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Hypoxic-ischaemic encephalopathy (HIE) is a severe complication of asphyxia at birth. Therapeutic hypothermia, the standard
method for HIE prevention, is effective in only 50% of the cases. As the understanding of the immunological basis of these
changes increases, experiments have begun with the use of cord blood (CB) because of its neuroprotective properties.
Mechanisms for the neuroprotective effects of CB stem cells include antiapoptotic and anti-inflammatory actions, stimulation
of angiogenesis, production of trophic factors, and mitochondrial donation. In several animal models of HIE, CB decreased
oxidative stress, cell death markers, CD4+ T cell infiltration, and microglial activation; restored normal brain metabolic
activity; promoted neurogenesis; improved myelination; and increased the proportion of mature oligodendrocytes, neuron
numbers in the motor cortex and somatosensory cortex, and brain weight. These observations translate into motor strength,
limb function, gait, and cognitive function and behaviour. In humans, the efficacy and safety of CB administration were
reported in a few early clinical studies which confirmed the feasibility and safety of this intervention for up to 10 years. The
results of these studies showed an improvement in the developmental outcomes over hypothermia. Two phase-2 clinical
studies are ongoing under the United States regulations, namely one controlled study and one blinded study.

1. Introduction

Neonatal hypoxic-ischaemic encephalopathy (HIE), which
occurs in 2–3 per 1000 newborn children [1], is one of the
leading causes of death in newborns (6–9%) and infants
(21–23%) worldwide, with an incidence exceeding 1 million
deaths per year [2]. The consequences of HIE vary depend-
ing on the severity of ischaemia, sex, and therapeutic inter-
vention. HIE results from the disruption of cerebral blood
flow (ischaemia) and oxygen delivery (hypoxia) to the brain
during the perinatal period. The direct consequence of isch-
aemic insult is the inhibition of oxidative phosphorylation,
deficiency of adenosine triphosphate, decreased activity of

adenosine triphosphate- (ATP-) dependent ion pumps, and
failure of cell membrane ion pumping. Consequently, this
results in the flow of sodium and calcium ions accompanied
by water into the cell, which leads to progressive cell swelling
and necrosis [3]. Membrane depolarisation opens voltage-
sensitive calcium channels and results in calcium influx,
leading to the production and release of glutamate [3]. This
excitatory amino acid activates receptors which further pro-
mote the influx of calcium ions into cells. Reperfusion con-
tributes to further injuries caused by intensive production
of free radicals, resulting in secondary ATP depletion and
subsequent apoptotic brain damage [4]. Additionally, oxy-
gen deprivation, energy depletion, and reoxygenation lead
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to the generation of reactive oxygen species, which cause
oxidative damage to proteins, nucleic acids, and membrane
lipids, thereby disturbing their function [5]. Oxidative stress
leads to mitochondrial impairment and rapid activation of
microglia, followed by infiltration of mobilised circulating
leukocytes, monocytes, and neutrophils [6–9]. After entering
the central nervous system, microglia release cytokines and
chemokines, increasing inflammation. Late consequences
include altered synaptogenesis, delayed oligodendrocyte
maturation, and epigenetic dysfunction in the surviving cells
[10]. The entire process has recently been described in detail
by other authors [11–15].

Some researchers have described sexual dimorphism in
microglial numbers and expression of activation markers
in the neonatal brain under both normal and hypoxic con-
ditions; males are more vulnerable to brain damage caused
by HIE. In the first study, female mouse neonates, which
were a model of HIE, had significantly smaller infarct sizes,
fewer seizures, and less brain tissue loss and behavioural
deficits, whereas males had increased microglial activation
and an upregulated inflammatory response [16]. In a simi-
lar study, differences in motor skills persisted in adult mice
[17]. Sex-related differences were also observed in mice with
tamoxifen-induced microglial depletion; among others,
infarct volumes were greater in diphtheria toxin A chain +
(DTA+) male mice than in DTA- male mice, whereas no
difference was observed in female mice [18]. In the fourth
study, male rat neonates did not benefit from TH, in
contrast to female rats [19]. Together, these observations
underline the urgent need to seek additional neuroregenera-
tive methods in humans, especially for boys who are both at
a higher risk of HIE and respond less, if any, to the only
available therapy.

2. Standard and Experimental
Treatment in HIE

The current standard treatment for moderate-to-severe HIE
is moderate hypothermia, a temperature decrease of 2–5°C
for 72h, administered within the first 6 h of life [20]. Ther-
apeutic hypothermia (TH) has been shown to decrease the
incidence of cerebral palsy in newborns with HIE in rando-
mised clinical trials [21, 22]. Although hypothermia reduces
the production of cytokines and metabolic stress, no more
than 50% of neonates benefit from this method [11]. TH
action is limited only to the superficial parts of the brain,
as cooling does not penetrate deep enough to reach its cen-
tral part. This is reflected in magnetic resonance imaging
images, as the basal ganglia appear white in patients treated
with TH for up to one month after birth [23]. Therefore, a
substantial proportion of infants subjected to hypothermia
survive with disabilities. Additionally, possible adverse
effects of TH include sinus bradycardia, arrhythmia, hypo-
tension, sepsis, thrombocytopenia, and, in rare cases,
reversible subcutaneous fat necrosis [21]. A major contrain-
dication for TH is prematurity owing to the peculiarities of
this injury in the preterm brain, as well as a higher inci-
dence of hyperglycaemia, coagulopathy, and mortality in
preterm newborns [24, 25]. This strategy was recently ver-

ified by Finder et al. [26], who indicated that even mild
HIE significantly decreased cognitive ability at a two-year
follow-up. In this study, 14 of the 134 children with HIE
died. Fifty-five children with mild HIE had lower cognitive
composite scores than the control group (mean 97:6 ± 11:9
vs. 103:6 ± 14:6; crudemean difference = 6:0 (95% confi-
dence interval (CI), −9.9 to −2.1), adjustedmean difference
= 5:2 (95% CI, −9.1 to −1.3)). No significant difference
was observed in the mean cognitive composite scores
between untreated children with mild HIE and surviving
children with moderate HIE who were treated with TH. A
recent study indicated that children with HIE and without
cerebral palsy treated with TH are not as school ready as
their peers at the age of 5 years due to significantly lower
fine motor skills, executive functions, memory, and lan-
guage than typically developing children [27]. This finding
exhibits that even mild HIE has long-term consequences
and should not be ignored. Therefore, additional treatment
methods for newborns with HIE are urgently needed. In
addition to TH, many other drugs have been evaluated
for this indication. The leader in this field is the haemato-
poietic cytokine (erythropoietin (EPO)). The main role of
EPO is to prevent the apoptosis of erythroid progenitor
cells and to enhance their maturation and proliferation.
EPO receptors are expressed by neurons, astrocytes,
microglia, and oligodendrocytes and are upregulated in
response to brain injury [20]. EPO has neuroprotective
and neuroregenerative properties in the brain as it induces
anti-inflammatory, antiexcitotoxic, antioxidant, neuroge-
netic, oligodendrogenesis, angiogenetic, and antiapoptotic
effects [28]. Although the elucidation of the role of EPO
in signalling after hypoxia won their researchers the Nobel
Prize in 2019, its efficacy in clinical studies is limited [20].
Moreover, despite its good general safety profile, EPO
may induce high haematocrit, leading to brain injury and
disturbing brain development by influencing the prolifera-
tion of neuronal stem cells and apoptosis [20]. Reactive
oxygen species scavengers appear to be reasonable interven-
tions, consistent with the oxidative pathophysiology of the
disease. Some substances in this class, such as melatonin,
N-acetylcysteine, docosahexaenoic acid (DHA), edaravone,
and allopurinol, have been postulated for this indication.
The effectiveness of melatonin (endogenous indoleamine)
in HIE appears to be limited [29]. In addition, its neuropro-
tective action occurs at doses much higher than physiolog-
ical doses; data regarding its pharmacokinetics, delivery
methods, and dosages are scarce [30]. N-acetylcysteine (a
precursor of glutathione synthesis and sulfhydryl-
containing antioxidant) is likely safe and gives encouraging
results, but is not effective in extremely low-birth-weight
infants [31]. Edaravone (a low-molecular-weight antioxi-
dant drug that acts an electron donor to peroxyl radicals
[32]) was effective in mice administered within 3 h after
ischaemic insult when administered alone [33] but did
not add any benefits when added to TH in piglet models
[34]. Allopurinol is a competitive inhibitor of xanthine oxi-
dase which accumulates in the endothelium of the cerebral
capillaries after ischaemic insult, exposing the blood-brain
barrier to oxidative stress [35], but this drug has yielded
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conflicting results [29]. Encouraging the neuroprotective
effects of DHA has only been demonstrated in preclinical
trials [29]. Therefore, there is an urgent need for new drugs
and treatment protocols to improve the prospects of this
group of patients. In this review, we aimed to describe the
infusion of concentrated autologous cord blood (CB)
mononuclear cells (MNC) as a potential therapeutic
method for this indication.

