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Summary

Preterm infants, particularly infants born under 32 weeks of gestational age, are at a high risk of
neonatal complications including brain injury. Currently no effective treatment is available to
prevent or treat preterm brain injury. There is increasing evidence that umbilical cord blood
(UCB) may have therapeutic potential in preventing or repairing perinatal brain injury in rodent
models of neonatal asphyxia. However, studies to date have focused on the efficacy and
mechanisms of action of UCB stem cells for term perinatal brain injury, and not the white matter
brain injury that is the principal feature of injury to the preterm brain. This set of studies aimed to
examine whether administration of allogeneic UCB cells protects and/or repairs preterm brain

damage.

This thesis used a fetal sheep model of brain injury induced by hypoxia-ischemia (HI) at a
developmental age equivalent to approximately 28-32 weeks brain development in the human
infant. HI was induced by 25 min of complete umbilical cord occlusion (UCO) to fetal sheep at
98-103 d of gestational age (=0.7 gestation), and an allogeneic source of cells derived from UCB
were administered intravenously to the fetus. The fetal brains were collected at 10 d after the HI
insult. The first study in this thesis specifically investigated the efficacy, optimal timing and
mechanisms of action of term ovine UCB cell administration, by examining UCB cell
administration to the fetus at 12 h or 5 d after HI (Chapter 2). The second study compared the
effects of UCB cells derived from term or preterm UCB to examine whether there are differential
effects (Chapter 3). The third study further investigated whether UCB derived mesenchymal
stem/stromal cells (MSC), play a specific therapeutic role in protecting the preterm brain

(Chapter 4).

Results demonstrated that 25 minutes HI induced significant white matter injury, reducing the



total number of oligodendrocytes (Olig2+) and myelin density (CNPase+), and increasing the
density of activated microglia (Iba-1+) in cerebral white matter, compared to control fetuses
(P<0.05). UCB cells administered at 12 h, but not 5 d after HI, significantly protected white
matter architecture and suppressed cerebral inflammation. Activated microglial density showed a
correlation with decreasing oligodendrocyte number (P<0.001). Additionally, UCB cells
administered at 12 h induced a significant systemic increase in interleukin-10 at 10 d, and
reduced circulating levels of oxidative stress (malondialdehyde) following HI (P<0.05). This
study concluded that term allogeneic UCB cell administration at 12 h after HI reduces preterm

white matter brain injury, principally via anti-inflammatory and antioxidant actions.

The second study demonstrated that administration of preterm UCB cells normalized white
matter density, and reduced cell death and microgliosis to a similar degree to that shown for term
UCB in the preterm brain. Both preterm and term UCB mediated the neuroinflammatory
response to HI, which appears to be the critical mechanism of oligodendrocyte loss and white
matter damage. However, the secondary mechanisms of neuroprotection were different for term

and preterm UCB cells, reflecting a shift in cell composition over the course of normal gestation.

The third and final study showed that the administration of MSC (ex-vivo expanded MSC
derived from preterm UCB; UCB-MSC) preserved myelination (P<0.05) and modified microglial
activation in response to acute HI. UCB-MSC promoted cell proliferation (Ki-67) within the
brain, and macrophage (CD163) migration from the circulation into the white matter of the brain,
compared to control and HI alone fetuses (P<0.05). Assessment of multiple cytokines,
chemokines and trophic factors via assay showed that the level of CXCL10 was significantly
increased following UCB-MSC administration within the preterm brain (P<0.05), which likely
contributes to the macrophage migration and immature oligodendrocyte proliferation within the
white matter. UCB-MSC administration also reduced systemic pro-inflammatory cytokine TNFa
at 3d post-HI (P<0.05). Administration of UCB-MSC preserved white matter structure following

Vv



HI, by promoting cell proliferation and macrophage migration in the preterm brain, and by

decreasing systemic inflammation.

The data presented in this thesis demonstrates that whole white blood cell fraction of cells
derived from term and preterm UCB, and ex-vivo expanded UCB-MSC, modified fetal brain
damage after HI insult. Cells derived from UCB are an effective neuroprotective strategy,
principally acting via a decrease in neuroinflammation to protect preterm brain development after
HI. UCB-MSC also appears to be effective for neuroregeneration, acting via central
anti-inflammatory and cerebral chemokine modulation. Combined, these results strongly suggest

that cord blood cells could be used to reduce white matter brain injury in the preterm brain.
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Major advances in neonatal care have led to significant improvements in survival rates
for preterm infants, but this occurs at a cost, with a strong causal link between preterm
birth and neurological deficits, including cerebral palsy (CP). Indeed, in high-income coun-
tries, up to 50% of children with CP were born preterm. The pathways that link preterm
birth and brain injury are complex and multifactorial, but it is clear that preterm birth is
strongly associated with damage to the white matter of the developing brain. Nearly 90%
of preterm infants who later develop spastic CP have evidence of periventricular white mat-
ter injury. There are currently no treatments targeted at protecting the immature preterm
brain. Umbilical cord blood (UCB) contains a diverse mix of stem and progenitor cells, and
is a particularly promising source of cells for clinical applications, due to ethical and practical
advantages over other potential therapeutic cell types. Recent studies have documented
the potential benefits of UCB cells in reducing brain injury, particularly in rodent models
of term neonatal hypoxia—ischemia. These studies indicate that UCB cells act via anti-
inflammatory and immuno-modulatory effects, and release neurotrophic growth factors to
support the damaged and surrounding brain tissue. The etiology of brain injury in preterm-
born infants is less well understood than in term infants, but likely results from episodes
of hypoperfusion, hypoxia—ischemia, and/or inflammation over a developmental period of
white matter vulnerability. This review will explore current knowledge about the neuropro-
tective actions of UCB cells and their potential to ameliorate preterm brain injury through
neonatal cell administration. We wiill also discuss the characteristics of UCB-derived from
preterm and term infants for use in clinical applications.

Keywords: preterm birth, low birth weight, brain damage, white matter injury, oligodendrocytes, cerebral palsy,

umbilical cord blood, stem cells, hypoxia-ischemia, inflammation, periventricular leukomalacia

BACKGROUND
Impressive advances in perinatal and neonatal care have led to sub-
stantial improvements in survival rates for preterm infants born
at <37 weeks gestation. However, survival of preterm infants may
occur at a cost, with a strong causal link between preterm birth and
subsequent neurological motor and cognitive deficits, including
cerebral palsy (CP). In particular, more extremely preterm babies
now survive than ever before with these infants at the greatest risks
of short and long-term neurodevelopmental deficits (1). Despite
the known etiological link between preterm birth and neuro-
motor and neuro-cognitive dysfunctions, there are currently no
specific neuroprotective treatments available for preterm infants.
Stem, or stem-like cells, have drawn attention from scientists
and the general public due to their potential to induce tissue repair
and/or regeneration. Umbilical cord blood (UCB)-derived cells
offer ethical and practical advantages over other stem-like cells
given that collection can be obtained from the discarded pla-
centa at birth. Such cells possess multiple proven [as per cord
blood hematopoietic stem cells (HSCs)] and potential therapeu-
tic uses, including recent evidence that UCB cells may mitigate
newborn brain damage arising from term neonatal hypoxic-
ischemic encephalopathy (HIE). However, despite the heightened
neurological risks associated with preterm births, the potential use

of UCB cells in preterm neonates has not yet been actively inves-
tigated. This article briefly describes the background, etiology,
and pathophysiological mechanisms of brain injury in preterm
infants, and summarizes current research on the use of UCB cells
for therapeutic use in term and preterm perinatal brain injury.
Potential implications for future clinical trials of UCB cell therapy
in preterm infants are discussed.

PRETERM BIRTH AND CHILDHOOD NEUROLOGICAL DEFICITS
In 2010, 14.9 million babies worldwide were born preterm,
accounting for approximately 11% of all births, with the rates
and burden of preterm birth significantly increased in both low
and high-income birth settings compared to the previous decade
(2). Of all preterm births in the developed world, 16% are born
before 32 weeks of gestation or weigh <1500 g (2), with this popu-
lation of very preterm infants (born 28 to <32 weeks) or extremely
preterm infants (<28 weeks) at the greatest risks for long-term
physical and neurological morbidities. Indeed, in developed coun-
tries, preterm births account for 70% of neonatal deaths and up to
75% of neonatal morbidity (3), with the risks of death or disabil-
ity profoundly increased in middle- or low-income birth settings,
reflecting decreased resources for neonatal intensive care (4). In
addition, in developed countries most preterm babies now survive
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as a result of advances in neonatal intensive care such that the
survival rate for extremely preterm infants is 90% (2).

Cerebral palsy is the most common physical disability of child-
hood, occurring in 2-2.5/1000 live births in developed countries.
This rate is increased to approximately 90-100/1000 babies that
were born at <32 weeks gestation (5, 6). Indeed, 35-50% of chil-
dren with established CP were born preterm (7, 8). The major
overt neurological manifestations of brain injury observed in chil-
dren that were born preterm are spastic motor deficits, commonly
accompanied by intellectual deficits. Less severe disturbances of
motility, cognition, and behavior occur in 25-50% of survivors (9).

The economic cost of preterm birth and CP are high due to the
need for neonatal intensive care and ongoing long-term complex
health care. The National Institute of Medicine estimated that the
lifetime cost of all preterm births is $26.2 billion USD per year in
the USA (10). The financial burden of CP in the USA has been
separately costed and estimated at $11.5 billion USD (11) and is
indicative of the large financial burden association with preterm
birth and CP. This is in addition to the significant burden placed
on families and society who care for children and adults with
CP. There is therefore an enormous demand to prevent or reduce
brain injury in preterm infants, to reduce the subsequent neu-
rodevelopmental sequelae, and consequently decreasing the large
socio-economical burden.

The complications associated with preterm birth and brain
injury are complex and involve multiple overlapping adverse path-
ways, but it is clear that preterm birth is strongly associated
with damage to the white matter of the immature brain. There-
fore, an understanding of white matter injury (WMI) is a critical
component required for the treatment of preterm brain injury.

WHITE MATTER INJURY

Fetal brain maturation and functional development involves a
series of organizational processes including neurogenesis, cell
migration, cell differentiation, synaptogenesis, and axonal myeli-
nation. The development of white matter requires mature oligo-
dendrocyte glial cells to produce myelin and ensheath the axons
of neurons, and thus oligodendrocytes play a crucial role in fast
signal transmission along neurons and throughout the brain.
Injury to these cells impairs, usually irreversibly, myelination.
Oligodendrocytes develop according to a well-defined lineage. Pre-
oligodendrocytes are the predominating oligodendroglial cell at
gestational age 24-32 weeks in humans. They are exquisitely vul-
nerable to pro-inflammatory cytokines, excitotoxicity, oxygen free
radical attack, and hypoxic stress, and rapidly undergo apoptosis
under adverse conditions (12—15). It is believed that this selec-
tive vulnerability of the pre-oligodendrocytes in preterm infants
restricts the number and functional ability of mature oligoden-
drocytes to undergo the process of laying down of white matter
and formation of myelin fibers, thus causing very preterm and
extremely preterm infants to be most susceptible to WMI (9, 16,
17). Thus, preserving oligodendrocytes and their precursor cells
is fundamental to reducing injury to the developing white matter
of the brain. Most commonly, preterm brain injury is evident in
the periventricular white matter adjacent to the lateral ventricles,
so-called periventricular leukomalacia (PVL). WMI is detectable
in at least 50% of infants born very preterm or extremely preterm,

and is a strong indicator of long-term neurological adverse out-
come. Nearly 90% of preterm infants who later develop spastic CP
have evidence of WMI (9). Half of the children identified as hav-
ing WMI will have cognitive and/or behavioral and/or attention
deficits (18-20). Clinical imaging studies demonstrate that myelin
loss (hypomyelination) and disorganization of major white matter
fiber tracts correlate with functional impairments in children with
CP and PVL (21, 22).

Pathologically, WMI is a condition demonstrated by coagu-
lation and necrosis of white matter near the lateral ventricles,
accompanied by gliosis (23). The periventricular area is vulnerable
to ischemia in the preterm brain, which, in part, is anatomi-
cally due to poor vascularization and immature cerebrovascular
autoregulation (24, 25). This may result in focal PVL. But, in many
cases, WMI is widespread and incorporates periventricular, sub-
cortical, and callosal white matter, as well as the internal capsule.
WMI, and in particular PVL, has two distinct histopathologi-
cal appearances, described as either cystic or non-cystic (diffuse)
WML Cystic WMI typically affects all types of cells and is there-
fore considered the more severe type and is closely linked with CP,
whereas diffuse PVL mainly targets pre-oligodendrocytes and is
considered less severe but nonetheless is linked to cognitive and
behavioral impairments, and CP (9). It is generally considered that
the gray matter is not as susceptible to preterm insults as is white
matter, but the pre-oligodendrocytes also present in gray matter
are not spared, leading to damage involving the cerebral cortex,
thalamus, and basal ganglia (26, 27).

There is a growing understanding of the etiology of preterm
brain injury, likely involving one or more interactions between
fundamental immaturity of the brain, vulnerability of white
matter developmental processes, and the adverse effects of two
principal upstream insults: hypoxia—ischemia and infection/
inflammation. Hypoxia—ischemia and infection/inflammation are
relatively common in the preterm period, and have profound
adverse effects on white matter development (28-30).

HYPOXIA-ISCHEMIA AND WHITE MATTER INJURY

After an hypoxic-ischemic insult, microglia and macrophages
within the brain’s white matter exhibit immunoreactivity for
interleukin-6 (IL-6) and tumor necrosis factor-a (TNF-a), and
infiltrate to lesion sites. Astrocytes become hypertrophied and dif-
fuse gliosis is evident within 24 h. Loss of oligodendroglial lineage
cells and impairment of myelinogenesis is evident within 10 days
following hypoxia—ischemia (9, 31-35). When the insult has been
prolonged or severe, brain injury is exacerbated through influx of
cytokines and chemokines via the damaged blood-brain-barrier
(BBB), thereby further increasing inflammatory mediators within
the brain (36).

In response to a significant hypoxic-ischemic insult, secondary
pathways of injury are also initiated and evolve over days. These
adverse pathways include mitochondrial dysfunction, excitotox-
icity, apoptosis, oxidative stress, and initiation of additional
inflammatory processes (37). A further adverse effect of hypoxia—
ischemia is the disruption of normal growth and differentiation
factors driving brain development, decreasing concentrations of
signaling proteins and nutrients that include neurotrophic factors
vital for inhibition of programed cell death (38, 39). For example,
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brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-
3),and NT-4/5 play important roles in promoting neuronal growth
and differentiation, connective plasticity, and neuronal survival
through their interaction with tyrosine kinase p-receptors, but
these are each affected in the preterm brain in response to hypoxia—
ischemia (40). Additional neuron and glial cell loss occurs over
days and weeks after a sentinel insult, resulting from chronic
deprivation of neurotrophic factors, decreased synaptic input from
neighboring cells, and loss or recruitment failure of local neural
and glial stem and progenitor cells (41, 42). The severity and
duration of neurotrophic factor deprivation directly correlates to
long-term neurological outcome (38, 42).

In addition, activated astrocytes and microglia mediate the
release of reactive oxygen species (ROS) and reactive nitrogen
species (RNS), leading to increased protein nitration and oxida-
tive stress in response to hypoxia—ischemia and brain inflam-
mation (43). In the context of preterm birth, a compromised
intrauterine environment may induce excess release of free rad-
icals and, combined with the transition to an extra-uterine high
oxygen environment, may overwhelm endogenous antioxidant
enzymes, resulting in preferential death of pre-oligodendrocytes
and contributing to the development of WMI within the preterm
brain (43-46).

INFECTION/INFLAMMATION AND WHITE MATTER INJURY
Fetal and neonatal exposure to infection and/or inflammation
is recognized as a principal contributor to preterm birth and
WMI. Maternal intrauterine infection including chorioamnionitis
is associated with increased levels of pro-inflammatory cytokines
(IL-6, IL-8, TNF-a, and IL-1b) in the amniotic fluid and cord
blood (47-49) and is one of the most important causes of preterm
birth <30 weeks of gestation (50). Maternal intrauterine infection
presents a significant risk for WMI and CP (51, 52). Neonatal sep-
sis is also a risk factor for WMI in infants that were born preterm
(53, 54).

Adverse inflammatory stimuli during fetal or neonatal life
induce a systemic and central nervous system (CNS) response
via activation of innate and adaptive immune systems. Microglia
are the primary mediators of the brain’s immune response,
mediating the pro- and anti-inflammatory response to remove
pathogens, via binding of toll-like receptors (TLRs) with lig-
ands, pathogen-associated molecular patterns (PAMPs), and/or
danger-associated molecular patterns (DAMPs) (55, 56). How-
ever, prolonged microglial activation can cause brain injury (55).
Microglia are at their peak density in white matter during the
WMI-vulnerable period (57), making them fundamental in pro-
ducing WMI (44). Lipopolysaccharide (LPS), an endotoxin of
gram-negative bacteria and a form of PAMP, and binds recep-
tors including TLR-4 and CD14 on microglia, initiating a signal
transduction cascade that ultimately activates transcription fac-
tors such as nuclear factor-kappaB (NF-kB). In turn, this leads
to up-regulation of cytokines, chemokines, and complement pro-
teins, and over time this response can sensitize the developing
brain to secondary insults thereby contributing to sustained CNS
inflammation. Cytokines may directly act upon oligodendrocytes
to induce cell death, as evidenced by in vitro studies on human
oligodendrocytes where TNF-a and interferon-y (IFN-y) induced

dose-dependent cell necrosis (58). In vivo administration of high-
dose LPS to preterm fetal sheep results in significant cerebral
hemodynamic changes that cause cerebral ischemia and PVL-like
fetal brain injury (59), while low-dose LPS, insufficient to cause
fetal hypoxia, induces diffuse WMI and microglial invasion, where
the degree of microglial activation is correlated to the presence of
WMI (60).

The downstream pathways that result from hypoxia—ischemia,
or inflammatory stimuli, are complex and are not mutually exclu-
sive. Hypoxia—ischemia and increased ROS are known to induce an
inflammatory reaction and, conversely, pro-inflammatory medi-
ators lead to the generation of free radicals and oxidative stress.
This interaction is driven by NF-kB. In normal-state resting cells,
the NF-kB protein complex remains within the cytoplasm, bound
to inhibitory IkB protein. Pro-inflammatory cytokines, LPS and
viruses cause proteolysis of IkB, allowing dissociation from NF-
kB, and the nuclear translocation of NF-kB where it activates
gene transcription (61). Additionally, tissue hypoxia and oxidative
stress can modulate NF-kB release (61). Thus, hypoxia—ischemia
can induce inflammation via microglial activation, and conversely
infection/inflammation can induce hypoxia—ischemia through
hypotension (62). Indeed, preterm infants have been shown to
have higher risk of WMI when chorioamnionitis and placental
perfusion deficits are present together (63).

LIMITATIONS OF CURRENT TREATMENTS OF WHITE MATTER
INJURY

Although there have been major clinical and scientific advances
in neonatal care over the last decade, currently only antenatal
corticosteroid are proven to reduce the risk of intraventricu-
lar hemorrhage (IVH) (64). Other strategies in preterm infants,
such as use of erythropoietin, melatonin, indomethacin, antena-
tal magnesium sulfate, therapeutic hypothermia, or delayed cord
clamping remain at the experimental investigation stage and are
not of proven benefit (65, 66). Thus, current management for
preterm brain injury has, until now, been restricted to supportive
strategies.

One of the biggest hurdles for identifying neuroprotective
strategies for preterm infants is the multi-faceted etiology of the
brain damage. As described in the section above, the primary
antenatal causal factors that may induce brain injury include
maternal/fetal infection and/or chronic placental perfusion insuf-
ficiency (67, 68). Postnatal factors may exacerbate or cause brain
injury, including repetitive subacute/chronic hypoxia—ischemia
due to poor lung function and ventilation, and free radical imbal-
ance following oxygen reperfusion in response to a high oxygen
extra-uterine environment or oxygen administration (44, 46, 69).
Neonatal chronic cerebral hypoperfusion, hypotension, hypocar-
bia, or symptomatic persistent ductus arteriosus (70, 71), IVH
with or without post-hemorrhagic ischemia or hydrocephalus
(72), infection (53, 54), hypoglycemia, and glucocorticoid admin-
istration are also involved in the progression of brain injury (68,
73). Moreover, even preterm birth without exacerbating factors
can result in subtle white matter pathology (69). Thus, it can be
appreciated that unlike term neonatal HIE, these insults do not
necessarily occur around the time of delivery, and it may therefore
be difficult to recognize the timing of the onset of a sentinel (or
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exacerbating) insult. It would therefore be likely that preterm brain
injury would be best treated with a therapy, or therapies, with
multiple neuroprotective mechanisms and with a long therapeutic
window. Any therapy should be targeted at WMI as the predom-
inant neuropathology. Additionally, such a treatment would be
aimed at one or more of the following — reducing inflammation
and free radical attack, halting the progression of cell death pro-
graming, and/or replacing damaged oligodendrocytes in order to
remodel areas of WMI and normalize myelination. We will present
data to support the therapeutic potential of neonatally adminis-
tered UCB-derived cells, for protection and repair of the preterm
brain.

STEM CELLS

Stem cells are characterized by their ability to undergo self-renewal
and to differentiate into multiple cell types. In general, stem cells
can be classified into three major categories on the basis of their
source, namely embryonic stem cells (ESCs), fetal-derived stem
cells, and adult stem cells. ESCs are pluripotent, are able to gen-
erate cells from all three germ layers and can be maintained in
culture indefinitely (74), providing a limitless source of precur-
sor cells for the regeneration of damaged tissue. However, due
to the pluripotent nature of ESCs they are also tumorigenic and
transplantation of these cells currently presents significant safety
concerns (75), and has cautioned their use in clinical trials. ESCs
are also obtained from embyros, presenting ethical issues. With
recent advances, it has become possible to reprogram somatic cells
and generate induced pluripotent stem (iPS) cells (76). These cells
may be able to overcome some of the limitations of ESCs, i.e.,
ethical issues, and enable the generation of patient-specific iPS
cell lines. However, they are also tumorigenic (77), and this issue
remains unresolved. Adult stem cells, or stem-like cells, include
mesenchymal stromal cells (MSCs), that can be obtained from a
number of sources including bone marrow, adipose tissue, and
dental pulp, and neural progenitor cells (NPCs) that are found
in the subventricular zone of the brain and comprise multipo-
tent stem/progenitor cells that can differentiate down the neural
lineage, including to neurons and glial cells (78). NPCs can be
isolated from the adult brain and expanded for several passages
whilst retaining their undifferentiated state. Lastly, fetal-derived
stem-like cells can be obtained from placental tissue (79) and UCB
(80) and include placental and umbilical cord MSCs (UC-MSCs),
amnion epithelial cells (AECs), HSCs, and endothelial progenitor
cells (EPCs) (81). Given these cells are isolated from fetal tissue,
they tend toward greater differentiation and expansion potential
than adult stem cells. Fetal-derived stem cells can be easily isolated
from tissue that is routinely discarded at birth, they are abundant
due to the large number of births each year, and their collection
raises no ethical concerns.

Stem-like cells sourced from placenta and umbilical cord (UC)
have been studied pre-clinically for treatment of a variety of
diseases including multiple sclerosis (82, 83), stroke (84, 85), bron-
chopulmonary dysplasia (86, 87), and CP (88, 89) and may be
beneficial for reducing disease burden in these conditions. For
MSCs alone, there are currently >400 clinical trials listed on clin-
ical trials.gov (search: “mesenchymal stem cell”). However, there
are numerous clinics around the world that are already capitalizing

on the promise of stem cell treatment and are offering stem cell
therapies for financial gain to families of those with conditions
including CP. This has been coined stem cell tourism (90). It is
therefore imperative that well-planned and controlled pre-clinical
and clinical trials are conducted to establish the safety, short-, and
long-term efficacy, and mechanisms by which stem cell therapies
may provide benefit, which in turn will enable treating clinicians
and patients to make informed decisions regarding the use of stem
cell treatments.

UMBILICAL CORD BLOOD

Umbilical cord blood is a rich source of HSCs, accounting for
0.5-1.0% of mononuclear cells (MNCs) in term UCB (91), used
to treat patients with abnormal hematopoietic conditions, child-
hood leukemia, or metabolic diseases (92). HSCs are positive for
CD34 and CD45, and defined by their capacity to self-renew and
give rise to multiple blood lineages. Traditionally, bone marrow-
derived HSCs were used to treat these conditions, however, UCB
is easier to obtain, less expensive and less likely to trigger a
deleterious immune response or rejection in the recipient (93).
HSCs from human UCB (hUCB) are also more primitive than
bone marrow-derived HSCs, have longer telomeres, have a higher
colony-forming capacity and can repopulate blood lineages over
along period of time (94, 95). Given these advantages, more than
3000 hUCB transplants are now performed each year for blood and
other disorders (96). Other strong advantages for the use of UCB
for transplants include that it can be tissue typed, screened for viral
biomarkers, processed and banked, allowing the supply for both
urgent and directed transplants (97) and the volume and number
of cells that can be attained is generally very good. In term births, a
large volume of UCB can be collected [38—42 weeks: 102 = 30 ml,
containing 11.3£6.2 x 108 total nucleated cell (TNC)] (91).
However, in preterm birth, or in pregnancy complications [such as
intrauterine growth restriction (IUGR)], there is reduced UCB vol-
ume for collection [34—37 weeks: 90 32 ml, 7.7 + 4.8 x 108 TNC;
25-33 weeks: 62 +31ml, 3.3+ 3.5 TNC] (91), which is problem-
atic if UCB collection is required or requested. Furthermore, it
is not known how antenatal complications, such as ITUGR or
chorioamnionitis, may change the composition of the stem and
stem-like cells present in the UCB, and whether differences in cell
composition may impact its therapeutic utility.

