected mice embryonic stem cell-derived NSPCs into the deep 
layer of the motor cortex in the HI brain, and ES-NPCs could differentiate to corti-
cal neurons with pyramidal morphology, and the motor functions of the trans-
planted HI mice also improved significantly [29]. Wang et  al. evaluated the 
combination therapy with mild hypothermia. The neuroprotective effects of mild 
hypothermia combined with neural stem cell transplantation are superior to those 
of monotherapy [30]. Furthermore, Ashwal et al. demonstrated that the treatment 
effects of neural stem cells in neonatal rats with HI injury are not influenced by 
host gender [31]. Hsueh et  al. differentiated adipose-derived stem cells (ASCs) 
toward the progenitor of endothelial progenitor cells (EPCs) and neural precursor 
cells (NPCs) and showed the synergy of these cells allowed improvements in cog-
nitive and motor functions [32].

4.4  �Clinical Studies for Perinatal Brain Injury Using NSPCs

According to ClinicalTrials.gov (https://clinicaltrials.gov/), there has been only one 
clinical trial using NSPCs for neonatal brain injury to date. This is an ongoing study 
performed by Luna et  al. in the Navy General Hospital, Beijing, China 
(NCT02854579), to investigate the efficacy and safety of allogenic NSPCs, derived 
from the aborted human fetal forebrain, as well as paracrine factors of human mes-
enchymal stem cells for patients with moderate/severe hypoxic-ischemic encepha-
lopathy (HIE). In this study, patients with HIE received (will receive) intrathecal 
injection of NSPCs, or concentrated paracrine factors of human mesenchymal stem 
cells, both, or no intervention. This group has already shown the efficacy of NSPC 
transplantation into the lateral ventricle in children with severe cerebral palsy [33].

Although there are several preclinical studies (as shown in the previous section), 
we would encounter greater difficulty in the clinical application of NSPC treatment 
for neonatal brain injury due to ethical considerations when preparing the cells 
(described in the second section). In addition, we must consider the invasive 
approach for injection of cells as intracerebral injection was used in all preclinical 
studies.
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4.5  �Conclusions

In this chapter, the various origins of NSPCs and preclinical and clinical studies 
with NSPCs for perinatal HI were reviewed. NSPCs were widely studied in the 
early period for neuronal diseases, and there are several preclinical studies for peri-
natal HI. However, due to ethical considerations when preparing the cells as well as 
the invasive approach for injection of cells, the clinical application using NSPCs for 
perinatal HI is still challenging.
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Chapter 5
Hematopoietic Stem Cells for Perinatal  
Brain Injury

Masahiro Tsuji

Abstract  Hematopoietic stem cells (HSCs) and cell fractions containing HSCs 
derived from bone marrow or umbilical cord blood have emerged as promising 
tools for cell-based therapies for perinatal brain injury. Nearly 20 studies in mod-
els of perinatal brain injury, most of which are rodent models of neonatal hypoxia-
ischemia, have histologically and functionally demonstrated beneficial effects of 
systemic administration of HSCs and the related cell fraction. Studies have 
shown that the cell therapies are beneficial even if the cells are administered up 
to days after the insult. The cells do not directly differentiate into neurons or glial 
cells, nor do they regenerate damaged brain tissue. Instead, they elicit beneficial 
effects via other mechanisms, such as by modulating inflammatory/immune 
responses and increasing the levels of trophic factors, separate from their hema-
topoietic properties. Cell therapy with HSCs or the cell fraction containing HSCs 
has several advantages over other types of cell therapies. This approach does not 
require intracranial transplantation; intravenous transfusion seems sufficient for 
them to exert their beneficial effects. The cells are easily obtained, and neither 
gene manipulation nor cell culture is required. These advantages make HSC ther-
apy feasible for translation into clinical use for infants with brain injury. The 
optimal protocol, however, has yet to be determined in further preclinical 
studies.
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5.1  �Introduction

Recently, hematopoietic stem cells (HSCs) have been considered a promising cell 
source for cell-based therapies for perinatal brain injury, in which neonatal 
hypoxic-ischemic encephalopathy (HIE) is the main pathophysiology. There are 
more than 20 reports of preclinical studies using HSCs to treat perinatal brain 
injuries (Table 5.1), and several clinical studies with HSCs are being conducted in 
patients with perinatal brain injuries (see Table 1.2 in Chap. 1). How did research-
ers and clinicians reach the idea that HSCs could be used for perinatal brain inju-
ries? Two lines of thoughts likely lead to this approach. On the one hand, clinicians 
came to conceive that HSC transplantation (HSCT) might ameliorate brain inju-
ries because of their successful experience with HSCT in patients with inborn 
errors of metabolism or neurodegenerative disorders. On the other hand, neurosci-
entists in the field of cell therapies came to think that HSCs might be a feasible 
alternative for cell-based therapy for brain injuries because other candidate cells 
have several problems to overcome before the clinical translation. Although trans-
planting neural stem cells (NSCs) into damaged cerebral tissue seems ideal for 
regenerating the brain after injury, obtaining the source cells for NSCs, such as 
embryonic stem (ES) cells, is difficult and ethically problematic. Additionally, 
obtaining uniform, high-quality NSCs is difficult, as differentiating into NSCs 
from ES cells requires elaborate techniques, and cultured NSCs often show 
tumorigenicity [1]. HSCs do not have the abovementioned issues. HSCs are abun-
dant and readily available from bone marrow, peripheral blood, and umbilical 
cord blood; hence, there are no ethical problems with obtaining HSCs. Autologous 
cells are available as well, and in such cases, immunosuppression is not required 
for cell transplantation. Further, HSCs are not tumorigenic. Intravenous injection 
is the most feasible administration route for cell treatment. As HSCs exist physi-
ologically in the blood stream, intravenous injection of HSCs is safe. Above all, 
HSCT has been used for the past few decades, and its safety has been demon-
strated in infants and children.

5.2  �History of Use of Hematopoietic Stem Cells  
in Clinical Practice

HSCs are the first and most common stem cells used in clinical practice. HSCT has 
been conducted for more than 5000 patients each year in Japan alone (Annual 
Report of Nationwide Survey 2013, The Japan Society for Hematopoietic Cell 
Transplantation). Although it was originally developed for and has been mainly 
conducted for patients with hematological diseases and malignancies, HSCT has 
also been performed for patients with inborn errors of metabolism or neurodegen-
erative disorders, for whom the basic purpose of the use of HSCs is enzyme/protein 
replacement. The reconstruction of the hematopoietic system with intact HSCs 
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from a healthy donor supplies enzymes/proteins that are deficient in the recipient. 
HSCT has been shown to ameliorate neurodevelopmental deterioration in patients 
with adrenoleukodystrophy and mucopolysaccharidosis, such as Hurler and Hunter 
syndromes [2, 3]. Beneficial effects exerted by HSCT may not be exclusively 
derived from enzyme replacement. Autopsy studies demonstrated that donor cells 
can be identified in the brain and intestine months after the transplantation and that 
they contribute to new neurons and vascular endothelium [4, 5]. HSCT is consid-
ered to exert immunomodulatory effects in adrenoleukodystrophy via donor-derived 
microglia in the brain [6]. For patients with inborn errors of metabolism, allogeneic 
HSCs are used. Therefore, myeloablative treatment is required before the HSCT, 
and long-lasting immunosuppression is required after the HSCT. Those treatments 
associated with allogeneic cell transplantation often cause serious adverse effects, 
which can even be fatal. Autologous transplantation, in contrast, has no such adverse 
effects and is thus easier to conduct. After successful allogeneic HSCT for hundreds 
of children with inborn errors of metabolism, Kurtzberg and colleagues started 
autologous HSCT, intravenous administration of cryopreserved autologous umbili-
cal cord blood (UCB), for patients with brain injuries other than inborn errors of 
metabolism, most of which were cerebral palsy [7]. They reported that autologous 
HSCT was feasible and safe.

5.3  �History of Cell Therapies Using Hematopoietic Stem 
Cells in Animal Models with Perinatal Brain Injury

Dozens of preclinical studies on cell-based therapies for perinatal brain injuries 
have been reported after the first report of this kind in 1996, i.e., intracranial trans-
plantation of neocortical tissue from fetal brain in a neonatal rat model [8]. During 
the first decade since that report, not more than ten studies were published. In all 
those studies, researchers transplanted NSCs or ES cells into the rodent brain in 
hopes that the transplanted cells would generate new neurons, replace lost neurons, 
and regenerate the damaged brain [9, 10]. The results were not favorable, as many 
of the transplanted cells do not survive or do survive but form tumors in the brain. 
Those studies indicated that several technical breakthroughs are required to trans-
late those therapies, i.e., intracranial transplantation of neuronal lineage cells or 
multipotent stem cells, into clinical practice. Researchers sought a more feasible 
cell therapy for clinical use. Meier et  al. presented the first report of beneficial 
effects of HSC therapy for perinatal brain injury in 2006 [11]. They administered 
the mononuclear cell (MNC) fraction of UCB intraperitoneally. Since then, more 
than 60 studies on cell therapies have been published in the field of perinatal brain 
injury research. Approximately one-third of those publications are studies using 
HSCs or the cell fraction containing HSCs.

5  Hematopoietic Stem Cells for Perinatal Brain Injury
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5.4  �Effects of Hematopoietic Stem Cells

Most of the published studies with HSCs or the cell fraction containing HSCs in 
models of perinatal brain injury have demonstrated benefits of the therapy. Some 
studies showed benefits in histological evaluations, others showed benefits in 
behavioral evaluation, and the others showed benefits in both evaluations. Although 
there may be publication bias in which negative results are less likely to be pub-
lished, only two studies showed no benefit of HSC therapy [12, 13]. The beneficial 
effects of HSCs have been reported in several different disease models: neonatal 
HIE, neonatal stroke, excitotoxicity, and prenatal brain injury. All but two studies 
were conducted in rodent models; of those two, one was in rabbit [14] and the other 
in lamb [15].

5.5  �Beneficial Cell Types for Perinatal Brain Injury

During the second decade of research in cell therapy for animal models with perina-
tal brain injury, i.e., from 2006 onward, bone marrow (BM) and UCB have been the 
major cell sources, and MNCs and mesenchymal stem cells (MSCs) have been the 
major cell types to be administered. MSCs are derived from various tissues includ-
ing BM and UCB, and they do not contain HSCs, while BM- or UCB-derived 
MNCs contain HSCs as their major stem cell type. MNCs are easily isolated from 
BM and UCB by gradient centrifugation. HSCs form 0.1 to 2% of a BM- or UCB-
derived MNC fraction, and lymphocytes form the majority of the fraction [7, 16]. 
UCB is used as a cell source to collect HSCs or MNCs in almost all preclinical 
studies. BM-derived HSCs or MNCs are used frequently in studies on adult brain 
injury but not in studies on perinatal brain injury. Preferential use of UCB in perina-
tal studies may be due to the high availability of autologous UCB when translated 
into clinical practice, whereas autologous UCB is not available in many adult cases. 
A more purified HSC fraction, which is CD34+ cells of human UCB (CD34+ is a 
cell-surface marker for HSCs/endothelial progenitor cells), has been examined only 
in two studies [17, 18]. Studies have shown that either cell type, MNCs or CD34+ 
cells, is beneficial for perinatal brain injury. No study has ever directly compared the 
effects of the CD34+ cells with MNCs in perinatal brain injury models. Therefore, it 
is not known whether HSCs are the only cell type beneficial for brain injury. A few 
studies in a model of adult stroke compared the effects of different cell types. In one 
study, human UCB-CD34+ cells, but not CD34− cells, ameliorated the brain damage 
[19]. In another study, human UCB-MNCs (which include CD34+ cells) provided 
the most marked neuroprotective effects, followed by CD34+ cells only, and CD34− 
cells were least effective [20]. In a clinical study of adult patients with stroke, a 
higher number of circulating CD34+ cells in peripheral blood was associated with 
better functional recovery [21]. Those results suggest that CD34+ cells have a cru-
cial role in neuroprotection and neurological recovery.
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All studies in rodents with UCB cells were xenotransplantation, i.e., human cells 
were transfused to rodents. A recent study used autologous UCB-MNCs in a lamb 
model, and the treatment was shown to be neuroprotective [15].

5.6  �Therapeutic Time Window of HSCs

People tend to consider regenerative properties as the most attractive characteristics 
of cell therapies. I, however, consider the long therapeutic time window to be just as 
attractive as the regenerative properties. Almost all therapies proven effective in 
preclinical studies have very short time windows in which to exert their effects 
either in neonatal models or in adult models. Many treatments exert their beneficial 
effects only when administered before brain injury. Although some treatments show 
neuroprotective effects even when administered after the insult, the time window 
rarely exceeds 4 h after the insult. Only a very few treatments showed benefits when 
administered more than 24 h after brain injury. In stark contrast, most cell therapies 
demonstrated beneficial effects even if the cells were administered more than 24 h 
after brain injury. UCB cell therapies have been shown to be effective when cells 
were administered 7 days after the insult in a neonatal HIE model [22] and as late 
as 30 days after the insult in an adult stroke model [23]. Notably, in contrast to the 
growing evidence of cell therapies for the acute and subacute phases of perinatal 
brain injuries, no study has focused on the chronic phase of perinatal brain injuries. 
Therefore, there is no preclinical evidence regarding cell therapies for children or 
teenagers with brain injuries that originated in the perinatal period.

5.7  �Optimal Cell Dose of HSCs

Preclinical studies demonstrated beneficial effects of administration of HSCs or 
HSC-containing cells, but the cell doses varied widely depending on the study: 
from 1.5 × 104 up to 1 × 108 cells/rodent. The optimal dose may depend on various 
factors, such as the cell type, the type and severity of insult, the route of adminis-
tration, and the timing of the treatment. Four studies examined different cell 
doses. de Paula et al. compared three different doses, 1 × 106, 1 × 107, and 1 × 108 
human UCB-MNCs, administered intravenously in a rat model of neonatal HIE 
and found that only the highest dose produced significant improvement in spatial 
learning impairment and that the highest and medium doses produced significant 
improvement in cerebral volume loss [16]. The same research group compared 
two different doses, 1 × 106 and 1 × 107 human UCB-MNCs, administered intra-
arterially in the same model and found that only the higher dose produced signifi-
cant improvement in spatial learning impairment [24]. Dalous et  al. compared 
three different doses, 1 × 106, 3 × 106, and 1 × 107 human UCB-MNCs adminis-
tered intravenously or intraperitoneally in a neonatal rat model of excitotoxic 
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brain injury and evaluated at 5 days after the insult [13]. Neither cell dose was 
beneficial when administered intravenously, while the highest dose was detrimen-
tal by activating systemic inflammation when administered intraperitoneally. 
Drobyshevsky et al. examined two different doses, 2.5 × 106 and 5 × 106 human 
UCB-MNCs, administered intravenously in a rabbit model of intrauterine isch-
emia [14]. Either dose ameliorated motor impairment, although the lower dose 
showed lesser improvement. Taken together, as far as intravenous injection is con-
cerned, high doses, such as 1 × 107 cells, seem safe and more beneficial for brain 
injury. Further studies are needed to find the optimal cell doses for each specific 
medical condition.

5.8  �Route of Administration

Most researchers administered HSCs and HSC-containing cell fractions systemi-
cally, i.e., intravenously or intraperitoneally, rather than intracranially. Only few 
studies examined the effects of local transplantation [25–27]. Two studies from the 
same research group showed that intracranial transplantation of human UCB-MNCs 
ameliorates brain injury. As those cells are blood cells, intravenous administration 
is theoretically physiological and noninvasive and is hence a feasible route for clini-
cal use. The intraperitoneal route is commonly used as an alternative to the intrave-
nous route for administering chemical compounds in neonatal rodents, as 
intraperitoneal injection is easier than intravenous injection. In nearly half of pub-
lished studies on neonatal brain injury, cells were administered intraperitoneally. 
When administering cells, however, the intraperitoneal route is not comparable to 
intravenous one. We reported that cell distributions in the body are different depend-
ing on the routes of administration, as well as depending on the cell types [28]. A 
small percentage of MNCs infused either intravenously or intraperitoneally were 
identified in the rodent brains; instead, intravenously administered cells were local-
ized in the lungs, liver, and spleen. The same was true in nonhuman primates. In 
contrast, intraperitoneally administered cells were found in those organs in low 
numbers. Only one study, apart from that of Dalous et al., compared the effects of 
different routes of administration. Wasielewski et al. showed human UCB-MNCs 
administered either intraperitoneally or intrathecally were equally beneficial [25]. 
Intra-arterial transfusion into the carotid artery seems to be an attractive route of cell 
administration as the cells are delivered directly to the brain via the blood stream. A 
research group reported separately the effects of mostly similar cell therapies but 
with different routes of administration: one was intravenous injection, and the other 
was intra-arterial injection via the contralateral common carotid artery [16, 24]. The 
cell therapies seemed equally beneficial via either route of administration; in other 
words, intra-arterial delivery did not appear superior to intravenous delivery. 
Overall, data are scarce regarding which route of administration is the most effec-
tive. Nevertheless, considering the safety and feasibility for use in sick infants, the 
intravenous route may be the optimal one. A body of evidence has shown that 
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long-term survival of a high number of administered cells in the brain is not always 
necessary to exert beneficial effects. Quite a few studies demonstrated beneficial 
effects despite few [14, 18, 29] or even no transfused cells were found in the brain 
[20, 30]. Other studies showed that infused cells migrate to the lesion site, in a phe-
nomenon called “homing,” attracted by some sort of signal, such as the chemokine 
stromal-derived factor (SDF)-1 (CXCL12) [31]. Due to the possibility of homing, 
direct cell delivery to the brain may not be necessary. Taken together, intravenous 
administration may be the optimal route from the standpoints of both efficacy and 
safety.

5.9  �Mechanisms of Action

Mechanisms of cell therapies with HSCs and HSC-containing blood cell fractions 
are multifaceted. Studies have shown several different mechanisms of action in 
ameliorating and improving neonatal brain injury. My collaborators and our labo-
ratory found that UCB-HSCs (CD34+ cells) ameliorate reduced blood flow around 
the ischemic lesion [18] and that UCB-MNCs reduce oxidative stress and apopto-
sis in the lesioned brain [32]. Reduction of apoptosis by UCB-MNCs has also 
been reported by Rosenkranz et  al. [33]. Transfusion of human UCB-MNCs 
reduces HI-induced inflammatory responses in the brain, i.e., microglia infiltra-
tion and astrocytic activation [25, 32, 34], although a study reported that cell 
transfusion causes a transient increase in microglia [29]. In addition, cell transfu-
sion reduces systemic inflammatory responses, such as reducing the elevated 
serum level of interleukin-1α [35]. Bae et  al. demonstrated that human UCB-
MNCs increase the levels of CCL3/macrophage inflammatory protein 1α (MIP-1α) 
in the injured brain (2012). Their in vitro study, however, showed that the cells 
secrete low levels of CCL3/MIP-1α but high levels of several other cytokines, 
which do not show increases in the brain after the cell transfusion. Interaction 
between donor cells and the recipient may determine the levels of cytokines and 
trophic factors in the brain and peripheral blood [29]. Transplantation of human 
UCB-MNCs promotes endogenous NSC proliferation via the sonic hedgehog sig-
naling pathway [26]. Electrophysiological studies have demonstrated that human 
UCB-MNCs ameliorate HI-induced hyperexcitability as well as distorted cortical 
maps and receptive fields [36]. UCB-MNCs increase the levels of several trophic 
factors, i.e., GDNF, NGF, BDNF, and VEGF, as well as expression of the proteins 
tie-2 and occludin, in the brain [33, 37]. As VEGF and the angiopoietin-1/tie-2 
system are crucial for angiogenesis, UCB-MNC transfusion may cause growth of 
blood vessels in the injured brain. As occludin is an integral component of the 
blood-brain barrier, the cell administration may contribute to reconstruction of the 
blood-brain barrier. In summary, HSCs and HSC-containing blood cell fractions 
exert multiple beneficial effects that are not directly related to hematopoietic 
capacity. This multifaceted nature of these stem cells may be one of the advan-
tages of cell-based therapies.
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5.10  �Conclusions

Accumulating evidence from preclinical studies shows that systemic administration 
of HSCs and HSC-containing blood cell fractions have potential to ameliorate peri-
natal brain injury, even when transfused hours or days after the insult. Systemic 
administration of human UCB-MNCs is the most extensively explored therapy, and 
many studies from several laboratories have demonstrated its beneficial effects. 
From a clinical perspective, intravenous transfusion of autologous UCB-MNCs is 
the most feasible and has the lowest risk for adverse events when used in infants 
with brain injury. Few studies, however, have examined different treatment proto-
cols; hence, the optimal protocol is not yet known. Further preclinical studies are 
warranted.
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Chapter 6
Umbilical Cord-Derived Mesenchymal 
Stromal Cells for Perinatal Brain Injury

Tokiko Nagamura-Inoue and Takeo Mukai

Abstract  Recently, umbilical cord (UC)-derived mesenchymal stromal cells 
(UC-MSCs) have become an attractive cell source in regenerative medicine for 
many reasons including (1) no adverse events during collection, (2) ease of collec-
tion even after cord blood (CB) collection or failure to collect CB, (3) minimal ethi-
cal controversy, (4) multipotency to differentiate into various cell types, and (5) low 
immunogenicity with significant immunosuppressive ability. In this chapter, we 
provide a brief introduction of UC and UC-MSC characteristics, isolation, and 
cryopreservation and emphasize their potential clinical application for neurological 
disorders, especially perinatal brain injury.