3. Therapeutic Potential of CB in HIE

CB, a medical waste, is obtained after delivery from an after-
birth. Its noninvasive collection is not related to any risk for
a newborn, distinguishing it from alternative haematopoietic
stem cell sources such as bone marrow and peripheral blood.
In allogeneic settings, it is an attractive alternative in com-
parison to other hematopoietic stem cell (HSC) sources
because of the increased level of human leukocyte antigen
disparity that can be tolerated [36, 37]. Moreover, it also
offers a lower risk of transmitting latent viral infections
and increased proliferative potential compared with adult-
derived cells [36], as well as higher immature CD34+ sub-
populations [37].

After the separation of red blood cells and plasma, CB
mainly comprises regulatory T cells (Tregs), lymphocytes,
monocytes, HSC, endothelial progenitor cells, and mesen-
chymal stem cells (MSC) [38–41]. The therapeutic effect of
human CB administered for brain tissue repair and cognitive
recovery is dose-dependent in HIE [42, 43]. Transplanted
human CB cells have been observed to migrate to the site
of injury within 24h [44]. Mechanisms for the neuroprotec-
tive effect of CB stem cells include differentiation into neu-
rons, astrocytes, oligodendrocytes, and microglia [45–49];
antiapoptotic and anti-inflammatory actions [50]; stimula-
tion of angiogenesis; production of trophic factors [51, 52];
and mitochondrial donation [53, 54]. Endothelial progenitor
cells decrease neuroinflammation and cell apoptosis [55].
MNC isolated from umbilical CB decrease neuronal apopto-
sis and inflammation [56] and reduce CD4+ T cell infiltra-
tion into the injury site [57]. Monocytes from CB mediate
neuroprotective effects by expressing several secreted pro-
teins and by immunoregulation [57–59], and Tregs suppress
autoimmunity [60–62]. Human neural progenitors isolated
from CB decreased free radical production by 95% and con-
ferred approximately 30% neuroprotection in vitro [63]. In
animal models, human CB CD34+ cells administered 48 h
after cerebral artery occlusion in mice increased cerebral
blood flow and blood vessel diameter in the peri-infarct area
[64], probably due to the release of vascular endothelial
growth factor and glial-derived neurotrophic factor which
stimulates neurogenesis and angiogenesis [65]. MSC can
cross the blood-brain barrier and differentiate into neural
cells [66, 67]. These cells secrete several factors that reduce
oxidative stress, neuroinflammation, and cell death, which
translate clinically into improvements in motor and cogni-
tive abilities in a mice model [68]. For example, MSC
secretes bFGF [69] which promotes neurological recovery
from neonatal HIE by IL-1β signalling pathway-mediated
axon regeneration [70]. In addition, in the ischaemic brain,

MSC can transfer the mitochondria to injured cells [53,
71]. Although the MSC dose in CB is lower than that in
medical products based on MSC isolated from umbilical
cords which are effective even in children with cerebral palsy
[72], the advantage of CB is its immediate availability. How-
ever, the disadvantage is an unpredictable cell dose-
dependent effect on uncontrollable biological factors. For
example, larger amounts of immature haematopoietic pro-
genitors and MSC with high proliferative potential have
been detected in CB obtained from preterm newborns than
from term newborns [73, 74].

One may wonder whether optimisation of CB therapy
should not move toward fractionation of specific cell types.
It is not clear to what extent each type of CB cell contributes
to the final therapeutic effect. Direct parallel clinical studies
comparing the individual fractions for this indication are
lacking. Animal studies have shown the clinical equivalence
of MNC and HSC [75] as well as MNC and MSC [76] in this
field. The MNC fraction contains HSC, endothelial progen-
itor cells, and mesenchymal stem/stromal cells [77]. These
cell populations are defined by the surface marker profile
and in vitro growth: HSCs are nonadherent, positive for
CD34 and CD133; EPCs are adherent, positive for CD34,
CD133, and CD90 and negative for CD13 and CD44; and
MSCs are adherent, positive for CD44, CD90, and CD13
and negative for CD34, CD45, and CD133 [77]. Between
the 1950s and 1990s, CD34+ cells were considered to be
solely haematopoietic; however, as it is shown that CD34+
cells are mobilised from the bone marrow into the peripheral
blood circulation in response to ischaemic tissue injury [78],
an increasing number of studies have demonstrated their
role in regenerative medicine. Administration of these cells
was effective in patients with critical limb ischemia [79],
myocardial ischemia [80], macular degeneration [81], kid-
ney disease [82], and amyotrophic lateral sclerosis [83].
HIE was effective in animal models, leading to an improve-
ment in cerebral blood flow [84]. The role of MSCs (isolated
from both umbilical CB and tissue) in neuroregeneration
seems to attract more attention in basic research because
they are nonimmunogenic and can be expanded rapidly
ex vivo, resulting in the possibility of manufacturing MSC-
containing off-the-shelf medicinal products from many tis-
sue sources. CB-derived MSC is an important component
of CB, as they reduce the number of apoptotic cells, astrogli-
osis, and microglial activation, which results in decreased
brain damage and improved cognitive and motor function
[85]. However, the number of papers describing the impor-
tance of MSC in the literature may not reflect the true
importance of individual cell fractions in neuroregeneration
but may result in effectiveness and feasibility. Endothelial
progenitor cells also improved clinical outcomes in animal
models, decreased brain damage, and increased the number
of mature neurons, cerebral vascularisation, and blood sup-
ply to the brain [57, 86, 87]. In mouse models, they showed
additional benefits that exceeded those offered by other CB
cells [57]. We agree with Ren et al. (who described positive
clinical effects after infusion of CBMNC in preterm new-
borns [88] that more studies on the optimal cell source,
including MNC vs. MSC, are needed. To date, some
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laboratory studies have indicated slight differences between
stem cells obtained from different sources. According to
Mattar and Bieback [89], who reviewed this discrepancy,
MSC obtained from CB have equivalence or advantages over
adipose tissue and bone marrow in immunomodulation,
proliferation, and senescence; however, the clinical transla-
tion of these results remains unknown. Differences between
MSC obtained from umbilical CB and tissue are also poorly
described, but some studies have reported that a greater
number of MSC differentiate into astrocytes and microglia,
which translates into better results in animal models of
HIE [85].

There may be some doubt as to whether hypoxia
adversely affects the CB quality. This issue was assessed
recently by Farhat et al. [90], who showed that even severe
asphyxia does not negatively affect the viability of CB-
derived haematopoietic and progenitor stem cells to grow
and form colonies and does not exert negative effects on
the quality of CB. Moreover, hypoxia also increases the
expression of vascular endothelial growth factor, epidermal
growth factor, and fibroblast growth factor, increasing the
angiogenic ability of extracellular vesicles secreted by
MSC [91].