Umbilical cord blood is not only a useful source of HSCs,
but also contains a number of other stem/progenitor cell types
including MSCs and EPCs (80). Moreover, UCB is a rich source
of immunosupressive cells, such as regulatory T cells (Tregs) (98).
MSCs are multipotent adult progenitor cells that have a broad
potential for repair of injured tissue. MSCs are characterized
by their morphology, phenotype, and differentiation potential to
form osteoblasts, chondrocytes, and adipocytes (82). MSCs are a
plastic adherent cell population with the absence of CD34, CD45,
and CD133, and are positive for CD13, CD29, CD44, CD73, and
CD90 (80, 99). MSCs can indeed be isolated from UCB, but at
a very low frequency and cellular fraction, with success rates for
isolation ranging from 40 to 60% (99, 100) and, in one study,
only 8% of UCB units could be effectively expanded into MSC-
like colonies (100). While the frequency of MSCs is low in UCB
(0.002% of MNCs in term UCB) (101), UCB-MSCs show a strong

Frontiers in Neurology | Neuropediatrics

October 2014 | Volume 5 | Article 200 | 4


http://www.frontiersin.org/Neuropediatrics
http://www.frontiersin.org/Neuropediatrics/archive

Lietal.

Cord blood cells for preterm brain injury

proliferation capacity and can be maintained longer in culture than
MSCs derived from other sources (99). Furthermore, following
exposure to neural differentiation factors, hUCB-MSCs express
a number of neural cell antigens, including glial fibrillary acidic
protein (found in astrocytes), TuJ-1 (neural progenitor), vimentin,
and nestin (102).

Endothelial progenitor cells, isolated from bone marrow,
peripheral blood, and UCB can be differentiated into mature
endothelial cells in vitro and, in animal models of ischemia,
can incorporate into sites of active angiogenesis to stabilize and
promote the growth of new blood vessels (103). While EPC clas-
sification remains contentious, they are generally characterized by
the expression of CD133, CD34, and vascular endothelial growth
factor (VEGF) receptor-2 (104). EPCs are estimated to make up
1-2% of HSC-containing CD34+ cell fraction in term UCB, rep-
resenting 1 in 107 MNCs (105). Despite the low number, EPCs
isolated from hUCB have been shown to have a stable endothelial
phenotype and a higher proliferative capacity compared to those
isolated from peripheral blood, making UCB a superior source for
the isolation of EPCs. Studies are now being conducted to opti-
mize the isolation of the three major cell types (EPCs, HSCs, and
MSCs) from single UCB units (80).

Regulatory T cells should also be considered as potential use-
ful cells to be isolated from UCB. Tregs are immunosupressive
T cells that can maintain self-tolerance, prevent autoimmunity,
inhibit rejection of transplants, and regulate the immune response
to infectious disease (106). Tregs isolated from UCB exhibit a
predominantly naive phenotype, which is associated with a signif-
icantly enhanced proliferative potential compared to adult Tregs
(107). It has been suggested that the low incidence of graft-
versus-host-disease (GVHD) associated with UCB transplants is
due to the presence of Tregs (108), adding to their importance
for UCB transplants and their potential utility for treatment of
inflammatory conditions.

Optimal selection of UCB units for HSC transplants includes
determination of TNC content, CD34+ cell count, and HLA and
blood group matching of the recipient and donor (97). However,
there is sparse information related to other cells of interest within
UCB. Given the increasing likelihood that children born preterm
may request autologous UCB cell collection and treatment for
brain injury (see below), it is imperative that we investigate the
similarities and differences between term and preterm UCB. This
knowledge will inform the design of clinical trials that will decide
whether autologous or allogeneic UCB transplants will be best
placed to treat neurological impairments in preterm-born infants.
To date, it has been shown that the frequency of CD344 cells in
preterm neonates was twofold increased compared to those in term
neonates (109) and, for a given gestational age, each 500 g increase
in birth weight contributed to a 28% increase in CD34+4- cell counts
(110). In preterm infants, the immunophenotypic profile of UCB—
CD34+ cells shows a significantly higher expression of CD33,
and a lower expression of CD38,CD117, and HLA-DR, indicating
preterm UCB has a higher percentage of primitive CD34+ subsets,
while term UCB has a higher percentage of committed cells (111,
112). With specific regard to EPCs, preterm (28-34 weeks) UCB
units have a fourfold increase in endothelial colony-forming cells
compared to term UCB (113). However in compromised placental

conditions such as preeclampsia, EPCs are decreased in term UCB,
and not different to those in preterm UCB (114). Similar to other
cell types, MSC population is also richer in preterm UCB com-
pared with term, with a significant inverse correlation between
the gestational age and presence of MSCs (101, 115). Further-
more, studies to date have predominantly assessed cell number
and not cell function over gestation, where functionality may be
a more important marker of efficacy than absolute cell number.
As has been shown with hAECs, while preterm cells have a high
proliferative capacity, they are functionally immature and cannot
differentiate into other cell types (116). The presence of Tregs
has also been assessed over gestation, and is reportedly increased
in preterm UCB compared to term UCB (107), but Tregs from
preterm UCB secrete significantly less IEN-y (117). Furthermore,
Tregs in UCB from IUGR infants at term were decreased compared
to those in UCB units from appropriately grown babies (118).

Most studies to date examining perinatal brain injury have
utilized UCB-MNCs (Table 1), but UCB-MNCs is composed
of a variety of cells of interest including immature T cells, B-
cells, monocytes, and stem-like cells including HSCs, EPCs, and
MSCs. The fraction or combination of UCB cells responsible for
neural repair remains to be established. UCB-MSCs have attracted
interest for some time because of their multilineage differentia-
tion potential, strong capacity for immune modulation, and low
immunogenicity. Indeed, expanded hUCB-MSC transplantation
has shown promise in protecting against perinatal brain injury
in pre-clinical animal studies (119-121). Despite this, the clinical
application of purified UCB-MSCs is currently limited by their
low numbers and low success rate for isolation. On the other hand,
CD34+- cells have been shown to reduce brain injury in neonatal
hypoxic-ischemic mice, with a transient augmentation of cerebral
blood flow in the peri-infarct area (122). UCB-CD133+- cells, the
fraction enriched for EPCs and HSCs, also reduces infarct volume
in a rat model of stroke (123).

In addition to stem-like cells, other cellular fractions in UCB
have also been shown to have potentially important neuroprotec-
tive roles. When hUCB-MNCs was depleted for CD14+ mono-
cytes, there was no decrease observed in microglial activation or
functional recovery following administration (124), suggesting
that monocytes are essential for mediating the neuroprotective
benefits of hUCB cells in hypoxic-ischemic rats. In addition, a
further study showed that a single injection of hUCB-derived T
cells (CD4+) induced endogenous NPC proliferation for 2 weeks
and promoted increased neuronal cell survival in rats (125). The
therapeutic effects of stem cells are now thought to be indepen-
dent of tissue engraftment (89, 126—129), although many studies
have shown that transplanted UCB cells can migrate selectively
toward ischemic areas of damaged brain (127, 130). It is widely
considered that regenerative effects of stem cells are principally
derived from indirect paracrine and trophic effects, and increas-
ing the regenerative capacity of the brain, rather than via direct
cell replacement (38, 128, 129, 131, 132). However, it is important
to note that the studies referred to above have utilized hUCB in
a xenogeneic setting. As such, the ability of the transplanted cells
to survive and differentiate may be compromised (133). To our
knowledge, the ability of autologous UCB cells to home to the site
of injury and differentiate into neurons or neuroglial cells has not
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Table 1 | Outcome of umbilical cord blood interventions in neonatal hypoxia-ischemia.

Cell type Animal model Administration Engraftment Histology assessments Functional assessments Other Reference
Injury type Timing Dose Route Days Results Days Outcomes Days Outcomes
hUCB- P7 rats, HI 24 h 1% 107 P 21days  Many cells in ischemic NA NA 21 days Alleviation of spastic Meier 2006
MNCs 80 min after HI cells hemisphere. No sign of paresis (127)
transdifferentiation
P7 rats, HI 24 h 1% 107 IV jugular 21 days Few cells in brain tissue 21days  No change in volume of 21 days No change on spatial de Paula
120 min after HI  cells injured hemisphere memory deficit 2009 (192)
P7 rats, HI 3hafter 2x10° P 2 days Few cells in ischemic 2 days Decreased neuronal 4,7 days  Improved developmental Pimentel-
90 min HI cells cortex and striatum death in striatum, and sensorimotor reflexes Coelho
microglial activation in only at 4 days 2010 (134)
cortex
P7 rats, HI 2-3h 15 x 104 IV jugular 14 days Few cells in ischemic NA NA 714 days 20-25% improvement in Increased growth Yasuhara
150min after HI  cells (= hippocampus rotarod and elevated body factors in brain, CAT 2010 (138)
mannitol) swing tests dendrites
P7 rats, HI 24 h 1% 107 P 42 days  Many cells in peri-infarct 42days  No change in size of 42 days Improved sensorimotor Geissler
80 min after HI  cells area hemispheric lesion function, cortical maps, 2011 (135)
and receptive fields, and
reduced hyperexcitability
P7 rats, HI 24 h 1x 107 IT 14 days  hUCB cells were localized 2, 14, Decreased activation of 14, 44 Improved motor function ~ Downregulation of Wasielewski
80min after HI  cells in astrocyte-rich zone and microglia/macrophages  days (forelimb use bias, Connexin 43 2012 (136)
44 days  and reactive muscle strength and
astrogliosis, and distal spasticity) both
reduced peri-lesional short- and long-term
astrocytic wall
P7 rats, HI 24h 1x 107 P NA NA 2, Decreased NA NA Increased the Rosenkranz
80 min after HI  cells 14days lesion-induced expression of 2012 (141)
apoptosis, increased proteins Tie-2,
neurons occludin, BDNF and
VEGF in the lesioned
brain
P7 rats, HI 2hafter 1 x 108, IV jugular 7 days Cells in the cortex and the 8weeks No change in low-dose 8 weeks Cognitive improvement at de Paula
120 min HI 1% 107, hippocampus group. Decreased brain the highest dose only 2012 (133)
1x 108 atrophy in medium- and
cells high-dose groups
P7 rats, HI 24 h 1 %107 IV jugular 1,3, and Many cells were in 10 weeks No decrease in tissue 10weeks  Improved performance in Bae 2012
90 min after HI  cells 10weeks ischemic periventricular loss volume, decreased a battery of behavioral (139)
region at 1 week, but very neuronal loss in tests
few at 3 and 10 weeks neocortex
P7 rats, HI 24 h 3x 108 IVen NA NA 24,72h, Decreased neuronal NA NA Increased Shh and Wang 2014
120 min after HI  cells 7 loss in cortex and CA1 Gli1 protein levels (137)
(+cyclosporin A) 14days  of the hippocampus
hUCB- P12 SCID mice, 48h 1x10° IV femoral 24 h, Few cells at 24 h, very 7 weeks Decreased brain atrophy 9 days, No effect on rotarod or Transient Tsuji 2014
CD34+ MCAO after HI  cells 10days  few at 10 days 7 weeks open-field tests augmentation of (122)

CBF in peri-infarct
area
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a role in inhibition of apoptosis and inflammation (141). Fur-
ther, hUCB cell administration after hypoxia—ischemia increases
expression of Tie-2 and occludin proteins, and increases expres-
sion of VEGF, indicating that UCB transplantation may increase
endogenous angiogenesis and improved BBB integrity within the
damaged brain. In vivo, MSCs provide trophic neuroprotection
following injury by secreting physical tissue scaffold to surround-
ing tissues, while UCB-CD34+ cell transplantation enhances
functional recovery and reduces both infarction and apoptosis in a
rat model of spinal cord injury, mediated by the production of both
VEGF and GDNF (148). UCB-derived CD133+ cells promote a
threefold improvement in axonal regrowth, a 35% reduction in
apoptosis and vascular and neuronal protection following hypoxia
on organ co-culture of brain motor cortex cells and spinal cord
from postnatal day 3 rats, suggesting that the trophic effects from
CD133+ cells contributes to neuroprotection (149).

Hypoxia—ischemia stimulates endogenous proliferation of
NPCs (150). However, if an insult is severe, brain damage still
occurs, and the restorative proliferation of NPCs may be amelio-
rated, with activated NPCs failing to survive to mature neurons
(150, 151) or differentiating into astrocytes (152). Recently UCB—
MNC transplantation has been shown to promote the proliferation
of endogenous NPCs, and reduce glial differentiation, an action
mediated via the Sonic Hedgehog signaling pathway, resulting in
the alleviation of brain injury in hypoxic-ischemic neonatal rats
(137). These results support the ability of UCB cells to respond
to insult with paracrine and trophic actions, initiating a regenera-
tive environment mediated by resident cell populations within the
brain.

PRETERM BRAIN INJURY ANIMAL MODELS AND CELL
THERAPY

The majority of experimental studies described above that have
investigated the neuroprotective actions of hUCB have been
undertaken in rodent models of neonatal (term) hypoxic-ischemic
brain injury (119, 120, 122, 127, 133-139). Injury to the human
brain at the time of term birth induced by hypoxia—ischemia pre-
dominantly causes deep gray matter neuronal injury within the
basal ganglia and hippocampus, together with injury to neighbor-
ing white matter — this is appropriately reflected in rodent and large
animal studies of term hypoxia—ischemia. However, this distrib-
ution of injury is quite different in preterm WMI, reflecting sus-
ceptibility and region-specific effects following hypoxia—ischemia
and other insults as brain maturation progresses.

Animal models exploring the injury profile and mechanisms
of preterm pre-oligodendrocyte and WMI, have utilized either
an hypoxic-ischemic insult, or exposure to LPS-induced inflam-
mation. Excitotoxicity models such as administration of exci-
tatory amino acid agonists quinolinic acid and ibotenate have
also been used (26, 153). It is important to note that preterm
infants mostly suffer hypoxic-ischemic insults that are subacute
or chronig, in contrast to term infants where HIE is principally
due to an acute severe insult (154). Irrespective of which exper-
imental insult is utilized, the maturational age of the CNS is
critical (26). In addition, the choice of species is important. It
is well described that induction of predominant WMI is prob-
lematic in rats and mice due to the different CNS anatomy of

rodents that, besides being non-gyrencephalic and having a dif-
ferent vascular anatomy, demonstrates a much lower white/gray
matter ratio than in humans. In contrast, the pattern of WMI
in rabbits, cats, dogs, and sheep has a distribution and mor-
phological appearance closer to that of human preterm brain
injury induced by either hypoxia—ischemia or LPS administra-
tion (26, 59). The fetal rabbit brain myelinates with a similar
perinatal time course to the human, and maturation of oligoden-
drocytes begins antenatally (155). In utero, hypoxia—ischemia to
the preterm rabbit fetus causes postnatal hypertonic motor deficits
that resembles CP, making rabbits a very good model for postnatal
behavioral studies (156). Many further studies have been under-
taken utilizing fetal sheep models of preterm WMI because of
their abundance of cerebral white matter, their anatomic similar-
ities to the preterm infant, and an ability to monitor the systemic
and brain response to insult (37, 59, 157). However, because
of cost, availability of antibodies/sequence data and genetically
modified animals, rodent WMI studies are valued as comple-
mentary models (26). To date, only hAECs have been examined
in a non-rodent (fetal sheep) model of preterm WMI. Yawno
and colleagues demonstrated that administration of hAECs sup-
pressed the up-regulation of activated microglia, and reduced
gray and WMI in response to LPS in preterm fetal sheep (88)
(Table 2).

PRETERM BRAIN INJURY AND UMBILICAL CORD BLOOD

Hall and colleagues demonstrated that in postnatal day 2 rats,
intravenous hUCB-MNC administration preserves white matter
structures following an hypoxic-ischemic insult. This timeframe
corresponds to the period of white matter vulnerability in human
preterm infants between 24 and 30 weeks of gestational age (158).
Specifically, IV infusion of hUCB-MNCs at 48 h post-ischemia
reduced WMI based on quantification of myelin basic protein. A
direct protective effect of UCB-MNCs on oligodendrocyte injury
induced by oxygen/glucose deprivation (OGD), which produces
hypoxic-ischemic-like injury in vitro, was also identified (158).
Although the data are limited, it appears that hUCB-MNCs have
therapeutic potential for the protection of oligodendrocytes and
thereby prevention of WMI in a premature rat model of ischemia.

ANTIEPILEPTIC EFFECTS OF UMBILICAL CORD BLOOD

The incidence of seizures in very low birth weight infants is
5.6%, while the occurrence in those infants identified as hav-
ing PVL is 18.7% (159, 160). Seizures are typically observed in
more severe cases of PVL and those born at lower gestational
ages and birth weights (159, 160). Recent studies demonstrate the
antiepileptic actions of hUCB-MNC:s. Transplantation of hUCB-
MNCs 90 min after the onset of status epilepticus in rats, induced
by lithium and pilocarpine chloride, protected against neuronal
loss in the hippocampus for up to 300 days. Additionally, MNC-
transplanted rats had reduced frequency and duration of recurrent
seizures, suggesting early administration could protect against
the establishment of epilepsy (161). Furthermore in a single
case of an infant with infantile spasms (West syndrome) and X-
linked T/B + NK-severe combined immunodeficiency, allogeneic
UCB transplantation together with topiramate and immune-
modulating agents (corticosteroids, intravenous immunoglobulin,
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Table 2 | Outcome of cell-based interventions in preterm brain injury.

Cell type Animal model Administration Engraftment Histology assessments Functional assessments Others Reference
Injury type Timing Dose Route Days Results Days Outcomes Days Outcomes
hUCB-MNCs P2 rats, 48h after 1 x 108 cells v NA NA 4 days Reduced white matter NA NA UCB-MNCs directly Hall 2008
MCAO stroke damage reduced apoptosis of (158)
oligodendrocytes
cultured under oxygen
glucose deprivation
in vitro
hUCB-MNCs  P5 rats, within6hor  1x1080r107 IPorlV 5days No cells 5 days No changes in lesion NA NA Dalous
excitotoxicity 24 h after cells detected size, microglial 2013 (89)
(ibotenate) injection activation, astrogliosis,
or cell proliferation.
Increased white matter
damage with increased
microglial activation by
ip administration
hUC-MSCs P3 rats, HI 0, 1, 2days 1x 108 cells, IP 24 h Cells migrated 7 18days Increased mature 27days Improved Zhu 2014
(Passage 3) 240min after HI, once 3 times mainly toward oligodendrocytes exploratory (174)
a day the injured counts. Decreased behavior, mental
hemisphere astrocytosis and stress and motor
microglial activation function
hUCB-MSCs P4 rats, blood P6 1 x 10° cells IVen NA NA 28 days Improvements of 28days Improved Attenuation of Ahn 2013
injection into corpus callosal behavioral tests post-hemorrhagic (121)
lateral thickness and myelin (negative, geotaxis  hydrocephalus
ventricle basic protein expression test and rotarod development by MRI.
reduction. Attenuation test) Decreased
of astrogliosis and cell inflammatory cytokines
death expression in CSF
(-1, IL-1B, 16, and
TNF-a)
hAECs 117 days GA 0,6and 12h 1T 1.8x 108 7d Cells were 7 days Decreased activated NA Yawno
fetal sheep, after LPS cells, or IV detected in 2 microglia in the 2013 (88)
LPS 9 x 107 cells, of 14 fetal cortex, subcortical
or T brains and periventricular
9x 107 +1V white matter.
9x 107 cells Decreased
apoptosis in the
cortex and
periventricular white
matter

CSF, cerebral spinal fluid, GA, gestational age, HI, hypoxic-ischemia (unilateral ligatiion of the carotid artery followed by 6% oxygen systemic hypoxia); hAECs, human amnion epithelial cells; hUCB-MNCs, human

umbilical cord-mononuclear cells; IR intraperitoneal; IT intrathecal; 1V, intravenous; IVen, intraventricular; MCAO, middle cerebral artery occlusion;, MSCs, mesenchymal cells; MRI, magnetic resonance imaging; NA,

not applicable; P postnatal day, UC, umbilical cord; IL, interleukin, LPS, lipopolysaccharide; TN, tumor necrosis factora.
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and tacrolimus) improved seizures, possibly contributed by an
immuno-modulatory effect of UCB-MNCs (162).

SUPPRESSION OF EXCITOTOXICITY BY UMBILICAL CORD
BLOOD

Suppression of excitotoxicity is a further important subject of
investigation for protecting the developing brain. The potential
therapeutic effects of stem cells in animal models of excitotoxic
brain injury have been examined using the N-methyl-p-aspartate
receptor agonist, quinolinic acid, to induce apoptosis and cleaved
caspase-3 and excitotoxic damage in the neocortex, hippocampus,
striatum, white matter, and subventricular zone, in the newborn
mouse brain. Injection of human embryonic germ cell-derived
NPCs partially restores the complement of striatal neurons, with
engraftment of the transplanted cells in injured sites and their
differentiation into neuronal and glial cells (163). In contrast,
intra-peritoneal and intravenous hUCB-MNCs administration
could not promote brain repair in ibotenate-induced excitotoxic
brain lesions in neonatal rats. The authors of this recent study
did, however, suggest that the intra-peritoneal injection of high
amounts of hUCB-MNCs may have aggravated WMI, possibly
due to systemic inflammation (89).

ANTIOXIDANT EFFECTS OF UMBILICAL CORD BLOOD

There is increasing evidence that stem cells, especially young
cells, possess antioxidant potential, which may then contribute
to anti-apoptotic effects (164—166). A recent paper showed that
hUCB-NPCs, a neuronal phenotype differentiated from collagen-
adherent hUCB-MNCs, induced neuroprotection via an antiox-
idant effect, decreasing free radical levels by 95% (167). Human
MSCs in vitro also scavenge oxygen and nitrogen free radicals, con-
stitutively express antioxidant enzymes, and themselves are highly
resistant to oxidative stress-induced death (166). It is still unclear
whether cells derived from UCB can mediate tissue oxidative stress
in vivo. Since oxidative stress is known to play an important role
in the progression of brain injury in preterm infants, this is a cru-
cial consideration for the ability of UCB-MNCs to mediate the
progression of preterm brain injury.

VASCULAR DEVELOPMENT, INTRAVENTRICULAR
HEMORRHAGE, AND UMBILICAL CORD BLOOD

Preterm infants are highly vulnerable to IVH due to their
maturation-dependent vascular vulnerability, localized to the area
of the periventricular germinal matrix and possibly in part due
to a coagulation system deficit of prematurity (9, 168). Preterm
infants predominantly develop IVH in the first week after birth
(169). While grades 1 and 2 IVH cause little neurological harm,
>50% of infants with severe IVH (grades 3 and 4) die or develop
post-hemorrhagic hydrocephalus (PHH). The incidence of severe
IVH in very preterm infants ranges from <5 to 20% (170). IVH is
observed in 25% of infants with PVL and worsens WMI by increas-
ing the amount of iron that combines with harmful free radicals
and inflammatory cytokines to exacerbate injury (171, 172). The
incidence of IVH has declined with current neonatal intensive care
practices, but it remains an important problem, for which there
is no targeted treatment (170). A recent paper demonstrated that
intraventricular administration of hUCB-MSCs attenuates brain

damage after severe IVH in newborn rats. The anti-inflammatory
effects of MSCs (i.e., reducing the expression of inflammatory
cytokines, such as IL-1a, IL-1f, IL-6, and TNF-a) were hypothe-
sized to contribute to the prevention of ventricular dilation and
neuroprotection (121). In adult rats, IV administration of hUCB-
MNC:s also showed amelioration of neurologic deficits associated
with intra-cerebral hemorrhage (173).

OLIGODENDROCYTES, MYELIN DEFICITS, AND UMBILICAL
CORD BLOOD

Loss of pre-oligodendrocytes and hypomyelination are the prin-
cipal characteristics of preterm WMI and therefore protection
of oligodendrocyte lineage cells must be central to the devel-
opment of any neuroprotective strategies for the preterm brain.
Recently, Zhu and colleagues have shown that hUC-MSCs increase
mature oligodendrocyte number and improve long-term func-
tional outcomes following hypoxia—ischemia in postnatal day 3
rats, with engraftment of cells at lesion sites (174). It will, how-
ever be important to further elucidate whether UCB stem cells can
reduce pre-oligodendrocyte injury and thereby restore myelina-
tion in fetal or neonatal animal models of WMI. There is some
indirect evidence that UCB cell populations may infer benefit to
oligodendrocytes and myelination. The rare but serious genetic
disorders termed leukodystrophies cause degeneration of myelin
and progressive neurological deterioration and, to date, the only
known treatment option for leukodystrophies is early transplanta-
tion of HSCs (175). Experimentally, spontaneous myelin mutants
have been used to study potential therapies. The most commonly
used myelin mutant in transplant experiments is the shiverer
mouse, which has a mutation in the myelin basic protein gene,
and has been extensively used to study myelination by exogenous
cell transplantation, including HSCs, MSCs, and oligodendrocytes
progenitor cells (OPCs). OPCs can be isolated, differentiated, and
expanded from both fresh and cryopreserved UCB (176, 177)
offering a potential treatment option, and lay the foundations for
future studies in this research field.

