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Abstract

Perinatal hypoxic-ischemic encephalopathy (HIE) is a major cause of neonatal death and permanent neurological def-
icits. However, effective treatments have not yet been established, except therapeutic hypothermia, which is not effec-
tive for severe HIE; therefore, developing a novel therapy for HIE is of the utmost importance. Stem cell therapy has
recently been identified as a novel therapy for HIE. Among the various stem cell sources, ethical hurdles can be
avoided by using stem cells that originate from non-embryonic or non-neural tissues, such as umbilical cord blood
cells (UCBCs), which are readily available and can be exploited for autologous transplantations. Human UCBs are a
rich source of stem and progenitor cells. Many recent studies have reported the treatment effect of UCBCs. Addition-
ally, phase I clinical trials have already been conducted, showing this therapy’s safety and feasibility. One advantage
of stem cell therapies, including UCBC administration, is that they exert treatment effects through multifaceted mech-
anisms. According to the findings of several publications, replacement of lost cells, namely, engraftment and differen-
tiation into neuronal cells, is not likely to be the main mechanism. However, the association between UCBCs and
various mechanism of action, such as neurogenesis, angiogenesis, and anti-inflammation, has been suggested in many
studies, and most mechanisms are due to growth factors secreted from UCBCs. These diverse actions of UCBC treat-

ment are expected to exert a substantial effect on HIE, which has a complex injury mechanism.
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Introduction

The global neonatal mortality rate has improved dramatically
in the last 30 years.! However, the incidence of cerebral palsy
has not decreased at all.> Perinatal hypoxic-ischemic
encephalopathy (HIE) is the main cause of cerebral palsy, with
an incidence of 1.3—1.7 per 1,000 births worldwide.?> Cerebral
palsy is a lifelong condition and can be a huge burden on the
patient and his/her family. The only effective treatment for
perinatal HIE is therapeutic hypothermia;*> however, this treat-
ment’s effects are limited and, additionally, the lifetime cost of
medical care and training/education per patient is approxi-
mately 1 million US dollars (100 million Japanese yen),%’
which is a tremendous financial burden. Generally, the Num-
ber-Needed-to-Treat (NNT) is 9, i.e., nine patients are needed
to be treated in order to save one patient from death or severe
disability at 18 months of age.® There is an urgent need, there-
fore, to develop new treatments for this perinatal brain injury.
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Stem cell therapy is expected to become a novel therapy
for central nervous system (CNS) diseases.” Stem cells are
derived from various tissue types and defined by their self-re-
newal and multipotency properties. So far, various types of
stem cells, including embryonic stem (ES) cells, neural stem/
progenitor cells (NSPCs), bone marrow stromal cells, umbili-
cal cord blood (UCB) stem cells, and induced pluripotent stem
@iPS) cells, have been used in the research of stem cell treat-
ments for CNS disorders.'” Among the various stem cell
sources, NSPCs were most widely used in early studies on
CNS diseases. In previous studies, we demonstrated that
intracerebroventricular injections of NSPCs with chondroiti-
nase ABC, which digests glycosaminoglycan chains on chon-
droitin sulfate proteoglycans, reduced the degree of brain
injury in a rat neonatal HI model.'®'" However, hurdles
remain concerning the clinical application of NSPCs, such as
ethical issues regarding collecting these stem cells from
fetuses and safety concerns associated with their intracerebral
administration.'?

In contrast, umbilical cord blood cells (UCBCs) are readily
available and there are no ethical issues regarding their collec-
tion. Human UCB is a rich source of stem and progenitor
cells, and the treatment effect of UCBCs have recently been
evaluated in animal models of neonatal HI in over 20 studies.
In most of these preclinical studies, UCBCs were administered
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systemically, and many of them showed beneficial effects.'®
Furthermore, phase I clinical trials have already been con-
ducted showing the safety and feasibility of intravenous
administration of autologous UCBCs.'*13

One advantage of stem cell therapy, including UCBC
administration, is that the cells exert treatment effects through
many mechanisms. Stem cells produce a large number of
growth factors that act on many mechanisms to produce thera-
peutic effects,'®'8 whereby, even if only a few cells among
systemically infused cells migrate and engraft into the brain,'®
the treatment can still be effective. This multitude of action
mechanisms is a major advantage in UCBC treatment. Down-
stream signaling pathways leading to brain injury after insult
in HIE are complicated, like “whirling tides”, in which multi-
ple signaling pathways converge, diverge, and make feedback
loops to upstream of their own pathways and/or other path-
ways, eventually revolving again and again.”’ Blocking a sin-
gle cascade will result in other cascades being compensatory
and leading to no, or only a marginal, therapeutic effect. To
be effective against such a complex injury mechanism would
require treatments that work on many mechanisms/cascades
simultaneously.