4. CB in Animal Models of HIE

The effectiveness of CB has been repeatedly tested in HIE
animal models. In rats, CB MNC administered intraperito-
neally 3 h after HI insult resulted in better sensorimotor
reflexes, protected neurons in the striatum, and alleviated
microglial activation in the cerebral cortex [92]. Adminis-
tered via the same route 6 h after ischaemic conditions, these
cells decreased oxidative stress markers by 36–42%, apopto-
tic markers by 53–58%, and microglial activation by 51%
[93]. This route of administration is justified by the high vas-
cularisation of the peritoneum which allows cells to access
the lymphatic and blood circulatory systems simultaneously
[94]. Meier et al. [95] demonstrated the presence of trans-
planted human CB cells in damaged brain lesions 3 days
and 2 weeks after intraperitoneal injection, although these
cells did not overlap with neural markers, indicating that
they did not differentiate into neural cells. After this route
of administration, fewer cells were found in the spleen and
lungs than after systemic injection, and the treatment effect
might be caused by trophic factors secreted by the cells
rather than tropism and homing [94].

When injected into the lateral ventricle, MNC reduced
astrogliosis, prevented the neuronal loss in the striatum,
increased the proportion of mature oligodendrocytes,
improved myelination in the cortex, and improved func-
tional brain outcomes after a 28-day recovery period [76].
In rats, human umbilical CBMSC attenuated neuronal loss
and promoted neurogenesis in the hippocampus of neonatal
rats with intraventricular haemorrhage [96]. The authors
who indicated that a single CB infusion was not effective in
a rat model of HIE later showed that repeated infusions of
CB improved motor strength and limb asymmetry, behav-
iour (short-term memory and exploratory behaviours),
brain weight, and neuron numbers in the motor cortex and

somatosensory cortex and reduced apoptotic and inflamma-
tory markers [97].

Interestingly, Yu et al. [75] compared CB MNC and CB
CD34+ (haematopoietic) cells in a rat model of HIE.
Administration of CD34+ cells significantly improved
motor function, reduced cerebral atrophy, and decreased
the expression of the glial fibrillary acidic protein, a marker
of gliosis, and five apoptosis-related genes. It also increased
the expression of doublecortin (a neuronal migration pro-
tein) and lectin (a marker of microvascular density). The
authors indicated that the transplantation of CD34+ cells
and MNC obtained from the same amount of human
umbilical CB had similar effects. Neuroprotection after sys-
temic delivery of stem cells is independent of their entry
into the central nervous system, probably due to soluble fac-
tors [98, 99]. This observation suggests that haematopoietic
stem cells are mainly responsible for the neuroregenerative
properties of CB. Previously, the therapeutic effect of this
cell population was demonstrated in a mouse model of
stroke [100, 101].

In a mouse model, infiltration of CD4+ T cells into the
injured cerebral hemisphere was significantly reduced by
all human CB cell types. Tregs additionally reduced motor
deficits, CD4+ T cell infiltration into the brain, and micro-
glial activation [57].

In sheep, human CB protects the white matter, decreases
inflammation, and recovers total and mature oligodendro-
cytes [102]. In another lamb model, the administration of
CB MNC 12h after perinatal asphyxia reduced neuroinflam-
mation, astrogliosis, and neuronal apoptosis within the basal
ganglia, thalamus, hippocampus, cortex, and subcortical
white matter; the restoration of normal brain metabolic
activity within the basal ganglia, thalamus, and hippocam-
pus was confirmed using magnetic resonance spectroscopy
[103]. In a preterm sheep model of white matter injury, infu-
sion of CB-derived MSC administered after hypoxia-
ischaemia in the preterm brain reduced white matter injury
by inhibiting microglial activation and the release of TNFα,
promoting macrophage migration, and accelerating self-
repair [89, 104, 105].

These observations translate to clinical changes. Long-
term studies have shown that even a single dose of CB
improves gait [106], locomotion [84], cognitive function
[107–119], anxiety [110], and limb use [86, 106, 109–110].

5. Clinical Studies

The efficacy and safety of CB administration were reported
in a few early clinical studies. Cotten et al. [111], who
administered noncryopreserved autologous volume- and
red blood cell-reduced umbilical CB cells to neonates with
HIE, indicated that this procedure is possible and safe.
Moreover, these authors observed numerically better sur-
vival (74% vs. 41%, although the difference was not signifi-
cant, probably due to the low number of participants) and
development (72% vs. 41% surviving with all three Bayley
domain scores ≥85) in cell recipients than in the control
group treated with TH [84]. Yang et al. [112] and Kotowski
et al. [113] reported similar results in preterm and very

4 Stem Cells International



premature neonates, respectively, using the same cell frac-
tion. Kotowski et al. noticed a significant increase in 22
plasma proteins and a decreased percentage of intraventric-
ular haemorrhages in the group treated with CB (40% vs.
86.7%). In 2020, Tsuji et al. [114] described the results of
CB use in six newborns with severe asphyxia who received
CB within 24–72 h after birth. At 30 days of age, all of them
survived without circulatory or respiratory support; at 18
months of age, two had cerebral palsy; and in four infants,
neurofunctional development was normal according to the
Kyoto Scale of Psychological Development.

The longest follow-up after a single CB injection in new-
borns at risk for encephalopathy was published in 2020 by
Zhuxiao et al. [115]. We observed 15 very and moderately
preterm newborns (28–34 weeks of gestation) for 10 years
after delivery to assess the long-term safety, growth, respira-
tory, and neurodevelopmental outcomes of these enrolled
patients. Although none of these patients had an ischaemic
insult, preterm delivery is a risk factor for negative neurolog-
ical outcomes [116]. None of the patients had cerebral palsy
or auditory or visual impairment. The average intelligence
quotient was 95.27, and no patients were diagnosed with
mental disabilities. None of the children had any cancer or
tumours.

Currently, there are two ongoing interventional clinical
trials registered under US regulations assessing CB use in chil-
dren with HIE: NCT02434965 (phase 2, single-arm, open-
label, 20 participants with severe HIE) and NCT02551003
(phase 2, two-arm, single-blinded, 60 participants). In addi-
tion, in the United States, CB is being used in the expanded
access program as an Investigational New Drug. From
November 2017 to June 2019, 276 children, including those
with cerebral palsy, received 302 CB infusions under the
expanded access protocol [117]. Early but encouraging results
of these interventions were presented at the Cord Blood Con-
nect conference in 2020. Table 1 shows the cord blood ele-
ments that may contribute to neuroregeneration.

6. Candidates for CB Administration

Currently, the diagnosis of HIE is based on existing neuro-
imaging abnormalities, even though mild HIE is associated
with poorer neurological prognosis in long-term observa-
tion. The severity of HIE depends on the course of the
asphyxiating insult, gestational age, prior metabolic and car-

diovascular status, and individual sensitivity to oxidative
stress [118]. The combination of clinical signs remains the
main basis of HIE severity classification [119], although clin-
ical signs and cerebral electrical activity may be altered by
drugs and TH [120]. Therefore, predictors are sought to
qualify newborns for early therapeutic intervention. Well-
known prenatal risk factors for HIE include maternal
pyrexia, prolonged rupture of membranes, persistent
occipito-posterior position, placental abruption, prolapse of
the umbilical cord, uterine rupture, and shoulder dystocia
[121, 122]. After birth, increased HIE risk was associated
with umbilical cord arterial pH < 6:8, base excess < −20
mEq/L, Apgar score ≤ 3 at 10min, absence of foetal heart
rate variability before birth, seizures on the first day of life,
and multiorgan injury [118]. Recently, an increasing number
of publications have described the prognostic role of
markers of brain injury associated with HIE [123–126].
However, to date, although some studies have described
the predictive value of the interleukin profile or metabolic
parameters [127–129], no single marker has demonstrated
sufficient reliability and reproducibility to be used as a bio-
marker or therapeutic target in a clinical setting even at the
epigenetic level [130]. So far, the greatest area under the
curve (0.96) resulted in a model which combines clinical
signs with lactate and alanine levels [131]. Alternatively,
CB may be collected from at-risk children; therefore, it can
be applied if delivery is complicated by HIE, or even prophy-
lactic administration in children with risk factors may be
considered due to the low risk associated with the infusion
of autologous CB.