CLINICAL TRIALS FOR CEREBRAL PALSY

There are currently a number of clinical trials listed, or recently
completed, for treatment of children with established CP. A
pilot study from Hanyang University Medical Center, Republic
of Korea examined 20 children aged 2-10 years with clinical CP,
who were born either preterm or term, and administered periph-
eral autologous UCB-MNCs. Neurodevelopmental outcomes and
neuroimaging studies were conducted up to 24 weeks after UCB
administration, and compared with a pre-infusion baseline. Func-
tional improvements were demonstrated in 25% of patients, and
improvements in brain imaging outcomes were also noted in chil-
dren with neurodevelopmental recovery. Side effects were identi-
fied in 25% of participants during infusion, treated successfully
with antihistamines and hydration. Although not powered to
demonstrate statistical benefit, the study showed the potential
and safety of autologous UCB-MNC treatment in children (178).
Between 2009 and 2012, Duke University in the USA treated 23
term newborns identified with HIE soon after birth with autol-
ogous UCB administration. The study was able to demonstrate
feasibility and safety of autologous UCB re-administration in
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combination with hypothermia, targeting UCB administration
at 6h. Neurodevelopmental outcomes were recorded at 1 year
of age, however, a greater number of babies will be required to
appropriately assess functional outcomes (179). Duke University
is continuing to recruit for a larger study of autologous UCB
administration for children with established spastic CP.

USE AND EFFICACY OF COMBINATION THERAPIES

A recent clinical study has assessed allogeneic UCB administered in
combination with erythropoietin (EPO — itself the subject of neu-
roprotective trials), cyclosporine (an immunosuppressant), and
rehabilitation therapy at Bundang CHA Hospital, Republic of
Korea. Ninety-six children with CP aged 10 months to 10 years
were treated with UCB cells, and improved cognitive and motor
function were observed in all groups, including placebo, but with
greater improvements in UCB + EPO children (180). Due to its
design, this study does not separate the neuroprotective effects
of EPO from UCB. However, combination therapy, which targets
different mechanisms and therapeutic windows, may be a useful
approach to treat preterm infants because of their multifactor-
ial causes of injury and the inherent difficulties with identifying
a therapeutic time frame in these infants. Indeed, ganglioside
and mannitol have been shown to enhance the neuroprotective
benefits of hUCB-MNCs and hUC-MSCs treatments following
neonatal asphyxia in pre-clinical studies (130, 138). In contrast,
despite recent promising neuroprotective outcomes of EPO in
preterm cohort (181), routine clinical use of EPO, especially by
high-dose, has always been hampered by its risk for retinopathy
of prematurity (182). Melatonin, a powerful antioxidant shown to
protect the developing brain by reducing oxidative stress follow-
ing hypoxia—ischemia, with an absence of side effects, may be a
candidate for co-administration with UCB (183). In term infants
with HIE, hypothermia has been standard neuroprotective ther-
apy for a number of years (184), and combination treatment of
moderate hypothermia with MSCs significantly improves neu-
ronal survival and mitochondrial activity after OGD exposure
in vitro (185). Clinically, Cotten and colleagues recently showed
that hypothermia and autologous UCB combination treatment is
feasible and safe in term infants with HIE (179), and reflects that
any treatment for term HIE must be considered in the context of
therapeutic hypothermia. However, in very preterm and extremely
preterm infants hypothermia is not currently recommended and
may increase the risk of complications or death (186). A phase 1
clinical study of selected head cooling for preterm infants,born 32—
35 weeks gestation, with neonatal HIE has recently been completed
[NCT00620711], and the results are awaited with interest.

Other types of stem and stem-like cells may also be used for
the combination therapy with UCB. UG, in addition to UCB, pro-
vides an abundant and non-invasive source of MSCs. These cells
are neuroprotective in hypoxic-ischemic brain injury, and share
similar i1 vitro immunosuppressive properties with bone marrow-
and UCB-derived MSCs as well as mediating monocyte function to
suppress T cell proliferation (130, 187). Importantly, hUC-MSCs
also protect oligodendrocytes, reduce astrogliosis, and improve
long-term functional outcomes in a model of preterm postna-
tal day 3 rats hypoxia—ischemia (174). Moreover, hUC-MSCs
undergo successful cell expansion using animal serum-free culture

medium, thereby removing safety concerns of animal-to-human
viral transmission, further encouraging their potential for clini-
cal application (188, 189). hAECs may present a useful therapy in
combination with UCB, hypothermia, or alternate therapies. The
proven anti-inflammatory properties of hAECs appear a principal
mechanism to reduce preterm brain injury (88). They display both
embryonic and pluripotent stem cells with abundant quantity, do
not express MHC class molecules so have low immunogenicity,
and do not form teratomas (190). Furthermore, the ready avail-
ability of hAECs without the need of expansion may enable them
to be used for early autologous transplantation for preterm brain
injury (88, 188, 189), with or without combination therapies.

OPTIMAL TIMING OF TRANSPLANTATION OF UMBILICAL
CORD BLOOD

Recent experimental studies have been aimed at identifying the
therapeutic window for UCB therapy. In adult rats who under-
went middle cerebral artery occlusion-induced stroke, intravenous
administration of hUCB-MNCs within 72 h resulted in an early
functional recovery with lesion improvement, however cell admin-
istration at 120 h provided only minor functional recovery, and
treatment at 14 days did not show any benefit (132). Whether a
similar result can be obtained in an autologous or allogeneic set-
ting is unknown. However, given that one of the primary benefits
of UCB cells is their anti-inflammatory actions, it is likely that early
intervention may be of greater benefit. Indeed, current ongoing
clinical trials for neonatal HIE by National University Hospital,
Singapore, and Duke University, USA are giving autologous UCB
within the first 3 and 14 days, respectively after term birth asphyxia
(NCT01649648 and NCT00593242). However, in preterm infants,
it is difficult to know the timing of WMI that results in cystic
PVL or diffuse WMI (9, 184, 191) and therefore either combina-
tion therapies, or cell preparations with multiple benefits would
be most appropriate.

CLINICAL TRIALS FOR PRETERM BRAIN INJURY
No trials of neuroprotective UCB for use in treating WMI in
preterm infants are currently registered in humans. A significant
challenge in the design of a clinical trial for preterm infants is the
question of which UCB cells to administer? As described above, it is
becoming apparent that the type and quantity of specific cell types
differs in preterm UCB from that in term UCB. A dose-response
effect of UCB therapy for neonatal hypoxia—ischemia has been
demonstrated (133, 192), but it is unclear whether a therapeutic
quantity of cells can be derived from preterm UCB as the volumes
obtained are low (see Umbilical Cord Blood above). Further to this,
the ability to expand preterm UCB cells is not yet well described.
In preterm infants, as also discussed above, the timing of the
onset, and chronic progression of WMI is usually not known.
It is also not known whether to administer UCB cells before
or after brain injury is identified. Administration following the
identification of brain injury may provide better outcomes than
administration in later childhood, due to the plasticity of the devel-
oping brain; although the evidence for this both in pre-clinical
studies and clinical trials is sparse. In contrast, as cystic PVL
or diffuse WMI tend to develop over days to weeks after birth
(72, 169), early postnatal UCB administration “before defining
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brain damage” in preterm and extremely low birth weight infants
may be more efficacious. Indeed, two clinical trials administering
autologous UCB to preterm infants in the first 5 or 14 days post-
delivery, aiming to examine feasibility and efficacy for a variety of
preterm complications, are currently underway (NCT02050971
and NCT01121328). However, in preterm infants susceptible to
WMI at least until 32 weeks or more gestational age, a single
administration of cells might not span an adequate period of brain
protection. Thus, the need for repeated dose administration and
expansion of UCB samples are further exemplified in a preterm
cohort. Recently described in vivo cell tracking methodology using
MRI, which enables the tracking of migration and distribution of
magnetically labeled cells in tissues, may be useful for optimizing
the time course for UCB treatment (193).

CONCLUSION

Taking into account the similarities and differences in preterm
versus term brain injury, and limitations to date in stem cell
studies for preterm WM]I, it is apparent that a number of con-
siderations apply before UCB treatment could be extended to
infants born preterm. The clear advantage of undertaking UCB
administration in a preterm cohort is the relative plasticity of the
developing brain in immature infants, and potential for regen-
eration. However, there are current disadvantages that must be
overcome. Studies to date suggest that early cell administration
post-injury achieves favorable therapeutic outcomes, but a current
lack of sensitive diagnostic tools and inability to accurately deter-
mine the onset of preterm brain injury remains problematic. Work
to define the most appropriate time for therapeutic intervention is
needed. Additionally, the specific cells present in UCB responsible
for brain protection are not yet characterized and the compli-
cations of pregnancy that are often co-morbidities with preterm
birth, such as uteroplacental inflammation or IUGR, may alter the
cellular composition of UCB. A handful of published work sug-
gests that preterm UCB cell number, cell total population and cell
maturity is different to that in term UCB, which may not provide
the expected benefit that has been observed using term hUCB in
experimental animal and clinical studies. It is therefore currently
not known whether autologous or allogeneic UCB cell administra-
tion would confer optimal benefit in a preterm cohort, or whether
expansion of specific cell types should be considered and pursued.
Thus it remains that UCB holds strong promise for the treatment
of preterm brain injury in the neonate, but fundamental questions
must be answered with appropriately designed experimental ani-
mal and clinical studies prior to large-scale randomized clinical
trials for preterm brain injury.
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1.2. Hypothesis and Aims of this Thesis

We hypothesise that cells derived from UCB are able to reduce preterm white matter brain
injury following HI.
Specific Aims of this thesis were:
1) To demonstrate that allogeneic UCB derived cells are safe to administer to preterm
fetal sheep.
2) To administer UCB derived cells after preterm brain injury induced by acute HI, to
determine whether white matter brain injury is reduced.
3) To compare the effects of early and late administration of UCB derived cells after
preterm brain injury, to determine the optimal timing of administration following HI.
4) To compare the efficacy of cells derived from term and preterm UCB for white matter
protection in the preterm brain following HI.
5) To investigate the neuroprotective effects of ex-vivo expanded MSCs derived from

preterm UCB in the preterm brain following acute HI.
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We tested whether allogeneic administrations of UCB derived cells are neuroprotective
following HI insult in a well-established fetal sheep model of preterm white matter injury. We
also compared the neuroprotective effects of UCB cell administration at 12h vs 5d following
acute HI. This is an unaltered version of the manuscript published in Exp Neurol. 2016, 283(Pt

A), 179-187.
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ARTICLE INFO ABSTRACT

Article history:

Infants born very preterm are at high risk for neurological deficits including cerebral palsy. In this study we
assessed the neuroprotective effects of umbilical cord blood cells (UCBCs) and optimal administration timing
in a fetal sheep model of preterm brain injury. 50 million allogeneic UCBCs were intravenously administered
to fetal sheep (0.7 gestation) at 12 h or 5 d after acute hypoxia-ischemia (HI) induced by umbilical cord occlusion.
The fetal brains were collected at 10 d after HI. HI (n = 7) was associated with reduced number of oligodendro-
cytes (Olig2+ ) and myelin density (CNPase+), and increased density of activated microglia (Iba-1+) in cerebral
white matter compared to control fetuses (P< 0.05). UCBCs administered at 12 h, but not 5 d after HI, significantly
protected white matter structures and suppressed cerebral inflammation. Activated microglial density showed a
correlation with decreasing oligodendrocyte number (P < 0.001). HI caused cell death (TUNEL+) in the internal
capsule and cell proliferation (Ki-67 +) in the subventricular zone compared to control (P< 0.05), while UCBCs at
12 hor 5 d ameliorated these effects. Additionally, UCBCs at 12 h induced a significant systemic increase in inter-
leukin-10 at 10 d, and reduced oxidative stress (malondialdehyde) following HI (P < 0.05). UCBC administration
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Stem cell at 12 h after HI reduces preterm white matter injury, via anti-inflammatory and antioxidant actions.
Crown Copyright © 2016 Published by Elsevier Inc. All rights reserved.
1. Introduction matter neuropathology, relative brain immaturity and inherent suscepti-

Approximately 12% of infants are born preterm, and very preterm in-
fants, born <32 weeks gestational age, are the highest risk group for
neurological morbidities. White matter injury (WMI) is the most com-
mon brain damage in preterm infants, typically localized to the
periventricular white matter (PVYWM) area in a diffuse or focal pattern
(Woodward et al., 2006). In all preterm infants with WMI, 5-15% will
develop cerebral palsy, and 50% will have cognitive, behavioral or atten-
tion deficits (Volpe, 2003). Cerebral ischemia-reperfusion and inflam-
mation are the two principal causes of WMI (Dammann and Leviton,
1997; Buser et al., 2012; Back et al., 2007), leading to neuropathologies
that include disruption to oligodendrocyte development, deficits in axonal
myelination, astrogliosis, and/or microglial activation (Khwaja and Volpe,
2008). Oligodendrocyte progenitor cells present between 23 and
32 weeks gestation in humans are particularly susceptible to inflammation
and/or hypoxia-ischemia (Back and Volpe, 1997). The complexity of white
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Department of Obstetrics and Gynaecology, Monash University, Level 3, 27-31 Wright St,
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bility of very preterm infants means that there are currently no neuropro-
tective treatments available for this vulnerable cohort.

Umbilical cord blood contains a diverse and rich mix of stem and
progenitor cells with excellent potential for neurorepair, and is readily
available (Castillo-Melendez et al., 2013; Li et al.,, 2014; Bennet et al.,
2012). There is increasing evidence to demonstrate the beneficial effects
of UCBCs in preventing or repairing Hl-induced brain injury in term-
equivalent newborn rats (postnatal day 7-10), when xenotransplanted
human UCBCs are administered within 24 h after HI (Li et al., 2014;
Bennet et al,, 2012; Geissler, 2011; Pimentel-Coelho et al., 2010; Meier
et al,, 2006; Wasielewski et al., 2012). Human UCBCs transplanted intra-
peritoneally decrease apoptotic and necrotic cell death within the brain,
mediated by reduced brain inflammation (Pimentel-Coelho et al., 2010;
Geissler et al., 2011). While the white to gray matter ratio and pattern of
brain injury is different in young rats (Rees and Inder, 2005), one study
in preterm-equivalent (postnatal) rats supports that intravenous
human UCBC administration may preserve white matter architecture
following HI (Hall et al.,, 2009).

We tested the hypothesis that intravenously administered allogene-
ic UCBCs would protect the developing white matter of the preterm
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sheep brain following HI. We examined whether early (12 h) or late
(5 d) administration of UCBCs after insult would have differential ef-
fects, and explored the mechanisms of UCBC action. UCBCs prevent neu-
ronal degeneration when administered 12 h after birth asphyxia in term
lambs (Aridas et al., 2015), but their role in white matter protection is
not known, and this early administration may be unrealistic in clinical
practice for brain injury in very preterm infants. Therefore we have se-
lected a comparison between UCBC administration at 12 h versus 5 d.
Prolonged umbilical cord occlusion (UCO) in preterm fetal sheep at
0.65-0.7 gestation induces significant WMI mediated by hypoxemia, in-
flammation, excitotoxicity, and oxidative stress (Bennet et al., 2007;
Ferreiro, 2006). Accordingly, we induced a period of severe HI in pre-
term fetal sheep at a time corresponding to 28-32 weeks gestation of
human white matter development (Bennet et al., 2007), to examine
the neuroprotective benefits and preferred timing of UCBC therapy.

2. Materials and methods
2.1. Animals and surgery

Surgery was performed on 38 pregnant Merino-Border Leicester
ewes of known gestational age bearing single (n = 34) and twin fetuses
(n=8)at97.5 4 0.1 d gestation (term = ~147 d). All surgical and ex-
perimental procedures were approved by the Monash Medical Centre
Animal Ethics Committee (MMCA/2013/17). Anesthesia was induced
with intravenous (iv) 20 mg/kg sodium thiopentone (Bomac Laborato-
ries, New Zealand ) and maintained with 2% isoflurane (Abott, Australia)
via an endotracheal tube. Under aseptic conditions, the ewe underwent
a laparotomy to exteriorize the fetus, and polyvinyl catheters (0.8 mm
inner diameter, 1.2 mm outer diameter, Dural Plastics, Australia) were
inserted into the fetal femoral artery for monitoring arterial blood pres-
sure and obtaining blood samples, and fetal vein for administering
UCBCs or saline. An inflatable balloon occluder (16HD, In Vivo Medical,
USA) was placed around the umbilical cord to induce HI. The fetus was
returned to the uterus, and the uterine and abdominal incisions sutured
in layers. All catheters were exteriorized through the maternal flank,
and the muscle layers closed separately. A maternal jugular vein cathe-
ter was also implanted for antibiotic administration. Prior to surgery
and for 3 days post-surgery, 500 mg engemycin (Coopers, Bendigo
East, Australia) and 1 g ampicillin (Lennon Healthcare, St Leonards, Aus-
tralia) were administered iv to the ewe.

Experiments were conducted 4-5 d postoperatively. Fetal catheters
were maintained by continuous infusion of heparinized saline (50 IU/
ml, 0.2 ml/h). Fetal heart rate and mean arterial pressure (MAP),
corrected for amniotic fluid pressure, were monitored using pressure
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transducers during the experiment, and digitized and stored for off-
line analysis (Power Lab, AD Instruments, Castle Hill, Australia).

2.2. Experiment protocol (Fig. 1A)

At 102.3 4 0.2d gestation (0.7 gestation), animals were randomized
into one of five groups: (1) control (sham-occlusion + iv saline, n =
10); (2) HI (HI + saline, n = 7); (3) HI + UCB@12 h (HI + 50 million
UCBCs injected iv at 12 h after UCO, n = 6); (4) HI + UCB@5 d
(HI + 50 million UCBCs at 120 h, n = 6); (5) control + UCB@12 h
(sham-occlusion + 50 million UCBCs at 12 h, n = 5). The HI + UCB@
12 h, HI + UCB@5 d and control + UCB@12 h groups used singleton fe-
tuses only, while the HI and the control group used singletons and
twins, and there was no difference in sex distribution (Table 1). HI
was achieved by complete UCO, in which the balloon occluder was filled
with 2.0-2.5 ml water for 23-25 min. The occlusion was discontinued at
25 min or sooner if the occlusion was >23 min duration and MAP had
decreased to <8 mm Hg. Fetal arterial blood samples (approximately
0.5-1.5 ml) were collected 24 h before, during, and 6, 12, 24, 48, 72,
120, and 240 h after HI for blood gas parameters (ABL 700, Radiometer,
Copenhagen, Denmark), cytokine and malondialdehyde concentrations.
Plasma samples were stored at — 80 °C until assays were performed.

2.3. Cell preparation

Umbilical cord blood was collected at cesarean-section of near-term
lambs (141 d gestation). The umbilical cord was clamped and cord
blood from the placental side was collected into heparinized syringes.
UCBCs were isolated by centrifuging the blood at 3100 rpm for 12 min
at room temperature, without brake. The buffy coat layer was collected,
excess red blood cells were removed using red blood cell lysis buffer
(155 mM NH4Cl, 10 mM KHCOs, 0.1 mM EDTA in H,0). The cells were
resuspended in bovine fetal serum with 10% DMSO (Merck, Darmstadt,
Germany), and cryopreserved in liquid nitrogen. The cells were thawed
just prior to administration. Cell yield and viability were assessed using
the Trypan blue dye exclusion method. 50 million viable cells were la-
beled with carboxyfluorescein succinimidyl ester (CFSE) to enable
tracking of the cells within the brain (Yawno et al., 2013). Cells were
suspended in 2.5 ml sterile saline, and administered to the fetus (over
3 min) via the femoral vein.

2.4. Tissue collection and processing
At 10 d after UCO (112.5 + 0.2 d gestation), the ewe and fetus were

euthanized by iv overdose of sodium pentobarbital (Virbac, Peakhurst,
Australia) to the ewe. The fetus was removed and fetal body weight
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Fig. 1. A: Experimental timeline. ABG: arterial blood gas; FHR: fetal heart rate; GA: gestational age; HI: hypoxia-ischemia; MAP: mean arterial pressure; MDA: malondialdehyde; UCBCs:
umbilical cord blood cells; UCO: umbilical cord occlusion. B: Representative lamb brain photomicrograph of anatomical regions assessed for histology (Sheep Ovis aries-Section 720). SVZ:
subventricular zone; PVWM: periventricular white matter; IC: internal capsule; CN: caudate nucleus.
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Physiological outcomes.
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Variables Control HI HI + UCB@12d  HI + UCB@5d Control + UCB@12 h
Samples included in analysis, n 10 7 6 6 5
Samples excluded due to death, n; (mortality, %) 1(9) 3(30) 2(25) 2(25) 0(0)
Female, n (%) 7 (70) 3 (43) 3 (50) 3 (50) 2 (40)
Twin, n (%) 6 (60) 2(29) 0(0)? 0(0)? 0(0)?
UCO duration, min 0 244 +£0.3? 242 +04° 24.3 +04° 0
Weight Brain weight, g 345 £ 0.7 30.5 £ 0.9 298 £1.02 31.8 £ 09 36.5 + 1.0
Body weight, kg 20+0.1 24401 21402 25402 21402
Brain/body weight, g/kg ~ 17.6 + 0.7 13.6 £ 0.9° 144 + 0.9 13.1 £ 0.9° 173 + 1.0
FHR, bpm Baseline 201+£9 201£5 198 + 4 19245 207 + 4
End of occlusion 194 + 4 69 & 3% 66 + 7P 64 & 5*° 201+6
2-12h 200 + 3 201 +6 195+ 9 206 + 5 208 +5
12-36 h 203 + 4 202+5 197 + 4 195 + 4 203+5
96-120 h 204 +2 197 +£5 197 + 3 205 + 2 196 + 4
120-144 h 202 + 4 192+ 6 191 +£2 194 + 8 200 + 4
MAP, mm Hg Baseline 370+24 359414 357 + 0.7 36.7 + 4.2 359 + 0.5
End of occlusion 36.4 + 2.6 89 & 0.9%° 8.7 &+ 2.0°° 8.4 + 1.8 355405
2-12h 379+ 1.7 373+ 1.1 372+ 14 38.7 £ 09 37.0 £ 1.1
12-36 h 37.7 £ 2.1 37.7 £2.0 422 4 2.0° 37.7 £2.0 36.5 + 1.0
96-120 h 372422 372 £ 1.7 386+ 1.1 36.6 £ 1.9 36.0 £ 2.3
120-144 h 376+14 375+ 14 392 +1.2 36.5 + 2.0 36.1 £ 24
pH Baseline 7.40 £ 0.02  7.36 + 0.01 7.36 + 0.02 737 £ 0.01 7.35 + 0.01
20 min 737 £001 687 £0.01* 684+ 0.01%° 6.89 £ 0.03*  7.3540.02
12h 738 £0.01 737 +£0.01 7.35 + 0.01 7.37 £ 0.01 7.35 + 0.01
120 h 737 £0.01 737 +£0.01 7.37 £ 0.02 7.35 £ 0.01 7.36 + 0.03
240 h 738 £0.01 7354 0.01 7.37 + 0.02 7.36 + 0.01 7.37 +0.02
Pa0,, mm Hg Baseline 232409 232 408 235+ 15 241 +£22 251+ 1.7
20 min 237+ 06 8.4 + 1.4%° 11.0 £ 2.0°P 123 £2.2%° 229+ 16
12h 232403 239+ 08 240 +13 26.7 + 3.0 21.6 £ 1.1
120 h 221410 238 £ 13 27.0 £23 278 £28 253 £ 05
240 h 230 + 1.1 221+18 25.0 +2.0 270+ 19 220+18
PaCO,, mm Hg Baseline 383 +£39 444 + 26 469 +£ 2.2 451 £ 0.5 434 +£1.7
20 min 438 +£2.6 107.3 £ 7.8*®  115.1 £ 8.9*° 1041 £50™ 492+ 14
12h 466 £25 462 +19 452 +27 465+ 1.2 49.0 + 0.7
120 h 486+ 15  474+23 479 £22 456 + 2.1 446 + 2.6
240 h 490+ 14 50 + 1.9 46.9 +2.9 49.7 +2.2 51.7 + 2.6
BE, mmol/I Baseline —13+£19 —04+15 0.7 +09 0.6+03 —1.4+£09
20 min —-03+11 —160+£11* —162+09" —122+18" 13108
12h 16+ 1.3 09+ 1.0 03417 1.3+ 04 1.1+05
120 h 22405 15+ 13 1.7+ 14 —1.0+£08 19+ 04
240 h 29+04 14409 0.6 +0.1 19+07 31+05
Lactate, mmol/l Baseline 09+0.2 09 4+ 0.1 0.9+ 0.1 0.8 £ 0.1 09 £+ 0.1
20 min 0.8+ 0.1 7.9 +£0.8*° 8.4 4 0.8 7.8 &+ 0.5 12401
12h 0.9 14+02 20405 1.6+ 02 1.1+0.1
120 h 1.0+ 0.1 12+ 0.1 1.1+ 0.1 09+0.1 12402
240 h 1.0 4+ 0.1 1.5+ 03 09+ 0.1 1.0+ 0.1 1.2+ 0.1

Mean (%) or mean =+ standard error are presented for each group. One-way analysis of variance and post-hoc Tukey tests were carried out on comparisons between groups. °P < 0.05 vs
control at the same time point or during the same time period. °P < 0.05 within group comparisons vs baseline. The start of occlusion was set as time zero. HI: hypoxia-ischemia; UCB:
umbilical cord blood; FHR: fetal heart rate; MAP: mean arterial pressure; PaO,: partial arterial pressure of oxygen; PaCO,: partial arterial pressure of carbon dioxide; BE: base excess.

was recorded. The fetal brain was divided in half sagitally. The right
cerebral hemisphere was cut transversely into 5 mm slices and
immersion fixed in 10% formalin for 5 d. Subsequently, paraffin-em-
bedded 10 um coronal sections were cut at the level of the
subventricular zone (SVZ) and the caudate nucleus (CN), and
mounted on Superfrost/Plus slides (Thermoscientific, USA). Brain re-
gions of interest were the SVZ, PVWM, internal capsule (IC), and CN
(Fig. 1B). The left cerebral hemisphere was separated into anatomi-
cal regions, snap frozen in liquid nitrogen and stored at — 80 °C for
future assessment.