Keywords  Mesenchymal stromal cells · Umbilical cord · Perinatal brain injury  
Neurogenic differentiation

6.1  �Introduction

The use of human mesenchymal stromal cells (MSCs) to treat various diseases has 
recently been investigated. MSCs can be harvested from various tissues, including 
the bone marrow (BM) [1], cord blood (CB) [2], adipose tissue [3], placenta [4], and 
umbilical cord (UC) [5].
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The UC links the mother and fetus during pregnancy, but it is fated to become 
medical waste soon after delivery. The UC normally contains two umbilical arteries 
and one umbilical vein buried in Wharton’s jelly (WJ), from which fibroblast-like 
cells (MSCs) are isolated. Since the first description of UC-MSCs in 1991 by 
McElreavey et  al. [6], many reports have demonstrated that UC-derived MSCs 
(UC-MSCs) have multipotency and self-renewal properties comparable to MSCs 
derived from other tissues. Here, we focus on UC-MSCs as a great alternative MSC 
source with several advantages, especially for prenatal babies. These advantages 
include (1) no adverse events during the collection process, (2) ease of collection 
even after CB collection or failure to collect CB, (3) minimal ethical controversy, 
(4) multipotent ability to differentiate into various cell types, and (5) low immuno-
genicity with significant immunosuppressive ability.

UC-MSCs have attracted considerable interest because of their immunomodula-
tory properties. They express less human leukocyte antigen (HLA) class II even in 
the presence of inflammation cytokines such as interferon (IFN-γ) [7] and are thus 
less immunogenic. In recent years, UC-MSCs have been proposed as a multipur-
pose tool for regenerative medicine and immunotherapy.

Here, we describe UC-MSCs including present isolation and cryopreservation 
methods. We also propose their potential clinical application for neurological disor-
ders, especially perinatal brain injury.

6.2  �UC-MSC Isolation Methods

There are diverse protocols and culture methods for isolating MSCs from the various 
UC compartments such as WJ, vein, arteries, UC lining membrane, subamnion, and 
perivascular regions. The specific isolation methods have been described elsewhere [8].

We review two major isolation approaches: the explants and enzymatic digestion 
methods. In the former, UC is collected and manually minced into small 1–2 mm3 
fragments. These fragments are aligned and regularly seeded on a tissue culture-
treated dish. Once the tissue fragments attach to the bottom of the dish, culture 
media is slowly and gently added to avoid detachment [9–11]. When fibroblast-like 
adherent cells reach 80–90% confluence in 2–4 weeks, adherent cells and tissue 
fragments are detached using trypsin. The culture is then filtered to remove tissue 
fragments. Unfortunately, tissue fragments often float in the media, resulting in the 
poor cell recovery. To prevent exfoliation of tissue fragments from the bottom of the 
culture dish, we employed a stainless steel mesh (Cellamigo®; Tsubakimoto Chain 
Co.) to prevent tissue fragments from floating. In this manner, we could plate source 
tissue more quickly and harvest more MSCs. In addition, this method also reduced 
the incubation time required to reach 80–90% confluence [12].

In the latter enzymatic explants method, the UC is minced into small pieces and 
immersed in media containing enzymes such as collagenase or a combination of 
collagenase and hyaluronidase with or without trypsin [9, 13, 14]. Tissues are then 
incubated with shaking for 2–3  h, washed with media, and seeded on a tissue 
culture-treated dish. MSCs are then obtained as previously described [9–11].
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6.3  �UC and UC-MSC Cryopreservation

There are several reports of UC tissue cryopreservation using serum-free and 
xenogeneic animal-free (xeno-free) cryoprotectants. Ennis et  al. introduced 
CryoStor® (Stemcell Technologies Inc., Canada) for isolating human UC peri-
vascular cells (HUPVCs), although they did not show the comparative test results 
[15]. Roy et al. described UC tissue cryopreservation in 10% dimethyl sulfoxide 
and 0.2 M sucrose solution, but the cumulative cell yield derived from the fro-
zen-thawed UC-MSCs in their solution was inferior to that of fresh UC-MSCs 
[16]. We recently reported a UC tissue cryopreservation method with no impact 
on viability using a serum- and animal origin-free cryoprotectant, STEM-
CELLBANKER® [17].

Our institution currently cryopreserves and thaws UC and UC-MSCs for use in 
research because of the possibility that cryopreservation and thawing UC and 
UC-MSCs will be required for both allogeneic and autologous administration in 
future clinical applications.

6.4  �UC-MSC Characteristics

The Mesenchymal and Tissue Stem Cell Committee of the International Society for 
Cellular Therapy (ISCT) proposed minimal criteria for defining human MSCs [18, 
19]. First, MSCs must be plastic adherent when maintained in standard culture con-
ditions. Second, MSC must express CD105, CD73, and CD90 but not CD45, CD34, 
CD14/CD11b, CD79α/CD19, or HLA-DR surface molecules. Third, MSCs can dif-
ferentiate into adipocytes, chondroblasts, and osteoblasts in vitro, although UC-MSC 
osteogenic differentiation is not well understood.

6.4.1  �Biomarkers

UC-MSCs isolated from specific areas of the UC and whole cord satisfy the bio-
marker criteria defined by the Mesenchymal and Tissue Stem Cell Committee of the 
ISCT [18, 19]. Thus, UC-MSCs are positive for CD73, CD90, and CD105; low 
positive for HLA class I; and negative for the hematopoietic, macrophage, and 
endothelial markers CD14, 19, 31, 34, and 45 and HLA class II [20]. In addition, the 
Oct4 and Sox2 transcription factors essential for pluripotency and self-renewal are 
initially expressed at low levels but gradually decrease with repeated passage [21]. 
In addition, Guo et al. revealed that spheroid culture increases multipotency and 
alters the epigenetic status of pluripotency genes, resulting in higher Oct4, Sox2, 
and Nanog expression [22].
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6.4.2  �Immunosuppressive Properties

Immunosuppressive effects are the most promising property of MSCs for their 
potential clinical use [8]. Defective HLA class II expression in UC-MSCs can theo-
retically rescue them from immune recognition by CD4+ T cells [23]. Moreover, 
MSCs do not express co-stimulatory surface antigens that activate T cells, such as 
CD40, CD80, or CD86 [24]. Thus, MSCs escape activated T cells and exert immu-
nomodulatory effects.

MSCs can inhibit immune cell proliferation and cytokine secretion, as well as 
alter subtypes in vitro [25–28]. The immunomodulation may be linked to soluble 
factors such as indoleamine 2,3-dioxygenase (IDO), prostaglandin E2, galectin-1, 
HLA-G5 [29], hepatocyte growth factor, interleukin-10, and transforming growth 
factor-β1 released from MSCs [30]. On the other hand, several studies have reported 
that UC-MSCs may only display immunosuppressive properties following exposure 
to inflammatory cytokines and/or activated T cells, a process called licensing or 
priming [31–33]. In this context, Deuse et al. reported that a high IFN-γ enhanced 
immunosuppression by further elevating IDO production [32]. HLA class II induc-
tion by IFN-γ is well-known in BM-MSCs, but it is controversial in UC-MSCs. 
Recently, Han et al. reported that IL-17 dramatically enhanced the immunosuppres-
sive effect of MSCs induced by IFN-γ and tumor necrosis factor (TNF)-α [34]. 
These results indicate that priming may be a suitable therapeutic application. 
Nevertheless, the specific mechanisms of immune modulation by UC-MSCs remain 
undefined.

6.4.3  �In Vitro Differentiation into Osteoblasts,  
Adipocytes, and Chondrocytes

UC-MSCs are multipotent and differentiate into various cell types including osteo-
blasts, adipocytes, and chondroblasts [35–37]. However, lipid accumulation is much 
slower in UC-MSCs during adipogenesis and produces adipocytes less mature than 
those derived from BM [36]. Mennan et al. reported that UC-MSCs produce small 
lipid vacuoles, whereas BM-MSCs produce more mature adipocytes with unilocu-
lar lipid vacuoles [20]. A possible reason is that UC-MSCs retain multipotency lon-
ger than MSCs derived from BM [38].

Conversely, UC-MSCs have been reported to have abundant potential to differ-
entiate into chondroblasts [12, 20]. UC-MSCs produce three times as much colla-
gen as BM-MSCs, suggesting that they may be better sources for engineering 
fibrocartilage [39].

The ability of UC-MSCs to differentiate into osteoblasts remains controversial. 
Hsieh et al. demonstrated that UC-MSCs show delayed and incomplete differentia-
tion. This could be because BM-MSCs are more similar to osteoblasts and thus have 
better osteogenic potential [40], while UC-MSCs are more primitive and share more 
common genes with embryonic stem cells [41].
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6.5  �Potential to Differentiate into Neural Cells In Vitro

In addition to adipocytes, chondrocytes, and osteoblasts, several studies have dem-
onstrated the potential of MSCs to differentiate into cells resembling neural stem 
cells [42, 43]. Hsieh et al. reported that WJ-derived MSCs expressed more genes, 
especially secreted factors, involved in angiogenesis and neurogenesis; functional 
validation showed that WJ-MSCs induced better neural differentiation and neural 
cell migration via a paracrine mechanism [44]. We also reported the neurogenic dif-
ferentiation potentials of UC-MSCs and UC-MSCs after neurosphere formation 
(UC-MSC-neurospheres) [45]. Both were capable of differentiating into neurogenic 
cells when cultured in neurogenic differentiation medium (Fig. 6.1). However, pre-
conditioned UC-MSC-neurospheres exhibited significantly higher neural marker 
expression compared with those directly derived from UC-MSCs. Therefore, 

MAP-2

Musashi-1

UC-MSCs
after differentiation

UC-MSCs
before differentiation

Fig. 6.1  Neurogenic differentiation of UC-MSCs. UC-MSCs shifted to a neuronal-like bipolar 
morphology with long thin processes in response to culturing in neurogenic differentiation medium 
(a, b), and there were more MAP-2 (c, d)- and MUSASHI-1 (e, f)-positive cells in differentiated 
UC-MSCs compared to their undifferentiated counterparts (scale bar = 100 μm)
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neurogenic differentiation potential is probably greater in UC-MSC-neurospheres, 
although both UC-MSCs and UC-MSC-neurospheres may serve as useful cell 
sources for neurogenic regenerative medicine.

6.6  �UC-MSCs in a Perinatal Brain Injury Animal Model

Hypoxic-ischemic encephalopathy (HIE), also known as neonatal encephalopathy, is 
a common perinatal medical problem throughout the world. The reported incidence 
of HIE in developed countries is approximately 1–4 per 1000 live term births. It is a 
major cause of postnatal death and permanent neurodevelopmental disabilities, espe-
cially cerebral palsy [46]. During hypoxic-ischemic brain injury, neurons and glial 
cells are damaged and lose functionality or die. Recent advances in regenerative 
medicine suggest that stem cell transplantation, especially MSCs, may help repair 
the damaged brain. With regard to BM-MSCs, van Velthoven et  al. reported that 
BM-MSC treatment after neonatal HIE improved functional outcome, reduced lesion 
volume, increased differentiation of recently divided cells toward neurons and oligo-
dendrocytes, and decreased proliferating inflammatory cells [47]. Jellema et  al. 
described neuroprotective and anti-inflammatory effects of intravenously delivered 
BM-MSCs in an ovine model of HIE. They reported that BM-MSCs reduced microg-
lial proliferation, attenuated oligodendrocyte loss, reduced demyelination in the pre-
term brain, induced persistent peripheral T-cell tolerance in  vivo, and reduced 
invasion of T cells into the preterm brain following global hypoxic ischemia [48].

Other studies have tested the effects of UC-MSCs in perinatal brain injury models. 
Ding et al. reported that UC-MSC transplantation significantly alleviated ischemic 
injury in a mouse model of middle cerebral artery occlusion (MCAO). The rescue is 
the result of differentiation of transplanted cells into neurons and astrocytes, thereby 
enhancing plasticity [49]. Zhu et al. reported that UC-MSC transplantation improves 
glial cell function in cerebral white matter and enhances long-term behavioral func-
tion in a rat model of periventricular white matter damage [50]. Cheng et al. sug-
gested that UC-MSCs have neuroprotective effects in mice after MCAO, presumably 
by transforming growth factor-β modulation of peripheral immune-inflammation 
[51]. Our recent investigation agreed with those reports, showing that intravenously 
administered UC-MSCs migrate towards the brain and attenuate intraventricular 
hemorrhage induced injuries secreting neurotrophic factors such as brain-derived 
neurotrophic factor (BDNF) and hepatocyte growth factor (HGF) [52].

Collectively, the results of these experiments strongly suggest that UC-MSC 
transplantation has powerful therapeutic potential for perinatal brain injury.

6.7  �Clinical Applications for Neurological Disorders

Use of off-the-shelf UC-MSCs from an allogeneic third party is limited except in 
special circumstances such as perinatal injuries. Data from clinical trials using allo-
geneic third-party UC-MSCs or WJ-MSCs for neurological disorders with favor-
able results have recently been published and are summarized in Table 6.1.

T. Nagamura-Inoue and T. Mukai
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There are many reports of using BM-MSCs to treat central nervous system disor-
ders [53–56]. For example, Wang et al. demonstrated that BM-MSC transplantation 
is safe and has a clear reconditioning effect in the setting of spinal cord injury, prob-
ably via nerve cell trophism, immunosuppression, and axonal regeneration [56].

Clinical trials of UC-MSCs to treat central nervous system injuries have begun 
and are rapidly increasing in number. Dongmei et al. described intrathecal UC-MSC 
injection to delay progression of spinocerebellar ataxia and multiple system atrophy-
cerebellar type [57]. The injections improved patient symptoms and scores on the 
International Cooperative Ataxia Rating Scale (ICARS). Dizziness, headache, and 
back pain that resolved within 1–3 days were the only reported side effects. Jin et al. 
[58] also described trials in which UC-MSCs were used to treat hereditary spinocer-
ebellar ataxia. There were no serious adverse transplant-related events, and the 
majority of patients showed improved scores on the Berg Balance Scale and 
ICARS. On the other hand, Wang [59] demonstrated the potential of UC-MSCs to 
treat traumatic brain injuries. Most recently, Wang et al. [60] described the impact 
of UC-MSC transplantation on the motor function of identical twins with cerebral 
palsy. Eight pairs of twins showed significantly improved Gross Motor Function 
Measures at 1 and 6 months after therapy.

The clinical improvements observed following UC-MSCs administration for 
neurological disorders suggest that UC-MSC therapy may also be useful for sub-
jects with perinatal brain injury.

6.8  �Conclusion

UC-MSCs have recently attracted considerable attention due to their convenient and 
minimally invasive collection, undifferentiated state, multilineage potential, immu-
nosuppressive capacity, and clinical efficacy.

Clinical trials of UC-MSC administration for neurological disorders are ongo-
ing, and improvements are expected in these patients. Based on these fundamental 
experiments and clinical studies, perinatal brain injuries will be also treated with 
UC-MSCs in the near future.
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Chapter 7
Other Tissues-Derived Mesenchymal Stem 
Cells for Perinatal Brain Injury

Yoshiaki Sato

Abstract  Cell-based treatments are emerging as a potential therapy for perinatal 
brain injury. Neural stem/progenitor cells (NSPCs) have been studied primarily in 
preclinical models of HIE. However, despite their neural commitment, ethical con-
cerns hinder the use of postmortem human brains as a source of NSPCs in future 
clinical applications. Furthermore, intracerebral administration is an invasive 
procedure.

Stem cells originating from nonneural tissues can provide an approach that 
avoids these limitations. The stem cells from nonneural tissues, such as umbilical 
cord blood cells (UCBCs) and mesenchymal stem cells (MSCs), have a broad 
potential for differentiation, into mesodermal, endodermal, and ectodermal 
lineages.

UCBCs have an advantage in that we can perform autologous transplantation if 
we get them at birth; however, it is conceivable that we might often encounter dif-
ficulties collecting UCBCs in emergency situations.

MSCs can be used as alternative cells for the treatment of perinatal HIE because 
we can use allogeneic MSCs. In this chapter, I describe preclinical studies with vari-
ous origins of MSCs as well as clinical studies.

Keywords  Mesenchymal stem cell · Adipose tissue · Dedifferentiated fat cell

7.1  �Introduction

Cell-based treatments are emerging as a potential therapy for perinatal brain injury. 
Various kinds of stem cells with both fetal and adult origins may be promising for 
the treatment of neonatal ischemic brain injury via their potential for protecting host 
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cells, promoting their growth and differentiation, and regulating the host immune 
response [1, 2]. As described in Chap. 4, neural stem/progenitor cells (NSPCs) have 
been studied primarily in preclinical models of HIE. After their cortical transplanta-
tion or intraventricular injection, they can migrate, integrate, and differentiate into 
neurons and oligodendrocytes in perinatal hypoxic-ischemic (HI) models [3–5]. 
However, despite their neural commitment, ethical concerns hinder the use of post-
mortem human brains as a source of NSPCs in future clinical applications. 
Furthermore, intracerebral administration is an invasive procedure, and the injected 
cells themselves may lead to gliotic changes in the host brain [6], thereby necessitat-
ing more detailed examinations to ensure the safety of the procedure.

Stem cells originating from nonneural tissues can provide an approach that 
avoids these limitations. In contrast to the initial belief that they are restricted to 
their tissue of origin, the stem cells from nonneural tissues, such as umbilical cord 
blood cells (UCBCs) and mesenchymal stem cells (MSCs), have a broad potential 
for differentiation, into mesodermal, endodermal, and ectodermal lineages.

UCBCs have an advantage in that we can perform autologous transplantation if 
we get them at birth, and clinical trials using UCBCs for perinatal HI have already 
begun (see Chap. 1). However, it is conceivable that we might often encounter dif-
ficulties collecting UCBCs in emergency situations, such as in cases of precipitous 
delivery. Therefore, we should develop an alternative treatment for infants who miss 
the opportunity for UCBC therapy. Alternative treatments should be ones in which 
we can perform allogenic transplantation or ones using cells we collect after 
admission.

MSCs have intrinsic anti-inflammatory and immunomodulatory properties. In 
addition, these have little or zero major histocompatibility class II antigen expres-
sion [7]. Although allogeneic MSCs administered can induce antidonor responses to 
some degree [8], allogeneic and autologous MSCs were found to be similarly effec-
tive in some disease models [9]; further, in related perinatal HI, allotransplantation 
or even xenotransplantation demonstrated treatment effect [10]. I expect that MSCs 
can be used as alternative cells for the treatment of perinatal HIE.

7.2  �Preclinical Studies with Various Origins of MSCs 
for Perinatal HI

MSCs can be isolated from various tissues, including bone marrow, adipose tissue, 
placental tissue, umbilical cord, and dental pulp. In this chapter, I describe preclini-
cal studies with various origins of MSCs (except one derived from umbilical cord, 
which is reviewed in Chap. 6).

Among various MSCs, bone marrow-derived MSCs seem to be the most com-
mon, and more preclinical studies have already emerged. Yasuhara et al. [11] pub-
lished the first report using MSCs for perinatal HI.  They injected cells into the 
hippocampus and showed motor deficits associated with HI injury. The same group 
investigated differences between intravenous and intracerebral injections [12]. They 
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showed that intravenous injection with the same number of cells exerted the same 
degree of treatment effect as intracerebral injection. Intravenous injection is poten-
tially more practical and less invasive in clinical application.