In addition to the eligibility criteria, the second issue is
the timing. Animal studies have revealed the significance of
stem cell administration timing, which is crucial for the
effectiveness of neuroregenerative therapy. In a study asses-
sing the preventive administration of caffeine, which shows
antioxidative properties, therapy was effective only if admin-
istered directly after the insult [132]. TH is effective within
the first 6 h [133]. According to some authors, the therapeu-
tic window for cellular therapy can be as long as 12 h [56] or
even 3 days [134]. TH may also broaden the therapeutic
window for stem cell therapy [135]. All of these data come
from animal models; thus, the effective use of this promising
therapeutic method in children certainly requires further
optimisation. In particular, further evaluation is needed to
balance the risk resulting from a delay in therapy due to

Table 1: Cord blood elements that may contribute to neuroregeneration.

Fraction Potential role in brain regeneration Reference

Hematopoietic stem cells
Release of vascular endothelial growth factor and glial-derived neurotrophic

factor which stimulate neurogenesis and angiogenesis
[65]

Mesenchymal stem cells
Reduce oxidative stress, neuroinflammation, and cell death;

transfer mitochondria to injured cells
[68–71]

Regulatory T cells Suppress autoimmunity [60–62]

Monocytes
Mediate the neuroprotective effects via expressing several secreted

proteins and immunoregulation
[57–59]

Progenitors Decrease neuroinflammation, cell apoptosis, and free radical production [55, 63]
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the need to test CB for infectious agents and the risk of dis-
ability caused by a lack of early intervention.

The limitations of our review are its narrative character
and search strategy limited to the English language and
PubMed database, provided by a single person. Despite these
limitations, the use of CB seems to be a rational and promis-
ing experimental therapy that requires further investigation,
especially in the field of future optimisation and development
of therapeutic schemes involving CB.

Conflicts of Interest

Izabela Zdolińska-Malinowska, Dariusz Boruczkowski, and
Emilian Snarski are employees of the Polski Bank Komórek
Macierzystych S.A. (FamiCord Group), Warsaw, Poland.

Authors’ Contributions

Izabela Zdolińska-Malinowska and Dariusz Boruczkowski
equally contributed to this study.

References

[1] K. Thorngren-Jerneck and A. Herbst, “Low 5-minute Apgar
score: a population-based register study of 1 million term
births1,” Obstetrics and Gynecology, vol. 98, no. 1, pp. 65–
70, 2001.

[2] J. J. Kurinczuk, M. White-Koning, and N. Badawi, “Epidemi-
ology of neonatal encephalopathy and hypoxic-ischaemic
encephalopathy,” Early Human Development, vol. 86, no. 6,
pp. 329–338, 2010.

[3] A. del Pozo, M. Villa, and J. Martínez-Orgado, “Posible apli-
cacion terapeutica de las celulas madre en el daño hipoxico
isquemico neonatal,” Neurology Perspectives, vol. 2,
pp. S49–S57, 2022.

[4] L. Lin, X. Wang, and Z. Yu, “Ischemia-reperfusion injury in
the brain: mechanisms and potential therapeutic strategies,”
Biochemistry & Pharmacology, vol. 5, no. 4, p. 213, 2016.

[5] M. Valko, D. Leibfritz, J. Moncol, M. T. Cronin, M. Mazur,
and J. Telser, “Free radicals and antioxidants in normal phys-
iological functions and human disease,” The International
Journal of Biochemistry & Cell Biology, vol. 39, no. 1,
pp. 44–84, 2007.

[6] A. R. Patel, R. Ritzel, L. D. McCullough, and F. Liu, “Microg-
lia and ischemic stroke: a double-edged sword,” International
Journal of Physiology, Pathophysiology and Pharmacology,
vol. 5, no. 2, pp. 73–90, 2013.

[7] R. Jin, G. Yang, and G. Li, “Inflammatory mechanisms in
ischemic stroke: role of inflammatory cells,” Journal of Leuko-
cyte Biology, vol. 87, no. 5, pp. 779–789, 2010.

[8] H.-W. Yao and C.-Y. Kuan, “Early neutrophil infiltration is
critical for inflammation-sensitized hypoxic-ischemic brain
injury in newborns,” Journal of Cerebral Blood Flow &
Metabolism, vol. 40, no. 11, pp. 2188–2200, 2020.

[9] K. Mülling, A. J. Fischer, E. Siakaeva et al., “Neutrophil
dynamics, plasticity and function in acute neurodegeneration
following neonatal hypoxia-ischemia,” Brain, Behavior, and
Immunity, vol. 92, pp. 232–242, 2021.

[10] B. Fleiss and P. Gressens, “Fleiss, Bobbi, and Pierre Gressens.
"Tertiary mechanisms of brain damage: a new hope for treat-

ment of cerebral palsy?,” Lancet Neurol, vol. 11, no. 6, pp. 66–
556, 2012.

[11] P. Greco, G. Nencini, I. Piva et al., “Pathophysiology of hyp-
oxic–ischemic encephalopathy: a review of the past and a
view on the future,” Acta Neurologica Belgica, vol. 120,
no. 2, pp. 277–288, 2020.

[12] E. Herting and W. Kiess, Innovations and frontiers in neona-
tology, vol. 22, Pediatr Adolesc Med, Basel, Karger, 2020.

[13] M. Albrecht, K. Zitta, F. Groenendaal, F. Van Bel, and
C. Peeters-Scholte, “Neuroprotective strategies following
perinatal hypoxia-ischemia: taking aim at NOS,” Free Radical
Biology & Medicine, vol. 142, pp. 123–131, 2019.

[14] A. Leavy and E. M. Jimenez Mateos, “Perinatal brain injury
and inflammation: lessons from experimental murine
models,” Cell, vol. 9, no. 12, p. 2640, 2020.

[15] M. Rodríguez, V. Valez, C. Cimarra, F. Blasina, and R. Radi,
“Hypoxic-ischemic encephalopathy and mitochondrial dys-
function: facts, unknowns, and challenges,” Antioxidants &
Redox Signaling, vol. 33, no. 4, pp. 247–262, 2020.

[16] M. A. Mirza, R. Ritzel, Y. Xu, L. D. McCullough, and F. Liu,
“Sexually dimorphic outcomes and inflammatory responses
in hypoxic-ischemic encephalopathy,” Journal of Neuroin-
flammation, vol. 12, no. 1, p. 32, 2015.

[17] Z. Laštůvka, V. Borbélyová, K. Janišová, J. Otáhal,
J. Mysliveček, and V. Riljak, “Neonatal hypoxic-ischemic
brain injury leads to sex-specific deficits in rearing and climb-
ing in adult mice,” Physiological Research, vol. 69, Suppl. 3,
pp. S499–S512, 2020.

[18] S. Tsuji, E. Di Martino, T. Mukai et al., “Aggravated brain
injury after neonatal hypoxic ischemia in microglia-
depleted mice,” Journal of Neuroinflammation, vol. 17,
no. 1, p. 111, 2020.

[19] T. R. Wood, J. K. Gundersen, M. Falck et al., “Variability and
sex-dependence of hypothermic neuroprotection in a rat
model of neonatal hypoxic-ischaemic brain injury: a single
laboratory meta-analysis,” Scientific Reports, vol. 10, no. 1,
p. 10833, 2020.

[20] D. E. Oorschot, R. J. Sizemore, and A. R. Amer, “Treatment
of neonatal hypoxic-ischemic encephalopathy with erythro-
poietin alone, and erythropoietin combined with hypother-
mia: History, Current Status, and Future Research,”
International Journal of Molecular Sciences, vol. 21, no. 4,
p. 1487, 2020.

[21] S. E. Jacobs, M. Berg, R. Hunt et al., “Cooling for newborns
with hypoxic ischaemic encephalopathy,” Cochrane Database
of Systematic Reviews, vol. 1, p. CD003311, 2013.

[22] D. Azzopardi, B. Strohm, N. Marlow et al., “Effects of hypo-
thermia for perinatal asphyxia on childhood outcomes,”
The New England Journal of Medicine, vol. 371, no. 2,
pp. 140–149, 2014.

[23] S. Haruo, “Prevention and treatment of cerebral palsy with
cord blood stem cells and cord-derived mesenchymal stem
cells,” Neural Regeneration Research, vol. 16, no. 4, pp. 672-
673, 2021.