2.5. Immunohistochemistry

Rabbit polyclonal oligodendrocyte transcription factor 2 (Olig2,
1:1000; Millipore) and mouse-anti-human 2’,3’-cyclic nucleotide
3’-phosphodiesterase (CNPase, 1:200, Sigma Chemical) antibodies
were used to identify oligodendrocyte lineage cells, and myelin
fiber tracts, respectively. Apoptotic cell death was assessed with rab-
bit polyclonal anti-human/mouse active caspase-3 (1:1000; R&D
Systems) and proliferating cells were visualized with rabbit anti-
human Ki-67 antibody (1:100, Dako). Activated microglia were

identified via morphology using rabbit anti-ionized calcium binding
adaptor molecule 1 (Iba-1, 1:500; Wako) (Yawno et al., 2013).

Sections were deparaffinized, and antigen retrieval performed by
microwaving sections in 0.01 M citrate buffer (pH 6). Endogenous
peroxidase activity was blocked by pretreating with 0.3% hydrogen
peroxidase in 50% methanol or phosphate-buffered saline (PBS;
0.1 M) for 30 min. Nonspecific binding was blocked by incubation
in 5% normal goat serum (Iba-1), 0.3% Triton X-100 in PBS (for Ki-
67), or 5% bovine serum albumin (for Olig2, CNPase and caspase-3)
for 1 h at room temperature. Sections were subsequently incubated
overnight with the primary antibodies at 4 °C. All sections were
treated with secondary antibody (1:200; biotinylated anti-rabbit or
anti-mouse IgG antibody; Vector Laboratories) and staining was vi-
sualized by 3,3’-diaminobenzidine tetrahydrochloride (DAB, Pierce).
Terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) staining, for the detection of DNA fragmentation, was
used as broadly detecting cell death including apoptosis/necrosis
(Grasl-Kraupp et al.,, 1995). Manufacturer's instructions were
followed (DeadEnd Colorimetric TUNEL System, Promega Corpora-
tion, Madison, USA). Negative control sections were included in
each run.
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2.6. Imaging and quantification

Slides were imaged at x 400 magnification under light microscopy
(Olympus BX-41). The numbers of Olig2-, Ki-67-, and activated Iba-1-
immunoreactive cells per field of view were counted by an investigator
blinded to the treatment group. The densities of caspase-3-positive cells
and CNPase-immunoreactive myelinated fibers were quantified using
Image] (NIH). Immunohistochemical outcomes were assessed in 2 sec-
tions per animal and 3 fields of view per region on non-adjacent sec-
tions, with the results averaged per animal and then across animals in
each group.

2.7. Double label immunohistochemistry

Double-label immunohistochemistry was performed on 2 sections
from 2 fetal brains in each group to assess oligodendrocyte proliferation.
Sections were first washed with sodium borohydride (NaBH4, 98%;
10 mg/ml) in PBS to reduce the auto-fluorescence, and treated with a
serum-free protein blocker (DAKO) to prevent background staining,
and then incubated with mouse anti-Olig2 (1:1000; Millipore) and rab-
bit anti-Ki-67 antibodies at 4 °C overnight. Immunoreactivity was visu-
alized with Alexa Fluor 594 goat anti-mouse (Red, 1/1000; Molecular
Probes) and Alexa Fluor 488 goat anti-rabbit (Green, 1/1000, Molecular
Probes) and viewed with a fluorescence microscope (Olympus BX-41).

2.8. Cytokine assay

Plasma cytokine concentrations for pro-inflammatory IL-6 and TNF-
«, and anti-inflammatory IL-10, were analyzed against recombinant cy-
tokines via capture ELISA techniques using ovine-specific monoclonal
antibodies (Liravi et al,, 2015).

2.9. Malondialdehyde (MDA) assay

Plasma lipid peroxidation was assessed via the thiobarbituric acid
reactive substances method to measure MDA in the sample, and MDA
generated from lipid hydroperoxides by the hydrolytic conditions of
the reaction (Miller et al., 2014). The manufacturer's protocol was
followed (Cayman Chemical, Ann Arbor, USA).

2.10. Data analysis

All animals that completed the whole experimental course were in-
cluded into data analyses. All assessments were conducted on coded
slides or samples, with the examiner blinded to the experimental
groups. Data are presented as mean =+ standard error. Statistical analy-
sis was performed with GraphPad Prism 6 (GraphPad Software, San
Diego, USA). Differences between three or more groups were analyzed
by a two-way analysis of variance (ANOVA) (histology data) or one-
way ANOVA (fetal weight, arterial blood gas, physiology, plasma cyto-
kine and MDA levels), followed by the Tukey post-hoc test when a sig-
nificant difference was found. Differences between two groups were
analyzed with either the Wilcoxon or Fisher's test. Regression analysis
was performed for estimating the relationships among variables.
P < 0.05 was considered statistically significant.

3. Results

The overall fetal survival rate for this study was 81%, with no signif-
icant differences in mortality between groups (Table 1). Mean fetal
body weight at postmortem for all animals was 2.2 kg, with no signifi-
cant group differences (Table 1). Brain weight for fetuses after HI,
with or without UCBC treatment, was reduced by 20% compared to con-
trol fetuses. Brain/body weight ratio was reduced in HI and HI + UCB@
5 d versus control groups (P < 0.05).

3.1. Physiological measures

HI resulted in severe hypotension and bradycardia, reduced fetal ar-
terial pH, PaO, and base excess, and increased PaCO, and lactate levels,
compared with control (P < 0.05; Table 1). There was no difference in
the duration of UCO, or any physiological parameters following the in-
sult between the 3 HI groups. Following reperfusion and reoxygenation,
physiological parameters returned to baseline values. In HI + UCB@12 h
fetuses, MAP was transiently elevated following UCBC administration
(P < 0.05), but this was not observed within the HI + UCB@5 d and
control + UCB@12 h animals. No intergroup differences in physiological
and biochemical measures were found after 36 h.

3.2. Brain histopathology

3.2.1. White matter injury (WMI) induced by HI

We firstly confirmed that severe acute HI caused by UCO in preterm
fetal sheep resulted in WMI. Ten days after insult, HI fetuses demon-
strated a reduction in Olig2 + oligodendrocyte lineage cells, decreased
25-41% compared to control, within the SVZ and IC (P < 0.05), and
PVWM (P = 0.07). The density of myelinated fiber tracts was reduced
25-30% within the PVWM and IC of HI fetuses, compared to control fe-
tuses (P < 0.05; Fig. 2B); Fig. 3F shows that within the PVWM, the white
matter tracts are sparse and disorganized following HI. TUNEL+ cell
counts were highly variable across brain regions, with the IC of HI brains
demonstrating the most profound TUNEL+ staining (Fig. 3]), and in-
deed the IC was the only region to show a significant increase in
TUNEL+ cell density in HI fetuses compared to control (P < 0.05,
Fig. 2C). HI was also associated with increased cell proliferation
(Ki67+ cells) within the SVZ, compared to control (P < 0.05, Fig.
2D), and double label staining demonstrated that Ki-67 was substan-
tially co-localized with Olig2+ oligodendrocyte lineage cells (Fig.
3W). Finally, HI resulted in significant inflammatory cell activation
within the preterm brain, with increased Iba-1+ activated microglial
density within the PVWM and IC (P < 0.05) compared to control fetal
brains (Fig. 2E).

3.2.2. Effects of UCBCs at 12 h after HI

We next determined whether the intravenous administration of 50
million UCBCs at 12 h after HI had a neuroprotective effect within the
white matter of the preterm brain. Two-way ANOVA demonstrated a
significant overall protective effect of UCBCs administered at 12 h (Fig.
2A-E). Where HI alone reduced Olig2 + oligodendrocyte density com-
pared to control, there was no difference in oligodendrocyte density in
HI + UCB@12 h compared to control, and, indeed, oligodendrocyte den-
sity was significantly increased in UCB-treated brains within the IC,
compared to HI (P < 0.05; Fig. 2A). Similarly, UCBC administration nor-
malized axonal myelination, with no difference in the density of myelin-
ated fiber tracts between control and HI + UCB@12 h across all white
matter regions examined (Fig. 2B), and these tracts demonstrated ap-
pearance and organization similar to the control group (Fig. 3G). The ad-
ministration of UCBCs at 12 h after HI protected against cell death, with
no increase in TUNEL-positive staining in the IC in the HI + UCB@12 h
compared to control animals (Fig. 2C), and there was also no increase
in cell proliferation in the SVZ in UCB-treated animals (Fig. 2D). UCBC
administration at 12 h demonstrated a profound anti-inflammatory ef-
fect within the brain after HI. Iba-1+ activated microglial density was
decreased within the white matter in HI + UCB@12 h animals com-
pared to HI alone (P < 0.05) and there was no difference between
HI 4+ UCB@12 h and control brains (Fig. 2E). Our results also demon-
strate that UCBC administration to control fetuses (control + UCB@
12 h) had no effect on white matter development, with no difference
in oligodendrocyte density, myelination, cell death, proliferation, or ac-
tivated microglia (Fig. 2A-E).
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Fig. 2. Time-dependent effects of UCBCs on regional densities of Olig2+ oligodendrocytes (A), CNPase+ myelinated axon (B), TUNEL+- cell death (C), Ki67+ proliferating cells (D), and
Iba-1+ activated microglia (E) in subventricular zone (SVZ), periventricular white matter (PVWM), internal capsule (IC) and caudate nucleus (CN). A and B: HI was associated with a
reduced densities of Olig2+ oligodendrocytes and CNPase+ myelin fiber tracts (P < 0.05) in the white matter compared to control fetuses. UCBC administration at 12 h, but not 5 d,
protected the white matter structures. C and D: HI fetuses showed increased cell death (TUNEL+ cells) in the IC, and increased cell proliferation in the SVZ compared to control
fetuses. While UCBCs at 12 h and 5 d attenuated the effects. E: Activated microglia density (Iba-14-) was increased in the white matter of HI brains. However, UCBC administration at
12 h, but not 5 d, suppressed the microglial infiltration. Data are mean + SEM, and were analyzed using ANOVA followed by post-hoc Tukey's pairwise comparisons for the individual

brain region. *P < 0.05.

3.2.3. Delaying administration of UCBCs until 5 d after HI

Injury to the preterm brain is complex, and may take time to become
clinically apparent. Therefore, lastly, we examined whether delaying
UCBC administration until 5 d after HI was also neuroprotective. Our re-
sults show that there is an intermediate benefit of UCBC administration
at 5 d after HI compared to treatment at 12 h. That is, where HI alone re-
duced oligodendrocyte density by 25-41% (SVZ, PVWM and IC), and cell
administration at 12 h prevented this cell loss, delaying cell administra-
tion until 5 d resulted in ~15% loss of oligodendrocytes (Fig. 2A). Inter-
estingly, hypomyelination persisted within the IC of the HI + UCB@5 d
brains, compared to control (P < 0.05, ANOVA and Tukey test; Fig. 2B).
There was no difference in TUNEL-, or Ki-67-positive cells in the white
matter of HI + UCB@5 d versus controls (Fig. 2C, D). Fig. 2E shows
that delaying UCBC administration until 5 d does not prevent microglial
activation, with no difference between activated microglial densities in
HI 4+ UCB@5 d versus HI fetal brains.

We noted that the morphological appearance of Iba-1+ microglia
was different between groups, with control brains exhibiting microglia
with the characteristics of ramified (resting) microglia, with small cell
bodies and long branching processes (Fig. 3Q, U). In contrast, microglia
within the white matter of HI brains more commonly demonstrated
morphology of activated or ameboid microglia (Fig. 3R, V). This observa-
tion of altered morphology with HI was largely reversed following UCBC
administration at 12 h (Fig. 3S), but not at 5 d (Fig. 3T). There was a sig-
nificant negative correlation between the density of activated microglia
and oligodendrocytes within the PVWM (R?=0.46, P < 0.001), and IC
(R*=0.67, P < 0.001; Fig. 4). There was no correlation between oligo-
dendrocytes and TUNEL+ cell densities.

3.3. Distribution of UCBCs within the brain

The presence and localization of donor UCBCs within the fetal brains
was determined by visualizing the CFSE-green fluorescent-positive cells
within three adjacent brain sections in each animal. UCBCs were detect-
ed in 3 of 7 HI + UCB@12 h, 3 of 6 HI + UCB@5 d, and 3 of 5
control + UCB@12 h fetal brains. The number of cells observed was
very small (0.7-2.1 cells per section without intergroup differences).

Where present, the cells were widely distributed across the brain sec-
tion, with ~65% found in the white matter.

3.4. Plasma pro-inflammatory and anti-inflammatory cytokines

Circulating pro-inflammatory cytokines, TNF-ae and IL-6 concentra-
tions, showed no significant changes throughout the experiment in all
groups. Anti-inflammatory IL-10 concentration at 10 d was significantly
higher in HI + UCB@12 h animals compared to HI, HI + UCB@5 d, and
control + UCB@12 h animals (P < 0.05; control 13.5 + 2.0; HI 11.3 +
1.4; HI + UCB@12 h 16.0 + 1.4; HI 4+ UCB@5 d 9.0 + 1.2;
control + UCB@12 h 7.1 4 1.0 BU/ml; Fig. 5).

3.5. Plasma malondialdehyde

HI was associated with a significant increase of plasma MDA levels
from 6 h, with a plateau from 12 to 48 h, and with a return to baseline
at 72 h in the HI fetuses (Fig. 6). In HI + UCB@12 h fetuses, there was
no difference in circulating MDA levels at 6 and 12 h compared to HI
alone, but the administration of UCBCs at 12 h returned MDA levels to
baseline by 24 h, such that concentrations were significantly reduced
compared to HI fetuses at 48 h (P < 0.05).

4. Discussion

This study is the first to show that allogeneic UCBCs are neuroprotec-
tive following HI insult in a well-established fetal sheep model of pre-
term WMI, and early cell administration is optimal. Cell
administration at 12 h after HI prevented WMI - oligodendrocyte loss
and hypomyelination - but delaying administration until 5 d limited
their protective benefits. We found that the neuroprotective benefits
of UCBCs are likely mediated via anti-inflammatory and anti-oxidant ac-
tions. The anti-inflammatory effects of UCBCs appear critical, given the
observation of a strong correlation between neuroinflammation and
WML

Firstly, we confirmed that acute HI produced WMI in the preterm
brain. HI induced an increase in TUNEL+ cells, where TUNEL reveals



184

Olig2
PVWM

CNPase}

PVWM

TUNEL

Ki-67
SvZ

Iba-1
IC

Control

J. Li et al. / Experimental Neurology 283 (2016) 179-187

HI

HI+UCB@12h

e

HI+UCB@5d

#

Fig. 3. Photomicrograph images showing Olig2 (A-D) and CNPase (E-H) staining in the periventricular white matter (PVWM), TUNEL (I-L) and Iba-1 (Q-T) staining in the internal capsule
(IC), and Ki-67 (M-P) in subventricular zone (SVZ), in the brain of control, HI, HI + UCB@12 h, and HI + UCB@5 d fetuses. Thin black arrows show examples of TUNEL-positive cells. At high
magnification, Iba-1+ inflammatory cells in control brains exhibited the characteristics of ramified (resting) microglia, with small cell bodies and long branching processes (Q, U; broad
black arrow). However, the cells in HI group show loss of microglial branching and transformation into rounded macrophages (R, V; white arrows with black outline). The changes are to a
large extent reversed following UCBC administration at 12 h (S), but not at 5 d (T). Double-label fluorescent immunostaining of Olig2 (red) and Ki-67 (green) with merged images in the
SVZ of the brain in an HI fetus (W). White arrow shows example of cell with dual signal. Scale bar is 50 um.

DNA fragmentation and is a useful, broad indicator of cell death (Grasl-
Kraupp et al., 1995). We observed a variable pattern of TUNEL + stain-
ing at 10 d following HI, from negligible cell death through to a

3000

2000

1000

Olig2+ cell density (cells /mm?2)

Fig. 4. Correlation analysis across all treatment groups between the number of
oligodendrocyte (Olig2 +) and activated microglia (Iba-1+) cells revealed a significant
negative correlation in the PVWM (R? = 0.46, P < 0.001) and IC (R*> = 0.67, P < 0.001).
PVWM: periventricular white matter; IC: internal capsule.
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significant degree of cell death in the IC of some animals. Previous
work has shown that TUNEL + staining is mostly resolved at 7d after
HI (Renolleau et al., 1998), suggesting that we did not observe peak
staining at 10 d post-HI. It was however encouraging to observe that
UCBC administration at either 12 h or 5 d prevented TUNEL + cell
death. HI induced an upregulation of cell proliferation in the SVZ, a ger-
minal region of the brain associated with neurogenesis and gliogenesis
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Fig. 5. The concentration of anti-inflammatory plasma IL-10 at 10 d was significantly
higher in the HI + UCB@12 h group compared to HI, HI + UCB@5 d, and
control + UCO@12 h groups. *P < 0.05. BU: biological unit.
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Fig. 6. Fetal plasma malondialdehyde (MDA) concentrations in control, HI, Hl + UCB@12 h
and Control 4+ UCB@12 h groups. Hypoxia-ischemia (HI), induced by umbilical cord
occlusion, is shown by the gray column, and the time point of umbilical cord blood cell
(UCBC) administration is shown by black arrow. HI was associated with a significant
increase in plasma MDA levels from 6 h, and a return to baseline at 72 h. In HI + UCB@
12 h fetuses, there was no difference in plasma MDA levels at 6 and 12 h compared to
HI alone, but the administration of UCBCs at 12 h returned MDA levels to baseline by
24 h, such that concentrations were significantly reduced compared to HI fetuses at 48 h
(P<0.05). P < 0.05: control vs. HI + UCB@12 h; °P < 0.05: control + UCB@12 h vs. HI;
‘P <0.05: Hl vs. HI + UCB@12 h.

(Ong et al,, 2005). We found that proliferating cells in this area predom-
inantly expressed markers of oligodendrocytes. UCBC administration at
12 hor 5 d following HI attenuated the proliferative response. However,
the timing of cell administration had a notable effect on white matter
protection. Cell administration at 12 h after HI protected oligodendro-
cyte number and myelination density, but only partial protection was
observed in the 5 d treatment cohort. The finding that UCBC treatment
ameliorated oligodendrocyte degeneration and proliferation following
acute insult is important, since selective death of pre-oligodendrocytes,
aberrant proliferation and subsequent arrest of myelination are key fea-
tures in chronic WMI (Buser et al., 2012; Baumann and Pham-Dinh,
2001). We used Olig2 and CNPase to identify oligodendrocyte lineage
cells and myelinated fiber tracts respectively (Back et al., 2007), and
did not characterize the maturational progression of oligodendrocytes
in the current study. We can reasonably speculate that UCBC treatment
at 12 h protected oligodendrocyte development, as evidenced by the
density and organization of myelinated white matter tracts that was
similar to the control group.

Our results support that the therapeutic effects of UCBCs on white
matter protection are mediated by anti-inflammatory and anti-oxidant
actions. We found very few labeled cells within the brain at 10 d after
insult, with no difference in the presence or localization of donor cells
administered at 12 h or 5 d. There has been contention regarding
whether cell engraftment is necessary to mediate neuroprotection
(Borlongan et al., 2004), but even with low numbers of donor cells with-
in the brain, we found profound therapeutic effects of UCBCs against HI-
induced preterm brain injury. Similarly, cell engraftment is not neces-
sary to mediate the protective benefits of xenogeneic UCBC administra-
tion following stroke in adult rodents (Boltze et al., 2012). Our results
support previous work to show that the neuroprotective actions of
stem cells are primarily mediated by indirect systemic and
neuroimmunomodulatory effects (Castillo-Melendez et al., 2013; Li et
al., 2014; Bennet et al., 2012; Borlongan et al., 2004).

Acute HI induced a fetal inflammatory response, evidenced by ele-
vated neuroinflammation. We show that UCBC administration at 12 h
after HI moderates brain inflammation, decreasing activated microglial
density and inducing a shift of microglial phenotype towards a resting
state. This outcome is consistent with reports of reduced neuronal
death and functional improvements, mediated by reduced microglial
activation, following human UCBC treatment in neonatal rats
(Pimentel-Coelho et al., 2010; Wasielewski et al., 2012). We now dem-
onstrate that delaying UCBC administration until 5 d post-insult limits

UCBC suppressive effects on microglial activation, and their subsequent
ability to preserve white matter. Microglial activation is one of the first
steps in the process of neuroinflammation, and in turn is a critical con-
tributor towards WMI (Czeh et al., 2011). A mouse model of neonatal
WMI demonstrates a rapid microglial response that peaks within 3d of
insult (Tahraoui et al., 2001). Activated microglia then exacerbate in-
flammation through the production of cytokines that initiate delayed
cell degeneration, including oligodendrocyte death (Khwaja and
Volpe, 2008; Deng et al., 2008). Indeed, in this study we show a strong
correlation between upregulation of activated microglia and loss of oli-
godendrocytes in HI fetuses, causing subsequent hypomyelination.
While the etiology of WMI in the human preterm brain is complex, it
is appreciated that hypoxia and inflammation are consistent causal fac-
tors (Khwaja and Volpe, 2008), and both are mediated, at least in part,
by the activation of microglia (Baburamani et al., 2014). Thus, preventing
microglial activation with UCBC at 12 h appears to be a critical neuropro-
tective action. Additionally, UCBC administration at 12 h induced
upregulation of systemic anti-inflammatory IL-10, which likely acts syn-
ergistically with suppression of neuroinflammation to protect against
preterm WMI (McCarthy et al., 2010). These results are indicative of
UCBCs preventing WMI predominantly via anti-inflammatory actions.

The neuroprotective effects of UCBCs may also be mediated by anti-
oxidant actions. In the present study, UCBC administration at 12 h after
HI decreased circulating MDA. MDA is a by-product of lipid peroxida-
tion, upregulated under conditions of oxidative stress (Miller et al.,
2014), and was increased in the fetal circulation at 6-12 h following
HI. The preterm brain has a low anti-oxidant defense capability
(Huertas et al., 1998), is highly susceptible to oxidative damage
(Miller et al., 2014; Phillis, 1994), and increased lipid peroxides co-local-
ize with pre-oligodendrocytes to induce cell death (Haynes et al., 2003).
In vitro evidence supports that various stem cells have anti-oxidant
properties (Madhavan et al., 2006; Valle-Prieto and Conget, 2010), how-
ever to date, evidence for antioxidant-mediated neuroprotection in vivo
has been mixed (Li et al., 2014; Arien-Zakay et al., 2009). Activated mi-
croglia release reactive oxygen species within the brain following Hl and
inflammation (Haynes et al., 2005), which react with brain lipids to
cause peroxidative damage. The efficacy of UCBC transplantation may
partially depend on an anti-oxidant effect, acting synergistically with
anti-inflammatory actions.