Several other groups showed the treatment effect of the bone marrow-derived 
MSCs with intracranial injection. Velthoven et al. reported the effect in several pub-
lications [13–16]; cerebral injection of MSCs 3  days after the insult improved 
behavioral outcomes and induced neuronal and oligodendrocyte regeneration [13]. 
Moreover, repeated MSC treatment had distinct effects on formation and maturation 
of new neurons and oligodendrocytes, which led to restoration of damaged areas, 
corticospinal motor tract activity, and sensorimotor function [14]. In another publi-
cation from the same group, it was shown that at 3 days after injection, only 22% of 
transplanted MSCs were detectable and 18 days after the last administration, barely 
1% was detectable, indicating that engraftment of MSCs is not likely the underlying 
mechanism of the efficient regenerative process [15]. Additionally, they showed that 
the expression of genes induced by MCS injection was related to proliferation, sur-
vival, or growth.

Gu et  al. performed intracerebroventricular injections of MSCs after the HI 
insult. They showed MSCs decrease apoptosis and improve learning-memory func-
tion induced by the HI insult and decrease IL-10 release via the TLR2/NFκB path-
way [17]; additionally, they showed the endogenous IL-6 of MSCs mediated the 
neuroprotective effect with anti-apoptosis of injured astrocytes [18].

Lee et al. administered MSCs via intracardiac injection [19]. Intracardiac injec-
tion seems to be a difficult procedure and is not practical clinically. However, in 
neonatal medicine, immediately after birth, when infants present with perinatal HI, 
the umbilical artery can be catheterized up into the left ventricle of the heart. 
Therefore, MSCs can be injected intracardially through the umbilical artery cathe-
ter. Intracardiac injection can lead to deliver more MSCs to the injured brain, 
whereas most MSCs are trapped in the spleen, lung, or liver when injected 
intravenously.

Recently, another unique route for the administration of cells into the brain has 
emerged—intranasal [20]. Intracranial injections were often used in preclinical 
studies, but in clinical situations, there are challenges with direct injection into the 
brain. For severely asphyxiated neonates, not only the neurologic but also general 
health condition is often poor. Therefore, these patients cannot be transported to 
computed tomography (CT), which is required for proper injection placement. 
Furthermore, such neonates are more likely to be hypocoagulable, so injection into 
the brain is more likely to induce intracranial bleeding. Intravenous administration 
is also used in many preclinical studies and has shown treatment effect, but many of 
the intravenously injected cells can be trapped in other organs, including the lung as 
described above. Intravenous injection of a greater number of cells potentially risks 
embolism to the lung. Conversely, MSCs can cross the cribriform plate when 
administered intranasally and migrated throughout the brain using the rostral migra-
tory stream [21].

With this unique route, Heijnen’s group in the Netherlands has been performing 
several preclinical studies. Intranasal MSC treatment significantly improved 
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sensorimotor function in the cylinder rearing test and decreased gray and white mat-
ter loss [20]. In addition to sensorimotor function, intranasal MSC treatment after 
HI improves cognitive function [22]. MSCs reached the lesion site within 2 h after 
intranasal administration. The number of MSCs at the lesion site peaks at 12 h after 
administration and decreases gradually after that. The MSCs promoted neurogene-
sis and a decrease in reactive astrocytes and microglia, as well as polarization of 
microglia toward the M2 phenotype [23]. Furthermore, the long-term efficacy and 
safety up to 14 months in the mouse was shown [24]. In addition, there was success-
ful treatment effect using both rodent as well as human MSCs [10].

As described in other Chaps. 1, 5, and 6, umbilical cord/umbilical cord blood is 
used widely as a stem cell source. Umbilical cord blood (UCB)-derived MSCs have 
also been studied as a treatment for perinatal brain injury. Park et al. evaluated the 
effect of combination therapy with hypothermia and UCB-derived MSCs, and all of 
the abnormalities observed in histological or functional analyses in severe HIE 
demonstrated greater improvement after combined treatment with hypothermia and 
MSC transplantation than with either therapy alone [25]. The same group evaluated 
the treatment effect on severe intraventricular hemorrhage. Intraventricular trans-
plantation of umbilical cord blood-derived MSCs prevented posthemorrhagic 
hydrocephalus development and attenuated impairment on behavioral tests [26]; 
even with intravenous injection, the effect was almost identical [27].

Recently, adipose tissue has emerged as an appealing source of stem cells. 
Adipose tissue can be an ideal stem cell source because it is (1) abundant, (2) 
easily accessible via minimally invasive procedures (liposuction aspiration or 
needle biopsy), and (3) has low immunogenicity, which facilitates allogeneic as 
well as autologous transplantations [28]. MSCs in the stromal vascular fraction 
(SVF) of the adipose tissue are called “adipose-derived stem/stromal cells 
(ASCs)” and exhibit multipotency differentiating along the adipocyte, chondro-
cyte, myocyte, neuronal, and osteoblast lineages [29]. Park et al. intracerebroven-
tricularly transplanted human ASCs into neonatal rats treated with 
hypoxia-ischemia-lipopolysaccharide and showed a treatment effect histologi-
cally and behaviorally [30].

In contrast with SVF, the predominant cell type in adipose tissue is mature adi-
pocytes. The simple ceiling culture technique makes them dedifferentiate into 
fibroblast-like cells with a high proliferative capacity [31]. The newly established 
cell line, called dedifferentiated fat (DFAT) cells, exhibits characteristics compa-
rable to ASCs in SVF [32, 33]. DFAT cells represent a more homogeneous cell 
group, which yields cultures with higher purity compared to ASCs. In prolonged 
cultures, DFAT can retain their expansion capacity and phenotype better than 
ASCs, where the immunophenotype of the latter changed gradually through differ-
ent passages [34].

We evaluated whether the outcome of HIE can be improved by DFAT cell treat-
ment. DFAT cells injected intravenously suppressed the apoptosis, microglial acti-
vation, and oxidative stress, induced by HI. In addition, no difference was confirmed 
between the DFAT and sham groups in motor function according to the rotarod 
treadmill and cylinder test, whereas there was a significant difference in the vehicle 
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group. According to in vitro experiments, the cell death rates of neurons treated in 
the conditioned medium (CM) prepared from cultured DFAT cells were signifi-
cantly lower than those in the controls. In the DFAT-CM, several neurotrophic fac-
tors (IGF-1, NGF, NT3) were detected, and these factors were increased in the 
ipsilateral brain after injection of DFAT. Our results indicate that intravenous injec-
tion with DFAT cells is effective for ameliorating HI brain injury, possibly via para-
crine effects.

Another unique stem source is dental pulp stem cells. The dental pulp is readily 
obtained, for example, via extracted third molars or exfoliated deciduous teeth. 
These stem cells were identified to be a proliferative population of clonogenic 
cells and differentiate into a variety of cell types: neural cells, adipocytes, odonto-
blasts, osteoblasts, and endothelial cells. In addition, these are harvestable from 
primary teeth or third molars as medical waste, leading to very few ethical prob-
lems for usage. Moreover, the stem cells are derived from the neural crest with 
undifferentiated system markers, showing differentiation potential-like neural 
stem cells.

Yamagata et  al. investigated the therapeutic effects of stem cells from human 
exfoliated deciduous teeth (SHED). They injected SHED into the injured brain and 
showed remarkable neurological and pathophysiological recovery. Notably, the 
intracerebral administration of SHED-CM also exerts a significantly treatment 
effect [35]. Fang et al. used the stem cells from extracted third molars. They injected 
the cells into the left lateral ventricle in injured brain and showed a treatment effect 
behaviorally and histologically [36].

7.3  �Clinical Studies for Perinatal Brain Injury with MSCs

According to ClinicalTrial.gov, there have been clinical trials with MSCs only for 
intraventricular hemorrhage to date. In these studies, Pneumostem® (human umbili-
cal cord blood-derived MSCs) was used, which was used for clinical trials in bron-
chopulmonary dysplasia (BPD). A Phase 1 study (NCT02274428) has already been 
completed by Samsung Medical Center in Korea, and a Phase 2 study (NCT02890953) 
is ongoing. The inclusion criteria in this study are intraventricular hemorrhage 
grades 3–4, within postnatal day 28, and gestational age: 23–<34 weeks. And death 
or requirement of shunt operation will be the primary outcome between Pneumostem® 
and normal saline groups.

7.4  �Conclusions

In this chapter, preclinical and clinical studies with MSCs for perinatal HI were 
reviewed. Although only a few clinical trials have been started, many preclinical 
trial with animals have shown promising treatment effect. As described in the 
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introduction section, to apply the cell therapy to many HIE patients, allogenic trans-
plantation or cells which we can collect after admission should be needed. MSCs 
are expected to be ideal stem cells for the treatment of perinatal HIE.
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Chapter 8
CD34+ Cell in Cord Blood and Neonates

Takashi Hamazaki and Haruo Shintaku

Abstract  CD34 surface antigen has been extensively used as a marker for hemato-
poietic stem cells in adult bone marrow. Cord blood contains high number of hema-
topoietic and non-hematopoietic stem/progenitor cells. This chapter focuses on 
recent progresses in stem cell biology on cord blood cells. During embryonic devel-
opment, expression of CD34 is tightly regulated in a spatial and temporal manner. 
Subpopulations of CD34+ cells in cord blood have been characterized by their func-
tional potency. CD133 positivity and aldehyde dehydrogenase activity are well 
overlapped to show higher regenerative potentials in CD34+ cells. Proportion of 
CD34+ cells tends to be higher in cord blood from preterm baby. The higher number 
of circulating CD34+ cells in neonate has been found to be linked to the lower risk 
of prematurity-related complications. Further mechanistic studies will be required 
to reveal the role of circulating CD34+ cells in neonate.

Keywords  Cord blood · CD34 · Neonate · Hematopoietic stem cell

8.1  �Introduction

In 1956, the first bone marrow transplantation was successfully performed to treat 
leukemia patient. Since then, biology of hematopoietic stem cells rapidly advanced 
and revealed that a small fraction of cells (hematopoietic stem cells) in bone marrow 
from donor engrafted and reconstituted the whole hematopoietic system in the 
recipient. The cells expressing CD34 antigen on their surface are capable to form 
robust colony in vitro and sufficient to reconstitute hematopoietic system when they 
are transplanted into myeloablative patients. CD34+ cells in bone marrow, periph-
eral blood stem cells, and cord blood have been widely recognized as hematopoietic 
stem cells. The dosages of CD34+ cells in transplanted cells are correlated with their 
engraftment outcomes. Therefore, laboratory test for enumeration of CD34+ became 
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routine to evaluate quality of stem cells in transplantation practice. Organizations 
such as the European Group for Blood and Marrow Transplantation (EBMT) and 
International Society of Hematotherapy and Graft Engineering (ISHAGE) made 
great efforts to set analytical standard [1]. Although the minimum number of CD34+ 
cells required for engraftment has not been firmly established, use of a minimum of 
2 × 106 CD34+ cells/kg is recommended for hematopoietic stem cell transplantation. 
In cases of cord blood cell transplantation, engraftment could be established more 
than 1 log lower CD34+ cells suggesting higher reconstitution potentials of CD34+ 
cells of cord blood [2].

8.2  �Ontogeny of CD34+ Cells During Pregnancy

Human hematopoiesis begins in the yolk sac (YS), called primitive hematopoiesis. 
In the YS, CD34 expression can be detected in endothelial cells derived from extra-
embryonic mesoderm at 23 days of gestation. The YS generates primarily nucleated 
primitive erythroblasts to establish circulation. Then definitive hematopoiesis takes 
place in the ventral side of the aortic endothelium between the 27 and 40 days of 
gestation. The site is considered as the presumptive aorta-gonad-mesonephros 
(AGM) region. CD34+ cell clusters can be found adjacent to this region [3]. The 
origin of this CD34+ hematopoietic stem cells is still under debate whether they are 
from hematogenic endothelial cells or bi-potent hemangioblasts that give rise to 
both hematopoietic and endothelial cells [4]. The CD34+ hematopoietic stem cells 
circulate in embryo and colonized into fetal liver after 30 days of gestation. The 
fetal liver turns into major site of hematopoiesis during embryogenesis [5]. 
Ultimately, the bone marrow also becomes the site of hematopoiesis at midgestation 
[6]. Based on recent comparative studies on cord blood between preterm and term 
baby, quantity and functional property of circulating CD34+ cells in fetus seem to be 
dynamically changing until birth (see detail at Sect. 8.4 below). After birth, circulat-
ing CD34+ cells rapidly decrease and bone marrow becomes a major site of hema-
topoiesis during the lifetime.

8.3  �Subpopulation of CD34+ Cells in Cord Blood

Despite the extensive use of CD34 analysis in transplantation medicine, biological 
function of CD34 protein remains enigmatic. CD34 antigen is a type of glycopro-
tein called sialomucin. Primary function of CD34 protein is postulated to regulate 
cell-to-cell adhesion [7]. Knockout studies on CD34 gene in mice showed only mild 
defects on hematopoiesis suggesting redundancy in their function [8, 9].

CD34+ cells are containing various cell types rather than a uniform cell popula-
tion. Moreover, the subset of CD34+ cells varies depending on the source of hema-
topoietic stem cells: bone marrow, peripheral blood stem cells, and cord blood. 
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Research efforts have been made to identify long-term repopulating cells that are 
enriched in CD34+ cells. Functional assay to test whether certain subsets of cells can 
repopulate in nonobese diabetic/severe combined immunodeficiency (NOD/SCID) 
mice has been developed and widely accepted. These SCID-repopulating cells 
(SRCs) are considered as primitive hematopoietic stem cell to have higher engraft-
ment potential. In bone marrow and cord blood, SRCs were enriched in 
CD34+CD38low/− fraction, and no SRCs were found in CD34+CD38high subpopula-
tion [10].

CD133 antigen also known as prominin-1 is a glycoprotein and expressed in 
wide spectrum of tissue-specific stem cells including hematopoietic stem cells, 
endothelial cells, or even brain tumors. The CD133+ cells in brain tumor are thought 
to be a cancer stem cell population, which can repopulate in immunodeficiency 
animals and is resistant to chemotherapeutic agents [11]. In cord blood, CD133+ 
cells can be found in both CD34+ and CD34− cell fractions. Of interest, CD133+cells 
from either the CD34+ or CD34− fraction contain SRCs indicating long-term repop-
ulating hematopoietic potentials [12]. Additionally CD133+VEGFR-3+ cells in 
CD34+ fraction from fetal liver and bone marrow have shown to have a potential for 
lymphatic/vascular endothelial stem/precursor cells [13]. Majority of CD133+ cells 
in cord blood are expressing CD34 and vasculogenic functionality in ischemic ani-
mal models [14].

Instead of subtyping based on surface antigens, there are other ways to function-
ally subgrouping the potent stem cells. Measurement of aldehyde dehydrogenase 
(ALDH) activity has been proven to identify stem cell fraction in various normal 
and cancerous tissues [15, 16]. One fourth of CD34+ cells and two thirds of CD133+ 
cells from cord blood were also ALDH activity. CD34+ cells with high ALDH activ-
ity showed better long-term engraftment [17].

8.4  �CD34+ Cells from Preterm vs. Term Neonate

Several studies have established whether quantitative and/or qualitative differences 
exist between cord blood collected from term and preterm neonates. There are large 
amounts of data available from public cord blood banking [18–21]. Table 8.1 sum-
marizes the factors associated with the concentration of CD34+ cells in cord blood. 
Proportion of CD34+ cells tended to be higher in younger gestational age (34–
37 weeks) than older (38 weeks or later) [21]. This tendency was also found in very 
preterm infants (24–32 weeks). Regarding differentiation potentials, in vitro clono-
genic assay revealed that the number of erythrocyte burst-forming units (BFU-E) 
was significantly higher in preterm cord blood than in term cord blood. Isolated 
CD34+CD133+ALDHhigh cells from preterm cord blood also exhibited higher clono-
genic capacity than term cord blood cells suggesting that qualitative difference in 
subpopulation of CD34+ cells [22]. Based on the above studies, highly potent primi-
tive hematopoietic stem cells were circulating during early gestational ages (24–
36 weeks) and gradually homing into bone marrow niche toward late gestations.  
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In contrast, the proportions of endothelial colony-forming cells remained constant 
until term birth [23].

There is an interesting association between circulating hematopoietic stem cells 
in preterm cord blood and prematurity complications (e.g., intraventricular hemor-
rhage, respiratory distress syndrome, infections, and anemia). The higher number of 
circulating CD34+ cells in neonate has been found to be linked to the lower risk of 
prematurity-related complications [24]. Although causal relationships have not 
been established, the circulating hematopoietic stem cells may have protective role 
for the prematurity complications. Relevant to this hypothesis, the number of circu-
lating CD34+cells was significantly higher in survivor of neonatal respiratory dis-
tress syndrome than in non-survivor [25].

8.5  �Conclusion

Cord blood is a rich source of stem cells/progenitors for regenerative medicine. The 
field of cord blood stem cell research has undergone tremendous growth during the 
past decade. CD34 surface antigen has still been a reliable stemness marker for 
decades, but newer functional-based “stemness” markers (e.g., ALDH) have 
emerged. Combinatory use of these markers would be more appropriate for variety 
of regenerative applications in the near future.
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Chapter 9
The History of Hypothermia Therapy 
for Perinatal Ischemic Brain Injury

Makoto Nabetani and Keisuke Kobata

Abstract  Firstly, I mention on pathology of ischemic brain injury, including exper-
imental history of hypothermia. Next, I explain about how clinical trial study starts 
and proceed to Consensus 2010 in which hypothermia therapy should be recom-
mended for newborns with moderate to severe hypoxic-ischemic encephalopathy 
(HIE). Next I talk about how hypothermia therapy spreads and could be standard-
ized on the guideline and nationwide online registry system in Japan since Consensus 
2010. I explain about some research works about efficacy and criteria of hypother-
mia therapy. I also introduce unique research about how to control core temperature 
during transportation in Japan. Finally, I talk about the possibility to start new neu-
roprotective therapy for newborns with perinatal ischemic brain injury.

Keywords  Hypothermia · Hypoxic-ischemic-encephalopathy · HIE  
Cerebral palsy

9.1  �Introduction

Neonatal ischemic brain injury subsequently caused permanent motor deficit “cere-
bral palsy,” and cerebral palsy could be often accompanied with severe other com-
plications such as hearing loss, visual disturbance, epilepsy, hydrocephalus, 
intellectual disability, behavioral problems, and so on. Neonatal ischemic brain 
injury includes periventricular leukomalacia (PVL), cerebral infarction, hypoxic-
ischemic encephalopathy (HIE), and so on. Especially, HIE is a very serious condi-
tion which can occur in around 0.5–2/1000 live births and can result in death and 
disability. Until the advent of cooling for HIE, there was no therapy other than sup-
portive NICU care. In recent years, however, therapeutic brain hypothermia has 
become established as the first effective therapy for neonates with HIE [1, 2].
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9.2  �Pathology of Ischemic Brain Injury

In 1969, Olney discovered excitotoxicity, showing that at least some of the neural cell 
death caused by hypoxia-ischemia was mediated by excess production of the excit-
atory neurotransmitter glutamate and that it could be blocked pharmacologically to 
provide good protection against hypoxic damage [3, 4]. In 1989, Brian Meldrum 
et al. shifted the paradigm, allowing researchers to consider hypoxic-ischemic dam-
age as a treatable disease [5]. This is described precisely in another chapter.

9.2.1  �Experimental History of Hypothermia

In 1989 Ginsberg et al. showed that a short period of hypothermia after hypoxia-
ischemia in adult rats reduced excitotoxin generation and produced significant pro-
tection in the hippocampus [6, 7].

In 1994, Edwards and Wyatt set about using sophisticated MRS approach to 
replicate secondary energy failure in piglets and rat pups [8, 9]. And in 1996, 
Thoresen and Srimanne reported protective effect of hypothermia against brain 
injury in the neonatal rats [10, 11].

In 1997, we reported that irreversible neuronal cell damage is induced by eleva-
tion of intracellular Ca ion concentration that has occurred in sequence after excess 
production of the excitatory neurotransmitter glutamate in immature and mature 
rats during ischemia and glucose deprivation. And we also reported that hypother-
mia therapy was effective on hypoxic or ischemic brain damage of rats to suppress 
energy loss and elevation of intracellular Ca ion concentration [12, 13].

9.3  �History of Clinical Trial

Clinically, In 1997 Marion reported that moderate hypothermia could be effective 
on adults with traumatic head injury [14]. In 1998 Gunn et al. reported that brain 
cooling would be safe and could be effective on neonatal HIE [15]. In 2000 
Azzopardi and Thoresen reported that therapeutic hypothermia including whole-
body cooling also could be safe and effective on infants with HIE [16, 17].

9.3.1  �Clinical Situation in Japan

Since then, many facilities started trying undergoing brain cooling for newborns 
with HIE in Japan. However, hypothermia therapy had been applied to neonatal 
HIE with originally developed protocols in Japan until 2010. In 2010, 
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International Liaison Committee on Resuscitation (ILCOR) and International 
Consensus Conference on Cardiopulmonary Resuscitation and Emergency 
Cardiovascular Care Science With Treatment Recommendations (CoSTR) doc-
umented the new guideline that newborns with moderate to severe HIE should 
be considered for therapeutic hypothermia (TH) [18]. In this guideline, TH 
treatment should be consistent with the protocols used in the randomized clini-
cal trials, but the number of centers capable of providing standard cooling was 
limited in Japan.