[24] R. Rao, S. Trivedi, Z. Vesoulis, S. M. Liao, C. D. Smyser, and
A. M. Mathur, “Safety and short-term outcomes of therapeu-
tic hypothermia in preterm neonates 34–35 weeks gestational
age with hypoxic-ischemic encephalopathy,” The Journal of
Pediatrics, vol. 183, pp. 37–42, 2017.

[25] N. Yates, A. J. Gunn, L. Bennet, S. K. Dhillon, and J. O. David-
son, “Preventing brain injury in the preterm infant-current

6 Stem Cells International



controversies and potential therapies,” International Journal
of Molecular Sciences, vol. 22, no. 4, p. 1671, 2021.

[26] M. Finder, G. B. Boylan, D. Twomey, C. Ahearne, D. M. Mur-
ray, and B. Hallberg, “Two-year neurodevelopmental out-
comes after mild hypoxic ischemic encephalopathy in the
era of therapeutic hypothermia,” JAMA Pediatrics, vol. 174,
no. 1, pp. 48–55, 2020.

[27] C. J. Edmonds, R. Cianfaglione, C. Cornforth, and
B. Vollmer, “Children with neonatal hypoxic ischaemic
encephalopathy (HIE) treated with therapeutic hypothermia
are not as school ready as their peers,” Acta Paediatrica,
vol. 110, no. 10, pp. 2756–2765, 2021.

[28] V. Rangarajan and S. E. Juul, “Erythropoietin: emerging role
of erythropoietin in neonatal neuroprotection,” Pediatric
Neurology, vol. 51, no. 4, pp. 481–488, 2014.

[29] S. Martini, T. Austin, A. Aceti, G. Faldella, and L. Corvaglia,
“Free radicals and neonatal encephalopathy: mechanisms of
injury, biomarkers, and antioxidant treatment perspectives,”
Pediatric Research, vol. 87, no. 5, pp. 823–833, 2020.

[30] J. Paprocka, M. Kijonka, B. Rzepka, andM. Sokół, “Melatonin
in hypoxic-ischemic brain injury in term and preterm
babies,” International Journal of Endocrinology, vol. 2019,
Article ID 9626715, 11 pages, 2019.

[31] A. Annika Kiurua, T. Aholab, L. Klenbergc et al., “Corrigen-
dum to “Postnatal N-acetylcysteine does not provide neuro-
protection in extremely low birth weight infants: a follow-
up of a randomized controlled trial”,” Early Human Develop-
ment, vol. 134, p. 12, 2019.

[32] K.Watanabe, M. Tanaka, S. Yuki, M. Hirai, and Y. Yamamoto,
“How is edaravone effective against acute ischemic stroke and
amyotrophic lateral sclerosis,” Journal of Clinical Biochemistry
and Nutrition, vol. 62, no. 1, pp. 20–38, 2018.

[33] Y.-Y. Sun, Y. Li, B. Wali et al., “Prophylactic edaravone pre-
vents transient hypoxic-ischemic brain injury,” Stroke,
vol. 46, no. 7, pp. 1947–1955, 2015.

[34] S. H. Yamato, S. Nakamura, Y. Htun et al., “Intravenous edar-
avone plus therapeutic hypothermia offers limited neuropro-
tection in the hypoxic-ischaemic newborn piglet,”
Neonatology, vol. 117, no. 6, pp. 713–720, 2021.

[35] Q. Xingping, C. Jing, Z. Yi et al., “Mechanism and treatment
related to oxidative stress in neonatal hypoxic-ischemic
encephalopathy,” Frontiers in Molecular Neuroscience,
vol. 12, 2019.

[36] E. Xue and F. Milano, “Are we underutilizing bone mar-
row and cord blood? Review of their role and potential
in the era of cellular therapies,” F1000Research, vol. 9,
p. 26, 2020.

[37] A. del Pozo, M. Villa, and J. Martínez-Orgado, “Potential
therapeutic applications of stem cell therapy for neonatal
hypoxic-ischaemic brain injury,” Neurology Perspectives,
vol. 2, pp. S49–S57, 2022.

[38] D. A. Ingram, L. E. Mead, H. Tanaka et al., “Identification of a
novel hierarchy of endothelial progenitor cells using human
peripheral and umbilical cord blood,” Blood, vol. 104, no. 9,
pp. 2752–2760, 2004.

[39] M. S. Divya, G. E. Roshin, T. S. Divya et al., “Umbilical cord
blood-derived mesenchymal stem cells consist of a unique
population of progenitors co-expressing mesenchymal stem
cell and neuronal markers capable of instantaneous neuronal
differentiation,” Stem Cell Research & Therapy, vol. 3, no. 6,
p. 57, 2012.

[40] L. Bużańska, E. K. Machaj, B. Zabłocka, Z. Pojda, and
K. Domańska-Janik, “Human cord blood-derived cells attain
neuronal and glial features in vitro,” Journal of Cell Science,
vol. 115, no. 10, pp. 2131–2138, 2002.

[41] Y. Jiao, X. Y. Li, and J. Liu, “A new approach to cerebral palsy
treatment: discussion of the effective components of umbili-
cal cord blood and its mechanisms of action,” Cell Transplan-
tation, vol. 28, no. 5, pp. 497–509, 2019.

[42] E. Tanaka, Y. Ogawa, T. Mukai et al., “Dose-Dependent Effect
of Intravenous Administration of Human Umbilical Cord-
Derived Mesenchymal Stem Cells in Neonatal Stroke Mice,”
Front Neurol, vol. 8, no. 9, 2018.

[43] A. Drobyshevsky, C. M. Cotten, Z. Shi et al., “Human umbil-
ical cord blood cells ameliorate motor deficits in rabbits in a
cerebral palsy model,” Developmental Neuroscience, vol. 37,
no. 4-5, pp. 349–362, 2015.

[44] K. Rosenkranz, S. Kumbruch, K. Lebermann et al., “The che-
mokine SDF-1/CXCL12 contributes to the ‘homing’ of
umbilical cord blood cells to a hypoxic-ischemic lesion in
the rat brain,” Journal of Neuroscience Research, vol. 88,
no. 6, pp. 1223–1233, 2010.

[45] J. R. Sanchez-Ramos, S. Song, S. G. Kamath et al., “Expression
of neural markers in human umbilical cord blood,” Experi-
mental Neurology, vol. 171, no. 1, pp. 109–115, 2001.

[46] E. Tracy, J. Aldrink, J. Panosian et al., “Isolation of
oligodendrocyte-like cells from human umbilical cord
blood,” Cytotherapy, vol. 10, no. 5, pp. 518–525, 2008.

[47] J. Li, C. A. McDonald, M. C. Fahey, G. Jenkin, and S. L. Miller,
“Could cord blood cell therapy reduce preterm brain injury?,”
Front Neurol, vol. 5, p. 200, 2014.

[48] S. J. Chua, R. Bielecki, C. J. Wong, N. Yamanaka, I. M. Rog-
ers, and R. F. Casper, “Neural progenitors, neurons and oli-
godendrocytes from human umbilical cord blood cells in a
serum-free, feeder-free cell culture,” Biochemical and Bio-
physical Research Communications, vol. 379, no. 2,
pp. 217–221, 2009.

[49] A. Habich, M. Jurga, I. Markiewicz, B. Lukomska, U. Bany-
Laszewicz, and K. Domanska-Janik, “Early appearance of
stem/progenitor cells with neural-like characteristics in
human cord blood mononuclear fraction cultured in vitro,”
Experimental Hematology, vol. 34, no. 7, pp. 914–925, 2006.

[50] M.-B. Zhang, C.-C. Song, G.-Z. Li et al., “Transplantation of
umbilical cord blood mononuclear cells attenuates the
expression of IL-1β via the TLR4/NF-κB pathway in
hypoxic-ischemic neonatal rats,” Journal of Neurorestoratol-
ogy, vol. 8, no. 2, pp. 122–130, 2020.

[51] Z. Wang, C. J. Meng, X. M. Shen et al., “Potential contribu-
tion of hypoxia-inducible Factor-1α, aquaporin-4, andmatrix
metalloproteinase-9 to blood-brain barrier disruption and
brain edema after experimental subarachnoid hemorrhage,”
Journal of Molecular Neuroscience, vol. 48, no. 1, pp. 273–
280, 2012.