In the current study, cell administration at 5 d after HI was less effec-
tive than administration at 12 h. Unlike term hypoxic ischemic enceph-
alopathy, the onset of WMI is usually unclear in preterm infants, and is
likely to evolve chronically (Li et al., 2014; Li et al., 2013). Thus, a pre-
ferred neuroprotective treatment would be one with a prolonged ther-
apeutic window, and with diverse therapeutic potential. Indeed, in this
study UCBCs exhibited multiple mechanisms of action. Other studies
have shown that UCBCs have therapeutic benefits when administered
48-72 h following acute injury (Bennet et al., 2012; Yu et al., 2009).
The mononuclear cell fraction of UCB is composed of lymphocytes,
monocytes, and three principal types of stem/progenitor cells; hemato-
poietic, endothelial and mesenchymal stem cells (MSCs) (Li et al.,
2014). Individually, each cell type has neuroprotective potential
(Castillo-Melendez et al., 2013; Li et al., 2014). In particular, monocytes,
regulatory T-lymphocytes, and MSCs are shown to have anti-inflamma-
tory properties (Li et al., 2014; Womble et al., 2014), and could mediate
the neuroprotective effects observed in this study. We do not know the
proportion of these cell types administered in the current study, but all
studies to date demonstrate a very low yield of MSCs in human term
UCB, and our work in sheep UCB suggests similar (unpublished observa-
tions). MSCs have received the greatest attention for prevention or re-
pair of central nervous system injury, primarily due to their anti-
inflammatory actions (Lei et al., 2015). It has been recently reported
that the efficacy of human UCB-derived MSCs was time-dependent for
reducing lung injury in preterm rats, wherein the cells were only effec-
tive when given within 3 days after insult (Chang et al., 2013). We sug-
gest that the therapeutic time window of UCB therapy for
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neuroprotection, particularly anti-inflammatory effects, is optimal
within the first 3 days following the onset of WML

It should be noted that an advantage of undertaking UCB administra-
tion in a preterm cohort is the relative plasticity of the developing brain,
and potential for regeneration. Our study finds that UCBCs administered
at 5 d had limited protective effects, whereas it was recently reported
that human UCBCs induce motor improvements in a rabbit model of ce-
rebral palsy, even when cells were administered at 9d after HI insult
(Drobyshevsky et al., 2015). That 5 d treatment with UCBCs was not
neuroprotective for WMI in the current study may simply reflect that
we did not allow the UCBCs at 5 d after insult sufficient time to provide
a benefit. We acknowledge that undertaking all neuropathology assess-
ments at 10 d after HI is a limitation of this study, and future studies
should permit an extended period for neural regeneration. Nevertheless
our observation that early administration of UCBC therapy is essential
for optimal histological improvement is supported by other studies (Li
et al., 2014; Wasielewski et al., 2012; Aridas et al., 2015; Boltze et al.,
2012; Yu et al., 2009; Pimentel Coelho, 2010). Further evaluation in a
larger number of animals, with a longer duration of study, is needed
to assess the extended neuroprotective and regenerative abilities of
UCB therapy. We do however suggest that preventing WMI is more
straightforward than repairing WMI once injury has become apparent.

We utilized an allogeneic source of UCB, rather than autologous UCB,
to avoid possible harm to fetuses caused by withdrawing a large volume
of blood in utero, and because allogeneic UCB therapy is a realistic clin-
ical option in infants born very or extremely preterm, where limited
cord blood may be available (Surbek et al., 2000). We assumed that
fetal weight was 1.6 kg when cells were administered (103 d gestation,
from historical post-mortem data); thereby providing ~30 million cells/
kg. However, questions remain, particularly around dose, and which
UCBCs are optimal in this very preterm cohort; allogeneic or autologous
cells, from term or preterm pregnancies? A further confounder for pre-
term infants is the lack of guidelines or sensitive diagnostic tools to ad-
vise which preterm infants may develop WMI and would benefit from
UCBC therapy.

Hypomyelination and disorganization of major white matter fiber
tracts correlate with functional deficits in children with periventricular
leukomalacia and cerebral palsy. Our investigation demonstrates the
therapeutic effects of UCBCs in preserving white matter architecture fol-
lowing HI in the preterm brain, with time-dependent efficacy. Neuro-
protection with cord blood cell administration was mediated by
diverse actions, including anti-inflammatory and antioxidant effects,
and prevention of cell death. In particular, cord blood anti-inflammatory
effects are likely to be a principal mechanism of action, given the strong
association between neuroinflammation and WMI in preterm infants.
UCBCs could provide significant protective benefit for preterm infants
at high risk of WMI, and their neuroprotective benefit is optimized
when cells are administered as early as possible.
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Term vs. preterm cord blood cells for the prevention of preterm

brain injury

Jingang Li', Tamara Yawno', Amy Sutherland’, Jan Loose’, llias Nitsos', Beth J. Allison’, Robert Bischof’,
Courtney A. McDonald', Graham Jenkin' and Suzanne L. Miller'

BACKGROUND: White matter brain injury in preterm infants
can induce neurodevelopmental deficits. Umbilical cord blood
(UCB) cells demonstrate neuroprotective properties, but it is
unknown whether cells obtained from preterm cord blood
(PCB) vs. term cord blood (TCB) have similar efficacy. This
study compared the ability of TCB vs. PCB cells to reduce
white matter injury in preterm fetal sheep.

METHODS: Hypoxia—ischemia (HI) was induced in fetal sheep
(0.7 gestation) by 25 min umbilical cord occlusion. Allogeneic
UCB cells from term or preterm sheep, or saline, were
administered to the fetus at 12 h after HI. The fetal brain was
collected at 10-day post HI for assessment of white matter
neuropathology.

RESULTS: HI (n=7) induced cell death and microglial
activation and reduced total oligodendrocytes and CNPase
+myelin protein in the periventricular white matter and
internal capsule when compared with control (n=10).
Administration of TCB or PCB cells normalized white matter
density and reduced cell death and microgliosis (P<0.05). PCB
prevented upregulation of plasma tumor necrosis factor
(TNF)-a, whereas TCB increased anti-inflammatory interleukin
(ID-10 (P<0.05). TCB, but not PCB, reduced circulating
oxidative stress.

CONCLUSIONS: TCB and PCB cells reduced preterm HI-
induced white matter injury, primarily via anti-inflammatory
actions. The secondary mechanisms of neuroprotection
appear different following TCB vs. PCB administration.

Very preterm birth, before 32 weeks of gestation, has
significant adverse outcomes for the developing brain,
leading to lifelong neurodevelopmental deficits (1). White
matter injury (WMI) is the predominant form of brain injury
present in about half of infants born very preterm; 25-50% of
these infants will develop cognitive or behavioral deficits and
up to 15% will develop cerebral palsy (1). Currently, there are
no therapies for reducing WMI in preterm infants.
Preclinical animal studies demonstrate significant neuro-
protective benefits of human umbilical cord blood (UCB) cells
in rodent models of term HI brain injury (2-6), and

subsequent clinical trials are now underway for term infant
or childhood neuropathologies (6). Recent studies also show
that UCB treatment is effective in HI-induced preterm brain
injury (7,8). In ovine studies, we have also shown that early
administration of autologous or allogeneic UCB cells
ameliorate gray and white matter brain damage in term and
preterm sheep (9,10). However, in all studies to date that have
examined the neuroprotective effects of UCB, the cells were
obtained from term pregnancies (2-10). This raises the
important question—do UCB cells from preterm birth also
demonstrate protective benefits, particularly for the preterm
brain? This is critical, given that infants born preterm
demonstrate the highest incidence of cerebral palsy (11),
and could benefit from stem-cell therapy after birth.
A recent meta-analysis demonstrates that stem-cell
therapies show excellent promise for treating cerebral
palsy (12), but it is also likely that treating cerebral palsy as
soon as possible after birth will hold the greatest neurother-
apeutic benefit (9,13).

It is known that the neuroprotective actions of UCB are
mediated by cell composition within the mononuclear cell
(MNC) fraction. However, the cellular composition of
term and preterm human UCB is quite different (14-19).
The MNC fraction of UCB contains three major types of

stem/progenitor cells: hematopoietic, endothelial, and
mesenchymal stem/progenitor cells (HSCs, EPCs, and
MSCs, respectively), along with lymphocytes and

monocytes (6). It is unclear how each of these cell types
contributes to neuroprotection; however, it is certain
that the relative proportion and developmental profile of
these stem/progenitor cells change within the fetal
circulation as pregnancy progresses (14-20). We hypothesized
that the neuroprotective effect of preterm cord blood (PCB)
differs from term cord blood (TCB), given that
cellular composition in UCB varies with gestation.
Therefore, the present study compared the efficacy of
allogeneic PCB vs. TCB cells in an established fetal
sheep model of preterm WMI induced by acute severe
hypoxia-ischemia (HI).
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METHODS

Animals and Surgery

The animal studies were approved by the Monash University Animal
Ethics Committee (MMCA/2013/17). Surgery was performed on
pregnant Merino-Border Leicester ewes at 97.5+0.2-day gestation
(term=147 days). Under general anesthesia, the fetus was
exteriorized for insertion of fetal polyvinyl catheters (0.8 mm inner
diameter and 1.2 mm outer diameter, Dural Plastics, Australia) into a
fetal femoral artery and vein. An inflatable balloon occluder (16HD,
In Vivo Medical) was placed around the umbilical cord, and an
amniotic catheter was inserted. Catheters were exteriorized through
the maternal flank. A maternal jugular vein catheter was implanted
for antibiotic administration (500 mg engemycin, 1 g ampicillin) on
the day of surgery and for 3 days after. Fetal catheters were
maintained by an infusion of heparinized saline and, ~5 days after
surgery, recording of fetal heart rate and mean arterial pressure was
commenced (Power Lab, ADInstruments, Castle Hill, Australia).

Experimental Protocol

At 102.3 +0.2-day gestation, the animals were randomized into one
of the following four groups: (i) control (sham-occlusion+saline,
n=10); (ii) HI (HI+saline, n=7); (iii) HI+TCB (HI+50 million TCB
cells at 12 h, n=6); and (iv) HI+PCB (HI+50 million PCB cells at
12 h, n=6). All groups comprised single fetuses, with the exception
of the control and HI groups (with twins); there was no difference in
sex distribution (Table 1). In our previous study (9), we observed no
differences between sham-control animals with and without term
UCB treatment (control+saline vs. control+TCB), and, therefore, we
did not include additional control+TCB or control+PCB fetuses in
this study. HI was induced by complete umbilical cord occlusion, in
which the balloon occluder was filled with 2.0-2.5 ml sterile water for
23-25 min. The occlusion was discontinued after 25 min, or sooner if
the occlusion was >23 min duration and the mean arterial pressure
was decreased to <8 mm Hg. Fetal arterial blood samples were
collected 24 h before, during, and 6, 12, 24, 48, 72, 120, and 240 h
after HI for determining blood gas parameters (ABL 800, Radio-
meter, Copenhagen, Denmark). Malondialdehyde (MDA) and
cytokine concentrations were also assessed in selected plasma
samples, stored at —80 °C until assays were performed.

Collection, Processing, and Transplantation of UCB

Ovine UCB was collected into heparinized syringes from cesarean-
section delivery of term (141 days) or preterm lambs (112 days),
which were separate cohorts to the animals used in this study. The
blood was centrifuged at 3,100 r.p.m. for 12min at room
temperature, without brake, and the bufty coat layer was collected
with the excess red blood cells removed using red blood cell lysis

Table 1. Fetal characteristics

Variables Control, HI, HI+TCB, HI+PCB,
(n=10) (n=7) (n=6) (n=6)
Female, n (%) 7 (70) 3 (43) 3 (50) 3 (50)
Twin, n (%) 6 (60) 2 (29) 0 (0)* 0 (0)*
UCO duration, 0 244+03% 242+04% 243+0.3**
min
Brain weight, g 345+0.7 305%+09* 29.8+1.0* 28.2+0.9**
Body weight, kg~ 2.0+0.1 24+0.1 21402 21402
Brain/body 17.6+£0.7 13.6+£0.9** 144+09** 14.0+0.9%*
weight, g/kg

HI, hypoxia—ischemia; PCB, preterm cord blood; TCB, term cord blood; UCO, umbili-
cal cord occlusion.

Mean (%) or mean+SE are presented for each group. One-way ANOVA and post
hoc Bonferroni tests were carried out on comparison between groups. *P<0.05 vs.
control. **P<0.01 vs. control.
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buffer (Sigma-Aldrich, Melbourne, Victoria, Australia). The cells
were re-suspended in fetal bovine serum with 10% dimethyl
sulfoxide (Merck, Darmstadt, Germany), and cryopreserved in liquid
nitrogen. TCB or PCB cells were thawed and labeled with
carboxyfluorescein succinimidyl ester to facilitate cell tracking within
the brain (9). Fifty million viable cells were re-suspended in 2.5 ml
sterile saline and administered to the fetus (over 3 min) via the
femoral vein 12h after HI. On average, one dose of cells (~50
million) from each preterm UCB collection and one to two doses
from each term UCB collection (~50-100 million cells) could be
obtained. When cell number obtained was insufficient for 50 million
total cells, cells were supplemented from another collection.

Tissue Collection and Processing

At 10 days after HI, the ewe and the fetus were killed with sodium
pentobarbital IV. The fetal body and brain weights were recorded.
The right cerebral hemisphere was cut transversely and immersion-
fixed in 10% formalin for 5 days. Paraffin-embedded 10 pm coronal
forebrain sections at the level of the head of the caudate nucleus
(CN) were mounted on slides. Brain regions of interest were the
subventricular zone (SVZ), periventricular white matter (PVWM),
internal capsule (IC), and CN.

Immunohistochemistry

Immunohistochemistry on sections of the fetal brain was undertaken
as we have described previously (9). Briefly, rabbit polyclonal
oligodendrocyte transcription factor 2 (Olig2, 1:1,000; Millipore,
Melbourne, Victoria, Australia) and mouse-anti-human 2',3'-cyclic
nucleotide 3'-phosphodiesterase (CNPase, 1:200; Sigma Chemical,
Melbourne, Victoria, Australia) antibodies were used to identify
oligodendroglial lineage cells and myelinated axons, respectively.
Proliferating cells were visualized with rabbit anti-human Ki-67
antibody (1:100; Dako, Santa Clara, CA, USA). Activated microglia
were identified using rabbit anti-ionized calcium-binding adaptor
molecule 1 (Iba-1, 1:500; Wako, Osaka, Japan). Cell death was
identified using terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL; Promega, Melbourne, Victoria, Australia). The
slides were imaged at x400 magnification under light microscopy
(Olympus BX-41, Melbourne, Victoria, Australia). The number of
Olig2-, Ki-67-, TUNEL-, and Iba-1-immunoreactive cells per field of
view were counted. The percentage of CNPase-positive area,
indicative of the combined density of immature and mature
oligodendrocytes and myelin protein covering of axons, was
quantified by means of Image] (NIH, Bethesda, MD, USA).
Immunohistochemical outcomes were assessed in two sections per
animal and three fields of view per region on each non-adjacent
sections, with the results averaged per animal and then across
animals in each group.

Double-label immunohistochemistry was used for oligodendrocyte
proliferation as previously described (9). Sections were incubated
with mouse anti-Olig2 (1:1,000; Millipore) and rabbit anti-Ki-67.
Immunoreactivity was visualized with Alexa Fluor 594 goat anti-
mouse (Red, 1/1,000; Molecular Probes) and Alexa Fluor 488 goat
anti-rabbit (Green, 1/1,000; Molecular Probes) and viewed with
fluorescence microscopy (Olympus BX-41).

MDA Assay

Lipid peroxidation was assessed via the thiobarbituric acid reactive
substances, TBARS method of measuring MDA, in plasma at 6, 12,
24, 48, and 72h ((ref. 9)), following the manufacturer’s protocol
(Cayman Chemical, Ann Arbor, MI).

Cytokine Assay

Plasma pro-inflammatory tumor necrosis factor (TNF)-a and anti-
inflammatory interleukin (IL)-10 concentrations were analyzed
against recombinant cytokines on day 1 and day 10 after HI using
standard capture enzyme-linked immunosorbent assay for ovine-
specific monoclonal antibodies, as previously described (9).

Copyright © 2017 International Pediatric Research Foundation, Inc.
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Data Analysis

Animals that completed the whole experimental course were
included in data analyses. All assessments were conducted on coded
slides or samples, with the examiner blinded to the group. Data are
presented as mean + SE. Statistical analysis was performed with J]MP
(version 11, SAS, Cary, NC). Differences between three or more
groups were analyzed by a two-way ANOVA (histology data) or
one-way ANOVA (fetal weight, arterial blood gas, physiology,
plasma cytokine, and MDA levels), followed by the Bonferroni post
hoc test when a significant difference was found. Differences between
the two groups were analyzed with either the Wilcoxon or Fisher’s
test. Regression analysis was performed for estimating the relation-
ships among variables. P<0.05 was considered statistically
significant.

RESULTS

We have previously reported data for animals that received
TCB from this cohort (9). The overall fetal survival rate for
the study was 85%, with no significant differences in mortality
between experimental groups. Fetal body weight was not
different between groups. Brain weight and brain/body weight
ratios were reduced in all HI groups (HI, HI+TCB, and HI
+PCB), when compared with that in control (P<0.01,
Table 1).

Physiological Measures

HI caused severe hypotension, bradycardia, acidosis, and
hypoxia when compared with the controls (Figure 1),
P<0.01. There was no difference in the duration of the HI
insult, or any physiological parameter, measured immediately
after HI, between the three HI groups. Following cell
administration, the mean arterial pressure in HI+TCB and
HI+PCB fetuses was increased for 24 h; however, this was
significant only in HI+TCB fetuses (P=0.04). No intergroup
differences were observed.

Brain Histopathology

Ten days following fluorescent UCB administration, the cells
were found within some, but not all brains (3/7 HI+TCB, 2/6
HI+PCB, Figure 2a). Where present, the cells were observed
across white and gray matter, but more commonly in white
matter (65% of cells observed).

White Matter Injury

Following HI, the density of Olig2+ oligodendrocytes was
reduced by 24, 30, and 41% within the SVZ, PVWM, and IC
regions when compared with the density in the control fetuses
(P=0.7, P=0.1, and P=0.06, respectively). Compared with
HI animals, oligodendrocyte density was significantly
improved toward control levels within the IC (P=0.02) in
HI+TCB fetuses, and in the PVWM (P=0.02) in HI+PCB
fetuses (Figure 3B). HI caused a reduction in CNPase+
oligodendrocytes and myelin density, decreased 22% in
PVWM and 27% in IC (P=0.01), when compared with that
in control. Both TCB and PCB administration prevented the
reduction of CNPase+ protein density (Figure 3B).

Copyright © 2017 International Pediatric Research Foundation, Inc.

Microglial Activation

HI induced a significant increase in microglial cells within the
PVWM and IC (P <0.05) regions, when compared with those
regions in control (Figure 4). In HI brains, the microglia
demonstrated an activated morphology, with an enlarged
ameboid cell body and loss of processes (Figure 4b). In
contrast, microglial cell density was similar in control, HI
+TCB, and HI+PCB brains, and showed characteristic
morphology of ramified resting microglia, with small cell
bodies and long branching processes (Figure 4a,c,d). While
both TCB and PCB reduced microglial density, TCB
administration produced a more pronounced anti-
inflammatory effect when compared with PCB administra-
tion, with microglial cell counts in line with control values in
TCB-treated animals (Figure 4) and significant reduction in
more regions when comparing HI and HI+TCB (PVWM:
P=0.04; IC: P<0.01) groups vs. with HI and HI+PCB
(PVWM: NS; IC: P=0.03) groups. Regression analysis
revealed a strong negative correlation between the number
of activated microglia and oligodendrocytes in PVWM
(R*=0.62, P<0.001) and IC (R*=0.68, P<0.001).

Cell Death and Cell Proliferation

HI induced TUNEL+ cell death within the IC (P<0.01,
Figure 5A,a,b), and this was prevented with TCB or PCB
administration (Figure 5A,a,c,d). Regression analyses showed
no significant correlation between Olig2+ and TUNEL+ cell
densities in any regions examined.

Cell proliferation was increased within the SVZ in HI
fetuses when compared with that in controls (P =0.03; Figure
5B,f). Double-label immunohistochemistry demonstrated co-
localization of Ki-67 and Olig2, indicative of oligodendrocyte
proliferation within the SVZ following acute HI (Figure 2b).
There was no difference in proliferating cell number between
control and HI+TCB and HI+PCB fetuses (Figure 5B,e,g,h).
PCB administration reduced aberrant proliferation to a
greater extent than TCB in the SVZ region (HI+PCB vs. HI;
P<0.01).

Fetal Plasma Oxidative Stress and Cytokine Analysis

Fetal plasma MDA, an established marker of oxidative stress,
was increased at 6-12h in HI animals and remained above
baseline for 48 h (Table 2a). The administration of PCB did
not alter the MDA profile in response to HI. In contrast, TCB
treatment at 12h post HI demonstrated an antioxidant
benefit, reducing plasma MDA levels from their 12h peak
such that MDA was not different to basal levels by 24 h; MDA
was reduced in HI+TCB when compared with the MDA in HI
at 48h (P=0.03). HI induced an inflammatory response
shown by an increase in plasma TNF-a, as well as an
endogenous anti-inflammatory response, revealed by an
increase in plasma IL-10 observed at 24 h, but not sustained
to 10 days (Table 2b,c, respectively). PCB administration
moderated the TNF-a response at 24h and resulted in
decreased plasma TNF-a in HI+PCB when compared with the
plasma TNF-a in HI+TCB (P =0.04, Table 2b). In contrast,
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Figure 1. Physiological measurements during HI. HI, induced by umbilical cord occlusion, is shown by the gray columns and UCB cell administration
is shown by vertical lines. HI resulted in severe hypotension (a) and bradycardia (b), markedly reduced fetal arterial pH (c), PaO, (d), and base excess

(f), and increased PaCO, (g) and lactate (e) levels when compared with that

in control groups (P<0.01). Data are presented as mean + SEM. BE, base

excess; FHR, fetal heart rate; HI, hypoxia—ischemia; MAP, mean arterial pressure; PCB, preterm cord blood; TCB, term cord blood; UCB, umbilical cord

blood. *P<0.05 vs. control, **P<0.01 within group comparisons vs. baseline.

Figure 2. Fluorescent microscopy. (a) A representative microphotograph of carboxyfluorescein succinimidyl ester-labeled cells detected in the
periventricular white matter of the preterm brain. (b) Double-label fluorescent immunostaining of Olig2 (red) and Ki-67 (green) with merged images

in the SVZ of the brain in an HI fetus. White arrow denotes an example of a
subventricular zone.

TCB administration upregulated IL-10 at 10 days with
elevated plasma IL-10 concentration in HI+TCB fetuses when
compared with HI fetuses (P=0.04); no difference was found
between HI+PCB and HI fetuses (Table 2c).
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cell with dual signal. Bar =50 pm. HI, hypoxia—ischemia; SVZ,

DISCUSSION

White matter brain injury in infants born preterm is the
principal neuropathology underlying neurodevelopmental
deficits including cerebral palsy (1). This study is the first to

Copyright © 2017 International Pediatric Research Foundation, Inc.
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Figure 3. Effects of TCB and PCB cell on white matter cells following HI. The graphs of the number of Olig2+ oligodendrocyte (A) and density of
oligodendrocyte and myelinating axons (CNPase+, B), and the representative photomicrograph images in control (a, e), HI (b, f), HI+TCB (c, g), and
HI+PCB (d, h) groups. SVZ, PYWM, IC, and CN. Data are mean + SEM and were analyzed using ANOVA followed by the Bonferroni post hoc test for
individual brain regions. *P<0.05, **P<0.01. Bar =50 um. CN, caudate nucleus; Hl, hypoxia—ischemia; IC, internal capsule; PCB, preterm cord blood;
PVWM, periventricular white matter; SVZ, subventricular zone; TCB, term cord blood.

compare the neuroprotective effects of allogeneic preterm
with TCB cells for preterm WMI. We show that administra-
tion of either PCB or TCB significantly reduced oligoden-
drocyte and CNPase+ myelin loss in response to HI, and to a
similar extent. Interestingly, while both PCB and TCB
preserved white matter structure, PCB and TCB may act
differently. Both TCB and PCB mediated the neuroinflam-
matory response to HI; however, TCB also demonstrated a
strong antioxidant ability, whereas PCB reduced cell pro-
liferation within the brain and reduced acute systemic
inflammation. These results support early administration of
allogeneic PCB or TCB to reduce WMI, and further show that
the systemic and cerebral anti-inflammatory actions of cord
blood therapy is central to their neuroprotective benefit.

HI induced by umbilical cord occlusion for 25 min caused
WMI at 10 days post insult, with oligodendrocyte and myelin
reduction across the PVWM and IC, as evidenced as a
decrease in Olig2+ and CNPase+ proteins. It is well described
that neuroinflammation, particularly via microglial activation,
is a principal cause of preterm WMI (20,21). Supporting this,
we show a strong correlation between increasing activated
microglia density and oligodendrocyte loss, as observed for
preterm WMI induced by fetal inflammation (9). Both PCB
and TCB demonstrated an excellent ability to reduce
neuroinflammation, reducing the number of activated

Copyright © 2017 International Pediatric Research Foundation, Inc.

microglia and maintaining microglial phenotype in a resting
state. HI also increased cell proliferation within the SVZ, a
response recognized as an aberrant production of oligoden-
drocytes with limited functionality (22). Both PCB and TCB
significantly reduced total oligodendrocyte cell death and
restored CNPase+ oligodendrocyte and myelin density.
However, PCB treatment normalized SVZ cell proliferation,
whereas TCB did not, indicating that PCB may be more
effective at restoring the balance between cell death and
proliferation.