9.3.2  �Methods

So in July 2010, our taskforce was formed to undergo questionnaire study to clinical 
leads of registered level-II/III neonatal intensive care units regarding the practice of 
neonatal encephalopathy in order to elucidate the gap between the standard cooling 
methods and current practice in Japan [19].

9.3.3  �Results

56.2% of 203 units were incapable of offering TH because of the reasons such 
as the shortage of human/medical resources (85.1%) and limited number of 
cases (21.1%). Eighty-nine centers provided TH using either selective head 
cooling (88.8%) or whole-body cooling (11.2%). Various target temperatures 
and cooling durations were used; 20.2% of the units cooled infants without 
using purpose-built equipments, whereas 14.6% did not continuously monitor 
the body temperature. Only 43.8% of the units provided TH. Even in centers 
where TH was offered, adherence to the standard protocols was extremely poor 
at that time.

9.3.4  �Conclusion

To secure the safety and efficacy, further promotion of the standard cooling proto-
cols is required in 2010.

9.4  �Guideline of TH in Japan

In 2011 JSPNM & MHLW Japan Working Group also documented practice guide-
lines of TH for newborns with HIE [20].
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9.4.1  �Nationwide Online Case Registry

Based on findings from the primary survey, aggressive action plans were introduced 
that focused on the formulation of clinical recommendations, facilitation of educa-
tional events, and opening of nationwide online case registry. Findings from the 
follow-up survey (January 2013) were compared with results from the primary sur-
vey. Four workshops and three consensus meetings were held to formulate clinical 
recommendations, which were followed by the publication of practical textbooks, 
large-scale education seminars, and implementation of a case registry. A follow-up 
survey covering 253  units (response rate: 89.1%) showed that cooling centers 
increased from 89 to 135. Twelve prefectures had no cooling centers in 2010, 
whereas all 47 prefectures had at least 1 in 2013. In cooling centers, adherence to 
the standard cooling protocols and the use of servo-controlled cooling devices 
improved from 20.7% to 94.7% and from 79.8% to 98.5%, respectively.

9.4.2  �Conclusion

A rapid improvement in the national provision of evidence-based cooling was achieved. 
International consensus guidelines coupled with domestic interventions might be effec-
tive in changing empirical approaches to evidence-based practice [19, 21].

9.5  �Efficacy of TH in Japan

9.5.1  �Introduction

Unfortunately, in Japan, we could not get any articles that showed the efficacy of TH 
precisely until consensus 2010. In 2013, we presented first retrospective compara-
tive study in Japan to investigate factors affecting the developmental prognosis of 
infants with severe neonatal asphyxia who required TH [22].

9.5.2  �Methods

We retrospectively reviewed clinical findings of 54 newborns admitted to the 
Neonatal Intensive Care Unit (NICU) of two hospitals in Japan during September 
2004 to May 2010. Total 54 infants with Sarnat classification moderate to severe 
HIE underwent selective head cooling.

They were divided into two groups according to cognitive findings at 18 months 
corrected age, using development test. Clinical variables such as birth weight, Apgar 
scores at 1 and 5 min, body temperature at admission, and time between birth and 
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cooling and pH and base excess (BE) in infant blood on delivery were compared 
between subjects with full-scale developmental quotients >=70 (Group A, n = 36) 
and <70 (Group B, n = 18). The blood samples on delivery were either venous or 
arterial blood and measured before TH.

9.5.3  �Results

There were no adverse effects during TH, and no infant died throughout the study 
period. Total sex ratio was 1.16, and mean gestational age was 38.8 weeks. The 
neurodevelopmental outcome of this study participants was assessed with develop-
mental test at corrected 18 months of age by trained assessors, and they were clas-
sified by their DQ into DQ > =70 and DQ < 70 groups. Infants of DQ > =70 (Group 
A) were 36 and DQ < 70 (Group B) were 18, respectively, with developmental test 
at corrected 18 months of age. Mean birth weights of Groups A and B were 2958 
and 2656 g. The body temperatures at admission were 36.4 and 35.9 °C. The pH 
were 7.04 and 7.05, and BE were −14.7 and −16.6 mmol/L, respectively. There 
were no significant differences in two groups about these factors. Apgar scores 
(1 min/5 min) were 3.5/5.0 and 1.7/3.2, and the times between birth and cooling 
were 218 and 290 min, respectively, and about these factors, there were significant 
differences in two groups. With logistic regression analysis, only time between birth 
and cooling significantly related to poor neurologic outcome (p = 0.04, odds ratio 
[OR], 1.235; 95% confidence interval [CI], 1.001–1.524) (Table 9.1).

Table 9.1  Characteristics and outcomes for neonates treated with hypothermia

DQ > =70 
(N = 36)

DQ < 70 
(N = 18)

p 
value

Adjusted OR 
(95% CI)

Adjusted 
p value

Birth weight, mean ± SD (g) 2958 ± 591 2656 ± 434 0.60 – –
Apgar score

1 min 3.5 1.7 0.02 – –
5 min 5.0 3.2 0.03 0.783 

(0.610–1.007)
0.06

Temperature at admission, 
mean ± SD (°C)

36.4 ± 1.2 35.9 ± 1.9 0.18 – –

Time between birth and cooling, 
mean ± SD (min)

218 ± 101 290 ± 110 0.02 1.235 
(1.001–1.524)

0.04a

pH in infant blood on delivery, 
mean ± SD

7.04 ± 0.17 7.05 ± 0.20 0.86 – –

BE in infant blood on delivery, 
mean ± SD (mmol/L)

−14.7 ± 6.7 −16.6 ± 7.1 0.34 – –

Statistical analysis
Student’s t-test is used to compare each factor, and logistic regression analysis was used to inves-
tigate confounding between the various factors investigated. In the logistic regression analysis, two 
groups classified by DQ were specified as dependent variables, and Apgar score (5 min) and time 
between birth and cooling were specified as independent variables
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9.5.4  �Conclusion

The results demonstrated that the shorter the interval between birth and starting TH, 
the better the prognosis. The time between birth and cooling would be one of an 
essential factor in improving outcome for newborns with hypoxic-ischemic enceph-
alopathy. The 1- and 5-min Apgar scores both significantly affected prognosis, but 
no significance was found on logistic analysis. We need further investigation regard-
ing the effects of the 10-minute Apgar scores, which are indicated to strongly influ-
ence neurological prognosis [23]. And further investigation will be conducted on a 
larger study population connecting with nationwide online case registry and will 
include longer-term prognoses.

9.6  �Regional Network and Establishment  
of Transportation System

9.6.1  �Introduction

TH has been shown to improve survival and neurodevelopmental outcome follow-
ing perinatal asphyxia [2, 24]. To obtain the maximum benefit, TH should be initi-
ated as soon as possible and within 6  h after birth. Particularly, outborn infants 
might not be able to transport to cooling center and initiate TH within 6  h. 
Furthermore, it is thought that elevated core temperature after asphyxial insults is 
associated with worse outcomes among HIE infants [25]. Therefore, it is truly 
essential to develop effective and safe methods of cooling during transport, because 
over half of babies were born in private clinics in Japan. Passive cooling could be a 
simple technique to prevent brain damage from HIE during transport [26–28]. 
However, we have not got useful device to monitor core temperature during trans-
port. Therefore, we have evaluated how to control core and skin temperature of 
infants with/without asphyxia during transport from clinics to hospitals in Japan in 
this study [29].

9.6.2  �Objective

To evaluate the efficacy and safety of continuous monitoring of rectal temperatures 
during transport of infants with/without asphyxia in order to control body tempera-
ture properly and to induce passive cooling for infants with mild to severe HIE 
safely.
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9.6.3  �Methods

Skin and rectal temperatures during transport were prospectively collected from 
transported newborns between August 2012 and August 2014 at three regional cool-
ing centers. In the case of infants without asphyxia, the transport team controlled the 
temperature of the transport incubator 33 ± 2 °C to maintain a target rectal tempera-
ture at as close to 36.0–36.5 °C as possible. While in the case of infants with asphyxia, 
the transport team controlled the temperature of the transport incubator between 31 
and 32 °C to maintain a target rectal temperature at as close to 35.0 °C as possible.

9.6.4  �Results

In the 2-year study period, the skin and rectal temperatures of 52 newborns without 
asphyxia were monitored continuously. The median gestational age and birth weight 
of them were 38.1 (36.0–41.3) weeks and 2905 (1904–4408) g. The rectal tempera-
ture is correlated significantly with skin temperature (p < 0.001) (Fig. 9.1). In two 
cases, only rectal temperatures but skin temperatures showed decrease (≥0.4 °C) in 
winter season (Fig. 9.2).

Twelve infants with asphyxia were passively cooled during transport. Ten of 
twelve cases were analyzed. The median gestational age and birth weight of them 
were 39.6 (34.0–41.0) weeks and 2584 (2032–2838)  g. Six cases of ten showed 
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Fig. 9.1  Correlation between rectal and skin temperature of 52 infants without asphyxia
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moderate or severe HIE and four cases of ten showed mild HIE. The median rectal 
temperature at arrival was 35.3 (32.9–36.4) °C (NS). Four of six moderate or severe 
HIE infants had a rectal temperature at arrival between 34.5 and 35.5 °C and one 
>35.5 °C. One of four mild HIE infants had a rectal temperature at arrival between 
34.5 and 35.5 °C and three >35.5 °C. Only one preterm infant with severe HIE was 
overcooled.

9.6.5  �Conclusion

Passive cooling by controlling the transport incubator temperature for infants 
with HIE was relatively safe and could prevent to be elevated body temperature. 
However, there may be a risk of unintended excessive cooling, especially in 
severe HIE infants and preterm infants during longer transfer (Fig.  9.3). We 
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suggest that continuous monitoring of the rectal temperature to control body 
temperature during transport especially in the cases which need passive cooling 
is mandatory.

9.7  �Inclusion and Exclusion Criteria

9.7.1  �Introduction

It is unknown whether other neonatal patient groups could benefit from TH. So, 
Thoresen has offered cooling to infants fulfilling the standard cooling criteria 
but also to those who did not since 2006 [30]. Observational study with prospec-
tive data collection over a 6-year period in a regional cooling center. 
Complications and outcome were compared between infants who were cooled 
not fulfilling the standard inclusion criteria and exclusion criteria as set out in 
CoolCap/Toby protocols (n = 36) and infants who fulfilled the standard entity 
criteria (n = 129). 21.8% of cooled infants did not fulfill standard entity criteria. 
The induced infants cooled >6 postnatal hours, late preterm infants, and infants 
with postnatal collapse, major cranial hemorrhage, congenital cardiac disease, 
and surgical conditions. Complication rates and long-term outcome did not dif-
fer significantly between the groups, apart from in infants with a major cranial 
hemorrhage who had higher rates of coagulopathy and the worst outcome (80% 
death/disability). They concluded that cooling can be considered for infants 
with neonatal encephalopathy following postnatal collapse or preterm birth, 
those with underlying surgical or cardiac conditions, and infants starting cool-
ing >6 postnatal hours.

9.7.2  �Objective

On the other hand, many institutions give up to start TH therapy in the HIE case 
with PPHN. They have regarded PPHN as one of exclusion criteria of TH therapy 
since there have been a few reports that PPHN cases with moderate to severe HIE 
cases could undergo TH therapy safely. However, we have experienced six PPHN 
cases with moderate to severe HIE who could undergo TH therapy safely combined 
with NO therapy [31].

We have reported experiences of therapeutic hypothermia therapy on six cases 
with PPHN and moderate to severe HIE using NO therapy. The aim of this study is 
to clarify whether PPHN is exclusion criteria of TH therapy or not. We studied 
about seven cases with neonatal moderate to severe HIE using TH therapy com-
bined with NO therapy.

9  The History of Hypothermia Therapy for Perinatal Ischemic Brain Injury
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9.7.3  �Methods

We experienced six PPHN cases which could undergo TH therapy combined with 
NO therapy and one PPHN case which could undergo and stop TH during 2002–
2014 in Yodogawa Christian Hospital. We experienced no complication in these 
six cases. No case showed methemoglobinemia or cerebral hemorrhage during 
TH and NO therapy in these seven cases. We have compared these factors such as 
gestational age, Apgar score (1 min), Apgar score (10 min), another combined 
therapy, MRI findings around 1 year of age, GMFCS, and developmental quotient 
around 1.5 years of age in TH group (38 cases) with those in TH + NO group  
(6 cases).

9.7.4  �Results

There are no significant differences of perinatal factors, MRI findings, GMFCS, and 
developmental quotient between TH + NO group and TH group (Figs. 9.4, 9.5, and 
9.6). All of six cases have used vasoactive agonists; three of six cases have used 
vasodilators. All of six cases had succeeded to recover from PPHN condition. These 
results showed TH could be performed safely for HIE cases with PPHN combined 
with NO therapy maintaining the stable condition of respiration and circulation. We 
need to investigate more PPHN cases with NO therapy to clarify criteria which 
cases could be performed TH therapy safely.

9.7.5  �Conclusion

We could show the possibility to undertake TH therapy safely for newborns with 
HIE and PPHN who need NO therapy, if we could maintain intensive respiratory 
and cardiac support carefully. Even in the most severe brain condition, TH therapy 
did not deteriorate circulatory and respiratory condition. We need multicentered 
investigations to clarify more precise entry criteria and exclusion criteria of TH 
therapy for newborns with moderate to severe HIE.

Now also in Japan, new clinical study on inclusion and exclusion criteria of 
TH is ongoing in order to protect more infants from perinatal brain injury. 
Furthermore, clinical studies of new neuroprotective therapies including xenon 
gas therapy, autologous cord blood therapy, and mesenchymal stem cell ther-
apy have started all over the world. I feel that hypothermia therapy has opened 
new gate to progress neuroprotective therapy for infants with perinatal brain 
injury.

M. Nabetani and K. Kobata
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Fig. 9.5  GMFCS at 1.5 years old
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Fig. 9.6  Developmental quotient at 1.5 years old
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Chapter 10
Clinical Procedure of Cell Therapy:  
Cord Blood Collection

Shunsuke Kawahara and Masaaki Hasegawa

Abstract  The safety and efficacy of providing umbilical cord blood (UCB) cells to 
neonates with hypoxic-ischemic encephalopathy (HIE) have recently been reported 
in the United States (Michael et al. J Pediatr 164:973–979, 2014). We have thus 
decided to initiate a similar clinical trial in Japan and set obstetric criteria for the 
indication of cell therapy. Written consent for UCB collection was obtained follow-
ing successful collection, as the cases included in the study were very limited. 
Because UCB cells are first administered to neonates 24 h after collection, a more 
stringent level of aseptic manipulation is required although UCB collection itself is 
a common procedure in Japan. Therefore, UCB collection was performed ex utero 
at the proximal end of the umbilical cord because the umbilical vein offers a steady 
site of puncture at this point, enabling reproducible aseptic UCB collection.

Keywords  Cord blood collection ∙ Hypoxic-ischemic encephalopathy  
Hematopoietic stem cell ∙ Placental delivery

10.1  �Introduction

The safety and efficacy of providing umbilical cord blood (UCB) cells to neonates 
with hypoxic-ischemic encephalopathy (HIE) have recently been reported in the 
United States [1], so we have thus decided to initiate a similar clinical trial in 
Japan.
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Cord blood banks consist of public and private cord banks. Public cord banks, 
which are the source of cells used in hematopoietic stem cell (HSC) transplantation 
indicated in hematological malignancies, only exist in certain areas [2–6], and UCB 
collection is performed only in hospitals within an accessible distance. Private cord 
banks, on the other hand, perform UCB collection and preserve the collected HSCs 
for potential future use by the neonate or his/her family. UCB collection in the latter 
case is performed under contract between a private company and a willing individ-
ual at the hospital designated by the individual.

The first public cord bank in Japan was established in 1999, and both the number 
of UCB collection and transplantation are since on the rise [2]. Public cord banks are 
often situated in urban areas. Because there are no public cord banks in proximity, 
our hospital is not a UCB collection facility. In initiating the present clinical trial, we 
thus began by establishing a safe and reproducible protocol for UCB collection.

10.2  �Indication

The indication for cell therapy follows that of initiating systemic hypothermia for 
HIE neonates [7]. Neonates with a congenital anomaly, severe intracranial hemor-
rhage, birth weight below 1800 g, severe infection, and/or hyperkalemia, neonates 
born outside of our hospital, and cases in which collected UCB volume was below 
40 mL were excluded from the study. UCB collection must be performed on cases 
satisfying the abovementioned criteria, but such cases are extremely rare. Obstetric 
criteria to select for such cases thus were set as follows:

	1.	 Cases requiring crash cesarean section under general anesthesia due to non-
reassuring fetal status (NRFS).

	2.	 Cases requiring quasi-emergency cesarean section under spinal anesthesia due to 
NRFS.

	3.	 In cases of vaginal delivery, indication is decided upon maternal and neonatal 
status after delivery.

10.3  �Method of Collection

There are mainly two strategies for UCB collection: collection done while the pla-
centa is in utero or after placental delivery ex utero. We have adopted the ex utero 
strategy, because it is more technically reproducible, thus rendering the risk of bac-
terial contamination or clotting lower than in utero [8]. The first administration of 
collected UCB cells is done 24 h following collection. Infectious disease testing 
therefore is infeasible within this timeframe, and thus UCB collection must be more 
carefully performed than for general collection for cord banks. In initiating this 
clinical trial, we were trained by a skilled doctor from a UCB collection facility and 
established the following protocol.
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Cord blood collection bags, a tube sealer, a pair of roller pliers, and a scale were 
made readily available in the delivery room (Fig.  10.1) and transported to the 
operation room by midwives in cases of cesarean section. The above equipment and 
a clean draped medical cart (Fig. 10.2) were made ready by the time of delivery. The 
collection bag was placed on the scale, and a portion of the collection tube was fixed 
onto the cart (Fig. 10.3).

a b c d

e

Fig. 10.1  Equipment necessary for umbilical cord collection. Packaged cord blood collection bag 
(a), scale (b), a pair of roller pliers (c), and a tube sealer (d) are stored in a box (e) for facile trans-
port and made readily available in the delivery room

a b

c

Fig. 10.2  A typical setup, part 1. A piece of gauze drenched in ethanol (a), cord blood collection 
bag taken out of the package (b), iodine-povidone cotton swabs (c) placed on a clean draped medi-
cal cart
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After delivery of the baby, the umbilical cord is cut as proximal to the baby as 
possible to retain maximal volume of cord blood, and blood gas is obtained from the 
umbilical artery in utero. The placenta is then detached and transported to the clean 
draped tray. The umbilical cord is then scrubbed with ethanol and cleaned with a 
povidone-iodine swab. After waiting for the povidone-iodine to completely dry (to 
prevent contamination of cord blood by povidone-iodine), the proximal portion of 
the umbilical vein was punctured with an 18 gauge needle (Fig. 10.4). The site of 
venipuncture was not manipulated after needle entry. UCB was collected by gravity 
while occasionally rotating the needle within the umbilical vein. To collect cord 
blood distal to the site of puncture, the umbilical cord was held above the puncture. 
Each collection takes 2–4 min [9]. Second punctures were not performed. The prox-
imal portion of the umbilical vein was selected as the site of puncture because the 
umbilical vein offers a steady site of puncture. Thus, the umbilical vein is less likely 
to collapse, making reproducible collection possible. The collection bag containing 
anticoagulants was agitated during the procedure to prevent coagulation. The col-
lection tube was sealed and cut after collection, and the bag was promptly refriger-
ated at 4 degrees for storage after weighing.

Fig. 10.3  A typical setup, part 2. The collection bag is placed on the scale, and a portion of the 
collection tube is fixed onto the medical cart
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10.4  �Training

We tested the above protocol before actual clinical implementation on ten cesarean 
sections and three vaginal deliveries after obtaining consent with documents identi-
cal to the ones to be used. In each case, venipuncture was performed by a single 
doctor, but multiple doctors participated to check the procedure, and each doctor 
actually performed venipuncture at least once. The average collected volume was 
73.8  mL (37–122). All cases were negative of contamination and coagulation 
(Table 10.1).

10.5  �The Issue of Obtaining Consent for UCB Collection

Though the umbilical cord and placenta are often regarded as waste material and 
discarded, thorough explanation to and written consent of both parents are neces-
sary for UCB collection and transplantation. When to obtain consent is an issue, 
with consent being obtained before labor, during labor, and after collection in the 
United States depending on the facility or individual patient details [10].