[52] N. Tanaka, N. Kamei, T. Nakamae et al., “CD133+ cells from
human umbilical cord blood reduce cortical damage and pro-
mote axonal growth in neonatal rat organ co-cultures
exposed to hypoxia,” Int J Dev Neurosci, vol. 28, no. 7,
pp. 7–581, 2010.

[53] K. Liu, L. Guo, Z. Zhou, M. Pan, and C. Yan, “Mesenchymal
stem cells transfer mitochondria into cerebral microvascula-
ture and promote recovery from ischemic stroke,” Microvas-
cular Research, vol. 123, pp. 74–80, 2019.

7Stem Cells International



[54] K. Golan, A. K. Singh, O. Kollet et al., “Bone marrow regen-
eration requires mitochondrial transfer from donor Cx43-
expressing hematopoietic progenitors to stroma,” Blood,
vol. 136, no. 23, pp. 2607–2619, 2020.

[55] I. Grandvuillemin, P. Garrigue, A. Ramdani et al., “Long-
term recovery after endothelial colony-forming cells or
human umbilical cord blood cells administration in a rat
model of neonatal Hypoxic-Ischemic encephalopathy,” Stem
Cells Translational Medicine, vol. 6, no. 11, pp. 1987–1996,
2017.

[56] T. R. Penny, Y. Pham, A. E. Sutherland et al., “Umbilical cord
blood therapy modulates neonatal hypoxic ischemic brain
injury in both females and males,” Scientific Reports, vol. 11,
no. 1, pp. 1–14, 2021.

[57] C. A. McDonald, T. R. Penny, M. C. Paton et al., “Effects of
umbilical cord blood cells, and subtypes, to reduce neuroin-
flammation following perinatal hypoxic-ischemic brain
injury,” Journal of Neuroinflammation, vol. 15, no. 1, p. 47,
2018.

[58] A. Saha, S. Patel, L. I. Xu et al., “Human umbilical cord blood
monocytes, but not adult blood monocytes, rescue brain cells
from hypoxic-ischemic injury: mechanistic and therapeutic
implications,” PLoS One, vol. 14, no. 9, article e0218906,
2019.

[59] A. Saha, S. Buntz, P. Scotland et al., “A cord blood monocyte-
derived cell therapy product accelerates brain remyelination,”
JCI Insight, vol. 1, no. 13, article e86667, 2016.

[60] S. Sakaguchi, “Naturally arisingCD4+ Regulatory T cells for
immunologic self-tolerance and negative control of immune
responses,” Annual Review of Immunology, vol. 22, no. 1,
pp. 531–562, 2004.

[61] S. Sakaguchi, “Naturally arising Foxp3-expressing CD25+-

CD4+ regulatory T cells in immunological tolerance to self
and non-self,” Nature Immunology, vol. 6, no. 4, pp. 345–
352, 2005.

[62] J. S. Whangbo, J. H. Antin, and J. Koreth, “The role of regu-
latory T cells in graft-versus-host disease management,”
Expert Review of Hematology, vol. 13, no. 2, pp. 141–154,
2020.

[63] H. Arien-Zakay, S. Lecht, M. M. Bercu et al., “Neuroprotec-
tion by cord blood neural progenitors involves antioxidants,
neurotrophic and angiogenic factors,” Experimental Neurol-
ogy, vol. 216, no. 1, pp. 83–94, 2009.

[64] T. Verina, A. Fatemi, M. V. Johnston, and A. M. Comi, “Plu-
ripotent possibilities: human umbilical cord blood cell treat-
ment after neonatal brain injury,” Pediatric Neurology,
vol. 48, no. 5, pp. 346–354, 2013.

[65] N. Wagenaar, C. de Theije, L. de Vries, F. Groenendaal, M. J.
N. L. Benders, and C. H. A. Nijboer, “Promoting neuroregen-
eration after perinatal arterial ischemic stroke: neurotrophic
factors and mesenchymal stem cells,” Pediatric Research,
vol. 83, no. 1-2, pp. 372–384, 2018.

[66] P. Conaty, L. S. Sherman, Y. Naaldijk, H. Ulrich, A. Stolzing,
and P. Rameshwar, “Methods of mesenchymal stem cell
homing to the blood-brain barrier,” Methods in Molecular
Biology, vol. 1842, pp. 81–91, 2018.

[67] K. E. Mitchell, M. L. Weiss, B. M. Mitchell et al., “Matrix cells
from Wharton’s jelly form neurons and glia,” Stem Cells,
vol. 21, no. 1, pp. 50–60, 2003.

[68] N. Farfán, J. Carril, M. Redel et al., “Intranasal administration
of mesenchymal stem cell secretome reduces hippocampal

oxidative stress, neuroinflammation and cell death, improv-
ing the behavioral outcome following perinatal asphyxia,”
International Journal of Molecular Sciences, vol. 21, no. 20,
p. 7800, 2020.

[69] Y. Cheng, X. Cao, and L. Qin, “Mesenchymal stem cell-
derived extracellular vesicles: a novel cell-free therapy for sep-
sis,” Frontiers in Immunology, vol. 11, p. 647, 2020.

[70] Z. Ma, F.Wang, L. L. Xue et al., “BFGF promotes neurological
recovery from neonatal hypoxic-ischemic encephalopathy by
IL-1β signaling pathway-mediated axon regeneration,” Brain
and Behavior: A Cognitive Neuroscience Perspective, vol. 10,
no. 8, article e01696, 2020.

[71] S. Paliwal, R. Chaudhuri, A. Agrawal, and S. Mohanty,
“Regenerative abilities of mesenchymal stem cells through
mitochondrial transfer,” J Biomed Sci, vol. 25, pp. 1–31,
2018.

[72] D. Boruczkowski and I. Zdolińska-Malinowska, “Wharton’s
jelly mesenchymal stem cell administration improves quality
of life and self-sufficiency in children with cerebral palsy:
results from a retrospective study,” Stem Cells International,
vol. 2019, Article ID 7402151, 13 pages, 2019.

[73] M. Podestà, M. Bruschettini, C. Cossu et al., “Preterm cord
blood contains a higher proportion of immature hematopoi-
etic progenitors compared to term samples,” PLoS One,
vol. 10, no. 9, article e0138680, 2015.

[74] J. Li, T. Yawno, A. Sutherland et al., “Term vs. preterm cord
blood cells for the prevention of preterm brain injury,” Pedi-
atric Research, vol. 82, no. 6, pp. 1030–1038, 2017.

[75] Y. Yu, Y. Z. Yan, Z. Luo et al., “Effects of human umbilical
cord blood CD34+ cell transplantation in neonatal hypoxic-
ischemia rat model,” Brain and Development, vol. 41, no. 2,
pp. 173–181, 2019.

[76] J. Zhang, C. Yang, J. Chen et al., “Umbilical cord mesenchy-
mal stem cells and umbilical cord blood mononuclear cells
improve neonatal rat memory after hypoxia-ischemia,”
Behavioural Brain Research, vol. 362, pp. 56–63, 2019.

[77] P. V. Phuc, V. B. Ngoc, D. H. Lam, N. T. Tam, P. Q. Viet, and
P. K. Ngoc, “Isolation of three important types of stem cells
from the same samples of banked umbilical cord blood,” Cell
and Tissue Banking, vol. 13, no. 2, pp. 341–351, 2012.

[78] W. Wojakowski, M. Tendera, A. Michałowska et al., “Mobili-
zation of CD34/CXCR4+, CD34/CD117+, c-met+ stem cells,
and mononuclear cells expressing early cardiac, muscle, and
endothelial markers into peripheral blood in patients with
acute myocardial infarction,” Circulation, vol. 110, no. 20,
pp. 3213–3220, 2004.

[79] S. Banerjee, P. Bentley, M. Hamady et al., “Intra-arterial
immunoselected CD34+ stem cells for acute ischemic stroke,”
Stem Cells Translational Medicine, vol. 3, no. 11, pp. 1322–
1330, 2014.