In this study, TCB cell administration reduced circulating
markers of oxidative stress following HI. In vitro evidence has
shown that stem cells possess antioxidant capacity (23,24),
with more immature and younger cells demonstrating a
stronger antioxidant ability (25). The current study, the first
in vivo assessment of PCB vs. TCB, suggests that TCB has a
greater antioxidant capacity than PCB. However, we did
observe a large variability and higher baseline values in MDA
concentration within HI+PCB fetuses (Table 2a), which
might be due to the severity of the initial injury and somewhat
limits interpretation of these data. Similarly, TCB, but not
PCB, induced an increase in systemic anti-inflammatory
IL-10 concentration following HI (Table 2c). IL-10 is
primarily produced by monocytes, and to a lesser extent by
lymphocytes (26), and an increased proportion of monocytes

Volume 00 | Number | Month Pediatric RESEARCH 5
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Figure 4. Effects of TCB and PCB cell following HI on the density of Iba-1+ activated microglia. The photomicrograph images show that Iba-1+
inflammatory cells in control brains exhibited the characteristics of ramified (resting) microglia, with small cell bodies and long branching processes
(a). However, the cells in HI group show loss of microglial branching and transformation into rounded macrophages (b). The changes are to a

large extent reversed following TCB and PCB cell administration at 12 h (c,d). SVZ, PYWM, IC, and CN. Data are mean + SEM, and were analyzed
using ANOVA followed by the Bonferroni post hoc test for individual brain regions. *P<0.05, **P<0.01. Bar= 50 pm. CN, caudate nucleus; Hl,
hypoxia—ischemia; IC, internal capsule; PCB, preterm cord blood; PVYWM, periventricular white matter; SVZ, subventricular zone; TCB, term cord blood.

in TCB might account for this result (27). In contrast, only
PCB moderated the pro-inflammatory TNF-a response
following HI (Table 2c). Suppressing pro-inflammatory
cytokines (e.g., TNF-a and IL-1) is one of the modes of
action of MSCs (28), and increased MSCs in PCB are likely to
be a principal reason for this systemic anti-inflammatory
effect (15). Although the cytokine data show wide variability,
results indicate that the neuroprotective actions demonstrated
by PCB and TCB may be mediated, at least in part, by
different secondary mechanisms.

We observed an acute response of blood pressure elevation
by allogeneic UCB cell administration, albeit this was
statistically significant in the TCB-treated group only. In
our previous study, we examined the neuroprotective effects
of autologous UCB cells in term HIE lambs and did not
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observe any cardiovascular effects of the cells (10). That
allogeneic UCB cell therapy causes a systemic response is not
entirely surprising, considering that the administration of
human (allogeneic) UCB to children with cerebral palsy
induced an immune/inflammatory reaction, and children who
showed the greatest response also demonstrated the most
improved functional outcomes (29). We utilized allogeneic
rather than autologous UCB administration for the following
two reasons: (i) to avoid possible harm to preterm fetuses by
withdrawing a large volume of UCB in this in utero model
and (ii) to compare PCB with TCB in the same immunolo-
gical (allogeneic) setting. Our findings also have implications
for the use of autologous preterm UCB for neuroprotection.
Unlike hypoxic-ischemic encephalopathy at term, the timely
diagnosis of preterm WMI is extremely challenging (6). In

Copyright © 2017 International Pediatric Research Foundation, Inc.
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Figure 5. Effects of TCB cell and PCB cell on cell death and cell proliferation following HI. The graphs of the density of TUNEL+ cell death (A) and
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deoxynucleotidyl transferase dUTP nick end labeling.

Table 2a. MDA (uM)

Control HI HI+TCB HI+PCB
Base 9.7+23 9.6+23 8.0+0.9 129+34
6h 6.5+2.0 11.2+£2.0° 125+1.4% 182+£9.6
12h 9.0£25 17.8+2.5% 155+3.1 16.6 +7.5
24 h 6.7+1.7 171£1.72 10.6 2.1 20.6+9.5
48 h 94+23 18.1+2.3% 102+24° 17.1+3.0
72h 83+4.7 11.7+47 9.1+4.2 13.7+33

HI, hypoxia—ischemia; MDA, malondialdehyde; PCB, preterm cord blood; TCB, term
cord blood.
P<0.05 vs. control. °P<0.05 vs. HI.

this study we administered cells at 12h after HI, as the
therapeutic window of UCB therapy for optimal neuroprotec-
tion is up to 3 days after HI (9,13,30). The collection and
administration of autologous UCB soon after birth may
provide increased benefit in high-risk very preterm or
extremely preterm infants. In this situation, autologous cells
are readily available, free from immunological side effects, and

Copyright © 2017 International Pediatric Research Foundation, Inc.

potentially have a cellular composition that is developmen-
tally appropriate with a high relative proportion of stem/
progenitor cells. In contrast, UCB banks predominantly
collect from full-term births. The volume of available UCB
for collection is correlated with birth weight (i.e., 18-23 ml/
kg) (31,32), and therefore, whereas the volume of UCB for
collection is low at preterm birth, the total number of cells
would be sufficient for treatment of a preterm infant
(62+31ml, 3.6x10° cells at 25-33 weeks vs. 102 + 30 ml,
113x10% cells at term (14)). It should, however, be
considered that, although volume and cell number are feasible
for PCB transplantation in preterm infants (19,31), preterm
birth is frequently associated with obstetric complications
(e.g., chorioamnionitis and intrauterine growth restriction),
which may alter the volume and cell composition of UCB
(33,34), and may prohibit autologous PCB administration.

It is likely that the differential effects of PCB vs. TCB are
mediated via individual cell composition. HSCs (CD34+,
CD45+) give rise to multiple blood lineages and comprise the
largest progenitor cell population in human UCB (~0.5% of

Volume 00 | Number | Month Pediatric RESEARCH 7
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Table 2b. TNF-a (pg/ml)

Control HI HI+TCB HI+PCB
24 h 29+0.5 40+1.2 5.0+09 1.6+0.7°
10d 3.1+£1.0 27+27 26+1.0 13+0.8

d, day; HI, hypoxia-ischemia; PCB, preterm cord blood; TCB, term cord blood; TNF,
tumor necrosis factor.
?P<0.05 vs. HI+TCB.

Table 2c. IL-10 (BU/ml)

Control HI HI+TCB HI+PCB
24 h 0.7+0.7 7.0+35 54+4.1 2614
10d 13.5£20 1M13£14 16.0+1.4° 120+1.4

d, day; HI, hypoxia-ischemia; IL, interleukin; PCB, preterm cord blood; TCB, term
cord blood.
P <0.05 vs. HI.

MNCs) (14). EPCs have a potent ability for neovasculariza-
tion (35), accounting for 1-2% of the HSC-containing CD34+
cell fraction in UCB. MSCs (CD34—, CD45—, and plastic
adherent) are multipotent stem cells, capable of differentiating
into multiple lineages, and have immunomodulatory/anti-
inflammatory properties and high proliferation capacity
(28,36). The majority of studies investigating UCB for
perinatal brain injury have administered xenogeneic (human)
whole MNCs (2-6); however, UCB-CD34+ cells, UCB-MSCs,
as well as monocytes and lymphocytes in UCB may all
contribute to neuroprotection (37-40). The relative propor-
tion and developmental profile of these stem/progenitor cells
change as pregnancy progresses (14-19), suggesting that the
neuroprotective capacity of UCB may also change over
gestation. The proportion of HSCs decreases over the last
trimester, whereas MNCs remain constant (14,17,19). MSCs
account for only 0.002% of MNCs in term UCB, but increase
with decreasing gestation, with a 10-fold increase at 28-31
weeks compared with term (16), and a >40-fold increase at
24-28 weeks’ gestation (15). Furthermore, PCB has a higher
proportion of immature stem/progenitor cells (14-19), more
immature subsets of lymphocytes, and a decreasing monocyte
population with increasing gestation (17,27). This cell
composition may be critical for normal developmental
processes within the preterm brain.

We acknowledge that our ability to compare the cellular
composition of ovine PCB and TCB was limited because of a
lack of suitable monoclonal antibodies for ovine cell surface
markers. However, we are now characterizing ovine cord
blood and, to date, have observed that ovine PCB contains a
greater frequency of colony-forming adherent cells (MSCs
and EPCs) when compared with TCB (personal observation,
Jingang Li), as occurs in human UCB (15,16). This is
indicative that across species, or at least in humans and sheep,
there is a similar gestational profile for change in cord blood
cell content. We used CNPase as an immunohistochemical
marker of white matter integrity within the developing brain,
where CNPase stains immature/mature oligodendrocytes and
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is a structural protein in the myelin membrane, constituting
~5% of myelin protein in the adult brain (41,42). The
reduction in CNPase+ staining observed in this study could
be attributed to a delay in oligodendrocyte maturation and/or
reduced myelination. A further limitation of the current study
was that relatively small group numbers meant that we were
unable to examine whether male and female fetuses respond
to term and preterm UCB in a qualitatively similar manner.

In summary, UCB obtained from preterm or term
pregnancy was effective at reducing preterm WMI following
acute HI. Both PCB and TCB reduced the neuroinflammatory
response in the preterm brain—a principal mechanism of
oligodendrocyte cell loss and hypomyelination. However, the
secondary mechanisms of neuroprotection appear to be
different in response to PCB and TCB administration. PCB
suppressed acute systemic inflammation by reducing plasma
TNF-a following HI, whereas TCB induced a late increase in
anti-inflammatory cytokine IL-10 and decreased systemic
oxidative stress. Changes in stem/progenitor cell composition
of UCB over the course of gestation are likely to influence the
mode/s of neuroprotective action.
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ABSTRACT

Introduction: Preterm infants are at high risk for white matter injury and subsequent

neurodevelopmental impairments. Mesenchymal stem/stromal cells (MSC) have

anti-inflammatory/immunomodulative actions and are of interest for neural repair in adults

and newborns. This study examined the neuroprotective effects of allogeneic MSC, derived

from preterm umbilical cord blood (UCB), in a preterm sheep model of white matter injury.

Methods: Quad-lineage differentiation, clonogenicity and self-renewal ability of UCB-derived

MSC were confirmed. Chronically instrumented fetal sheep (0.7 gestation) received either

25min hypoxia-ischemia (HI) to induce preterm brain injury, or sham-HI. Ten million MSC, or

saline, were administered iv to fetuses at 12h after HI. Fetal brains were collected 10d after

HI for histopathology and immunocytochemistry.

Results: HI induced white matter injury, as indicated by a reduction in CNPase-positive

myelin fiber density. HI also induced microglial activation (Iba-1) in the periventricular white

matter and internal capsule (P<0.05 vs control). MSC administration following HI preserved

myelination (P<0.05), modified microglial activation, and promoted macrophage migration

(CD163) and cell proliferation (Ki-67) within cerebral white matter (P<0.05). Cerebral
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CXCL10 concentration was increased following MSC administration (P<0.05), which was

likely associated with macrophage migration and cell proliferation within the preterm brain.

Additionally, MSC administration reduced systemic pro-inflammatory cytokine TNFa at 3 d

post-HI (P<0.05).

Conclusions: UCB-derived MSC therapy preserved white matter brain structure following

preterm HI, mediated by a suppression of microglial activation, promotion of macrophage

migration and acceleration of self-repair within the preterm brain. UCB-derived MSC are

neuroprotective, acting via peripheral and cerebral anti-inflammatory and

immunomodulatory mechanisms.
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INTRODUCTION

Infants born preterm have a high risk of brain injury, with surviving preterm infants commonly
demonstrating white matter injury (WMI) *. WMI is characterized by sparse or disorganized
axonal myelination, astrogliosis, and/or microglial activation, and can be detected in infants
born preterm via magnetic resonance imaging. Although WMI has a complex etiology, it is
well described that two relatively common upstream insults, hypoxia-ischemia (HI) and
inflammation, are principal contributors towards brain injury 23 WMI is known to underlie
cerebral palsy, and 50% of infants with WMI will develop cognitive, behavioral and/or
attention deficits "*. Due to the complex pathology and etiology of WMI, and the fragility of
extremely preterm infants, there are currently no effective treatments available to prevent or

repair WMI in preterm infants.

Mesenchymal stem/stromal cells (MSC) describe multipotent cells  with
anti-inflammatory/immunomodulatory properties, trophic influences on tissue repair and
MSC are capable of differentiating into multiple lineages >’. Due to their multi-potential
mechanisms of action and relative ease of proliferation in vitro, human and nonhuman
mammalian MSC have received attention as a therapeutic intervention for repair of

neurological deficits "®. Recent studies show that transplantation of MSC in both neonatal
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and adult animal models of brain damage promote functional and structural improvements
%1% |In neonatal rodent models of acute HI and stroke, MSC treatment improves behavioral
outcomes, and reduces tissue loss via neuronal and oligodendrocyte regeneration,
regardless of route of administration ®'2. Early studies suggested that MSC might act
therapeutically to replace damaged cells, differentiating into neurons and oligodendrocytes
16,17

, but current knowledge supports that MSC principally act to modify the

microenvironment response to insult, thereby promoting endogenous repair processes 18,

Multiple sources of MSC are available including bone marrow, UCB, umbilical cord (UC),
and adipose tissue '*'°. While there is currently one trial listed using UCB-derived MSC for
the treatment of cerebral palsy (Clin.Trials.Gov), it is generally accepted that UCB-MSC
studies are complicated by low yield and great variability in cell number obtained from
full-term UCB collection 2?2 Interestingly, this may not be a factor in relation to preterm
birth, with the proportion of MSC in preterm UCB significantly increased when compared to
UCB collected from term birth 2**?° and, indeed, the number of MSC available for collection
increases with decreasing preterm age at birth 2% . Thus, collecting MSC from preterm
UCB, rather than term UCB, may be more appropriate for clinical application and treatment

of preterm WMI.
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Accordingly, in this study we investigated the feasibility and efficacy for the administration of
allogeneic, ex-vivo expanded MSC derived from preterm UCB for neuroprotective use in a
well-established ovine fetal model of preterm WMI. Chronically instrumented preterm fetal
sheep were exposed to 25 minutes of acute hypoxia ischemia (HI) induced via umbilical
cord occlusion at 0.7 gestation, equivalent to brain development at 28-32 weeks in the
human . We set out to determine whether UCB-derived MSC were neuroprotective for
preterm WMI, and to examine the mechanisms by which MSC mediate neuroprotective

benefits in a preclinical large animal model of preterm WM.

MATERIALS AND METHODS

Ovine UCB-MSC isolation and expansion

This study was approved by the Monash Medical Centre Animal Ethics Committee
(MMCA/2013/17). Ovine UCB was collected from 5 normal preterm sheep undergoing
cesarean-section at ~118 d gestation. UCB samples were collected into 50ml Falcon tubes
containing heparin, and processed within 4h of collection. After centrifuging the blood at
3,100 rpm for 12 minutes at room temperature without brake, the buffy coat layer was

isolated, and 20-30 million UCB cells were plated in a 100-mm dish (Falcon) at 37°C in 5%
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CO, in a humid atmosphere under aseptic conditions in medium containing DMEM/F-12,
10% fetal bovine serum, 100U/ml penicillin—streptomycin, 0.25ug/ml amphotericin B, and
2mM L-glutamine (Life Technologies). At 24h media was replaced, non-adherent cells
discarded, and adherent cells retained. Medium was changed at 7d intervals thereafter.
Between days 10-14, each colony consisting of spindle-shaped cells was harvested with
0.25% trypsin (Gibco) using cloning cylinders (Sigma-Aldrich), and transferred to individual
wells in 24-well tissue culture plates (Costar 3524) (passage 1). The cells were incubated
with medium replaced every 3d, and harvested by trypsinization when they reached 80—
90% confluence and replated (passage 2). From passage 2, the cells were incubated at
seeding densities of 5,000 cells/cm? in T75 or T175 culture flasks (Corning), and expanded.
After passage 3, the cells were resuspended in 10% fetal bovine serum and 10% DMSO

(Merck), and cryopreserved in liquid nitrogen until required for administration.

Serial Cloning Assay

The clonogenicity and self-renewal ability of the MSC were examined by serial cloning in
culture ?’. Several of the largest individual clones on culture plates were collected by
trypsinisation in cloning rings, and recloned. Cells were counted visually under a phase

contrast microscope using an ocular grid, seeded at 10-20 cells/cm? onto the 10cm dishes,
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and cultured in standard medium, changed every 7d, to generate secondary clones.
Similarly, secondary, tertiary and quarternary clones were harvested and recloned as

previously described ?’. The cloning efficiency at each subcloning was assessed.

In vitro differentiation

The differentiation potential of the expanded ovine MSC (passage 3) into adipocytes,
osteoblasts, chondrocytes and myocytes was evaluated. For adipogenic, osteogenic and
myogenic differentiation, the cells were seeded separately at 5,000 to 10,000 cells/cm? on
coverslips (Thermo Scientific) in 24-well plates and cultured in specific differentiation
medium, as described previously for human and ovine MSC 2. Briefly, to induce
chondrogenic differentiation, 5x10° cells were cultured in 15mL conical tubes following
centrifugation and cultured in chondrogenic medium to produce a 3D micromass culture ?’.
Controls were ovine MSC cultured in standard medium. The cells were incubated for 4
weeks in differentiation or control media, replaced every 3d. Cells were then fixed on
coverslips and stained with 4% Alizarin Red (pH 4.1), 1% Oil Red O or by
immunohistochemistry using anti-a-smooth muscle actin antibody (3.6 ug/ml, clone 1A4;
Dako) for the detection of calcification, lipid vacuoles deposition and a-smooth muscle actin

expression to reveal osteogenic, adipogenic, and myogenic differentiation, respectively.

10
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Chondrogenic micromass cultures were fixed, processed and paraffin embedded. Sections
were stained with 1% alcian blue (pH 2.5; Sigma-Aldrich) to detects acidic mucins?’. Stained
cells or sections were examined using an Olympus BX41 microscope (Olympus), and

images taken using an Olympus DP25 digital camera (Olympus).

Surface phenotype

Freshly expanded MSC at passage 3 were phenotypically analyzed. The cells were
detached from the culture dish with trypsin, rinsed twice with phosphate buffered saline
(PBS), incubated with fluorochrome-conjugated antibody in the dark at room temperature for
20min, and rinsed twice with PBS. The following primary antibodies were used:
FITC-conjugated CD44 (0.1 mg/ml, mouse IgG1; LSBio), FITC-conjugated CD45 (0.1 mg/ml,
mouse IgG1; LSBio), AF647-conjugated CD73 (1 pg/ul, rabbit IgG; Bioss), PE-conjugated
CD90 (1 pglul, rabbit I1gG; Bioss), FITC-conjugated CD105 (1 ug/ul, rabbit IgG; Bioss),
FITC-conjugated mouse anti-human CD146 (mouse IgG1, k; BD Pharmingen),
PE-conjugated CD271 (1.25 pyg/ml, mouse IgG1; R&D Systems). Cells were then incubated
with 7AAD staining solution (BD Pharmingen) for cell viability, and analyzed by FACS Canto
Il analyzer (BD Biosciences). Isotype matched controls or unlabelled controls were included

for each antibody and used to set the electronic gates on the flow cytometer.

11
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Chromosomal test
Karyotypic stability of the ovine MSC was examined at passage 3 by chromosomal analysis

(Cytogenetics laboratory, Australia).

Animals and Surgery

Surgery was performed on 24 pregnant cross-bred ewes (20 singles; 4 twins) at 97.4+0.2d
gestation (term=147d), as described previously ?°. Under general anesthesia, fetal polyvinyl
catheters (0.8mm inner diameter, 1.2mm outer diameter, Dural Plastics, Australia) were
inserted into the femoral artery and vein. An inflatable balloon occluder (16HD, In Vivo
Medical, USA) was placed around the umbilical cord and an amniotic catheter (1.5 mm inner
diameter, 2.7 mm outer diameter) inserted. All catheters were exteriorized through the
maternal flank. A maternal jugular vein catheter (1.5 mm inner diameter, 2.7 mm outer
diameter) was also implanted for antibiotic administration at the time of surgery. Prior to, and
for 3d after, surgery, 500mg engemycin and 1g ampicillin were given iv to the ewe. Fetal
catheters were maintained by continuous infusion of heparinized saline (50 IU/ml at 0.2
ml/h) and after 4-5d of recovery, fetal heart rate (FHR) and mean arterial pressure (MAP),

corrected for amniotic fluid pressure, were recorded continuously. All data were stored for

12

ScholarOne Support: (434) 964-4100



©CoO~NOUTA,WNPE

Stem Cells Translational Medicine

Lietal. Preterm cord blood MSC protect the preterm brain

off-line analysis (Power Lab, AD Instruments, Australia).

Experiment protocol

At 102.2+0.3d gestation (0.7 gestation), animals were randomized into one of three groups:

(1) control (sham-occlusion + iv saline, n=10); (2) HI (HI + saline, n=7); (3) HI+MSC (HI + 10

million MSC injected iv at 12h after HI, n=6). HI was induced by complete umbilical cord

occlusion, in which the balloon occluder was filled with 2.0-2.5 ml water. The occlusion was

discontinued after 25 minutes, or sooner if the occlusion was >23 minutes duration and MAP

decreased to <8 mmHg. Cryopreserved MSC pooled from 5 different donors were thawed

just prior to administration. Cell yield and viability were assessed using Trypan blue dye

exclusion and 10 million viable cells were labeled with carboxyfluorescein succinimidyl ester,

suspended in 2 ml sterile saline, and administered to the fetus (over 2 minutes) via the

femoral vein catheter. Fetal arterial blood samples were collected 24h before, during, and 6,

12, 24, 48, 72, 120, and 240h after HI for blood gas analysis (ABL 700, Radiometer,

Denmark). Cytokine concentrations were assessed in selected plasma samples, which were

stored at -80 °C until assays were performed.

13
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Tissue collection and processing

At 10d after UCO (112.410.3d gestation), the ewe and fetus(es) were euthanazed by iv

overdose of sodium pentobarbital (Virbac, Australia) to the ewe. Each fetus was removed

and fetal body weight was recorded. The fetal brain was removed from the skull and

weighed, divided in half sagitally and the right cerebral hemisphere was cut into 5 mm slices

and immersion fixed in 10% formalin for 5d. Subsequently, paraffin-embedded 10 pm

coronal sections were cut at the level of the subventricular zone (SVZ) and the caudate

nucleus (CN), and mounted on Superfrost Plus slides (Thermoscientific, USA). Brain

regions of interest were the SVZ, periventricular white matter (PVWM), internal capsule (IC),

and CN. The white matter tissue of the left cerebral hemisphere was isolated, and stored at

-80 °C.

Immunohistochemistry

Mouse polyclonal oligodendrocyte transcription factor 2 (Olig2, 1:1000; Millipore) and

mouse-anti-human 2',3'-cyclic nucleotide 3'-phosphodiesterase (CNPase, 1:200, Sigma

Chemical) antibodies were used to detect oligodendroglial lineage cells and myelin sheaths

plus myelin producing (mature) oligodendrocytes. Proliferating cells were visualized with

rabbit anti-human Ki-67 antibody (1:100, Dako). Activated microglia were identified using

14
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rabbit anti-ionized calcium binding adaptor molecule 1 (lba-1, 1:500; Wako) 2.
Macrophages were visualized using mouse monoclonal anti-CD163 antibody (1:400,
Bio-Rad), and astrocytes were visualized using glial fibrillary acidic protein antibody (GFAP,
1:400; Sigma). Neutrophils were identified with rabbit polyclonal anti-neutrophil elastase
antibody (1:500, Abcam). Immunohistochemistry was performed following protocols used by
us previously %. Slides were imaged at x400 magnification under light microscopy (Olympus
BX-41). Numbers of Olig2-, Ki-67-, Iba-1-, CD163- and GFAP-immunoreactive cells per field
of view were counted. The percentage of CNPase-positive area, indicative of the density of
myelinated fibers, was quantified using ImageJ (NIH). The grade of the accumulation/
infiltration of neutrophil elastase-positive neutrophils associated with brain capillaries was
assessed using a scale as followed; 0-2 neutrophil elastase-positive polynuclear cells with
blood vessels per field of view scored 0; 3-10 neutrophil elastase-positive polynuclear cells
accumulated in blood vessels with or without co-staining of red blood cells scored 1 point;
>10 neutrophil elastase-positive polynuclear cells co-stained with red blood cells within or
around blood vessels scored 2 points. Immunohistochemical outcomes were assessed in 2
sections per animal and 3 fields of view per region on each section, with the results

averaged per animal and across all animals in each group.

15

ScholarOne Support: (434) 964-4100

Page 16 of 52



Page 17 of 52

©CoO~NOUTA,WNPE

Stem Cells Translational Medicine

Lietal. Preterm cord blood MSC protect the preterm brain

Double label immunohistochemistry

Double-label immunohistochemistry was carried out on two adjacent sections from
HI+MSCs fetal brains by first blocking endogenous peroxidases with 0.3% hydrogen
peroxidase in 50% methanol and then washing sections with sodium borohydride (10
mg/ml) in 0.1 M PBS to reduce the autofluorescence that can occur with paraffin-embedded
sections. These sections were treated with a serum-free protein blocker (Dako) to prevent
background staining, and incubated with mouse monoclonal anti-Ki-67 (1:100), and
anti-Olig-2 (1:1000) or CNPase (1:200) or CD163 (1:400) to identify what cells are
proliferating. Immunoreactivity was visualized with Alexa Fluor 594 goat anti-mouse (1:800;
Molecular Probes) and Alexa Fluor 488 goat anti-rabbit (1:800; Molecular Probes), and

viewed with a fluorescent microscope (Olympus BX-41) at 400x magnification.