In Japan, for cord blood donation to public cord banks, consent is generally 
obtained during prenatal visits. The advantage of obtaining consent before labor is 
that women are more likely to be relaxed and more able to attend to the issues 
regarding collection which is necessary for patient-physician rapport. However, the 

Fig. 10.4  The site of venipuncture. The proximal portion of the umbilical vein was punctured with 
an 18 gauge needle. After venipuncture, the clamped collection tube (circled) was released. After 
collection, the needle was removed after re-clamping the collection tube. Second punctures were 
not performed
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inclusion criteria of the present clinical trial are very exclusive and potentially 
include emergency cases not managed at our hospital, making prior consent difficult. 
Furthermore, a substantial fraction of the cases included in this clinical trial are 
likely emergencies, and an unsuccessful collection after prior consent may disap-
point willing patients. Weighing the abovementioned possibilities, we have adopted 
a policy to obtain consent from both patients after successful collection. We have 
obtained written consent in all cases including training cases and cases in which the 
patient was found not to meet the inclusion criteria following collection. When a 
case met the inclusion criteria, a pediatrician has again obtained consent.

10.6  �Case Report

The patient was a primipara, naturally conceived and 25 years of age, whose prena-
tal checkups at another facility were unremarkable. At 38 weeks of gestation, she 
was admitted to the previous facility due to onset of labor. Because cardiotocogram 
(CTG) revealed frequent severe late decelerations, a diagnosis of fetal distress was 
made, and the patient was transferred to our hospital. Pelvic examination at the time 
of admission revealed vertex position of the fetus, cervical dilatation of 3 cm, and 
70 percent effacement. The placenta was fundal, and a 7.6 × 3.9 cm area of high 
brightness presumably due to hematoma was observed between the placenta and the 
anterior uterine wall upon transabdominal ultrasound. Baseline fetal heart rate was 
170 bpm with reduced variability, and accelerations were absent. Placental abrup-
tion was suspected, the patient underwent emergency cesarean section under 

Table 10.1  Clinical implementation

Mode of 
delivery

Weeks of 
pregnancy

Blood 
volume 
(mL)

Birth 
weight 
(g)

Placental 
weight (g) Coagulation Contamination

1 CS 38w6d 88 3340 560 None None
2 CS 38w2d 108 3225 751 None None
3 CS 38w2d 57 2860 443 None None
4 CS 38w4d 37 3010 432 None None
5 CS 39w5d 90 2540 490 None None
6 CS 38w3d 43 3030 458 None None
7 CS 38w4d 50 3065 420 None None
8 CS 38w4d 55 3110 415 None None
9 CS 39w0d 120 2885 600 None None
10 CS 37w3d 79 2845 478 None None
11 VD 37w4d 122 3010 637 None None
12 VD 38w0d 40 3219 501 None None
13 VD 41w0d 71 3010 486 None None

CS cesarean section, VD vaginal delivery
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general anesthesia, and the decision to perform UCB collection was made simulta-
neously. As previously designated, midwives transported necessary equipment and 
an incubator to the operation room. The baby was delivered in 4 min. The baby boy 
weighed 2436 g with an Apgar score of 2 (2 for pulse) at 1 min and 5 (2 for pulse, 1 
for muscle tone, 1 for responsiveness, 1 for appearance) at 5 min and an umbilical 
artery pH of 7.225. The baby was intubated 10 min after birth. Couvelaire sign on 
the anterior uterine wall, in concordance with suspicion of placental abruption, was 
noted. UCB collection was performed promptly after placental delivery, and 77 mL 
of cord blood was successfully retrieved. The baby later fulfilled criteria to initiate 
systemic hypothermia. Consent of the patient and her family was obtained, and the 
baby received the first cord blood cell transplantation in Japan.

10.7  �Discussion

UCB collection is a generally performed procedure in Japan, but interfacility and 
interpersonal variability exist in the collected UCB volume, and training is neces-
sary for proper and successful collection.

To increase collected UCB volume, clamping of the placenta immediately fol-
lowing delivery of the baby is advised [11, 12]. UCB exists not only in the placenta 
but also in the umbilical cord: thus, the umbilical cord should be cut as distal from 
the placenta as possible [13]. Controversy exists regarding which collection strat-
egy should be adopted in terms of collected UCB volume, with some reports favor-
ing the in utero technique [14–17], while others have reported no significant 
difference [8, 18].

In the present clinical trial, the collected UCB blood is administered to the baby 
in a short timeframe after collection. Thus, contamination of collected UCB blood 
must be prevented at all costs. We have thus adopted the ex utero technique, because 
it is more technically reproducible. Furthermore, considering that it is difficult to 
keep the vulva stringently aseptic in vaginal delivery, the ex utero technique which 
performs aseptic manipulation after placental delivery seems to be the safer choice. 
A possible caveat of the ex utero strategy is that placental delivery in vaginal deliv-
ery at times is delayed, which may increase the risk of coagulation.

Venipuncture is performed at the distal end of the umbilical cord (farthest from 
the placenta) in the in utero technique and in most ex utero collections [6, 13, 15, 
19], but clotting and umbilical cord collapse are a problem. We thus perform veni-
puncture at the proximal end of the umbilical cord, a practice impossible in utero, 
because the umbilical vein at the proximal end offers a steady site of puncture; 
umbilical cord collapse was not observed in all cases collected. The UCB within the 
umbilical cord can also be retrieved by gravity by holding the umbilical cord above 
the site of venipuncture.

The drawback of the ex utero technique is that it requires one extra doctor com-
pared to that in utero. For the in utero technique, one and two doctors suffice for 
UCB collection in cesarean delivery and vaginal delivery, respectively. In contrast, 
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for the ex utero technique, three doctors are necessary for collection in cesarean 
delivery and two even for vaginal delivery if maternal conditions are unstable.

Indication of UCB collection must carefully be determined to prevent omitting 
very rare conditions in which UCB collection should be performed such as severe 
asphyxia, which is an indication for systemic hypothermia. Furthermore, in highly 
emergency cases such as the one reported above, prior consensus within the medical 
team proves quintessential to promptly decide upon and execute collection. At our 
hospital, we have convened interdisciplinary meetings of obstetricians, pediatri-
cians, midwives, surgical nurses, and laboratory technicians to this end.

Meconium-stained amniotic fluid and chorioamnionitis could be an issue in 
cases of NRFS, because infection cannot be ruled out. Whether such cases should 
be included is controversial. However, sepsis is rare even in these cases, and some 
papers have reported increased total nucleated cell and CD34 positive cell content 
in cases with the presence of meconium-stained amniotic fluid [20, 21]. We thus 
consider that these cases may be included unless there is strong suspicion of mater-
nal systemic infection.

10.8  �Conclusion

UCB collection had not been performed at our hospital prior to the present clinical 
trial. We have thus established the above protocol for UCB collection in initiating 
this clinical trial. Many hospitals perform UCB collection in utero and do not 
require as stringent aseptic manipulation as our protocol. In continuing the present 
clinical trial, whether traditional protocols adopted at other facilities suffice in 
regard to safety warrants investigation.

References

	 1.	Cotten CM, Murtha AP, Goldberg RN, Grotegut CA, Smith PB, Goldstein RF, et al. Feasibility 
of autologous cord blood cells for infants with hypoxic-ischemic encephalopathy. J Pediatr. 
2014;164:973–9.

	 2.	Nishihira H, Kato K, Isoyama K, Takahashi TA, Kai S, Kato S, et al. The Japanese cord blood 
bank network experience with cord blood transplantation from unrelated donors for haemato-
logical malignancies: an evaluation of graft-versus-host disease prophylaxis. Br J Haematol. 
2003;120:516–22.

	 3.	Barker JN, Wagner JE. Umbilical-cord blood transplantation for the treatment of cancer. Nat 
Rev Cancer. 2003;3:526–32.

	 4.	Rebulla P.  Cord blood banking 2002: 112,010 of 7,914,773 chances. Transfusion. 
2002;42:1246–8.

	 5.	Cord blood banks. Med Lett Drugs Ther. 2001;43:84.
	 6.	Moise KJ Jr. Umbilical cord stem cells. Obstet Gynecol. 2005;106:1393–407.
	 7.	Gluckman PD, Wyatt JS, Azzopardi D, Ballard R, Edwards AD, Ferriero DM, et al. Selective 

head cooling with mild systemic hypothermia after neonatal encephalopathy: multiple ran-
domized trial. Lancet. 2005;365:663–70.

S. Kawahara and M. Hasegawa



105

	 8.	Lasky LC, Lane TA, Miller JP, Lindgren B, Patterson HA, Haley NR, et al. In utero or ex utero 
cord blood collection: which is better? Transfusion. 2002;42:1261–7.

	 9.	Cord blood banking for potential future transplantation: subject review. American Academy of 
Pediatrics. Work Group on Cord Blood Banking. Pediatrics. 1999;104:116–8.

	10.	Vawter DE, Rogers-Chrysler G, Clay M, Pittelko L, Therkelsen D, Kim D, et al. A phased 
consent policy for cord blood donation. Transfusion. 2002;42:1268–74.

	11.	Ballen KK, Wilson M, Wuu J, Ceredona AM, Hsieh C, Stewart FM, et al. Bigger is better: 
maternal and neonatal predictors of hematopoietic potential of umbilical cord blood units. 
Bone Marrow Transplant. 2001;27:7–14.

	12.	Donaldson C, Armitage WJ, Laundy V, Barron C, Buchanan R, Webster J, et al. Impact of 
obstetric factors on cord blood donation for transplantation. Br J Haematol. 1999;106:128–32.

	13.	Jones J, Stevens CE, Rubinstein P, Robertazzi RR, Kerr A, Cabbad MF.  Obstetric predic-
tors of placental/umbilical cord blood volume for transplantation. Am J Obstet Gynecol. 
2003;188:503–9.

	14.	Wong A, Yuen PM, Li K, Yu AL, Tsoi WC. Cord blood collection before and after placental 
delivery: levels of nucleated cells, haematopoietic progenitor cells, leukocyte subpopulations 
and macroscopic clots. Bone Marrow Transplant. 2001;27:133–8.

	15.	Solves P, Moraga R, Saucedo E, Perales A, Soler MA, Larrea L, et al. Comparison between 
two strategies for umbilical cord blood collection. Bone Marrow Transplant. 2003;31:269–73.

	16.	Solves P, Mirabet V, Larrea L, Moraga R, Planelles D, Saucedo E, et al. Comparison between 
two cord blood collection strategies. Acta Obstet Gynecol Scand. 2003;82:439–42.

	17.	Surbek DV, Visca E, Steinmann C, Tichelli A, Schatt S, Hahn S, et al. Umbilical cord blood 
collection before placental delivery during cesarean delivery increases cord blood volume and 
nucleated cell number available for transplantation. Am J Obstet Gynecol. 2000;183:218–21.

	18.	Sparrow RL, Cauchi JA, Ramadi LT, Waugh CM, Kirkland MA. Influence of mode of birth and 
collection on WBC yields of umbilical cord blood units. Transfusion. 2002;42:210–5.

	19.	Joanne K, Anne DL, Jeremy S.  Untying the Gordian knot: policies, practices, and ethical 
issues related to banking of umbilical cord blood. J Clin Invest. 2015;115:2592–7.

	20.	Solves P, Perales A, Mirabet V, Roig R.  Stress factors and umbilical cord blood banking. 
Transfus Med. 2007;17:205.

	21.	Solves P, Perales A, Fillol M, Bonilla F, Mirabet V, Roig R. Presence of meconium-stained 
amniotic fluid in cesarean deliveries increases the total nucleated cell content of umbilical cord 
blood units. Transfusion. 2009;49:388–9.

10  Clinical Procedure of Cell Therapy: Cord Blood Collection



107© Springer Nature Singapore Pte Ltd. 2018 
H. Shintaku et al. (eds.), Cell Therapy for Perinatal Brain Injury, 
https://doi.org/10.1007/978-981-10-1412-3_11

Chapter 11
Clinical Procedure of Cell Therapy: 
Separation and Infusion

Shinichi Watabe and Mariko Sawada

Abstract  Umbilical cord blood (UCB) cells could be a useful adjunct intervention 
for infants with HIE. We report our clinical experience of UCB stem cell transplan-
tation in infants with HIE. We selected patients for UCB stem cell transplantation 
based on following criteria; (1) moderate or severe HIE according to the classifica-
tion of Sarnat II or III and Thompson score ≥10 points, (2) gestational age 
≥36 weeks, (3) body weight at birth >1800 g, (4) born by cesarean section under 
general anesthesia, and (5) inborn baby. Cases in which collected UCB volume is 
below 40 mL were excluded from this trial. Brain hypothermia therapy (BHT) was 
performed simultaneously under supportive mechanical ventilation with sedative 
agents (fentanyl citrate and midazolam). After collected UCB, CD34-positive cells 
were separated by SEPAX-2™ (Biosafe SA, Eysins/Nyon, Switzerland) and were 
transfused to the babies once a day for 12 h to 3 days.

This treatment was successful and safe in all three cases with no adverse effects. 
A randomized phase II study to provide further safety, feasibility, and efficacy infor-
mation among a wider number of sites is warranted.

Keywords  Hypoxic-ischemic encephalopathy (HIE) ∙ Brain hypothermia therapy 
(BHT) ∙ Umbilical cord blood (UCB) cells ∙ CD34 positive cells

11.1  �Introduction

Hypoxic-ischemic encephalopathy (HIE) is a common cause of long-term neuro-
logical disability in children. Brain hypothermia therapy (BHT) is the only effective 
treatment for HIE, but in most cases, BHT is supportive [1–4]. Hypothermia targets 
pathophysiology related to secondary energy failure, including excitatory neu-
rotransmitter release, destructive apoptosis, and “continuum” cell death [5, 6]. 
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Neonatal rodents injected with human umbilical cord blood (UCB) cells after HIE 
have improved anatomic and neurobehavioral outcomes, most likely due to para-
crine and trophic effects during the hours and days after injury, leading to specula-
tion that UCB cells could be a useful adjunct intervention for human infants with 
HIE [7–12]. The potential of usage of stem cells to reduce brain damage or promote 
regeneration is a possibility that has been tested in different central nervous system 
(CNS) disorders. In this chapter, we report our clinical experience of umbilical cord 
stem cell transplantation in infants with HIE.

11.2  �Patients

We selected patients for umbilical cord stem cell transplantation based on the fol-
lowing criteria:

	1.	 Moderate or severe HIE according to classification of Sarnat II or III and 
Thompson score ≥10 points.

	2.	 Gestational age ≥36 weeks.
	3.	 Body weight at birth >1800 g.
	4.	 Born by cesarean section under general anesthesia.
	5.	 Inborn baby. Neonates with congenital anomalies, severe intracranial hemor-

rhage, severe infection, and/or hyperkalemia, neonates born outside of our hos-
pital, and cases in which collected UCB volume is below 40 mL were excluded 
from this trial.

11.3  �Materials and Methods

UCB was collected from newborn infants in collection bags containing citrate phos-
phate dextrose as an anticoagulant. In all cases, informed consent was received from 
their parents before this procedure. After collected UCB, CD34-positive cells were 
separated by SEPAX-2™ (Biosafe SA, Eysins/Nyon, Switzerland). SEPAX-2™ is 
a fully automated, mobile, closed capability system for the efficient and consistent 
processing of umbilical cord blood. The advantages of SEPAX-2™ are as follows 
(Fig. 11.1):

•	 Highly efficient and consistent cell recovery
•	 Easy handling and safety of processing
•	 Full traceability and good manufacturing practice (GMP)

The combination of the compact SEPAX-2™ main processing unit, application-
specific software protocols, and single-use kits allows for the controlled separation 
of cellular products in a fully automated and secured environment. The SEPAX-2™ 
is a PC-based device that requires no operator intervention during the separation 
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procedure, virtually eliminating operator-influenced processing errors. By this 
procedure, removal rates of red blood cell (RBC) and plasma are 92% and 79%, 
respectively, and the recovery percentage of CD34-positive cells is 33%. This low 
recovery rate of CD34 positive cell might be due to insufficient mixture of package. 
Hamada reported that recovery percentage of CD34-positive cell was about 90%. A 
CS-430.1(Biosafe Group SA, Switzerland)separation circuit and UCB-HES separa-
tion program are used [13]. After separation of CD34-positive cells, CD34-positive 
cells are divided into three packages and are transfused to the babies once a day for 
12 h to 3 days.

Fig. 11.1  SEPAX-2™ 
system: SEPAX-2™ is a 
fully automated, mobile, 
closed capability system 
for the efficient and 
consistent processing of 
umbilical cord blood
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11.3.1  �Indications

The indications for cell therapy follow that of initiating systemic hypothermia for 
HIE neonates. Neonates with a congenital anomaly, severe intracranial hemorrhage, 
a birth weight below 1800 g, severe infection and/or hyperkalemia, neonates born 
outside of our hospital, and cases in which the collected UCB volume was below 
40 mL were excluded from the study. UCB collection must be performed on cases 
satisfying the abovementioned criteria, but such cases are extremely rare. Obstetric 
criteria to select for such cases thus were set as follows:

	1.	 Cases requiring crash cesarean section under general anesthesia due to non-
reassuring fetal status (NRFS).

	2.	 Cases requiring quasi-emergency cesarean section under spinal anesthesia due to 
NRFS.

	3.	 In cases of vaginal delivery, the indications were decided upon maternal and 
neonatal status after delivery.

11.4  �Case Report

11.4.1  �Case 1

The patient’s mother was a primipara, naturally conceived at 25 years of age. At 
38 weeks of gestation, cardiotocogram (CTG) revealed frequent severe late decel-
erations; thus, a diagnosis of fetal distress was made, and the mother was transferred 
to our hospital. The placenta was fundal, and a 7.6 × 3.9 cm area of high brightness 
presumably due to hematoma was observed between the placenta and the anterior 
uterine wall upon transabdominal ultrasound (Fig. 11.2). Baseline fetal heart rate 
was 170 bpm with reduced variability, and accelerations were absent. She under-
went emergency cesarean section under general anesthesia because placental abrup-
tion was suspected. A male neonate was born by cesarean section at 38 weeks of 
gestation, with a birth weight of 2436 g. After tracheal intubation, the baby was 
supported with manual ventilation by neonatologists at birth. The Apgar score was 
2 points at 1 min, 5 points at 5 min, and 8 points at 15 min. Thirty minutes after 
birth, the baby was admitted to the neonatal intensive care unit (NICU). The umbili-
cal arterial pH value at birth was 7.255. After delivery, retroplacental hematoma was 
diagnosed based on histopathological analysis (Fig. 11.3).

The baby was given a diagnosis of Sarnat II HIE. The Thompson HIE score was 
12 points (Tables 11.1 and 11.2), which resulted in a diagnosis of moderate 
HIE. UCB collection was performed promptly after placental delivery, and 77 mL 
of cord blood was successfully retrieved. Umbilical cord stem cell was centrifuged 
by SEPAX-2™. The setting of SEPAX-2™ was as follows:

•	 Centrifuge circuit: CS-430.1
•	 Centrifugal program: UCB-HES centrifugal program
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A total of 30 mL of CD34-positive cells was recovered after centrifugation which 
was divided into three packages and transfused to the babies once a day for 1 h dur-
ing 3 days. No adverse effects occurred during transfusion, and there were no bac-
teria isolated from any UCB samples.

Fig. 11.2  Fetal 
ultrasonography (case 1): 
A 7.6 × 3.9 cm area of 
high brightness 
presumably due to 
hematoma was observed 
between the placenta and 
the anterior uterine wall on 
transabdominal ultrasound

Fig. 11.3  Gross 
morphology of the placenta 
(case 1): Weight of 
placenta was 426 g. Large 
hematoma was shown on 
the margin of placenta
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11.4.1.1  �Evaluation of HIE

Biochemical analysis showed elevations of lactate, creatinine phosphate (CK), and 
CK-BB (Table 11.3). Brain ultrasound showed a resistance index (RI) in the anterior 
cerebral artery (ACA) of 0.67 (Fig.  11.4). Amplitude-integrated EEG (a-EEG) 
showed a moderate suppression-burst pattern.

11.4.1.2  �Clinical Course

Brain hypothermia therapy (BHT) was performed simultaneously under supportive 
mechanical ventilation with sedative agents (fentanyl citrate and midazolam).