[80] A. Matta, V. Nader, M. Galinier, and J. Roncalli, “Transplan-
tation of CD34+ cells for myocardial ischemia,” World Jour-
nal of Transplantation, vol. 11, no. 5, pp. 138–146, 2021.

[81] C. C. Cotrim, L. Toscano, A. Messias, R. Jorge, and R. C.
Siqueira, “Intravitreal use of bone marrow mononuclear frac-
tion containing CD34+ stem cells in patients with atrophic
age-related macular degeneration,” Clinical Ophthalmology,
vol. 11, pp. 931–938, 2017.

[82] C. C. Yang, P. H. Sung, B. C. Cheng et al., “Safety and efficacy
of intrarenal arterial autologous CD34+ cell transfusion in
patients with chronic kidney disease: a randomized, open-

8 Stem Cells International



label, controlled phase II clinical trial,” Stem Cells Transla-
tional Medicine, vol. 9, no. 8, pp. 827–838, 2020.

[83] W. Pawlukowska, B. Baumert, M. Gołąb-Janowska et al.,
“Articulation recovery in ALS patients after lineage-negative
adjuvant cell therapy - preliminary report,” International
Journal of Medical Sciences, vol. 17, no. 13, pp. 1927–1935,
2020.

[84] M. Ohshima, A. Taguchi, Y. Sato et al., “Evaluations of intra-
venous administration of CD34+ human umbilical cord
blood cells in a mouse model of neonatal hypoxic-ischemic
encephalopathy,” Developmental Neuroscience, vol. 38,
no. 5, pp. 331–341, 2017.

[85] I. Serrenho, M. Rosado, A. Dinis et al., “Stem cell therapy for
neonatal hypoxic-ischemic encephalopathy: a systematic
review of preclinical studies,” International Journal of Molec-
ular Sciences, vol. 22, no. 6, p. 3142, 2021.

[86] Y. Kidani, Y. Miki, N. Nomimura et al., “The therapeutic
effect of CD133+ cells derived from human umbilical cord
blood on neonatal mouse hypoxic-ischemic encephalopathy
model,” Life Sciences, vol. 157, pp. 108–115, 2016.

[87] Y. Ma, L. Jiang, L. Wang et al., “ndothelial progenitor cell
transplantation alleviated ischemic brain injury via inhibiting
C3/C3aR pathway in mice,” J Cereb Blood Flow Metab,
vol. 40, no. 12, pp. 2374–2386, 2020.

[88] Z. Ren, F. Xu, X. Zhang et al., “Autologous cord blood cell
infusion in preterm neonates safely reduces respiratory sup-
port duration and potentially preterm complications,” Stem
Cells Translational Medicine, vol. 9, no. 2, pp. 169–176, 2020.

[89] P. Mattar and K. Bieback, “Comparing the immunomodula-
tory properties of bone marrow, adipose tissue, and birth-
associated tissue mesenchymal stromal cells,” Frontiers in
Immunology, vol. 6, p. 560, 2015.

[90] A. Farhat, A. Nosrati-Tirkani, D. Hamidi Alamdari, and
M. H. Arjmand, “Effects of asphyxia on colony-forming abil-
ity of hematopoietic stem cell of cord blood,” Iranian Journal
of Neonatology, vol. 12, no. 1, pp. 40–45, 2021.

[91] Y. Han, J. Ren, Y. Bai, X. Pei, and Y. Han, “Exosomes from
hypoxia-treated human adipose-derived mesenchymal stem
cells enhance angiogenesis through VEGF/VEGF-R,” The
International Journal of Biochemistry & Cell Biology,
vol. 109, pp. 59–68, 2019.

[92] P. M. Pimentel-Coelho, E. S. Magalhães, L. M. Lopes, L. C. de
Azevedo, M. F. Santiago, and R. Mendez-Otero, “Human
cord blood transplantation in a neonatal rat model of
hypoxic-ischemic brain damage: functional outcome related
to neuroprotection in the striatum,” Stem Cells and Develop-
ment, vol. 19, no. 3, pp. 351–358, 2010.

[93] T. Hattori, Y. Sato, T. Kondo et al., “Administration of umbil-
ical cord blood cells transiently decreased hypoxic-ischemic
brain injury in neonatal rats,” Developmental Neuroscience,
vol. 37, no. 2, pp. 95–104, 2015.

[94] T. Wilson, C. Stark, J. Holmbom et al., “Fate of bone marrow-
derived stromal cells after intraperitoneal infusion or implan-
tation into femoral bone defects in the host animal,” Journal
of Tissue Engineering, vol. 1, Article ID 345806, 2010.

[95] C. Meier, J. Middelanis, B. Wasielewski et al., “Spastic paresis
after perinatal brain damage in rats is reduced by human cord
blood mononuclear cells,” Pediatric Research, vol. 59, no. 2,
pp. 244–249, 2006.

[96] H. R. Ko, S. Y. Ahn, Y. S. Chang et al., “Human UCB-MSCs
treatment upon intraventricular hemorrhage contributes to

attenuate hippocampal neuron loss and circuit damage
through BDNF-CREB signaling,” Stem Cell Research & Ther-
apy, vol. 9, no. 1, p. 326, 2018.

[97] T. R. Penny, Y. Pham, A. E. Sutherland et al., “Multiple doses
of umbilical cord blood cells improve long-term brain injury
in the neonatal rat,” Brain Research, vol. 1746, article 147001,
2020.

[98] D. D. Rowe, C. C. Leonardo, J. A. Recio, L. A. Collier, A. E.
Willing, and K. R. Pennypacker, “Human Umbilical Cord
Blood Cells Protect Oligodendrocytes from Brain Ischemia
through Akt Signal Transduction,” The Journal of Biological
Chemistry, vol. 287, no. 6, pp. 4177–4187, 2012.

[99] J. E. G. Vaes, M. J. V. Brandt, N. Wanders et al., “The
impact of trophic and immunomodulatory factors on oligo-
dendrocyte maturation: potential treatments for encepha-
lopathy of prematurity,” Glia, vol. 69, no. 6, pp. 1311–
1340, 2021.

[100] M. Tsuji, A. Taguchi, M. Ohshima et al., “Effects of intrave-
nous administration of umbilical cord blood CD34+ cells in
a mouse model of neonatal stroke,” Neuroscience, vol. 263,
pp. 148–158, 2014.

[101] A. Taguchi and T. Soma, “Administration of CD34+ cells
after stroke enhances neurogenesis via angiogenesisin a
mouse model,” Journal of Clinical Investigation, vol. 114,
no. 3, pp. 330–338, 2004.

[102] M. C. B. Paton, B. J. Allison, J. Li et al., “Human umbilical
cord blood therapy protects cerebral white matter from sys-
temic LPS exposure in preterm fetal sheep,” Developmental
Neuroscience, vol. 40, no. 3, pp. 258–270, 2018.

[103] J. D. Aridas, C. A. McDonald, M. C. B. Paton et al., “Cord
blood mononuclear cells prevent neuronal apoptosis in
response to perinatal asphyxia in the newborn lamb,”
The Journal of Physiology, vol. 594, no. 5, pp. 1421–1435,
2016.

[104] J. Li, T. Yawno, A. Sutherland et al., “Preterm white matter
brain injury is prevented by early administration of umbilical
cord blood cells,” Experimental Neurology, vol. 283, Part A,
pp. 179–187, 2016.

[105] J. Li, T. Yawno, A. E. Sutherland et al., “Preterm umbilical
cord blood derived mesenchymal stem/stromal cells protect
preterm white matter brain development against hypoxia-
ischemia,” Experimental Neurology, vol. 308, pp. 120–131,
2018.

[106] M. Geißler, H. R. Dinse, S. Neuhoff, K. Kreikemeier, and
C. Meier, “Human umbilical cord blood cells restore brain
damage induced changes in rat somatosensory cortex,” PLoS
One, vol. 6, no. 6, article e20194, 2011.

[107] S. de Paula, S. Greggio, D. R. Marinowic, D. C. Machado,
and J. C. DaCosta, “The dose-response effect of acute intra-
venous transplantation of human umbilical cord blood cells
on brain damage and spatial memory deficits in neonatal
hypoxia-ischemia,” Neuroscience, vol. 210, pp. 431–441,
2012.