This article reviews UCBC treatments for HIE, with a
focus on the mechanisms, and shows the multifaceted nature
of the treatment (Fig 1).

Mechanism of UCBC treatments for HIE

Engraftment of UCBCs and differentiation into neuronal
cells in the lesion

Several studies have evaluated UCBC engraftment in the
brain. Meier et al. were the first to report UCBC treatment in
an animal model of perinatal HIE.?! These authors injected
mononuclear cells (MNCs) from human UCB (hUCB)
intraperitoneally into HIE rats and identified the administered
human cells by the immunohistochemical detection of human-
specific human leukocyte antigen-DR o-chain surface anti-
gens. Meier et al. also demonstrated that many transplanted
hUCBCs migrated to the damaged brain lesion 3 days after
the injection and were still present 2 weeks after the transplan-
tation. However, these cells did not overlap with neural mark-
ers, such as glial fibrillary acidic protein (GFAP; astrocyte
marker), neurofilament-68, or synaptophysin (neuronal mark-
ers), indicating that they did not differentiate into neural cells.

In contrast, in our observation,19 only a few cells were
detected in HIE rat brains following administration. We intraperi-
toneally administered MNCs cultured with growth factors, which
were derived from the UCB of green fluorescent protein (GFP)-
transgenic rats and then evaluated the treatment effect and
engraftment in the brain. Although the treatment effects were ver-
ified histologically and functionally, the GFP-positive cells were
hardly detectable in the brain (0.0057% of injected cells) 9 days
after administration. Additionally, 60% of GFP-positive cells in
the brain were Ibal-positive, and none of these was positive for
neuronal markers (neurogenic differentiation factor or

doublecortin [DCX]). Pimentel-Coelho et al. also traced intraperi-
toneal injected MNCs from hUCB labeled with CellTrace, and
evaluated the cells using an anti-human nuclei antibody; however,
only a few cells were found in the cortex or the striatum using
either method.”® Yasuhara et al>® evaluated intravenously
injected hUCB-MNCs with an anti-human nuclei antibody
14 days after transplantation. Only sporadic surviving hUCB-
MNCs (approx. 2-25 cells per brain) were detected, although
functional recovery was observed in behavioral tests. In Bea
et al’s study,24 many human nuclei (HN)-positive cells (trans-
planted cells) containing NSPCs marker (Nestin) or the immature
neuronal marker (DCX) were found in the periventricular region
on the side of the insult 1 week after the intravenous hUCB-
MNC transplantation. However, these positive cells decreased
dramatically over time, and at 3 and 10 weeks after treatment,
few HN-positive cells were seen in the same region.

Taken together, although some publications showed signifi-
cant engraftment of the transplanted UCBCs, most reports
only described a few cells, and surviving cells are likely to
decrease over time. Considering the long-term therapeutic
effects,>® the direct effect derived from engrafted UCBCs is
likely to contribute little to the overall therapeutic effect.

Neurogenesis

Neurogenesis occurs in the subventricular zone (SVZ) and the
hippocampus dentate gyrus subgranular zone throughout
life.”>2° Wang er al.*’ in their study evaluated the effect of
UCBC administration on endogenous neurogenesis in detail. In
the SVZ, neurogenesis was enhanced 3 days after HI insult, but
returned to the baseline approximately 7 days after HI. When
hUCB-MNCs were transplanted intraventricularly, the neuroge-
nesis was further enhanced, even 7 days after HI. They showed
that the promoted neurogenesis was via the Sonic hedgehog
(Shh) signaling pathway. Additionally, the same group revealed
that UCBCs regulate the differentiation of endogenous neural
stem cells after HIE, also via the Shh signaling pathway.”®

Our study'® showed that rat UCBCs ameliorated the num-
ber of proliferating cells (Ki67-positive cells) reduced by the
insult in the ipsilateral hippocampus, 3 weeks after HIE. Also,
in the SVZ, the number of proliferating cells generally
increased due to the UCBCs.