The baby was extubated on his 4th day of birth, and oral feeding was started on 
the 5th day. On the 7th day, oxygen supplementation was stopped, and 30 days after 
birth, there were no significant findings on brain MRI (Fig. 11.5). But, neuron-specific 

Table 11.1  Sarnat stage of HIE (case 1): more severe encephalopathy—one or more signs in at 
least six categories [6]

Moderate Severe

Level of consciousness Lethargic Stupor or coma
Spontaneous activity Decreased activity No activity
Posture �Distal flexion, complete 

extension
Decerabrate

Tone Hypotonia (focal or general) Flaccid
Suck Week Absent
Moro Incomplete Absent
Pupils Constricted �Deviated, dilated or non reactive to 

light
Heart rate Bradycardia Variable
Respiration Periodic breathing Apnea

This case was given a diagnosis of moderate HIE

Table 11.2  Thompson HIE score (case 1) [14]: total Thompson HIE score was 12 points (moderate 
HIE)

1 2 3

Limb tone Generally hypertonic Generally hypotonic Flaccid
Level of 
consciousness

Hyper alert, hyper-
reactive or staring

Lethargic/obtunded �Comatose or 
stupor

Visible fits Infrequent <3/day frequent≧3/day
Posture Fisting and/or crying Strong distil flexion Decerebrate
Moro Partial Absent
Grasp Poor Absent
Suck Poor Absent and/or bites
Respiratory effort Hyperventilation Transient apnea Apnea
Fontanel Full Tense
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enolase (NSE) of cerebrospinal fluid was slightly elevated compared to the standard 
range (Table 11.3) (Fig. 11.6).

11.4.1.3  �Follow-Up

The neuromotor development of this baby is as follows:

Neck hold:	 4 months old
Crawling:	 6 months old
Sitting:	 9 months old
Walking:	 1 year old

Table 11.3  Laboratory data 
(case 1)

Blood gas analysis(umbilical cord)

pH 7.225
Blood gas analysis(venous blood)

pH 7.218
pCO2 48.6 mmol/L
pO2 49 mmol/L
BE −7.8 mmol/L
Lactate 7.7 mmol/L
Biochemical data

CRP 0.049
Total protein 8.8 g/dL
Alb 3.2 g/dL
AST 87 IU/L
ALT 12 IU/L
Creatinine kinase 771 IU/L
LDH 643 IU/L
Urinary acid 7.2 mg/dL
BUN 8 mg/dL
Na 140 mg/dL
K 5.4 mg/dL
Cl 101 mg/dL
RBC 478 × 104 /μ L
Hct 52.6 %
Hb 17.7 g/dL
WBC 16,800 /μ L
Platelet 19.4 × 104 /μ L
APTT 75.5 s
PT 22 s
PT activity 43 %
PT-INR 1.9
Peak value of clinical course

CK 2779 IU/L
CK-BB 71.5 IU/L
Lactate 49.3 mg/dL
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His total developmental quotient (DQ) by Kyoto Scale of Psychological 
Development 2001 at 18 months old was 88 points (posture-motor area, 102 points; 
cognition-adaptation, 85 points; and language society, 89 points). He is suspected of 
having attention-deficit/hyperactivity disorder (AD/HD).

Fig. 11.4  Brain ultrasonography (case 1): There were no findings of brain anomaly and intraven-
tricular hemorrhage (IVH). Resistance index (RI) of anterior cerebral artery (ACA) was 0.67. 
Amplitude-integrated EEG (a-EEG) showed moderate suppression-burst pattern

Fig. 11.5  Brain MRI before discharge (case 1). There were no abnormal findings on brain MRI
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11.4.2  �Case 2

The mother in this case was a unipara, naturally conceived at 28 years of age. At 
39 weeks of gestation, CTG revealed frequent severe late decelerations, and a diag-
nosis of fetal distress was made, resulting in the mother being transferred to our 
hospital. Despite attempted vaginal delivery, decreasement of the fetal head was 
difficult, and she underwent emergency cesarean section under general anesthesia. 
A male neonate was born by cesarean section at 39 weeks of gestation, with a birth 
weight of 4086 g. The baby was supported with continuous positive airway pressure 
(CPAP) by neonatologist at birth. After CPAP, the baby started crying and SpO2 
increased to over 80%. After stopping CPAP, SpO2 decreased to under 90%, and the 
baby was admitted to NICU. The Apgar score was 5 points at 1 min, 6 points at 
5 min, and 9 points at 10 min. Pedaling like seizure occurred 10 min after birth.

The umbilical arterial pH value at birth was 7.230. Thompson HIE score was 12 
points. The baby was given a diagnosis of moderate HIE. UCB collection was per-
formed promptly after placental delivery, and 113 mL of cord blood was success-
fully retrieved. Umbilical cord stem cell was centrifuged, and a total of 18 mL of 
CD34-positive cells was recovered which was divided into three packages and 
transfused to the babies once a day for 1 h over 3 days. There were no adverse 
effects during transfusion. No bacteria were isolated from any UCB sample.

11.4.2.1  �Evaluation of HIE

Biochemical analysis showed no elevation of CK-BB, and the resistance index (RI) 
of the anterior cerebral artery (ACA) was 0.667 by brain ultrasonography. 
Amplitude-integrated EEG showed a moderate suppression-burst pattern.
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Fig. 11.6  Clinical course of case 1

11  Clinical Procedure of Cell Therapy: Separation and Infusion



116

11.4.2.2  �Clinical Course

BHT was performed simultaneously under supportive mechanical ventilation with 
sedative agents. On his 30th day of birth, he was discharged from hospital without 
any apparent complications of UCB transfusion, and there were no remarkable find-
ings on brain MRI. However, neuron-specific enolase (NSE) of cerebrospinal fluid 
showed a slight elevation than the standard range. At the time of writing, he was 
3 months of age, and the neuromotor development of this baby has been within 
normal limits (eye tracking, 2 months old, and neck hold,4 months old).

11.4.3  �Case 3

The mother of case 3 was a primipara, artificially conceived at 31 years of age. At 
38 weeks of gestation, she was admitted to our hospital due to a diagnosis of prema-
ture rupture of membrane (PROM). Because non-reassuring fetal distress (NRFS) 
occurred during induction of labor, she underwent emergency cesarean section 
under general anesthesia. A male neonate was born by cesarean section at 38 weeks 
of gestation, with a birth weight of 2725 g. After tracheal intubation, the baby was 
supported with manual ventilation from 3 minute after birth, and the baby was 
admitted to the NICU. The Apgar scores were 2 points at 1 min, 7 points at 5 min, 
and 7 points at 10 min, and the umbilical arterial pH value at birth was 7.195. The 
baby was diagnosed with moderate HIE (Sarnat stage II and Thompson HIE score, 
12 points). UCB collection was performed promptly after placental delivery, and 
65 mL of cord blood was successfully retrieved. Following centrifuge separation, a 
total of 18 mL of CD34-positive cells was recovered which was divided into three 
packages and transfused to the babies for 3 days. No adverse effects are found dur-
ing transfusion. No bacteria were isolated from the UCB samples.

11.4.3.1  �Evaluation of HIE

Biochemical analysis showed no elevation of CK-BB, and resistance index (RI) of 
the anterior cerebral artery (ACA) was 0.81 by brain ultrasonography. Amplitude-
integrated EEG showed a moderate suppression-burst pattern.

11.4.3.2  �Clinical Course

BHT was performed simultaneously with CD34 positive cell transfusion. On his 
14th day of birth, he was discharged from hospital without any apparent complica-
tions of UCB transfusion. There were no remarkable findings on brain MRI. However, 
neuron-specific enolase (NSE) of cerebrospinal fluid was slightly elevated com-
pared to the standard range. At the time of writing, he was 2 months of age, and the 
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neuromotor development of this baby was within the normal range (eye tracking: 
2 months old).

A summary of the examination findings of all three cases is shown in Table 11.4.

11.5  �Conclusion

We have experienced three cases in which umbilical cord stem cell transplantation 
was performed in infants with HIE. This treatment was successful and safe in all 
three cases with no adverse effects. A randomized phase II study to provide further 
safety, feasibility, and efficacy information among a wider number of sites is 
warranted.
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Chapter 12
Cell Therapy for Adult Infarction

Yasushi Sato, Yukiko Kasahara, and Akihiko Taguchi

Abstract  It was believed that neurogenesis does not occur in the adult brain and 
stroke causes permanent neurological damage without a chance of functional recov-
ery. Recently, accumulating evidences suggest that neurogenesis occurs even in the 
adult brain and patients may have a chance for functional recovery after stroke. 
Although most stroke-induced neural stem cells cannot survive in the poststroke 
brain, we demonstrated that therapeutic angiogenesis after stroke, obtained by intra-
venous administration of hematopoietic stem cells, supports survival of stroke-
induced neural stem cells, followed by functional recovery, in an experimental 
stroke model. Based on these observations, we conducted a phase 1/2a clinical trial 
of bone marrow mononuclear cell transplantation in adult patients with cerebral 
ischemia.

This chapter summarizes the current findings observed in an experimental stroke 
model regarding cell therapy to enhance function recovery and introduces our clini-
cal trial using autologous bone marrow mononuclear cells for adult patients with 
cerebral infarction. We also refer to a future strategy of cell therapy that aims to 
support ideal regenerative process after stroke in the adult brain.

Keywords  Cerebral infarction · Neurogenesis · Angiogenesis · Cell therapy  
Regeneration medicine

12.1  �Introduction

Stroke is one of the leading causes of death worldwide and negatively affects the 
quality of life due to neurological dysfunction. More than 50% of stroke survivors 
are unable to completely recover, and 20% of patients with stroke require 
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assistance with their daily activities. A number of therapies have been attempted 
to improve stroke outcomes, but no treatment, besides thrombolytic therapy and 
thrombectomy in the hyperacute phase, has proven to be effective. However, 
thrombolytic therapy or thrombectomy must be administered within 4.5 or 8 h 
after stroke onset, respectively [1], and no treatment that improves stroke-induced 
brain damage exists beyond that period. Thus, novel therapies to regenerate neu-
ronal function and to extend the therapeutic time window after stroke are greatly 
required [2] (Fig. 12.1).

Recently, cell-based therapies to repair cerebral infarction in adults have been 
proposed, and their effectiveness has been shown in clinical trials. Since it was 
believed that the adult mammalian brain does not regenerate, neural stem cell trans-
plantation in patients with stroke was conducted, but it showed only mild or nonsig-
nificant therapeutic effects [3] and some adverse effects [4]. To develop a novel 
therapeutic strategy for stroke, we investigated the relationship between hematopoi-
etic stem cells and angiogenesis in the brain after stroke and found that angiogenesis 
is essential for the survival of the stroke-induced neural stem/progenitor cells that 
contribute to the neurological recovery in postischemic brains. Therefore, we 
focused on angiogenesis using bone marrow mononuclear cells. This chapter sum-
marizes the findings from basic research on angiogenesis and neurogenesis in post-
stroke mammalian brains and introduces phase 1/2a clinical trials that aim to 
enhance functional recovery in patients following a stroke using therapeutic bone 
marrow mononuclear cells.
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Prevention of 
Stroke
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Prevention of 
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Prevention of 
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Stroke
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Fig. 12.1  Expansion of the therapeutic time window by cell therapy (Quoted and modified from 
[2]). As the next strategy after prevention of stroke (a) and thrombolysis/thrombectomy (b), estab-
lishment of novel therapies that extend therapeutic time window is eagerly awaited (c)
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12.2  �Neurogenesis in the Adult Brain

It was believed that the neurons in the adult brain do not regenerate. Recently, it was 
recognized that neurogenesis continuously occurs in the adult brain. The neurogen-
esis in the brain mainly occurs in two regions under normal physiological condi-
tions, the subventricular zone (SVZ) of the lateral ventricles and the subgranular 
zone (SGZ) of the hippocampal dentate gyrus [5, 6], where unique niche architec-
tures permit continuous neurogenesis.

Moreover, it has been reported that neurogenesis occurs after stroke in the brain. 
Following an ischemic insult, the proliferation and/or dedifferentiation of endogenous 
neuronal stem cells is activated in various regions in the brain, including the SVZ, SGZ, 
striatum, and cerebral cortex [7], and these neuronal stem cells have been shown to 
migrate into the ischemic area, where neurogenesis does not occur under normal condi-
tions [8–10]. Similar to the findings shown in the murine stroke model, we reported the 
presence of neural stem/progenitor cells in patients with stroke and that the peak of 
endogenous neurogenesis is approximately 1–2 weeks after a stroke [11]. These find-
ings suggested the potential for a novel therapeutic strategy using stroke-induced neu-
ral stem/progenitor cells for neural function recovery in patients with stroke.

However, most of these stroke-induced neural stem/progenitor cells cannot sur-
vive, so they do not contribute to the functional recovery after stroke. Thus, appro-
priate support for the survival of these stroke-induced neural stem/progenitor cells 
is essential for functional recovery after cerebral ischemia.

12.3  �Relationship Between Angiogenesis and Neurogenesis

Angiogenesis in the brain after stroke had been investigated as an important event for 
the survival of stroke-induced neural stem/progenitor cells and functional recovery. 
Recently, some reports suggested the tight correlation between angiogenesis and neu-
rogenesis in adult songbirds [12] and in the premature mammalian brain [13]. Moreover, 
angiogenesis and neurogenesis are regulated by an overlapping set of molecules, such 
as sphingosine-1-phosphate, which plays a critical role in neurogenesis and angiogen-
esis during embryonic development [14]. These evidences indicate a close relationship 
between angiogenesis and neurogenesis in the brain. Therefore, we focused on thera-
peutic angiogenesis that could have an important role in the functional recovery of 
patients with stroke by enhancing neurogenesis in the poststroke brain [15] (Fig. 12.2).

12.4  �Cell-Based Therapy to Enhance Neurogenesis 
in the Ischemic Brain

As an attractive cell source for angiogenesis in the ischemic tissue, bone marrow-
derived mononuclear cells, a rich cell source of both hematopoietic stem cells and 
endothelial stem/progenitor cells, have been proposed. Previous reports suggested 
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that endothelial stem/progenitor cells are key factors for maintaining vascular 
homeostasis and repair. Endothelial stem/progenitor cells have been shown to con-
tribute to vascular homeostasis through differentiation into endothelial cells [16] 
and as a source of numerous growth and angiogenesis factors (e.g., vascular endo-
thelial growth factor (VEGF), hepatocyte growth factor (HGF), and insulin-like 
growth factor I (IGF- I)) [17]. Endothelial stem/progenitor cells present in the bone 
marrow are effective for reducing ischemic damage and enhancing functional recov-
ery in experimental models, including limb [18–21], myocardium [22–25], and 
cerebral ischemia [26, 27] models. Moreover, we observed that decreased levels of 
circulating immature bone marrow-derived cells in the peripheral blood are associ-
ated with impaired cerebrovascular function [27] and reduced cognitive function 
[28, 29]. On the other hand, high levels of bone marrow-derived immature cells are 
associated with neovascularization of the ischemic brain [30].

Based on these observations, a new strategy for enhancing neuronal regeneration 
in the brain after cerebral ischemia has been proposed. In a preclinical trial, we 
investigated the effect of administrating bone marrow-derived stem/progenitor cells 
for stroke using a highly reproducible murine model [31]. We evaluated the appro-
priate cell numbers and therapeutic time window for transplantation of bone 
marrow-derived mononuclear cells for patients with stroke. The results of this study 
indicated that the required minimum number of bone marrow-derived mononuclear 
cells was 1 × 106/kg of body weight and the therapeutic time window of cell therapy 
was between day 2 and day 14 after stroke [32]. This therapeutic time window was 

a

b

Fig. 12.2  Therapeutic angiogenesis enhances endogenous neurogenesis after stroke (Quoted and 
modified from [15]). Most of the stroke-induced neural stem cell cannot survive because of the 
unfavorable environments (a). Hematopoietic stem cell transplantation activates angiogenesis at 
the ischemia site and provides vascular niche for the survival of neural stem cells, followed by 
enhanced neurogenesis and functional recovery after stroke (b)
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conformed to be the peak of endogenous neurogenesis after stroke [11]. These 
findings suggest that therapeutic strategy focused on angiogenesis using bone mar-
row mononuclear cells could become a novel cell therapy method for patients after 
stroke.

12.5  �Phase 1/2a Clinical Trials Using Bone Marrow 
Mononuclear Cells in Patients After Stroke

Based on the findings of the preclinical trial, we conducted a clinical trial to enhance 
neurogenesis and functional recovery through activating angiogenesis using autolo-
gous bone marrow mononuclear cells for patients in the acute/subacute stroke stage. 
Our trial was an unblinded, uncontrolled phase 1/2a clinical trial. This clinical pro-
tocol was approved by the Ministry of Health, Labour and Welfare and the institu-
tional review board of the National Cerebral and Cardiovascular Center 
(ClinicalTrials.gov Identifier: NCT01028794). The outline of this protocol is shown 
in Fig. 12.3. The aim of this clinical trial was to assess the feasibility, safety, and 
efficacy of intravenous transplantation of autologous bone marrow mononuclear 
cells into patients with stroke. Major inclusion criteria were patients with cerebral 
embolism, age 20–75  years, National Institute of Health Stroke Scale (NIHSS) 
score higher than 9 on day 7 after stroke, and NIHSS score displaying improvement 
of less than 6 points in the first 7 days after onset. On days 7–10 after stroke, patients 
had 25 mL (low-dose group, N = 6) or 50 mL (high-dose group, N = 6) of bone mar-
row cell aspiration from the posterior iliac bone under local anesthesia. Autologous 
bone marrow-derived mononuclear cells were purified by the density gradient 
method and administered intravenously on the same day as the aspiration. Primary 
outcome measures were worsening NIHSS score (primary safety outcome measure) 
and change in the NIHSS score evaluated on day 7 after onset of stroke and day 30 
after cell transplantation (primary efficacy outcome measure). Secondary outcome 
measures were death at the time of discharge from the hospital (secondary safety 
outcome measure) and NIHSS score, modified Rankin scale (mRS) score, ratio of 
favorable outcome (defined as mRS ≤ 3), and Barthel Index score at days 30, 90, 
and 120 after cell transplantation (secondary efficacy outcome measures). We also 
evaluated the changes in the regional cerebral blood (rCBF) and regional cerebral 
metabolic rate of oxygen consumption (rCMRO2) using steady-state 15O positron 
emission tomography (PET) at 1 and 6 months after cell transplantation.

The results of this study showed that the transplantation of autologous bone mar-
row mononuclear cells in patients with severe stroke was feasible and safe. No side 
effects or safety problem was observed. Comparing the two doses (25 and 50 mL) 
of bone marrow mononuclear cells, the higher-dose treatment showed a positive 
trend compared with the lower-dose treatment (Fig. 12.4). Moreover, comparison to 
the historical control group also indicated significant better result in NIHSS by 
autologous bone marrow cell transplantation (Fig.  12.5). Most of the patients 
showed significantly improved function at 6  months after cell transplantation. 
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Outline of clinical trial design (Phase 1/2a)

Major entry criteria

•  Embolic stroke

•  20 to 75 years old

•  The cell injection is possible within 10 days after the onset.

•  NIHSS score ≥10 at day 7 after stroke.

•  The improvement of ≤5 in first 7 days.

Informed Consent

Enrollment

12  (Low dose: 6, High dose: 6)

Bone marrow aspiration

25ml (Low dose)

50ml (High dose)

Isolation of bone marrow mononuclear cells

Intravenous injection of bone marrow 

( mononuclear cells )

Follow up for 6 month  

Fig. 12.3  Outline of clinical trial design (Quoted and modified from [33]). Our clinical trial was 
unblinded, uncontrolled phase 1/2a clinical trial. On 7–10 days after stroke, autologous bone mar-
row is aspirated. Isolation of bone marrow mononuclear cells and transplantation of bone marrow 
mononuclear cells are performed on the same day as the bone marrow aspiration

Y. Sato et al.



125

Furthermore, analysis of the cerebral blood flow and metabolism in patients after 
cell transplantation showed a trend favoring an increase in the rCBF and rCMRO2 
in both diseased and contralateral hemispheres at 6 months after cell transplantation, 
compared with 1 month. This clinical trial indicated that the autologous bone mar-
row mononuclear cell transplantation in patients with severe embolic stroke was 
feasible and safe. Furthermore, the positive trends showing effective neurologic 
recovery in a dose-dependent manner and improvement in cerebral blood flow and 
oxygen metabolism in poststroke patients after cell therapy emphasized the poten-
tial of this approach [33].
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Fig. 12.4  Comparison of neurological outcomes between lower- and higher-dose group (Quoted 
and modified from [33]). Although there is no statistically significant difference in the improve-
ment of NIHSS score (a), Barthel Index (b), mRS score (c), and ratio of favorable outcome (d) 
between groups, a clear trend toward improvement is observed in the higher-dose group in each 
case, compared with the lower-dose group
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12.6  �Regeneration Process and Other Cell Therapies  
After Stroke

We demonstrated that the transplantation of bone marrow-derived mononuclear 
cells in the subacute phase of stroke is effective for functional recovery in animal 
model and is feasible and safe in clinical trial [33]. These findings suggested that 
angiogenesis by bone marrow-derived stem/progenitor cells promoted neural and 
functional recovery in patients with stroke. We are planning the next phase of clini-
cal trials to clearly prove the effect of this cell therapy.