[108] J. Geng, L. Wang, M. Qu et al., “Endothelial progenitor cells
transplantation attenuated blood-brain barrier damage after
ischemia in diabetic mice via HIF-1a,” Stem Cell Res Ther,
vol. 8, no. 1, pp. 1–12, 2017.

[109] X. Zhang, Q. Zhang, W. Li et al., “Therapeutic effect of
human umbilical cord mesenchymal stem cells on neonatal
rat hypoxic–ischemic encephalopathy,” Journal of Neurosci-
ence Research, vol. 92, no. 1, pp. 35–45, 2014.

9Stem Cells International



[110] T. R. Penny, A. E. Sutherland, J. G. Mihelakis et al., “Human
umbilical cord therapy improves long-term behavioral out-
comes following neonatal hypoxic ischemic brain injury,”
Frontiers in Physiology, vol. 10, p. 283, 2019.

[111] C. M. Cotten, A. P. Murtha, R. N. Goldberg et al., “Feasibility
of autologous cord blood cells for infants with hypoxic-
ischemic encephalopathy,” The Journal of Pediatrics,
vol. 164, no. 5, pp. 973–979.e1, 2014.

[112] J. Yang, Z. Ren, C. Zhang et al., “Safety of autologous cord
blood cells for preterms: a descriptive study,” Stem Cells Inter-
national, vol. 2018, Article ID 5268057, 9 pages, 2018.

[113] M. Kotowski, Z. Litwinska, P. Klos et al., “Autologous cord
blood transfusion in preterm infants-could its humoral effect
be the kez to control prematurity-related complications? A
preliminary study,” Journal of Physiology and Pharmacology,
vol. 68, no. 6, pp. 921–927, 2017.

[114] M. Tsuji, M. Sawada, S. Watabe et al., “Autologous cord
blood cell therapy for neonatal hypoxic-ischaemic encepha-
lopathy: a pilot study for feasibility and safety,” Scientific
Reports, vol. 10, no. 1, p. 4603, 2020.

[115] R. Zhuxiao, X. Fang, Z. Chunyi et al., “Ten-year follow-up
outcomes of a single intravenous infusion of autologous cord
blood mononuclear cells in preterm neonates,” Clinical and
Translational Medicine, vol. 10, no. 3, article e144, 2020.

[116] K. R. Gopagondanahalli, J. Li, M. C. Fahey et al., “Preterm
hypoxic-ischemic encephalopathy,” Frontiers in Pediatrics,
vol. 4, p. 114, 2016.

[117] C. A. McLaughlin, T. West, R. Hollowell et al., “Expanded
access protocol of umbilical cord blood infusion for children
with neurological conditions,” Stem Cells Translational Med-
icine, vol. 8, Supplement 1, pp. S4–S5, 2019.

[118] G. Tonni, S. Leoncini, C. Signorini, L. CiccoliDe, and
C. Felice, “Pathology of perinatal brain damage: background
and oxidative stress markers,” Archives of Gynecology and
Obstetrics, vol. 290, no. 1, pp. 13–20, 2014.

[119] A. Massaro, K. Murthy, I. Zaniletti et al., “Short-term out-
comes after perinatal hypoxic ischemic encephalopathy: a
report from the Children's Hospitals Neonatal Consortium
HIE focus group,” Journal of Perinatology, vol. 35, no. 4,
pp. 290–296, 2015.

[120] M. Thoresen, L. Hellstrom-Westas, X. Liu, and L. S. de Vries,
“Effect of hypothermia on amplitude-integrated electroen-
cephalogram in infants with asphyxia,” Pediatrics, vol. 126,
no. 1, pp. e131–e139, 2010.

[121] K. B. Nelson, P. Bingham, E. M. Edwards et al., “Antecedents
of neonatal encephalopathy in the Vermont Oxford Network
Encephalopathy Registry,” Pediatrics, vol. 130, no. 5, pp. 878–
886, 2012.

[122] M. Douglas-Escobar and M. D. Weiss, “Hypoxic-ischemic
encephalopathy,” JAMA Pediatrics, vol. 169, no. 4, pp. 397–
403, 2015.

[123] E. Locci, G. Bazzano, R. Demontis, A. Chighine, V. Fanos,
and E. d'Aloja, “Exploring perinatal asphyxia by metabolo-
mics,” Metabolites, vol. 10, no. 4, p. 141, 2020.

[124] Á. Sánchez-Illana, J. D. Piñeiro-Ramos, and J. Kuligowski,
“Small molecule biomarkers for neonatal hypoxic ischemic
encephalopathy,” Seminars in Fetal & Neonatal Medicine,
vol. 5, no. 2, article 101084, 2020.

[125] M. A. Talat, “Evaluation of the role of ischemia modified
albumin in neonatal hypoxic-ischemic encephalopathy,”
Clinical and Experimental Pediatrics, vol. 63, no. 8, pp. 329–
334, 2020.

[126] D. Chawla, “Biomarkers for prognostication in hypoxic-
ischemic encephalopathy,” Indian Journal of Pediatrics,
vol. 87, no. 10, pp. 777-778, 2020.

[127] H. Go, Y. Saito, H. Maeda et al., “Serum cytokine profiling in
neonates with hypoxic ischemic encephalopathy,” Journal of
Neonatal-Perinatal Medicine, vol. 14, no. 2, pp. 177–182,
2021.

[128] R. Sokou, G. Ioakeimidis, M. Lampridou et al., “Nucleated
red blood cells: could they be indicator markers of illness
severity for neonatal intensive care unit patients?,” Children,
vol. 7, no. 11, p. 197, 2020.

[129] I. Bersani, F. Pluchinotta, A. Dotta et al., “Early predictors of
perinatal brain damage: the role of neurobiomarkers,” Clini-
cal Chemistry and Laboratory Medicine, vol. 58, no. 4,
pp. 471–486, 2020.

[130] M. Bustelo, M. Barkhuizen, D. L. A. van den Hove et al.,
“Clinical implications of epigenetic dysregulation in perinatal
hypoxic-ischemic brain damage,” Frontiers in Neurology,
vol. 11, p. 483, 2020.

[131] D. S. O'Boyle, W. B. Dunn, D. O'Neill, J. A. Kirwan, D. I.
Broadhurst, and B. Hallberg, “Improvement in the prediction
of neonatal hypoxic-ischemic encephalopathy with the inte-
gration of umbilical cord metabolites and current clinical
makers,” The Journal of Pediatrics, vol. 229, pp. 175–181.e1,
2021.

[132] E. Di Martino, E. Bocchetta, S. Tsuji et al., “Defining a time
window for neuroprotection and glia modulation by caffeine
after neonatal hypoxia-ischaemia,” Molecular Neurobiology,
vol. 57, no. 5, pp. 2194–2205, 2020.

[133] P. P. Drury, L. Bennet, and A. J. Gunn, “Mechanisms of hypo-
thermic neuroprotection,” Seminars in Fetal and Neonatal
Medicine, vol. 15, no. 5, pp. 287–292, 2010.

[134] K. J. Hassell, M. Ezzati, D. Alonso-Alconada, D. J. Hausenloy,
and N. J. Robertson, “New horizons for newborn brain pro-
tection: enhancing endogenous neuroprotection,” Archives
of Disease in Childhood Education and Practice Edition,
vol. 100, no. 6, pp. F541–F552, 2015.

[135] S. Y. Ahn, Y. S. Chang, D. K. Sung, S. I. Sung, and W. S. Park,
“Hypothermia broadens the therapeutic time window of
mesenchymal stem cell transplantation for severe neonatal
hypoxic ischemic encephalopathy,” Scientific Reports, vol. 8,
no. 1, p. 7665, 2018.

10 Stem Cells International


	Rationale for the Use of Cord Blood in Hypoxic-Ischaemic Encephalopathy
	1. Introduction
	2. Standard and Experimental Treatment in HIE
	3. Therapeutic Potential of CB in HIE
	4. CB in Animal Models of HIE
	5. Clinical Studies
	6. Candidates for CB Administration
	Conflicts of Interest
	Authors’ Contributions