In Bea et al’s study,” the hUCB-MNC-treated group
showed a higher number of DCX or Nestin-positive cells, with
DCX and Nestin being immature neuronal and NSPCs mark-
ers, respectively, in the SVZ 1 week after the treatment.
Moreover, these positive cells were spread and extended to
the periventricular region, even in the striatum.

Although more studies are needed, the current body of evi-
dence shows that systemic administration of UCBCs enhances
endogenous neurogenesis after perinatal HIE.

Angiogenesis and cerebral blood flow

Vascular endothelial growth factor (VEGF) is up-regulated in
the acute phase after HI injury.zg_31 VEGF-mediated
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angiogenesis stimulated neural stem cell proliferation and dif-
ferentiation.*> Therefore, enhanced angiogenesis may produce
further treatment effects against the brain injury.

Meier’s group revealed that hUCBC application up-regu-
lated VEGF mRNA expression, which has vasodilation and
pro-angiogenic effects. Furthermore, UCBCs increased expres-
sion of the proteins that were associated with angiogenesis,
Tie-2, and occluding.®® As interleukin (IL)-8-mediated pro-
cesses are essential for angiogenesis, endothelial cell prolifera-
tion, and capillary tube organization, Cho et al.>* examined
the role of IL-8 in hUCBC therapy. The administration of
hUCB-MNCs 7 days after HIE up-regulated the gene expres-
sion of Cxcl2, the mouse IL-8 homolog.

We evaluated the treatment effect of CD34" cells in hUCB.
We measured cerebral blood flow (CBF) with a laser speckle
flowmetry imaging system (Omegazone, Omegawave Inc.,
Tokyo, Japan) and found that CD34" cell treatment signifi-
cantly ameliorated the decreased CBF in the ischemic penum-
bra.>> We also confirmed the effect of CD34" cell treatment
on CBF using a the neonatal stroke model. >

Grandvuillemin et al.®’ evaluated cerebral capillary density
using immunohistochemistry on postnatal day 14 (P14) and
12 weeks of age. It was significantly reduced by HI and sig-
nificantly ameliorated by hUCB-MNC treatment. Additionally,
CBF was examined using single-photon emission computed
tomography. Although there was no significant difference at
P14, the HI insult induced a significant decrease in CBF and
UCBC treatment at 12 weeks of age, which produced a signif-
icant improvement.

However, the evaluation of capillary length using tomato-
lectin staining 3 weeks after the insult in Nakanishi et al.’s
report19 indicated that HI insult reduced capillary length, but
UCBC treatment did not improve it.

Most studies suggest that the administration of UCBCs
ameliorated HI-induced vascular damage, reduced CBF, and
enhanced angiogenesis. These beneficial UCBC effects seem
reasonable as UCB contains endothelial progenitor cells that
express CD34" and secrete VEGF.

Activated microglia

Microglia can be divided into two distinct types depending on
their pro-inflammatory (M1) and anti-inflammatory (M2) sta-
tus. Controlling or altering microglial polarity is one of the
targets for treating CNS injuries, including HIE.*®* We eval-
uated activated microglia (M1) after intraperitoneal adminis-
tration of hUCB-MNCs. Our study revealed that hUCBCs
reduced the number of EDI- (an M1 microglia marker) posi-
tive cells significantly 24 h after HI insult.** Another study of
ours involving rat UCBCs'® confirmed that UCBC administra-
tion reduced EDI-positive cells and increased anti-Mannose
receptor- (an M2 microglia marker) positive cells.

Other studies showed the same results as ours. Pimentel-
Coelho et al.** demonstrated a reduced number of ED1-positive
cells in the cortex 7 days after injection. Rosenkranz et al.*’
observed a reduction in the number of ED1-(CD68) positive cells
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2 days after insult via immunoblotting and immunohistochem-
istry. Similarly, McDonald et al.*' examined the effects of the
intraperitoneal injection of subtypes of hUCBCs (i.e., MNCs,
endothelial progenitor cells [EPCs], T regulatory cells [Tregs],
and monocytes) in a rat model of neonatal HI. All the subtypes,
apart from the monocytes, decreased the number of activated
microglia that increased in the cerebral cortex after HI.

Park er al.**** evaluated the synergistic effect of UCBC-
derived mesenchymal stem cells (MSC) and hypothermia,
which is the only established treatment for HIE at this
moment. They transplanted UCBC-derived MSC into the ipsi-
lateral ventricle. Although hypothermia could not exert an
effect on activated microglia, the synergistic effect combined
with these cells significantly suppressed it.