In order to develop an effective stroke therapy, it is important to elucidate the 
regeneration process after stroke and optimize treatment methods. The regeneration 
process of wound healing is divided into the inflammatory phase of a few days after 
a failure (inflammatory phase) and subsequent growth phase for a few weeks (prolif-
erative phase), followed by about 1  year of repair period (remodeling phase) 
(Fig. 12.6a), and it is known that optimization of each phase is important in wound 
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Neural
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Fig. 12.6  Cell therapies and its targets (Quoted and modified from [15]). Although the regenera-
tive processes are similar between skin injury (a) and stroke (b), the level of proliferative and 
remodeling phase is likely to be insufficient after stroke resulting in an incomplete functional 
recovery. Combination of each cell therapy and appropriate target has the potential to improve the 
regenerative process after stroke (c)
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healing [34]. Similar to the regeneration process of wound healing, the regeneration 
process after stroke also consists of three phases, the acute phase of a few days 
immediately after stroke (inflammatory phase), the subacute phase after 2 weeks of 
stroke onset (growth phase), and the subsequent chronic phase (repair phase) 
(Fig.12.6b). Although we considered that the activation of angiogenesis in the growth 
phase is the most effective target for stroke therapy, other phases could also be tar-
geted by regenerative medicine after stroke (Fig.  12.6c). The cell therapy in the 
inflammatory phase may be the target for the suppression of inflammation, i.e., using 
mesenchymal stem cells. Transplantation of allogeneic bone marrow-derived mesen-
chymal stem cells in the acute phase of stroke was performed in a clinical trial with 
a positive effect [35]. The importance of inhibition of excessive inflammatory 
responses in the acute stage of cerebral infarction has been suggested. In the remod-
eling phase of stroke, regeneration of neurons using neural stem cells has been con-
sidered. Some clinical trials for neural regeneration have been conducted, including 
transplantation of allogeneic teratocarcinoma-derived neuronal cells [3], fetal por-
cine-derived neural stem cells [4], human fetal neural stem cells [36], allogeneic 
mesenchymal-derived stem cells [35], and autologous mesenchymal stem cells [37]. 
Furthermore, recently, neural stem/progenitor cells derived from iPS cells have pro-
gressed basic research studies [38]. Based on these, neural stem cell transplantation 
may become the new cell therapy option in the remodeling phase of stroke.

In contrast, cell therapies that did not adhere to the appropriate time point did not 
show neural function recovery [32]. The optimal treatment in each phase would 
have maximum effect of functional recovery after stroke, and a combination of cell 
therapies in different phases can be one of the approaches for the best recovery of 
the adult brain from stroke in the future.

12.7  �Conclusion

The findings obtained from basic research indicated that therapeutic angiogenesis 
by hematopoietic stem cell transplantation improves stroke outcomes through 
enhancing endogenous neurogenesis after stroke. The result obtained from clinical 
trial indicated that autologous bone marrow cell transplantation is safe and improves 
stroke outcomes. To further develop a more effective regenerative therapy for the 
adult brain, elucidation of the regeneration process and optimization of treatment 
for each phase after stroke are required.

References

	 1.	Xu ZP, Li HH, Li YH, Zhang Y, Wu Q, Lin L. Feasibility and outcomes of intravenous throm-
bolysis 3–4.5 hours after stroke in Chinese patients. J Clin Neurosci. 2014;21:822–6.

	 2.	Kasahara Y, Matsuyama T, Taguchi A.  Treatment of autologous bone marrow mononu-
clear cells for acute and subacute stroke. In: Hess DC, editor. Cell therapy for brain injury. 
Switzerland: Springer; 2015. p. 37–46.

Y. Sato et al.



129

	 3.	Kondziolka D, Wechsler L, Goldstein S, Meltzer C, Thulborn KR, Gebel J, et al. Transplantation 
of cultured human neuronal cells for patients with stroke. Neurology. 2000;55:565–9.

	 4.	Savitz SI, Dinsmore J, Wu J, Henderson GV, Stieg P, Caplan LR. Neurotransplantation of fetal 
porcine cells in patients with basal ganglia infarcts: a preliminary safety and feasibility study. 
Cerebrovasc Dis. 2005;20:101–7.

	 5.	Lledo PM, Alonso M, Grubb MS. Adult neurogenesis and functional plasticity in neuronal 
circuits. Nat Rev Neurosci. 2006;7:179–93.

	 6.	Ma DK, Bonaguidi MA, Ming GL, Song H. Adult neural stem cells in the mammalian central 
nervous system. Cell Res. 2009;19:672–82.

	 7.	Darsalia V, Heldmann U, Lindvall O, Kokaia Z. Stroke-induced neurogenesis in aged brain. 
Stroke. 2005;36:1790–5.

	 8.	Arvidsson A, Collin T, Kirik D, Kokaia Z, Lindvall O. Neuronal replacement from endogenous 
precursors in the adult brain after stroke. Nat Med. 2002;8:963–70.

	 9.	Parent JM, Vexler ZS, Gong C, Derugin N, Ferriero DM. Rat forebrain neurogenesis and stria-
tal neuron replacement after focal stroke. Ann Neurol. 2002;52:802–13.

	10.	Zhang R, Zhang Z, Wang L, Wang Y, Gousev A, Zhang L, et al. Activated neural stem cells 
contribute to stroke-induced neurogenesis and neuroblast migration toward the infarct bound-
ary in adult rats. J Cereb Blood Flow Metab. 2004;24:441–8.

	11.	Nakayama D, Matsuyama T, Ishibashi-Ueda H, Nakagomi T, Kasahara Y, Hirose H, et  al. 
Injury-induced neural stem/progenitor cells in post-stroke human cerebral cortex. Eur J 
Neurosci. 2010;31:90–8.

	12.	Louissaint A Jr, Rao S, Leventhal C, Goldman SA. Coordinated interaction of neurogenesis 
and angiogenesis in the adult songbird brain. Neuron. 2002;34:945–60.

	13.	Shin HY, Kim JH, Phi JH, Park CK, Kim JE, Kim JH, et al. Endogenous neurogenesis and 
neovascularization in the neocortex of the rat after focal cerebral ischemia. J Neurosci Res. 
2008;86:356–67.

	14.	Mizugishi K, Yamashita T, Olivera A, Miller GF, Spiegel S, Proia RL. Essential role for sphin-
gosine kinases in neural and vascular development. Mol Cell Biol. 2005;25:11113–21.

	15.	Taguchi A. Cell-based therapy for stroke patients. No Sinkei Geka. 2015;43:1071–9.
	16.	Asahara T, Murohara T, Sullivan A, Silver M, van der Zee R, Li T, et al. Isolation of putative 

progenitor endothelial cells for angiogenesis. Science. 1997;275:964–7.
	17.	Majka M, Janowska-Wieczorek A, Ratajczak J, Ehrenman K, Pietrzkowski Z, Kowalska MA, 

et al. Numerous growth factors, cytokines, and chemokines are secreted by human CD34(+) 
cells, myeloblasts, erythroblasts, and megakaryoblasts and regulate normal hematopoiesis in 
an autocrine/paracrine manner. Blood. 2001;97:3075–85.

	18.	Duong Van Huyen JP, Smadja DM, Bruneval P, Gaussem P, Dal-Cortivo L, Julia P, et al. Bone 
marrow-derived mononuclear cell therapy induces distal angiogenesis after local injection in 
critical leg ischemia. Mod Pathol. 2008;21:837–46.

	19.	Tachi Y, Fukui D, Wada Y, Koshikawa M, Shimodaira S, Ikeda U, et  al. Changes in 
angiogenesis-related factors in serum following autologous bone marrow cell implantation 
for severe limb ischemia. Expert Opin Biol Ther. 2008;8:705–12.

	20.	Talapkova R, Hudecek J, Sinak I, Kubisz P, Laca L, Hlinka L, et al. The salvage of ischaemic 
limb by therapeutical angiogenesis. Vnitr Lek. 2009;55:179–83.

	21.	Padilla L, Krotzsch E, De La Garza AS, Figueroa S, Rodriguez-Trejo J, Avila G, et al. Bone 
marrow mononuclear cells stimulate angiogenesis when transplanted into surgically induced 
fibrocollagenous tunnels: results from a canine ischemic hindlimb model. Microsurgery. 
2007;27:91–7.

	22.	Tatsumi T, Matsubara H. Therapeutic angiogenesis for peripheral arterial disease and ischemic 
heart disease by autologous bone marrow cells implantation. Nippon Rinsho. 2006;64:2126–34.

	23.	Tse HF, Siu CW, Zhu SG, Songyan L, Zhang QY, Lai WH, et al. Paracrine effects of direct 
intramyocardial implantation of bone marrow derived cells to enhance neovascularization in 
chronic ischaemic myocardium. Eur J Heart Fail. 2007;9:747–53.

	24.	Yokokura Y, Hayashida N, Okazaki T, Nakamura E, Tayama E, Akashi H, et al. Influence of 
angiogenesis by implantation of bone marrow mononuclear cells in the rat ischemic heart. 
Kurume Med J. 2007;54:77–84.

12  Cell Therapy for Adult Infarction



130

	25.	Zen K, Okigaki M, Hosokawa Y, Adachi Y, Nozawa Y, Takamiya M, et al. Myocardium-targeted 
delivery of endothelial progenitor cells by ultrasound-mediated microbubble destruction 
improves cardiac function via an angiogenic response. J Mol Cell Cardiol. 2006;40:799–809.

	26.	Fan Y, Shen F, Frenzel T, Zhu W, Ye J, Liu J, et al. Endothelial progenitor cell transplantation 
improves long-term stroke outcome in mice. Ann Neurol. 2010;67:488–97.

	27.	Taguchi A, Matsuyama T, Moriwaki H, Hayashi T, Hayashida K, Nagatsuka K, et  al. 
Circulating CD34-positive cells provide an index of cerebrovascular function. Circulation. 
2004;109:2972–5.

	28.	Taguchi A, Matsuyama T, Nakagomi T, Shimizu Y, Fukunaga R, Tatsumi Y, et al. Circulating 
CD34-positive cells provide a marker of vascular risk associated with cognitive impairment. J 
Cereb Blood Flow Metab. 2008;28:445–9.

	29.	Taguchi A, Nakagomi N, Matsuyama T, Kikuchi-Taura A, Yoshikawa H, Kasahara Y, et al. 
Circulating CD34-positive cells have prognostic value for neurologic function in patients with 
past cerebral infarction. J Cereb Blood Flow Metab. 2009;29:34–8.

	30.	Yoshihara T, Taguchi A, Matsuyama T, Shimizu Y, Kikuchi-Taura A, Soma T, et al. Increase 
in circulating CD34-positive cells in patients with angiographic evidence of moyamoya-like 
vessels. J Cereb Blood Flow Metab. 2008;28:1086–9.

	31.	Taguchi A, Kasahara Y, Nakagomi T, Stern DM, Fukunaga M, Ishikawa M, et al. A reproduc-
ible and simple model of permanent cerebral ischemia in CB-17 and SCID mice. J Exp Stroke 
Transl Med. 2010;3:28–33.

	32.	Uemura M, Kasahara Y, Nagatsuka K, Taguchi A. Cell-based therapy to promote angiogenesis 
in the brain following ischemic damage. Curr Vasc Pharmacol. 2012;10:285–8.

	33.	Taguchi A, Sakai C, Soma T, Kasahara Y, Stern DM, Kajimoto K, et al. Intravenous autologous 
bone marrow mononuclear cell transplantation for stroke: Phase1/2a clinical trial in a homoge-
neous group of stroke patients. Stem Cells Dev. 2015;24:2207–18.

	34.	Reinke JM, Sorg H. Wound repair and regeneration. Eur Surg Res. 2012;49:35–43.
	35.	Hess DC, Hill WD, Martin-Studdard A, Carroll J, Brailer J, Carothers J. Bone marrow as a 

source of endothelial cells and NeuN-expressing cells after stroke. Stroke. 2002;33:1362–8.
	36.	Hassani Z, O’Reilly J, Pearse Y, Stroemer P, Tang E, Sinden J, et al. Human neural progenitor 

cell engraftment increases neurogenesis and microglial recruitment in the brain of rats with 
stroke. PLoS One. 2012;7:e50444.

	37.	Honmou O, Houkin K, Matsunaga T, Niitsu Y, Ishiai S, Onodera R, et al. Intravenous admin-
istration of auto serum-expanded autologous mesenchymal stem cells in stroke. Brain. 
2011;134:1790–807.

	38.	Oki K, Tatarishvili J, Wood J, Koch P, Wattananit S, Mine Y, et al. Human-induced pluripotent 
stem cells form functional neurons and improve recovery after grafting in stroke-damaged 
brain. Stem Cells. 2012;30:1120–33.

Y. Sato et al.



131© Springer Nature Singapore Pte Ltd. 2018 
H. Shintaku et al. (eds.), Cell Therapy for Perinatal Brain Injury, 
https://doi.org/10.1007/978-981-10-1412-3_13

Chapter 13
Clinical Trials on Cell Therapy for Perinatal 
Brain Injury: Challenges and Opportunities

Noriko Takahashi and Rintaro Mori

Abstract  We performed a review of the literature and identified 9 published studies 
that conducted clinical trials to identify the safety, feasibility, and efficacy of cell 
therapy and 16 ongoing clinical trials. Most studies showed an improvement of 
motor function compared to the control groups, and the improvement appeared in 
the relatively early stage after transplantation. However, the mechanism by which 
stem cells help to recover neurological cells remains unclear. Many of the studies or 
trials were in phase 1 or phase 2; thus, it is too early to conclude the effectiveness of 
cell therapy. Therefore, further clinical trials at an advanced stage and experimental 
research using animal models are needed to elucidate the mechanism and efficacy. 
Conversely, the pharmaceutical agencies that review new drugs and medical devices 
have installed various systems and policies to accelerate the development of new 
drugs. For instance, the Pharmaceuticals and Medical Devices Agency (PMDA) has 
established a special department for cellular and tissue-based products; further-
more, the PMDA has launched a conditional time-limited marketing authorization 
system. This system makes it possible to rapidly provide new drugs to patients. In 
addition, the PMDA has installed an accelerated assessment system to facilitate the 
development of drugs for diseases without route-based treatment.

Keywords  Clinical trial ∙ Review ∙ PMDA

13.1  �Clinical Trials with Cell Therapy for Pediatric Brain Injury

13.1.1  �Current Trials for Children

Although many clinical trials to investigate the efficacy and feasibility of the cell 
therapy against pediatric brain injury have been registered, the number of published 
research is low [1–16]. As a result of an electronic database search using the retrieve 
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Table 13.1  Published studies using cell therapy

Author Study title Year Results

1 Hassan et al. 
[22]

Stem cell transplantation in 
Egyptian patients with 
cerebral palsy

2012 Highly significant improvement on 
motor, independence, and 
communication skills

2 Luan et al. 
[20]

Effects of neural progenitor 
cell transplantation in 
children with severe cerebral 
palsy

2012 Significant improvement of motor 
function 1 month after transplantation. 
Greater improvement was observed in 
all tests

3 Chen et al. 
[17]

Neural stem cell-like cells 
derived from autologous 
bone mesenchymal stem 
cells for the treatment of 
patients with cerebral palsy

2013 Optimal improvement of motor 
function 3 months after 
transplantation. No improvement on 
language function

4 Luan et al. 
[21]

Neural stem/progenitor cell 
transplantation for cortical 
visual impairment in neonatal 
brain-injured patients

2013 Effective for treating children with 
severe visual impairment; however, in 
some cases, the effectiveness was low

5 Min et al. 
[24]

Umbilical cord blood therapy 
potentiated with 
erythropoietin for children 
with cerebral palsy: A 
double-blind, randomized, 
placebo-controlled trial

2013 Significantly higher scores on the 
GMPM and BSID-II mental and 
motor scales at 6 months. Structural 
and metabolic changes in the brain 
were observed

6 Wang et al. 
[25]

Effects of bone marrow 
mesenchymal stromal cells 
on gross motor function 
measure scores of children 
with cerebral palsy

2013 Total score improved at 1, 6, and 
18 months after transplantation 
compared to the baseline score. The 
fastest motor function recovery 
occurred within 3–6 months but 
gradually slowed

7 Cotton et al. 
[18]

Feasibility of autologous 
cord blood cells for infants 
with hypoxic-ischemic 
encephalopathy

2014 Mortality was not statistically 
significant. Regarding vital signs, cell 
recipients, and concurrent cooled 
infants had similar hospital outcomes. 
Thirteen of 18 (74%) cell recipients 
and 19 of 46 (41%) concurrent cooled 
infants with known 1-year outcomes 
survived with Bayley scores ≥85

8 Mancias-
Guerra et al. 
[23]

Safety and tolerability of 
intrathecal delivery of 
autologous bone marrow 
nucleated cells in children 
with CP: open-labeled phase 
1 trial

2014 Bone marrow stimulation and 
harvesting were observed. However, 
no change was found in MRI

9 Kang et al. 
[19]

Involvement of immune 
responses in the efficacy of 
cord blood cell therapy for 
CP

2015 Greater improvement on muscle 
strength and motor outcomes. Induced 
systemic immune reactions and 
anti-inflammatory changes were 
observed
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style, the nine articles shown in Table 13.1 were identified [17–25]. Of these, the 
clinical target of eight studies was pediatric cerebral palsy (CP) in infants, and the 
remaining study was on hypoxic-ischemic encephalopathy (HIE) in neonates 
[17–25]. The age of the subjects varied widely, from 1 month to 20 years of age, 
although all the trials targeted pediatric patients [17–25].

The stem cells used for the trials were derived from the bone marrow or umbili-
cal cord blood (UCB). In the studies, bone marrow-derived stem cells were fre-
quently used for cell therapy; however, current research using stem cells derived 
from UCB is being performed in the ongoing trials shown in Table 13.2 [1–16]. 
Improvements were observed in all studies, and the most remarkable improvement 
occurred in motor and visual functions [17, 19–22, 24, 25]. Some studies showed an 
improvement in the motor function early after stem cell transplantation [17, 25]. 
Furthermore, an improvement appeared as early as 1 month after transplantation in 
one study [20]. Conversely, some studies have reported that a significant improve-
ment was not observed in the mortality or language ability [17]. Only two studies 
were double-blinded, and one study was open-labeled observer-blinded [17, 19, 
24]. The remaining studies were non-blinded.

13.1.2  �Ongoing Research

A number of clinical trials have been conducted worldwide, and we identified 16 
ongoing clinical trials using cell therapy in neonates or infants with various types of 
brain diseases [1–16]. Among these cases, only one phase 3 trial is currently being 
conducted [1], while the other ones are still in phase 1 or phase 2 [2–7, 9–16]. 
Although most previously published studies targeted infants older than 1 years of 
age, six of the ongoing trials target neonates [3, 5, 13–16]. Of these, the age target 
of four trials is within 24 h [3, 14–16], with the two remaining studies within 14 days 
after birth [5, 13]. The ongoing trials are being conducted in the USA and Asian 
countries; seven trials have been carried out in the USA [2–6, 11, 12], and the other 
studies have been carried out in the Republic of Korea, China, Japan, and Singapore 
[1, 7–10, 13–16]. No ongoing trial has been carried out in European countries. No 
results are available thus far; however, further results that promote cell therapy for 
pediatric brain injury are anticipated in the near future. As mentioned in 13-1-1, 
UCB infusion is becoming the major treatment for cell therapy in neonates or 
infants in the ongoing clinical trials. Furthermore, most trials have adopted autolo-
gous stem cells that have a lower rejection response, suggesting that additional 
research using autologous UCB may be actively conducted in the future.

13.1.3  �Challenge of Future Studies

Although a number of published studies and ongoing clinical trials have been regis-
tered, the sample size was small. The number of subjects in the intervention groups 
varied from 17 to 46, and the control groups had similar numbers of subjects 
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[17–25]. The follow-up period, moreover, was relatively short, and most studies 
followed the patients for 6 months to 1 year after finishing their treatment [17–20, 
22–24]. Thus, the follow-up period was fewer than 2 years. In some cases, it was 
difficult to follow the patients because the patients lived thousands of miles away 
from the hospital where they received the treatment [18]. Accordingly, it is difficult 
to comprehensively judge whether cell therapy is efficient for infants or neonates 
with brain injury at this stage.