Cytokines, chemokines, and neurotrophic factors assay
Plasma cytokine concentrations for pro-inflammatory TNF-a and IL-6, and anti-inflammatory
IL-10 were analyzed against recombinant cytokines via capture ELISA techniques ?°.using

ovine-specific monoclonal antibodies.

The concentrations of CXCL8 (IL8), CXCL9 (MIG), CXCL10 (IP10), IFNy, IL-17A, IL-21,

16
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TNFa, and VEGF-A in white matter tissue lysate were measured using an ovine cytokine

array (ovine QAO-CYT-1-1, RayBiotech), IL-3, IL-6, neuron-specific enolase (NSE), ICAM-1,

and VACM-1 were measured using a human custom array (Human custom QAA-CUST,

RayBiotech), and brain derived neurotrophic factor (BDNF) and nerve growth factor (NGF)

were measured using ovine ELISA assay kits (Cloud- Clone).

Data analysis

Only animals that completed the whole experimental protocol were included in data

analyses. Assessments were conducted on coded slides or samples with the examiner

blinded to the experimental groups. Data are presented as mean + standard error of the

mean. Statistical analysis was performed with GraphPad Prism 6 (GraphPad Software,

USA). Differences between groups were analyzed by a two-way analysis of variance

(ANOVA) (histology data) or one-way ANOVA (fetal weight, arterial blood gas, physiology,

cytokines and trophic factors concentrations) followed by the Tukey post hoc test when a

significant difference was found. Nonparametric data were analyzed with either the

Wilcoxon or Fisher’s test. P<0.05 was considered statistically significant.

17
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RESULTS

MSC isolation, expansion and characterization

After 4-5d of incubation, UCB-derived cell colonies with the appearance of spindle-shape or
flat-polygonal morphology were observed. Thereafter, the cells from all five UCB samples
were expanded (10-300 colonies per dish; Figure 1A). The presumptive MSC were
harvested by trypsinization with cloning rings (Figure 1B), and replated at 10-14d of
incubation. A homogenous stromal cell layer was formed after subculture (Figure 1C), which
reached 70-80% confluence within 6-10d at passage 1. During passages 2 and 3, colony
growth was much faster than during passage 0 and 1. At the completion of passage 3 (4-5
weeks after initial seeding), over 100 million MSC, expressing normal karyotype (Figure 1D).
and with the capacity to differentiate into adipocytes, osteoblasts, chondrocytes and
myocytes (Figure 1F), were harvested from the 5 preterm ovine UCB samples.
Clonogenicity and self-renewal capacity was verified by serially cloning of the cells from 3 of
5 large colonies of UCB samples twice, and 2 of 5 samples cloned 4 times (Figure 1E).
FACS analysis for anti-CD146 antibody gave a high enrichment (43.5%) for MSC (passage
3), while other antibodies cross reacted with less than 5% of the MSC: CD44 (2.7%), CD45
(3.5%), CD73 (1.1%), CD90 (0.4%), CD105 (2.7%), CD271 (0.6%) (Figure 1G). These

levels of cross reaction correspond to those previously described for ovine MSC 2",

18
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Physiological measures

Mean fetal body weight at postmortem for all animals was 2.2+0.1kg, with no differences

between groups. Brain weight and brain/body weight for fetuses after HI, with or without

MSC treatment, were significantly reduced compared to control fetuses (P<0.05; Table 1).

The survival rate for fetuses in this study was 79%, with no significant differences in

mortality between experimental groups.

HI resulted in hypotension, bradycardia, acidosis and hypoxia compared with the control

group (P<0.05; Figure 2). There was no difference in the duration of the HI insult (Table 1),

or any physiological parameters during, or immediately after occlusion, and following

treatment, between the HI and HI+MSC groups (Figure 2).

Brain histopathology

Detection of transplanted MSC in the preterm brain 10 days after administration

Fluorescent MSC were observed in 3 of 7 HI+MSC fetal brains, but the number of cells

observed was very low (2.0 cells per field of view). MSC did not appear to localize to a

specific brain area.

19
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White matter injury

In response to HI, CNPase-positive oligodendrocytes and myelin density was reduced at

day 10 within the PVWM and IC by 32% and 23%, respectively, compared to control fetuses

(P<0.05). The administration of MSC at 12h after HI decreased this hypomyelination.

(Figures 3B and 4A-C). No significant differences in the numbers of Olig2-positive

oligodendrocyte lineage cells were observed between groups (Figures 3A).

Neuroinflammation

HI induced microglial cell activation, as evidenced by a significant increase in Iba-1-positive

activated microglia within the PVWM and IC (P<0.05), compared to control fetuses. MSC

administration moderately reduced the number of Iba-1-positive activated microglia

following HI, with no significant difference observed in the numbers of activated microglia

between control and HI+MSC fetal brains (Figures 3C and 4D-F). The morphological

appearance of Iba-1+ microglia in control brains exhibited the characteristics of ramified

(resting) microglia, with small cell bodies and long branching processes (Figure 4D). In

contrast, microglia within white matter of HI brains (Figure 4E) and HI+MSC brains (Figure

4F), resembled ameboid (activated) microglia. MSC administration in HI fetuses induced an

20
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increase of CD163-positive macrophages in all brain regions examined, particularly in

PVWM (P<0.05), which was not observed in control or HI fetuses (Figure 3D and 4G-I).

With respect to neutrophil elastase staining, neutrophils were rarely observed in control

brains (mean score 0.1). HI induced a significant colonization of neutrophils within the

vessels in the preterm brain (mean score 1.4) as evidenced by increased neutrophil

elastase-positive polynuclear cells with co-staining of red blood cells within blood vessels,

compared to controls. MSC administration did not alter the effect on neutrophils following Hi

(score 1.2; Supplemental Figure).

No significant differences were observed in GFAP-positive astrocytic cell counts between

groups (data not shown).

Cell proliferation

Cell proliferation (Ki-67-positive cell counts) was significantly increased within all white

matter areas examined (SVZ, PVYWM, and IC; P<0.05) in HI+MSC fetuses compared to

control and HI fetuses (Figure 3E and 4J-L). Within the white matter, we used double-label

immunohistochemistry to demonstrate that it was predominantly oligodendrocytes (Olig2+)

21
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that were proliferating (Ki-67+) following HI+MSCs administration (Figure 4M and N).

Ki-67-positive cells were not co-localized with CD163-positive cells.

Cytokines, chemokines, and neurotrophic factors assay

HI induced an increased fetal plasma TNF-a concentration at 3d post-Hl compared to

control (P<0.05); MSC administration prevented this increase (Figure 6). There was no

difference in plasma TNF-a concentrations at 10d between the three groups. No differences

in plasma IL-6 and IL-10 concentrations were found at any time points between groups (data

not shown).

CXCL10 concentration in white matter tissue lysate was increased in HI+MSC brains

compared with control and HI (p<0.05, Figure 5). IL-6 and NSE levels were increased in HI

and HI+MSC brains compared to controls (p<0.05), and IL-21 and IFNy levels were

significantly decreased in HI and HI+MSC brains compared to controls (p<0.05), with no

difference between HIl and HI+MSC. IL-17A and VEGF-A levels were significantly decreased

in HI+MSC animals compared to controls (p<0.05).

22
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DISCUSSION

This study shows that allogeneic administration of ex-vivo expanded MSC derived from
preterm UCB are neuroprotective in a well-established fetal sheep model of HI-induced
preterm WMI. Our novel data show that preterm MSC treatment effectively reduce myelin
and mature oligodendrocyte loss following HI in the preterm brain. We show that the
neuroprotective benefits of MSC are mediated via induction of macrophage migration, and
cell proliferation, with suppression of microglial activation in the white matter, modulated

through systemic and cerebral cytokines.

Isolation, characterization, and expansion of ovine UCB-MSC

We successfully isolated, and expanded to passage 3, primary ovine cells with MSC
characteristics from five preterm sheep UCB samples to obtain sufficient cells for the target
dose. These cells were confiirmed to have MSC-like characteristics, including plastic
adherence, morphology, in vitro differentiation capacity into 4 mesodermal lineages
(adipocytic, smooth muscle, chondrocytic, osteoblastic and myogenic differentiation),
clonogenicity and self-renewal ability #’. Although the MSC used in this study showed a
limited sensitivity to undergo adipogenic differentiation; only cells from one in five UCB

samples showed adipogenic differentiation, with these findings in sheep UCB-MSC

23
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consistent with observations in the human *'.  Our cells were also highly CD146-positive,
which is a putative MSC marker with interspecies cross-reactivity *°. We chose to study
ovine UCB-MSC, in preference to human MSC, to replicate allogeneic cell administration as

might occur in the human situation and to avoid potential xenogeneic immune reactions.

Neuroprotective potential of MSC in the preterm brain

HI induced by 25 min umbilical cord occlusion was associated with a significant loss of
mature oligodendrocytes and hypomyelination of the white matter, as identified by reduced
CNPase-positive staining density in the PVYWM and IC of the preterm brain. Mature
oligodendrocytes myelinate the axonal surface to increase axonal conduction velocity. The
developmental impairment of oligodendrocyte maturation and subsequent hypomyelination
is directly associated with adverse neurodevelopmental outcome in preterm infants "2 In
this study, we showed that i.v. administration of MSC protected myelination and preserved
white matter structure. Previous reports have also demonstrated that treatment with MSC
improves neurological structure and function in both neonatal and adult rodent models of

%15 Velthoven et al showed that treatment with MSC and

ischemic brain damage
MSC+BDNF reduced white matter loss in a rat model of HI brain injury 2 They also showed

that MSC treatment improves behavioral outcomes and induces neuronal and
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oligodendrocyte regeneration in a mouse model of neonatal stroke **. In immature rat brains,
human UC-MSC also induced a considerable increase in myelin basic protein-labeled
mature oligodendrocytes post-HI **. However, the white to gray matter ratio, as well as the
developmental profile of young rodents are different from human, therefore, the pattern of
brain injury is also different from that in preterm infants 3*3°. In contrast, brain development
in sheep is morphologically and temporally similar to the human preterm brain. This study
was undertaken when the ovine fetal brain is developmentally similar to that of a 28-32 week
gestation human brain. Our study is the first evidence that, in a clinically relevant brain injury
model, allogeneic MSCs are effective at preserving white matter integrity. This is significant,
as the advantage of using MSC is that they have strong potential as an off-the-shelf product,
with commercial allogeneic MSC products now approved for use in humans *’, which would

allow early intervention for high risk extremely preterm infants.

Anti-inflammatory actions

WMI in infants born preterm is mediated by pro-inflammatory mechanisms 8 including
activation of resident brain microglia and astrocytes, invasion of mobilized peripheral
immune cells such as macrophages, lymphocytes and leucocytes, and stimulation of

cytokines and chemokines. In the current study, we confirm that HI induces

25

ScholarOne Support: (434) 964-4100

Page 26 of 52



Page 27 of 52

©CoO~NOUTA,WNPE

Stem Cells Translational Medicine

Lietal. Preterm cord blood MSC protect the preterm brain

neuroinflammation and systemic immune system activation. MSC have frequently been
reported to have strong anti-inflammatory, immunomodulatory and regenerative capacities
in vitro ***'. However, in vivo, there is a paucity of data to demonstrate the mechanisms of
MSC-mediated neuroprotective effects in the developing brain ©. Here we show that preterm
MSC only partially suppressed microglial activation. This finding is somewhat surprising
given that we have previously demonstrated that early administration of whole white blood
cell fraction of term and preterm UCB are neuroprotective for white matter development in
response to HI insult, principally mediated by suppression of microglial activation 2*2. To
further examine the potential actions of MSC, we examined the presence of infiltrating
macrophages (CD163-positive) within the brain. Interestingly, macrophages were increased
in the SVZ, PVYWM, and IC following MSC administration, but not in response to HI alone.
We noted that HI also significantly increased neutrophil infiltration within the preterm brain,
and MSC treatment did not suppress or modify this response. These findings indicate that
MSC protect white matter development against HI insult, principally mediated through an
immune-modification of macrophage activation within the white matter, and a partial
reduction of activated microglia. MSC are known to support monocyte differentiation into

3

macrophages **, and macrophages are also recruited to inflammatory sites of injury to

moderate tissue damage and repair “**°. We observed an upregulation of brain CXCL10,
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which may play a regulatory role as a potent inflammatory chemoattractant for activated T
lymphocytes, produced by multiple cell types including monocytes, macrophages, and
endothelial cells *°. Soluble factors secreted by macrophages induce a migratory MSC
phenotype, and can further enhance CXCL10 secretion from MSC *’. We suggest that
increased CXCL10 and macrophage density within the preterm brain following MSC
administration, and in turn the interaction between macrophages and MSC, is central to

white matter repair following HI.

Cell proliferation

We found that treating with MSC following HI remarkably increased cell proliferation in all
white matter regions examined, compared to both control and HI groups. We confirmed that
Ki-67-positive cells were principally co-localised with Olig2 but not CNPase or CD163
staining, indicative that it was cells of oligodendrocyte lineage that were proliferating. This
result confirms previous work showing that MSC enhance formation of bromodeoxyuridine
(BrdU)-positive neurons and oligodendrocytes “*°°. Treatment with either MSC or
MSC+BDNF induces long-lasting cell proliferation in injured brain regions, maintained to 28
days post-HI **. Another study also showed that injection of human MSC into the dentate

gyrus of the hippocampus of mice enhanced proliferation, migration, and neural
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differentiation of the endogenous neural stem cells of the mouse and contributed to further
mode of tissue repair °'. Taken together, our results demonstrate that MSC therapy in HI
animals ameliorated hypomyelination, potentially contributed by proliferation of
oligodendrocytes. This is a critical observation, since this pattern of WMI is the principal

neuropathological feature observed in infants born extremely preterm 2.

A potential role for macrophages induced by MSC

Interestingly, we also noted that CD163-positive macrophages and cerebral CXCL10
concentration were increased in response to MSC treatment. This is supported by other
studies to show that MSC achieve immunomodulation by supporting M2-macrophage
differentiation °**°. After central nervous system injury, inflammatory M1 macrophages
predominate over anti-inflammatory M2 macrophages. While overly simplistic, this M1/M2
balance is suggested as one of the most important mechanisms of injury/repair regulation *°.
In response to stimulation, MSC are activated by inflammatory mediators to polarize the M1
macrophages into an M2 phenotype, by means of three molecular pathways (prostaglandin
E2, tumor-necrosis-factor-inducible gene 6 protein, and progesterone receptor and
glucocorticoid receptors) °>*’. The chemokine CXCL10 was also significantly upregulated

within cerebral tissue following MSC administration. This is a novel observation for the
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developing brain in response to MSC treatment, but given that CXCL10 is a known
chemoattractant to monocytes/macrophages, and has been shown to be upregulated by

MSCs when administered to a highly inflammatory environment *"%®

, we postulate that the
neuroprotective actions of MSC are mediated via synergistic release of CXCL10 and the

modification of macrophage phenotype and function towards an anti-inflammatory or

reparative response.

Additionally, we show that MSC administration significantly suppressed the increase of
systemic TNF-a concentration at day 3 after HI. Within brain tissue, HI resulted in an
increased concentration of cerebral IL-6, and decreased concentrations of IFNy and IL-21,
which were not modified by MSC. NSE is a glial cell specific isoenzyme, and known to
increase when the brain is damaged, via release from activated astrocytes >°. Our results
found HI insult increased brain NSE, but no change was seen after MSC administration.
Additionally, we did not detect an increase in BDNF or NGF within the preterm brain
following MSC administration, although previous studies have reported that MSC can secret
a variety of trophic factors such as neurotrophins (BDNF, NGF), VEGF and insulin-like

growth factor, which can potentially contribute to endogenous repair 832485060
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Potential autologous cell therapy for preterm white matter injury

225 and this is the first data to show

MSC are enriched in preterm UCB compared to term
the therapeutic efficacy of preterm derived MSC. We have shown for the first time that MSC
isolated from preterm UCB are effective at reducing preterm WMI. This is an important
finding given that up to 50% of cerebral palsy patients are born preterm and this preterm
cohort is the most likely to require therapeutic intervention ¢, If an autologous cell therapy
is necessary then the optimal source of these cells would be from their own placental tissue.
Other placental cell therapy options include UCB mononuclear cells (MNC) & amnion
epithelial cells (AEC) 2645 or UC-MSC **. Unfortunately, the volume of UCB that can be
obtained from preterm infants is reduced compared to term and restricts the number of
UCB-MNC available for re-administration ®. As for AEC, it has been shown that cells
isolated from preterm amniotic membrane have a superior proliferation capacity, but do not

7

possess the same immunosuppressive and reparative capacity 8. Although human

I3 no data

UC-MSC are shown to protect mature oligodendrocytes in a rat model of term H
to date is available regarding preterm UC-MSC. Our results show that preterm UCB-MSC

are highly proliferative and have both anti-inflammatory and neuroreparative properties

making them the ideal autologous cell therapy candidate for infants with preterm brain injury.
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In conclusion, our findings support that preterm UCB-derived, expanded MSC respond to

signals provided by the intracerebral milieu activated in response to the HI insult. MSC

modulate the immune microenvironment of the injury within the brain’s white matter by

regulating the activation of macrophages via release of chemokine and cytokines, and

moderating the neuroinflammatory response. In turn, MSC are neuroprotective for the

developing white matter of the preterm brain, protecting against hypomyelination by

maintaining oligodendrocyte development. The administration of MSC accelerated the

proliferation and differentiation of endogenous cells, including those cells that mediate

self-repair, resulting in white matter protection against HI insult in the preterm brain.

Previous reports also suggest that MSC inhibit T-cell activation and proliferation, modulate

B-cell and macrophage responses, suppress cytokine/chemokine release, and

downregulate pathogenic immune responses >**'

. Further exploration of this important
interaction between MSC and macrophages in relation to other immune cells, especially T

lymphocytes, in the setting of preterm brain injury, may provide a more complete

understanding of the mechanisms of MSC-induced neuroprotection.
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HI+MSC animals compared with control and HI animals (p<0.05). While, IL-6 (B) and NSE (F) levels were
significantly increased in HI and HI+MSC animals compared to controls (p<0.05), IL-21 (E) and IFNg (O)
levels were significantly decreased in HI and HI+UCB animals compared to controls (p<0.05), with no
differences between HI and HI+MSC animals. IL-17A (D) and VEGF-A (M) levels were significantly decreased
in HI+MSC animals compared to controls (p<0.05). Data are mean = SEM, and were analyzed using ANOVA
followed by post hoc Tukey’s tests. *P<0.05.
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;- variables Control HI HI+MSC

3 n=10 n=7 n=6

4 Female, n (%) 7 (70) 3 (43) 2 (33)

5 Twin, n (%) 6 (60) 2(29) 0 (0)*

6 UCO duration, min 0 244 + 0.3* 247 +0.3*
; Weight Brain weight, g 345+0.7 30.5+0.9* 30.5+1.2*
9 Body weight, kg 2.0+0.1 24101 23+0.1
10 Brain/body weight, g/kg 176+0.7 13.6 £ 0.9* 13.2+0.9*
11 Mean (%) or mean * standard error are presented for each group. One-way analysis of variance and
12 post hoc Tukey tests were carried out on comparisons between groups. *P<.05 vs control. HI:

hypoxia-ischemia; UCB: umbilical cord blood; UCO: umbilical cord occlusion; MSC: mesenchymal
13 stem cells.
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Chapter 5

Thesis discussion and summary

5.1. Preface

The studies presented in this thesis were specifically aimed at examining whether allogeneic
administration of UCB cells can reduce the progression of preterm brain injury caused by
hypoxic-ischemic (HI) insult (Chapters 2, 3 and 4). This chapter brings together the studies, and
results presented in this thesis, to assess the impact of UBC cells on preterm brain injury in the
context of current literature. By way of overview, Chapter 1 reviewed the current knowledge
and understanding of the brain injury that is evident in infants born preterm, mechanisms of
injury and the potential for UCB therapy to protect against preterm brain damage, particularly
white matter injury (published review, Li et al. (Li et al., 2014b)). Chapter 2 presented original
research (published, Li et al. (Li et al., 2016)) that examined whether early, and/or delayed,
UCB cell administration was neuroprotective for preterm brain injury induced by HI, and
assessed mechanisms of UCB action. Chapter 3 compared the neuroprotective actions of cells
derived from term UCB and preterm UCB for their capacity to protect against preterm brain
injury (published, (Li et al., 2017)). Finally, Chapter 4 investigated whether a specific
population of cells that are found in preterm UCB, specifically mesenchymal stem/stromal cells
(MSCs), were therapeutic in protecting the preterm brain (Li et al, manuscript submitted to

Stem Cells Translational Med).

5.2. The relevance of preterm brain injury induced by an acute HI insult in

fetal sheep

As described in Chapter 1, preterm infants that are born less than 32 weeks of gestation are at a
very high risk of suffering white matter injury (WMI) within the developing brain (Pharoah et

al., 1996; Thorngren-Jerneck et al., 2006; Volpe, 2008). In order to examine the potential
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neuroprotective properties of UCB cells, I utilised the established fetal sheep model of acute
severe HIl-induced brain injury, wherein the development of the ovine brain is equivalent to that
of a preterm human infant, born at 28-32 weeks of gestation. This experimental animal model of
preterm brain injury is well established and published (Bennet et al., 2007; Keogh et al., 2012),
and was utilised for all original research studies in this thesis. In the first instance, fetal surgery
was undertaken at 95-98 days gestation (term is ~147 days) for the implantation of an umbilical
cord occluder and catheters to fetuses. At 101-104 days (0.7 gestation), acute HI was induced by
up to 25 minutes of umbilical cord occlusion, the fetus was monitored, fetal blood taken at
regular intervals and, 10 days after HI, the fetal brain collected for neuropathological analysis.
My results show that white matter neuropathology was evident in response to acute severe HI,
with reduced oligodendrocyte lineage (Olig2+ stained) cell numbers and decreased myelination
density (CNPase+) in white matter areas of interest (SVZ, PVWM and IC) within the preterm
brain. I also found that, principally, HI was more injurious to white matter areas of the brain

than to gray matter (cortex and caudate nucleus neuronal cell populations).

The pattern of brain damage that I observed in preterm fetal sheep is consistent with clinical
observations of diffuse periventricular leukomalacia (PVL), characterised by diffuse and
pyknotic white matter injury related to HI events within the preterm brain (Gopagondanahalli et
al., 2016; Logitharajah et al., 2009; Volpe, 2008). Barkovich, et al. showed that infants born at
28-34 weeks had periventricular gliosis and variably dilated ventricles after asphyxia
(Barkovich et al., 1990). In the study by Logitharajah et al. (Logitharajah et al., 2009), white
matter injury, which was mostly diffuse and mild, was noted in ~82% of preterm infants
exposed to a HI insult before birth. In this study population, it was less frequently noted, but
still evident, that many infants with white matter injury showed evidence of neuropathology in
gray matter regions, particularly the basal ganglia and cortex. There is a complex interplay
between white and gray matter injury in preterm infants, wherein neuronal injury could occur

secondary to damage to white matter tracts (Volpe, 2008). In the studies described in this thesis,
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our treatment induced profound prenatal acute hypoxia-ischemia and WMI via upregulation of
the ischemia-reperfusion pathway. However in the clinical setting, preterm WMI is not only due
to perinatal hypoxia, but also contributed by acute or chronic in utero hypoxia, postnatal
episodes of ischemia-reperfusion, and/or infection/inflammation (Sie et al., 2000). While I only
investigated an acute HI model of fetal sheep induced preterm WMI in the studies described in
this thesis, I believe the benefits of this study design are threefold, i) I was able to produce a
standardised HI insult which resulted in subsequent diffuse WMI; ii) the brain injury that I
observed is consistent with the known neuropathology observed in preterm infants,
incorporating principally white matter damage, but also with a lesser component of gray matter
neuronal cell damage; and iii) I was able to examine the neuroprotective effects of UCB cells at
10 days after insult. Accordingly, this experimental paradigm allowed the examination of
whether UCB stem cells would be neuroprotective for HI preterm brain injury, the effects of
different timing of cell treatment, and potential mechanisms of action of cord blood stem/

progenitor cells on the preterm brain.

5.3. Multiple factors to cause preterm white matter injury

The etiology of cerebral white matter injury in infants born preterm is known to be
heterogeneous, but the two leading mechanistic contributors are ischemia/reperfusion and
infection/inflammation, as discussed in Chapter 1. Previous reports suggest that antenatal or
perinatal ischemia/reperfusion may underlie around 50% of adverse events that result in white
matter injury in preterm infants (Volpe, 2008). This thesis specifically focused on the
neuroprotective effects of UCB derived cells on ischemia/reperfusion-induced preterm white
matter brain  injury, and demonstrated very promising findings. However,
inflammation/infection is also a significant contributor to preterm WMI (Volpe, 2008). Cell
based therapies have been shown to be effective for HI brain injury in many preclinical studies
(Li et al., 2014b), the evidence of cell therapy for inflammation/infection-related perinatal brain

injury is, however, sparse. Yawno et al. have shown that human amnion epithelial cells (AECs)
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are effective in preventing preterm white matter brain injury caused by LPS-induced
intrauterine inflammation in preterm fetal sheep (Yawno et al., 2017; Yawno et al., 2013). To
my knowledge, there are currently no other published papers that have evaluated the effects of
cell-based therapy using specific inflammation models. It is however important to note that
neuroinflammation was significantly upregulated in response to acute HI in the preterm fetal
sheep studied, as evidenced by an elevation in the density of activated microglia and
pro-inflammatory cytokines. In turn, my results demonstrate that neuroinflammation is a key

mediator of white matter brain injury in the developing brain (Chapter 2).