Penny et al** examined the effects of the intraperitoneal
administration of hUCB-MNCs 24 h after HI in a neonatal rat
model and found that the cell treatment decreased HI-induced
microglial activation. They also examined the treatment effect
of multiple UCBC administrations: 24 h; 72 h; and 10 days
after insult. Their results showed a significant increase in acti-
vated microglia in the HI group and a significant decrease in
the 3-dose group, but not in the 1-dose group.

On the other hand, Bea ef al.>* showed that the number of Iba-
1 (a pan-microglial marker)-positive cells, were significantly
higher in the ipsilateral region of the hUCBC group than that of
the vehicle group at 1 week after transplantation. However, as
they did not examine the microglial polarity (M1 or M2), we do
not know how the increased microglia affected the HIE rats.

Taken together, a large body of evidence shows that the
systemic administration of UCBCs reduces the number of acti-
vated microglia, although there is a contradictory report. As
microglia may become neuroprotective/restorative or detrimen-
tal after brain injury, careful evaluation is needed.

Astrogliosis

Pro-inflammatory cytokines and reactive species released in
HI can trigger astrogliosis. Astrogliosis may initiate harmful
effects on the developing brain after HI.*’

Wasielewski er al.*® showed that HI induced an acute inflam-
matory reaction with the activation of reactive astrogliosis and
microglia. Astrocytes around the ischemic zone present an acti-
vated phenotype: a large soma and fewer processes after HI.
UCBCs cause astrocytes to be a quiescent phenotype: a more
elongated soma with long processes. Although a significant
treatment effect of UCBCs did not affect astrogliosis at 7 days
after HI, a huge, delayed decrease in astrogliosis was observed
in the UCBC group 12 weeks after HI; Grandvuillemin et al.*’
also showed a significant and extended increase in astrogliosis
7 days and 12 weeks following HI insult.

Zhang et al. showed a similar effect in that UCBC adminis-
tration in the lateral ventricle inhibited up-regulation of levels
of GFAP (an astrocyte marker) labeling in the striatum 2
weeks after HI.*’

Park et al.*** also showed that the astrogliosis was more
suppressed by the synergistic effect of UCBC-derived MSC
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Fig. 1 Umbilical cord blood cell (UCBC) administration is a multifaceted treatment via diverse mechanisms for perinatal hypoxic-is-
chemic encephalopathy. Solid lines with arrowheads indicate an enhancement of the effect by UCBC administration. The dotted line with
an arrowhead indicates the unlikely effect by UCBC administration. Solid lines with hammerheads indicate suppression of the effect by

UCBC administration.

and hypothermia than by each individual treatment. Yu
et al.*® compared the effects of intravenous administration of
hUCB-CD34" cells and MNCs in a rat model of neonatal HI
and showed that either cell type inhibits GFAP expression.

Together, these studies show that hUCBC treatment exerts
anti-astrogliosis effects.

Demyelination

In addition to ensuring axonal conduction velocity, intact mye-
lin produces a neurotrophic substance to support axonal func-
tion and neuronal survival.** Therefore, demyelination can
result in inadequate interconnections in the cortical regions.

Hypoxic-ischemic insult downregulated MBP (a myelin
marker) expression in the cerebral cortex and corpus callosum
2 weeks after the insult; however, it was restored by USBC
transplantation in the lateral ventricle.*’

Inflammation (cytokines and chemokines)

Rosenkranz et al.*® evaluated pro-inflammatory cytokines,
IL-1o, IL-1B, and tumor necrosis factor oo (TNFo) 2 days

after HI insult in rats. All three pro-inflammatory cytokines
were increased in the serum, and the administration of
hUCBCs reduced these elevated serum levels of these cyto-
kines. Park er al*** also showed the suppression of the
elevated levels of these pro-inflammatory cytokines (IL-1o,
IL-1B, 11-6, and TNFa) by the synergistic effect of UCBC-
derived MSC and hypothermia, although hypothermia con-
tributes to limited effects. Baba et al.® examined chemo-
kine expression profiles in the brain extract of a neonatal
HI mouse model. Intravenous infusion of hUCB-MNCs at 3
weeks after HI insult markedly increased CCL2, CCLI2,
CCL20 levels, and CX3CL1, which might relate to neural
tissue regeneration. In addition to showing that all the cell
types, except MNCs, reduced the Thl-mediated pro-inflam-
matory shift (i.e., increase in the ratio of Th1:Th2 cells) in
the peripheral blood, McDonald et al*' showed that hUCB-
MNCs, -EPCs, -Tregs, and -monocytes reduced the infiltra-
tion of CD4" T cells into the injured brain after HI.