Because most studies remain in phase 1 or phase 2, the sample size might be 
small, and the follow-up periods might be relatively short. However, it is necessary 
for future clinical trials to include larger sample sizes and longer follow-up periods 
to precisely assess the efficacy and long-term effect of cell therapy. Many of the 
current clinical trials have been open-label because of their phase, although the 
implementation of more double-blinded clinical trials to determine the effectiveness 
of treatment is greatly needed.

Some animal research has also stated that treatment using UCB is beneficial for 
rodents with acute neonatal hypoxic-ischemic encephalopathy; however, the mech-
anism by which stem cells improve neurologic impairment remains unclear [26–
28]. As with clinical trials, further experimental research using animal models is 
needed to elucidate the mechanism.

Bone marrow- or UCB-derived stem cells have been used as treatment in the pre-
vious studies and/or ongoing clinical trials. The types of stem cell differed in each 
study; for instance, Mancias-Guerra et al. used bone marrow-derived total nucleated 
cells. Conversely, Chen et al. used bone marrow-derived neural stem cell-like cells 
[17]. The timing of stem cell infusion or the amount of stem cells also differed in 
each study. In future studies, it is essential to verify the optimal combination of cell 
therapy and timing of infusing cells. Additionally, it is necessary to consider whether 
single or multiple transplantation is sufficient to recover neurological cells.

Regarding the outcome measurement, various scales to measure the motor func-
tion are used; however, more advanced and specific methods are needed to detect 
structural or functional changes.

13.2  �Overview of the Review for Drugs and Medical Devices

13.2.1  �Regulatory Authorities

In Japan, the Ministry of Health, Labour and Welfare (MHLW) and Pharmaceuticals 
and Medical Devices Agency (PMDA) are involved in reviewing drugs, medical 
devices, and cellular and tissue-based products (CTPs) [29, 30]. While the MHLW is 
concerned with legal issues, such as the establishment or revision of law regarding 
medical products, the PMDA reviews and approves new drugs, medical devices, and 
CTPs. Moreover, the PMDA leads the establishment of pharmaceutical regulations 
worldwide, alongside the US Food and Drug Administration (FDA) and European 
Medical Agency (EMA) [31, 32]. The guidelines regarding the development of 
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medical products among the USA, European Union (EU), and Japan are determined 
in the International Conference on Harmonization of Technical Requirements for 
Registration of Pharmaceuticals for Human Use (ICH) [33]. The development of 
medical products in each country is controlled according to these guidelines.

13.2.2  �Approach of the PMDA to Accelerate the Development 
of Cellular and Tissue-Based Products

13.2.2.1  �Establishment of a New Framework

CTPs are made from human cells, implying that they may vary among different 
individuals. Hence, the quality of CTPs is likely to be inhomogeneous, and approv-
als for CTPs require more time than those for drugs or medical devices [29, 30]. 
Furthermore, a specialized department for CTPs was not established by the PMDA; 
thus it currently takes a substantial amount of time to provide CTPs to patients. The 
MHLW and PMDA, however, have embarked to take measures to solve the above 
situation. Only two frameworks of the medical products previously existed: drugs 
and medical devices. For this reason, CTPs were reviewed under medical devices. 
The PMDA recently established a specialized department for CTPs in order to be 
able to rapidly provide CTPs to patients.

13.2.2.2  �The Revision of Laws and Installation of the  
New Approval System

It is time-consuming to develop a new drug because there are several steps before 
regulatory submission. Drug manufacturers generally spend 2–3  years on basic 
research and 3–5 years on non-clinical testing, as shown in Fig. 13.1. They also 
spend an additional 3–7 years on clinical trials. The regulatory authority of each 
country has attempted to shorten the review period in order to provide innovative 
drugs to patients as rapidly as possible.

The MHLW has officially announced two revised laws to promote CTPs and 
rapidly provide drugs and medical devices to patients. The first law is the Act on the 
Safety of Regenerative Medicine [29]. This law allows medical institutions to out-
source cell cultures and processing cells, thus being able to rapidly provide CTPs to 
patients. The second law is the Revised Japanese Pharmaceutical Law [29]. This 
conditional time-limited marketing authorization system was implemented to intro-
duce newly developed medical products on the market early (Fig. 13.2). The drug 
manufacturers were previously mandated to complete phase 3 clinical trials and 
gain all relevant data prior to regulatory submission. However, in the newly revised 
system, given that efficacy and safety of the medical products are demonstrated in 
phase 2 trials, the drug manufacturers can apply for regulatory submission, even 
without the completion of phase 3 trials. Conditional time-limited marketing 
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• Exploration and synthesis of new substances that can lead to new therapies
• Selection of potential targets for further experimentsBasic Research

(2-3 years)

Non Clinical Test
(3-5 years)

Clinical Research
(Clinical Trial)

(3-7 years)

• Check the efficacy or safety of potential targets through animal research (drug efficacy,
  pharmacokinetics (drug absorption, distribution, metabolism and excretion), toxicit testing,
  drug safety)

• phase 1 : Check the pharmacokinetics and safety in heathy adults
• phase 2 : Check the efficacy, safety, usege and in a small number of patients
  (exploratory trial)

• phase 3 : Confirm the efficacy and safety in a large number of patients (confirmatory trial)

Fig. 13.1  Steps for drug development. This figure demonstrates the flow of drug development 
from the initial stage to clinical trials of drug development. The figure shows the content of each 
stage and approximate duration for each stage

Conventional flow of drug/medical device approval

Flow of drug/medical device approval after law amendment

Clinical
Research

Reapply
within the
specified

time frame

Approval or
Rejection of
Conditional
Approval

Market

Clinical
Trial

Conditional
Approval

Market
with

Conditions

Clinical
Research

Clinical
Trial Approval Market

Fig. 13.2  Flow of drug and medical device review. This figure demonstrates the flow of the con-
ventional and newly installed approved systems for the development of new drugs and medical 
devices
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authorization will be given to the medical products that pass through the review, and 
the products can appear on the market with conditions. The drug manufacturers, 
however, must complete the phase 3 trials and obtain necessary data to reapply 
within a specified period. The products that are resubmitted within the appointed 
period are reviewed again, and it is determined whether the products are suitable to 
be given to patients. When the medical products passed the reviews, the drug manu-
facturers can continue to provide them to patients.

The MHLW has also instructed the drug manufacturers, clinical practice, and the 
PMDA to take considerable safety measures when introducing the conditional 
approval system. For clinical practice, clinicians must attempt to provide appropri-
ate explanations to patients and obtain their informed consent. For the drug manu-
facturers, they have to keep records for post-marketing safety measures. For the 
PMDA, when patients suffer from health hazards due to the use of CTPs, they have 
to be rescued by the Relief Services for Adverse Health Effects.

13.2.2.3  �Installation of the Accelerated Assessment System

The PMDA has introduced an accelerated assessment system and divided medical prod-
ucts into two priorities: priority review products and ordinary review products [30].

To apply for the accelerated assessment system, the medical products must fulfill 
the following items:

	1.	 The medical products must exhibit new action mechanisms.
	2.	 The medical products must be used for diseases that can seriously damage 

human life or diseases without route-based treatments.
	3.	 The medical products must exhibit a high efficacy against the diseases as com-

pared to existing drugs, or there are no current drugs for the diseases.
	4.	 The medical products must initially be developed in Japan and be applied first in 

Japan.

Once the medical products are designated as priority products, specific reviewers 
from the PMDA are selected. The reviewers work closely with relevant departments 
of the MHLW and control the process of the development of the medical products, 
which makes it possible to develop medical products rapidly.

13.2.3  �The Trend of Foreign Countries Regarding Cellular 
and Tissue-Based Products

13.2.3.1  �Handling of Cellular and Tissue-Based Products

Handling of CTPs differs by countries. For instance, Japan has set up the depart-
ment of CTPs for regulatory submission, and all products related to CTPs are 
reviewed by this department. However, when CTPs are used for clinical studies, 
regulatory submission is not necessary.
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Conversely, the US FDA announced the human cell, tissue, and cellular and 
tissue-based product under Section 351 or 361 that mentioned handling of CTPs 
[31]. According to the 351 HCT/P, CTPs are divided into the following two frame-
works according to the primary mode of action: biologics or medical devices 
(Table 13.3). When using the biochemical, immunological, or metabolic function of 
cells or tissues, the products are sorted as biologics and must be applied to the FDA 
as biologics. When the physical or structural function is used for the products, they 
are regulated as medical devices. In the USA, all studies or trials that use CTPs are 
regulated by the same rule; thus all facilities that use CTPs require registration, suit-
able donor selection, and quality control [31].

In EU countries, gene therapy and cell therapy are evaluated as advanced therapy 
medical products (ATMPs) [32]. ATMPs are classified into the following three divi-
sions: tissue therapy, cell therapy, and gene therapy. The products with biochemical, 
immunological, and metabolic functions are classified as tissue therapy, and the 
products using the physical or structural function of cells or tissues are reviewed as 
cell therapy. ATMPs are reviewed by the Committee for Advanced Therapies (CAT) 
because more exclusive and multidiscipline knowledge are needed [32]. The CAT is 
established under the Committee for Medical Products for Human Use (CHMP) and 
assesses the quality, safety, and efficacy of ATMPs [32].

13.2.3.2  �The Early Approval System

The FDA previously introduced the following four approaches to increase the avail-
ability of new drugs in the early 1990s: (1) priority review, (2) breakthrough ther-
apy, (3) accelerated approval, and (4) fast track [31]. These approaches apply for 
drugs that are the first treatment for diseases or are highly advantageous over exist-
ing drugs.

Table 13.3  Handling of cellular and tissue-based products in each country

Country/region
Regulatory 
authority

Classification of handling of cellular 
and tissue-based products Review department

Japan PMDA • � Cellular and tissue-based products Department of Cellular 
and Tissue-based 
Products

USA FDA • � Biologics (Primary mode of action is 
biochemical, immunological, or 
metabolic function)

Center for Biologics 
Evaluation and Research 
(CBER)

• � Medical devices (Primary mode of 
action is physical or structural 
function)

Center for Devices and 
Radiological Health 
(CDRH)

EU EMA • � Advanced therapy medical products 
(ATMP)

 �   −Tissue therapy
 �   −Cell therapy
 �   −Gene therapy

Committee for 
Advanced Therapies 
(CAT)
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The priority review was installed in 1992 to improve the turnover time of drug 
review, and a two-tiered system to reduce the review time has been created: the 
priority review and standard review. The FDA’s goal in the priority review is to take 
action on an application within 6 months. The breakthrough system is a process to 
facilitate the development and review of drugs that show a substantial improvement 
over the existing treatment. The FDA instituted the Accelerated Approval regula-
tions in 1992. These regulations allow drugs that fulfill an unmet medical need to be 
approved in accordance with the results of a surrogated endpoint. Fast track is a 
process to facilitate the development and review of drugs that fulfill an unmet medi-
cal need. The fast track system applies for a wide spectrum of serious conditions.

The EMA has recently revised the guideline on the implementation of the accel-
erated assessment and conditional marketing authorization systems [32]. Both sys-
tems were installed to develop innovative medicines that target diseases without any 
effective treatment or medicines that may demonstrate substantial effects over exist-
ing drugs. The revised guideline makes it possible to optimize the assessment 
schedule and start early dialog with the EMA to facilitate the development and 
accelerated assessment of innovative medicine. Furthermore, the guideline presents 
information on conditional marketing authorization that allows for the early 
approval of medicines according to less complete clinical data. However, the avail-
able data must demonstrate that the benefits of public health outweigh its risks, and 
comprehensive clinical data should be obtained after authorization within a time-
frame agreed upon with the CMPH.

13.3  �Conclusion

Although many clinical trials have been conducted to identify the safety or feasibil-
ity of cell therapy for pediatric brain injury, the research is still in progress. 
Therefore, it is not easy to determine the efficacy of cell therapy at this stage. The 
implementation of more clinical trials at an advanced stage is necessary to gain 
benefits from the clinical trials in the future. Conversely, the pharmaceutical regula-
tory agencies of several countries have attempted to shorten the review time and 
facilitate the development of cell therapy by establishing new policies and systems. 
This contributes to the early application of medical products to patients.
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Chapter 14
A New Prospective Cell Therapy for Neonatal 
Brain Injury

Tokiko Nagamura-Inoue

Abstract  Cerebral palsy is a lifelong neurological disorder, mainly caused by 
hypoxic-ischemic encephalopathy, hemorrhage, and periventricular leukomalacia 
occurring at delivery or perinatally. To prevent or reduce the neurogenic disabilities 
in cerebral palsy, therapies using hypothermia, autologous cord blood infusion, and 
recently, mesenchymal stromal cells (MSCs) have been applied. MSCs can be 
obtained from fetal appendages such as cord blood, umbilical cord, amnion, and 
placenta. In this chapter, the expected feasibility of such cell therapies for cerebral 
palsy is discussed.

Keywords  Mesenchymal stromal cells ∙ Umbilical cord ∙ Perinatal brain injury  
Neurogenic differentiation

14.1  �Cell Therapy Principles: Past and Present

Cerebral palsy (CP) is a lifelong neurogenic disorder affecting motor development, 
and its main causes are periventricular leukomalacia (PVL), hypoxic-ischemic 
encephalopathy (HIE) at delivery, and intraventricular hemorrhage (IVH) followed 
by posthemorrhagic hydrocephalus (PHH). The mechanism of development into CP 
from PVL, HIE, and IVH varies and is complicated. The inflammatory cytokine 
storm and degeneration of neurons in the brain occur in the acute phase, as described 
in Chaps. 3–5 of this book. At present, once neurological disabilities are estab-
lished, resolving them is difficult.

Currently, hypothermia therapy is the only standard procedure to prevent pro-
gression to CP. Kurtzberg et al. reported that autologous cord blood (CB) infusion 
could improve motor function even in infants, and this finding provided enormous 
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hope in the field of perinatal and neonatal medicine. Transplanting CB CD34-positive 
cells [1] or CD133-positive stem cells [2] in a mouse model of cerebral injuries 
demonstrated the presence of human cells differentiating in the mouse brain, as well 
as keeping white matter of the mouse brain.

Some researchers demonstrated that mesenchymal stromal cells (MSCs) can be 
obtained from cultured CB cells, but few MSCs are found in primary CB cells. Very 
small embryonic stem-like (VSEL) cells in CB are characterized by pluripotency, as 
reported by Ratajack et al. [3], although the published findings could not be repli-
cated by other researchers because of the very small sample size and limited amount 
of CB. At present, CD34/CD133-positive cells in CB may play a critical role in 
regenerative medicine for CP in animal models. Because of the correlation of CD34-
positive cells and CB volume, the amount of autologous CB collected at birth is an 
important factor for the success of improving CP. On the other hand, CB includes 
not only hematopoietic stem cells but also regulatory innate immune cells in the 
specila manner in the uterus, including macrophages, regulatory T cells, B cells, NK 
cells [4], and NKT cells [5, 6]. Immediately after birth, a baby’s immune system is 
activated and initiated to respond to the external environment. The perinatal phase 
is a very delicate stage for a newborn, and it remained unknown whether the immune 
cells in the infused CB play an important role to regulate the cytokine storm in the 
acute phase of cerebral damage in vivo.

At present, minimally manipulated autologous CB therapy for CP is a simple and 
feasible approach in the early phase of neurological injuries, although CB process-
ing requires trained physicians and technicians in each hospital, if they process CB 
in-house. However, CB infusion therapy is beset by various limitations posed by CB 
collection, such as technique, timing, size of placenta, and immaturity of the baby. 
All these factors may influence the volume of CB collected.

14.2  �New Cell Therapy Source for Cerebral Palsy

Recently, MSCs have demonstrated promising functions not only for multipotent 
ability but also for anti-inflammatory ability and acceleration of tissue repair. 
Numerous papers have reported that MSCs have clinical relevance for various dis-
eases, including severe acute graft-versus-host disease (GVHD) after hematopoietic 
stem cell transplantation (HSCT), Crohn’s disease, cerebral infarction, spinal dis-
section, and certain collagen diseases. MSCs can be harvested from various tissues, 
such as bone marrow (BM) [7], CB [8], adipose tissue [9], placenta [10], and umbili-
cal cord (UC) [11]. UC and other fetal appendages may also be collected easily at 
birth even after CB collection, although maintaining their post-collection safety and 
quality until autologous use may be time-consuming and costly. BM-derived MSCs 
are successfully being applied for clinical use in adult patients. In particular, autolo-
gous BM-MSCs used for cerebral infarctions were found to improve motor function 
[12]. The next MSC source for HSCT is derived from allogeneic donors. In the treat-
ment of severe acute GVHD, third party donor-derived BM-MSCs were reported to 
have the same effect on severe acute GVHD as HSCT donor-derived MSCs. The fact 
that third party-derived MSCs have the equivalent immunosuppressive potential has 
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extended the possibility to use off-the-shelf MSCs derived from fetal appendages. 
Moreover, MSCs do not express co-stimulatory surface antigens that activate T 
cells, such as CD40, CD80, or CD86 [13]. Thus, MSCs escape activated T cells and 
exert immunomodulatory effects. The authors reported that allogeneic UC-MSCs 
have immunosuppressive effects and a potential to differentiate into neurogenic pro-
genitors, accompanied with the ability to migrate to injured cells [14]. Several 
researchers reported the usefulness of UC-MSCs using the animal models of neona-
tal brain injuries, such as IVH [15], PVL, and cerebral infarction and some of them 
progressed into clinical trials [16]. The authors are now preparing off-the-shelf 
UC-MSCs banking, samples of which are ready-to-use upon request. Allogeneic 
UC-MSCs can be expanded, and large amounts of UC-MSCs are cryopreserved in a 
commercial base [15, 16], while autologous ones are processed by in-house process-
ing. UCs may also be collected and transferred to the processing center. The cost and 
benefit should be calculated based on scientific proof. Details of the possibility to 
use UC-MSCs for CP as regenerative field are discussed in Chap. 6.

The mechanism of the immunosuppressive effect by MSCs has been explored 
[17–20]. At the onset of PVL, HIE, and IVH followed by PHH, a series of inflam-
matory cytokines and superoxides may activate MSCs as immune-regulators. MSCs 
may suppress not only T cells but also monocytes, NK cells [21], and B cells via 
different mechanisms. The immunomodulation may be linked to soluble factors 
such as indoleamine 2,3-dioxygenase (IDO) [22], prostaglandin E2, transforming 
growth factor-β1, galectin-1, HLA-G5 [23], hepatocyte growth factor, and interleu-
kin-10 released from MSCs [24]. In some studies, exosomes and soluble factors of 
conditioned culture media of MSCs are also effective not only for immunosuppres-
sion but also for differentiation of MSCs into neurogenic progenitors. Nevertheless, 
the specific mechanisms of immune modulation by UC-MSCs remain undefined.

14.3  �Prospective Study of Cell Therapy for CP

Figure 14.1 shows an example of prospective cell therapy for CP or pre-CP status in 
the near future. The causes of CP are divided into two groups by period of onset. 
One occurs in the perinatal period, including placenta previa, UC prolapse, placen-
tal ablation, UC loop, and maternal shock. The other occurs in the postpartum 
period, such as cerebral hemorrhage, PVL, subgaleal hematoma, and cerebral 
infarction. If the affected babies are delivered at full term without the complication 
of IVH, autologous CB collection can be done. Such babies are also applicable for 
hypothermia therapy. However, premature babies (delivery before 36 gestational 
weeks) or those with IVH complication are excluded from autologous CB collec-
tion and infusion. Moreover, even if CB is collected, the amount is too small to 
manipulate and infuse and is therefore excluded for clinical studies. These cases 
might be rescued by UC collection, although the use of autologous UC-MSCs 
remains to be evaluated. The quality and safety of UCs derived from the patients 
needs to be checked, including genetic abnormalities during the culture of 
UC-MSCs. Alternatively, allogeneic ready-to-use UC-MSCs, which are collected 
from healthy donors with normal delivery, are available. The infusion of CB and 
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allogeneic UC-MSCs is expected to prevent the development to CP, while autolo-
gous UC-MSCs might improve the symptoms of established CP. Cell therapies for 
CP prevention and treatment have just begun and should continue to be explored, 
particularly in terms of autologous or allogeneic donor origin, timing of infusion, 
reflecting the pathogenesis, and mechanism of action.

14.4  �Conclusion

Minimally manipulated CB therapies for cell therapies are still advancing. UC-MSC 
therapy is a recently introduced new approach that is expected to help prevent or 
improve CP progression. These cell therapies for CP should be based on the proof 
of concept supported by fundamental scientific experiments related to the pathogen-
esis of the onset of CP.
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