In the current studies, we showed that peripheral pro-inflammatory mediators were reduced by
preterm UCB cell (Chapter 3) and MSC (Chapter 4) administration, and circulating levels of
oxidative stress were reduced by term UCB cells (Chapters 2 & 3), which is particularly
relevant for IUGR. Our results showed that UCB cells, as well as UCB-MSC, contributed to
suppression of microglial activation in the white matter following HI. The microglia are the
resident immune/ inflammatory modulatory cells within the brain, and I showed in Chapter 2
that increasing numbers of activated microglia within cerebral white matter is closely correlated
to decreasing numbers of oligodendrocytes. This result confirms the work of others to show that
neuroinflammation is a significant contributor to neuropathology in the preterm brain (as
reviewed by Czeh et al. 2011). Clinically, it is well described that up to half of all preterm
births may be complicated by chorioamnionitis (Paton et al., 2017), and therefore it would be
most appropriate to examine whether administration of UCB cells or MSC are neuroprotective
in this setting. While I did not study the myriad of potential contributors to preterm WMI (such
as chorioamnionitis), I believe the benefits of undertaking this study in a preterm fetal sheep
model of acute hypoxia-ischemia allowed me to examine what the effects of UCB cell therapies
may have on such infants, and whether they could benefit from interventional strategies. Indeed
my results to show that UCB derived stem/ progenitor cells have excellent anti-inflammatory

benefits holds promise for WMI caused by multiple other factors.
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5.4. Mechanisms of actions and therapeutic time window of UCB therapy

The results obtained in Chapter 2 and 3 showed that treatment using UCB cells obtained from
term or preterm cord blood samples are associated with a variety of positive effects, protecting
preterm white matter against HI insult, predominantly through suppressing cerebral microglial
activation, along with prevention of cell death and systemic anti-inflammatory benefits (Chapter
2, 3). The administration of UCB cells from term samples was also associated with a systemic
anti-oxidant effect (Chapter 2). However, as described in Chapter 2, it is important to consider
that these neuroprotective benefits may be greatest when UCB cell administration is conducted
early after insult. Indeed, my result show that the optimal therapeutic benefit of UCB therapy
was observed mainly when the cells were administered at 12 hours after HI, when compared to
administration at 5 days after acute HI (Chapter 2). It is thus apparent that it is critically
important to explore the optimal timing of UCB therapy for translation to the clinic. Our study
specifically examined time-points of 12 hours or 5 days after insult reflecting what might be
feasible in the clinic for infants born preterm and then either identified as requiring therapeutic
intervention soon after birth, or within the first days after preterm birth. Previously published
studies, mostly undertaken in rodents, have also investigated the effects of timing of cell
administration (Boltze et al., 2012; G. Yu et al., 2009). Our data strongly suggests that early
treatment facilitates optimal recovery after acute preterm HI in fetal sheep. Many groups have
administered cells 4 to 48 hours following acute injury in animal studies, and some benefits
have been observed with cell delivery up to 10 days after cerebral HI (Li et al., 2014b).
However, one recent study administered UCB cells at around 10 days after HI, and still
observed beneficial effects via functional improvement in rabbits (Drobyshevsky et al., 2015).
A further study has shown that delayed intranasal infusion of hAECs, again at 10 days after HI
insult, improved white matter maturation after asphyxia in preterm fetal sheep (van den Heuij et
al., 2017). It is important to note that in these studies, the days of assessment were set at more

than 10 days after cell treatment (Drobyshevsky et al., 2015), which may allow the stem cells
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adequate time to have a positive effect within the brain. The results described in this thesis were
all obtained in post-mortem collection of brain tissue at 10 days after HI insult, which may not
have allowed enough time for neuroregeneration to take place following treatment. Thus, when
we compared results of cell administration at 12 hours versus at 5 days, the brains were all
collected on day 10, the latter group of treated animals had a shorter time period in which cells
could have exerted a positive effect. The mechanisms of actions of UCB cell treatment are
related to not only neuroprotection, or reducing ongoing pathologies, but also neuroregeneration,
such as enhancement of endogenous cerebral plasticity, which may mainly lead to functional

improvement rather than anatomical improvement.

Interestingly, we noted that cellular proliferation (Ki67+ cell staining) was upregulated after
UCB-MSC administration in Chapter 4. However, at 10 days after HI we did not observe a
corresponding increase in myelinating oligodendrocytes (CNPase+ cells). This finding may also
have been influenced by the short timecourse of the study and a longer duration prior to
post-mortem may have resulted in a different outcome. Neuroprotective agents currently in use,
or under examination, have a relatively narrow effective therapeutic time window, best
characterised in human and animal trials for therapeutic hypothermia for term infants with
hypoxic-ischemic encephalopathy, which must be initiated within 6 hours after birth (Bennet et
al., 2007; Li et al., 2013; Li et al., 2014a). This is likely to be because established or potential
treatments predominantly focus on the prevention of secondary cell death by attenuating
inflammation, mitochondrial and excitotoxic activity (Bennet et al., 2007; Bennet et al., 2012).
The timely evaluation and diagnosis of term neonatal encephalopathy allows clinicians to
intervene with a therapy as soon as possible. However, unlike term HIE, it is widely accepted
that preterm babies present a significantly more difficult cohort to appropriately address the
timing of injury, that can occur any time before or after birth, often silently (Li et al., 2014b).
Thus, although we showed that early administration of UCB cells is essential for significant

neuroprotective effects after HI insult in Chapter 2, later histological or functional investigations
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are needed to evaluate whether the transplanted cells have an ability to promote
neuroregeneration, which will further increase our understanding of the potential of therapeutic

treatments using UCB cells.

5.5. UCB-MSC (or whole UCB) vs individual expanded cells included in

UCB for clinical application

Most studies to date investigating treatment of perinatal brain injury using UCB have utilized
UCB-MNCs (Li et al., 2014b). UCB-MNCs are composed of three major types of stem and
progenitor cell types, HSCs, EPCs, and MSCs, as well as containing lymphocytes and
monocytes. Although the evidence from clinical trial is still sparse, UCB-MNCs have been
shown to be neuroprotective in almost all animal models of neonatal HI previously published
(Li et al., 2014b). Thus, the biggest advantage of using UCB-MNC or whole UCB cells for
clinical application is the firm evidence for efficacy and safety over the last decade.
Additionally, the current paradigm for allogeneic UCB transplantation is that HLA matching
and immune suppression are strictly required to prevent GVHD. Thus, the advantage of
autologous UCB-MNCs or whole UCB cells to avoid potential immunological side effects and
the need for MHC matching makes autologous UCB treatment for preterm infants far more
ethically acceptable. Two clinical trials giving autologous UCB to preterm infants in the first 5
or 14 days post-delivery, aiming to examine feasibility and efficacy for a variety of preterm
complications, are currently underway [NCT02050971(Rudnicki et al., 2015) and
NCT01121328]. Late clamping and milking of umbilical cord in preterm infants has also been
studied in multiple clinical trials, where this technique is considered a form of early autologous
UCB infusion after birth (Ghavam et al., 2014). Based on the findings from Chapter 2 and 3 in
this thesis, the design of potential clinical trials that would use UCB for brain protection in
preterm infants can be advanced in two ways. Firstly, the administration of autologous UCB
cells to extremely preterm infants over a 3-day interval post-delivery, to examine whether short

and long-term brain structure and function are improved. As discussed in Chapter 2, the
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therapeutic window of UCB administration after HI is 2 to 3 days (Boltze et al., 2012; Li et al.,
2016). Additionally, as discussed in Chapter 1, infants born extremely preterm are at the highest
risk for cerebral palsy and neurocognitive impairment, but the time of onset of an insult in these
preterm infants is very difficult to define (Li et al., 2014b). Therefore, it would be quite justified
to administer autologous UCB cells prophylactically during the first to second week
post-delivery to reduce preterm brain injury, as it is known that cystic PVL or diffuse WMI tend
to develop over days to weeks after birth (Miller et al., 2005; Volpe, 1998). Preterm birth is
however frequently associated with obstetric complications (e.g., chorioamnionitis or fetal
growth restriction), which may alter the volume and cell composition of UCB (Hosono et al.,
2015; Surbek et al., 2000), and may be a limitation to the routine collection and use of
autologous UCB cell administration for preterm infants. In turn, allogeneic UCB cells are an
alternative, but this would necessitate the need for MHC matching and co-administration of
immunosuppressants. Therefore, another option for potential clinical trial is to administer
allogeneic UCB cells within 12-48h after the onset of profound HI insult. Although it is not
frequent to see the situation that preterm infants are exposed to a clearly defined HI, it would be
appropriate to administer allogeneic UCB cells soon after the onset of acute profound HI insult
such as severe birth asphyxia or intraventricular haemorrhage (IVH) complicated by
haemorrhagic venous infarction in the periventricular white matter (Papile grade IV-IVH). A
recent paper showed that 114 patients suffering from non-hematopoietic degenerative
conditions were treated with non-matched, allogeneic UCB-MNCs, with 4-5 treatments both
intrathecal and intravenously, and showed no profound hematological or immunological adverse
effects (Yang et al, 2010). This suggests that the use of UCB for non-hematopoietic
regenerative purposes, such as immune modulation, growth factor production, and stimulation
of angiogenesis, may not require matching or immune suppression in immune competent
recipients (Yang et al., 2010). This result may encourage the use of allogeneic UCB for
non-hematopoietic regenerative purposes without matching or immune suppression. However,

this issue is still to be addressed in preterm infants. Thus, I eventually reached the idea that
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identifying a specific cell type in UCB that is neuroprotective, and then expanding the cells in
vitro prior to administration, may be a reasonable strategy to best utilize UCB for the treatment
of preterm brain injury. MSC treatment, especially allogeneic transplantation, can be used safely,
and with good efficacy, as shown in many pre-clinical and clinical studies (Donega et al., 2013;
E. S. Kim et al., 2012; J. S. Lee et al., 2010; Lim et al., 2011; Reinders et al., 2015; C. T. van
Velthoven et al., 2012; van Velthoven et al., 2010a; Yasuhara et al., 2006b). This was the major

reasons that I studied MSCs in Chapter 4.

Each stem cell type in UCB can be isolated and expanded in vitro. MSCs, CD34+ cells
(EPCs+HSCs), monocytes, and lymphocytes have all been shown to be effective for brain
protection in various brain injury models (Shahaduzzaman et al., 2013; Tsuji et al., 2014;
Womble et al., 2014; Xia et al., 2010). However, the efficacy of each cell type, apart from
MSCs, remains limited. In contrast, MSCs have been used in multiple animal studies for
treatment of perinatal brain injury, and demonstrate promising results (Ahn et al., 2014; Ahn et
al., 2013; Donega et al., 2015; Donega et al., 2013; Jellema et al., 2013; E. S. Kim et al., 2012;
Y. E. Kim et al., 2016; J. S. Lee et al., 2010; Lim et al., 2011; C. T. van Velthoven et al., 2012;
Van Velthoven et al., 2014; van Velthoven et al., 2010a, 2010b, 2011; Van Velthoven et al.,
2013; C. T. J. Van Velthoven et al., 2012; Yasuhara et al., 2008; Yasuhara et al., 2006a;
Yasuhara et al., 2006b). Moreover, MSCs are currently under clinical trial [NCT01929434], and
the safety of allogeneic MSCs has been confirmed (Reinders et al., 2015). To date there has
been no documented clinical advantage of the use of autologous over allogeneic MSCs in a
clinical setting, since MSCs are shown to be immune evasive (Ankrum et al., 2014), which may
allow allogeneic administration of the cells without MHC matching, and make the clinical
application of this therapy feasible in preterm infants. Accordingly, in Chapter 4 we explored
the collection and isolation of MSC from preterm ovine UCB, the expansion of these cells, and
then whether allogeneic administration of ex-vivo expanded preterm UCB-MSC is effective for

preterm brain neuroprotection.
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5.6. Neuroprotective benefits of UCB-derived MSCs and other cell types

Results obtained in Chapter 4 demonstrate that preterm UCB-MSC protect white matter
development within the preterm ovine brain following HI insult, mediated via inflammatory cell
migration into cerebral white matter, systemic anti-inflammatory effects, along with inducing
cell proliferation in the white matter. These findings support the use of ex-vivo expanded
UCB-MSC as a potential therapeutic intervention in the treatment of preterm brain injury (Ahn
etal., 2014; Ahn et al., 2013; Donega et al., 2015; Donega et al., 2013; Jellema et al., 2013; E. S.
Kim et al., 2012; Y. E. Kim et al.,, 2016; J. S. Lee et al., 2010; Lim et al., 2011; C. T. van
Velthoven et al., 2012; Van Velthoven et al., 2014; van Velthoven et al., 2010a, 2010b, 2011;
Van Velthoven et al., 2013; C. T. J. Van Velthoven et al., 2012; Yasuhara et al., 2008; Yasuhara
et al., 2006a; Yasuhara et al., 2006b). However, it is interesting to note that the mechanisms of
actions of MSC in white matter protection appears to be different when compared with that of
whole white blood cell fraction of UCB, as used in Chapters 2 and 3. In our findings, both MSC
and UCB cells were shown to demonstrate anti-inflammatory benefits (Bennet et al., 2012; Li et
al., 2014b; Li et al.,, 2017). However, our result showed that modulation of macrophage
activation played a pivotal role in the neuroprotection that was attributed to MSC administration,
along with an increase in cell proliferation in white matter and a partial suppression of cerebral
microglial activation. In contrast, whole UCB cells mainly suppressed the activation of cerebral
microglia, resulting in the protection of white matter brain architecture (Li et al., 2014b; Li et al.,

2016).

MSC have been demonstrated to achieve immunomodulation by polarizing the M1
macrophages into a M2 phenotype (considered a switch towards a more reparative cell type),
and to regulate injury/repair mechanisms (Mantovani et al., 2013; Selleri et al., 2016; Xu et al.,
2017). Although UCB contains MSC, the total of these MSC cell counts is low, particularly in

term UCB (Jain et al., 2013), while UCB includes many other cell types. This differential
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outcome between MSC and UCB cell administration indicates that other cell types that are
present in UCB are also very active and responsible for white matter protection in preterm
infants. Indeed, a recent study demonstrated that monocytes within UCB are critical for the
suppression of microglia in UCB therapy (Womble et al., 2014). A further recent report showed
that human UC-MSC effectively suppressed microglial and T cell activation and reduced white
matter injury following HI (Jellema et al., 2013). CD34+ haematopoietic cells have also been
shown to reduce brain injury in neonatal hypoxic-ischemic mice, with a transient augmentation
of cerebral blood flow in the peri-infarct area (Tsuji et al.,, 2014). The specific fraction or
combination of the cells in UCB that are principally responsible for brain protection, thus, still
remains to be determined. In order to construct a better treatment strategy in the most effective
and efficient way, further investigation to elucidate the effects of each cells included in UCB is

required.

5.6. Questions that remain unanswered

There are multiple ongoing preclinical studies and clinical trials that are testing UCB, or other
stem cells, to reduce brain injury in infants with neonatal HIE around the world (Liao et al.,
2013; Tsuji et al., 2015). However, there are still many questions that remain unanswered to

bring this treatment to clinical application to reduce preterm brain injury.

(1) Are UCB cells, or specific cells derived from UCB, also effective for treatment of preterm
brain injury caused by other factors, besides HI? Inflammation/ infection, chronic hypoxia
and ischemia, and hyperoxia have been suggested to be major causes of white matter brain
injury in preterm infants. Studies to examine the effects of stem cells in such animal models
are currently underway by our group and others (Leaw et al., 2017). These studies will
allow the examination of UCB-derived cells for different etiological causes of preterm brain
injury.

(2) Autologous or allogeneic cell administration? In order to conduct UCB or MSC treatment in
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3)

“4)

an acute situation where autologous UCB may not be available, or of low volume,
cryobanking may be a prerequisite. Great uncertainty exists around the therapeutic value of
thawed and expanded cells. An in vitro study that compared the quality of UCB cells before
and after cryopreservation showed that there is a slight decrease in the number of nucleated
cells, and colony-forming activity after cryopreservation (Kobzeva et al., 2013). Another
study also showed that bone marrow derived cryopreserved MSCs have the same growth
characteristics as fresh bone marrow-derived MSCs (Kaplan et al., 2017), while almost all
previous studies have compared fresh and thawed cells in vitro, but not in vivo. A recent
study has also shown that MSCs appear to have compromised immunomodulatory activity
directly after thawing when used for clinical application (Moll et al., 2016). Whether fresh

or cryopreserved cells could be used for brain protection thus remains to be validated.

What are the functional benefits of UCB therapy? In all studies in this thesis, I assessed the
beneficial effects of UCB cells or MSCs predominantly by histological analyses. However,
some preclinical studies in rats and rabbits exposed to perinatal HI have demonstrated the
neuroprotective effects of UCB cells via functional recovery (Drobyshevsky et al., 2015;
Geissler et al., 2011; Meier et al., 2006). A clinical study has also shown that the beneficial
effects of UCB cell administration are evident as a functional improvement in children with
cerebral palsy (Min et al., 2013). The mechanisms of actions, and histological correlation,
for the functional recovery are unknown. In order to further investigate and characterise the
effects of UCB-derived cell therapy in preterm white matter injury, assessment of

neuropathology via histology, MRI and functional outcomes should be considered.

What is the optimal dose of UCB cells? A dose—response effect of UCB therapy in a
neonatal rat model of HI has been demonstrated (de Paula et al., 2012; Vendrame et al.,
2004), and dose-dependent effects of human UCB-MNCs in a rat model of intracerebral

hemorrhage also reported (Seghatoleslam et al., 2013). The optimal dose of UCB-MNC:s as
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well as MSCs for brain protection remains unestablished. A phase 1 dose-escalation clinical
trial of MSCs for bronchopulmonary dysplasia has now been completed (Chang et al.,
2014) but it is imperative that similar studies should be performed for UCB and MSC
therapies in order to move UCB and MSC therapies forward towards a standardised clinical

application.

(5) How do UCB cells compare with stem cells from other sources? Stem cells or stem cell-like
cells from other source of fetal tissues such as umbilical cord, placenta, amnion and from
amniotic fluid may also be neuroprotective for perinatal brain injury. Indeed, intravenous
transplantation of human UC-MSCs at an early stage after HIE was shown to improve the
behavior of hypoxic—ischemic rats and decrease gliosis (Zhang et al., 2014). Human amnion
epithelial cells were also demonstrated to rescue neural cell death via immunomodulation of
microglia in a mouse model of LPS/ hyperoxia-induced preterm brain injury (Leaw et al.,

2017).

5.7. Safety

Throughout the studies in this thesis, no apparent side effects were observed after administration
of allogeneic UCB-derived cells and UCB-MSCs. Although this series of studies examined the
effects of the cell administration only on the brain and not on other organs, mortality of fetal
sheep did not increase in cell-treated animals. Recent clinical trials have demonstrated that
autologous UCB treatment is feasible and safe in term infants with HIE (Cotten et al., 2014) as
well as children with cerebral palsy (Y. H. Lee et al., 2012). Another clinical study also showed
the efficacy and safety of allogeneic UCB, with concomitant administration of erythropoietin
and cyclosporine, in children with established cerebral palsy (Min et al., 2013). As discussed
earlier, a recent paper even supports the safety of using non-matched, allogeneic cord blood
cells to treat non-hematopoietic degenerative conditions (Yang et al., 2010). The longest

follow-up with this protocol was 4 years with no evidence of immune reactivity or GVHD.
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Evaluation of therapeutic benefit is currently in progress. With respect to MSCs, hUC-MSCs
undergo successful cell expansion using animal serum-free culture medium, thereby removing
safety concerns of animal-to-human viral transmission (Ding et al., 2013; Julavijitphong et al.,
2014). However, due to their immunomodulatory, and multipotent, reparative properties,
transplantation of MSCs potentially holds risks of eliciting an adverse immune response and tumor
formation, which have cautioned their use in clinical trials. In general, the tumorigenicity of stem
cells is predicted to increase proportionately with the length of time that they are cultured. However,
MSCs appear to be maintained in culture for weeks without clear adverse consequences in
karyotypic alterations (Knoepfler, 2009). A recent study of the safety of viral transduction of human
HSCs and MSCs in which animals were followed for up to 18 months also found no evidence of
tumorigenesis (Bauer et al., 2008). Although the safety of autologous and allogeneic MSCs has
been confirmed in multiple renal transplant clinical studies (Reinders et al., 2015), these safety
issues should be addressed before further studies are planned in children and infants that are
followed for long term, preferably using allogeneic MSCs, as these cells offer the advantage of
immediate availability for clinical use. Commercial allogeneic MSC products are now approved
for the treatment of GVHD, and have been used in humans as an off-the-shelf product
(Miyamura, 2016), which would allow early intervention for high risk extremely preterm infants
in the future. MSCs are currently under clinical trial in children with cerebral palsy
[NCT01929434], and infants with severe bronchopulmonary dysplasia [NCT01207869], and the

results are awaited with interest.

5.8. Limitations

An important limitation of the studies described in this thesis is that I performed all experiments
in utero. The fetuses underwent umbilical cord occlusion (UCO) and then recovered from the
insult in utero and therefore in normoxic, well controlled, fetal conditions. By undertaking the
UCO in utero, the fetus continues to maintain placental support and perfusion, which likely

contributes to recovery. This is quite different to what would occur in human infants born
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preterm, in which neonatal care could certainly influence outcome, and the administration of
stem cells would occur postnatally. In the current study we administered fetal (UCB) cells into
the fetal circulation, which is different to giving UCB cells into the neonatal circulation, as it
has been described that white blood cell composition alters significantly within a few days after

birth.

Administration of UCB-derived cells are demonstrated to be effective for preterm brain
protection after HI in this thesis. However, investigation using other animal models such as
rodents that have an immature developmental stage of brain at birth allows the initiation of cell
therapy to preterm subjects after birth, which is similar to the situation in human preterm infants,
may clear the confounding factor of our fetal experimental study. However, compared to
rodents, sheep are one of the most widely accepted and reliable experimental models in preterm
brain research, especially when focusing on WMI. Also, unlike immature rodent models,
preterm fetal sheep have the advantage of being used for instrumentation to obtain blood
samples regularly and physiological data such as blood pressure and heart rate continuously.
Moreover, unlike human preterm infants, ovine fetuses are not viable at this stage of gestation
outside the uterus. For these reasons, despite the limitations explained above, we chose to use

the aforementioned preterm fetal sheep model.

There are currently no treatment options to protect or repair the brain of a baby born preterm
with early signs of brain injury. With the knowledge that preterm babies are at great risk of
developmental brain injury, it is imperative to extend the investigation of potential cell therapy
from studies and clinical trials being performed on term infants and adolescents, through to
preterm infants. The developing brain has excellent neuroplasticity and regenerative capacity,
which is suggestive that preterm neonates may have a greater potential for therapeutic
regeneration and restoration of neuronal and glial cell populations, compared to adults and even

term newborn infants (Bennet et al., 2013).
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UCB from preterm births is reported to be a rich source of stem and progenitor cells as
described in Chapter 3 (Erices et al., 2000; Jain et al., 2013; Javed et al., 2008; M. Yu et al.,
2004). The total number of MSC in cord blood decreases as gestation progresses, such that
MSC in UCB at 24-28 weeks is 40-fold greater compared to term UCB (Jain et al., 2013; Javed
et al., 2008). Not only UCB, but fetal tissues including umbilical cord tissue, amnion, and
placenta, are well-known sources of MSCs. Fetuses are developing in an environment rich in
stem cells while in the uterus. It might thus be possible that those stem and progenitor cells are
playing crucial roles in growth and development of the fetus, especially at more premature
stages of fetal development. A precipitous decrease in the circulating levels of stem and
progenitor cells, and influence from the stem cells of fetal tissues in babies born preterm may
therefore deprive them of their anti-inflammatory/immunomodulatory and nurturing effects.
The results from our in utero experiments provided information on whether increasing
circulating UCB cells or MSC results in altering the pathophysiological process of brain injury,
and protecting the preterm brain following hypoxia-ischemia, and answered the question of
whether systemic administration of UCB cells or MSC could be a therapeutic option for repair
of preterm WMI. The findings in this thesis strongly suggest that it is possible that UCB cells
and MSC play crucial roles in brain protection, repair or growth and development of the preterm
brain. I believe that the results derived from this study will greatly enhance our fundamental
scientific understanding of the cerebral actions of UCB stem cell treatment in preterm infants,
and hope that this will lead to the clinical potential of revealing a new therapeutic intervention
with the administration of cord blood derived cells to preterm infants, to reduce the severity

and/or incidence of cerebral palsy all around the world in the future.
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