Although evidence is limited to a few studies, UCBC
administration is reported to reduce the elevated levels of pro-
inflammatory cytokines/chemokines in the injured brain and
peripheral blood.

© 2021 The Authors. Pediatrics International published by John Wiley & Sons Australia, Ltd on behalf of Japan Pediatric society.



Apoptosis

Our previous study40 evaluated apoptotic cells after hUCBC
administration to the HIE rat model. The number of caspase-
3- (an apoptotic marker) positive cells in the hippocampus
was significantly reduced in the UCBC group. Additionally,
the number of apoptosis-inducing factor-positive cells, an ini-
tiator of caspase-independent apoptosis, was also reduced by
the treatment. Rosenkranz et al®>® showed that hUCBCs
decreased HIE-induced apoptosis, judged by expression of
cleaved caspase-3, whereas the number of neurons, identified
by NeuN-positive cells, increased. Up-regulated brain-derived
neurotrophic factor (BDNF) mRNA expression by UCBCs
could contribute to the inhibition of apoptosis.

Other groups demonstrated similar hUCBC effects. Pimen-
tel-Coelho et al®* showed that hUCBC transplantation
reduced caspase-3-mediated cell death as well as degenerating
neurons stained with Fluoro-Jade C in the striatum. Zhang
et al*’ and Grandvuillemin et al.®” also reported the reduction
of apoptotic cells (TUNEL-positive cells) in the ipsilateral
hemisphere after UCBC treatment.

In Penny er al.’s evaluation* using multidose of UCBCs,
caspase-3 positive cells in the somatosensory cortex and motor
cortex were significantly decreased in the 3-dose group, but
not in the 1-dose group.

Park et al*** showed that UCBC-derived MSC aug-
mented the anti-apoptotic effect of hypothermia in the penum-
bra area.

Yu et al.*® showed that either (UCB-CD34" cells or MNCs
inhibit the expression of apoptosis-related genes (TNF-a,
TNFR1, TNFR2, CD40, Fas) and decrease the activation of
NF-kB in the HI-damaged brain. McDonald er al.*' showed
that hUCB-EPCs significantly attenuated the increased number
of TUNEL-positive cells after HI.

These literatures show, therefore, that hUCBC treatment
has anti-apoptotic properties against neonatal HI brain injury.

Oxidative stress

The suppression of oxidative stress after insult should be tar-
geted in HIE,"” with oxidative stress playing an important role
in HI brain damage.’’ In our study®® using hUCB-MNCs with
a rat HIE model, oxidative stress markers, 4-hydroxy-2-none-
nal (4HNE), and nitrotyrosine presented weaker expression in
the hippocampus when UCBCs were administered 24 h after
insult compared to the control.

Secretion of growth factors

Human UCB-MNC treatment up-regulates VEGF and BDNF
mRNA expression in the brain.*> Up-regulated VEGF may
lead to enhanced angiogenesis and neurogenesis, and BDNF
may lead to the exertion of anti-apoptotic effects or enhanced
neuronal survival/neurogenesis. Yasuhara et al. also revealed
elevated levels of glial cell derived neurotrophic factor, nerve
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growth factor, and BDNF 3 days after transplantation of
hUCBC with enzyme-linked immunosorbent assay.>

Considering UCBCs secrete various important trophic fac-
tors, such as cytokines, angiogenic factors, and neurotrophic
factors,”® most of the positive treatment effects above may be
exerted via these factors in a paracrine manner.

Conclusions

Umbilical cord blood cell treatment for HIE has various mech-
anisms, including paracrine effects, although the effect derived
from engraftment and neuronal differentiation is limited. Most
drugs, such as anti-inflammatory and anti-apoptotic drugs,
which are expected to be new therapy candidates, need to be
administered in the acute phase. In contrast, the administration
of UCBCs, which have enhancing effects on endogenous neu-
rogenesis and angiogenesis, can potentially exert a treatment
effect in the subacute phase as well. In fact, several animal
studies have reported a long therapeutic time window.'>%
Considering the complex mechanism of injury in HIE, the
diverse actions and wide therapeutic time windows of UCBC
treatment are expected to exert more robust effects for a wider
population of HIE babies than conventional therapies.
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