1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Prog Neurobiol. Author manuscript; available in PMC 2018 December 01.

-, HHS Public Access
«

Published in final edited form as:
Prog Neurobiol. 2017 December ; 159: 50-68. doi:10.1016/j.pneurobio.2017.10.006.

Brain-immune interactions in perinatal hypoxic-ischemic brain
injury

Bo Li, Katherine Concepcion, Xianmei Meng, and Lubo Zhang
The Lawrence D. Longo, MD Center for Perinatal Biology, Division of Pharmacology, Department
of Basic Sciences, Loma Linda University School of Medicine, Loma Linda, CA 92350, USA

Abstract

Perinatal hypoxia-ischemia remains the primary cause of acute neonatal brain injury, leading to a
high mortality rate and long-term neurological deficits, such as behavioral, social, attentional,
cognitive and functional motor deficits. An ever-increasing body of evidence shows that the
immune response to acute cerebral hypoxia-ischemia is a major contributor to the pathophysiology
of neonatal brain injury. Hypoxia-ischemia provokes an intravascular inflammatory cascade that is
further augmented by the activation of resident immune cells and the cerebral infiltration of
peripheral immune cells response to cellular damages in the brain parenchyma. This prolonged
and/or inappropriate neuroinflammation leads to secondary brain tissue injury. Yet, the long-term
effects of immune activation, especially the adaptive immune response, on the hypoxic-ischemic
brain still remain unclear. The focus of this review is to summarize recent advances in the
understanding of post-hypoxic-ischemic neuroinflammation triggered by the innate and adaptive
immune responses and to discuss how these mechanisms modulate the brain vulnerability to
injury. A greater understanding of the reciprocal interactions between the hypoxic-ischemic brain
and the immune system will open new avenues for potential immunomodulatory therapy in the
treatment of neonatal brain injury.

1. Introduction

Perinatal hypoxia-ischemia induced brain injury is the most common form of neonatal brain
injury that occurs in 3 per 1000 term newborns (>36 weeks of gestation) (Hagberg et al.,
2015) and about 7 per 1000 preterm newborns (<36 weeks of gestation) (Chalak et al.,
2012). Approximately 40% of newborns suffering hypoxic-ischemic (HI) brain injury do not
survive in the neonatal period and another 30% develop long-term neurological disorders,
such as cerebral palsy, visual impairment, seizures, epilepsy, mental retardation, and learning
disabilities (Higgins ef al.,, 2011; Rocha-Ferreira and Hristova, 2015). In developing
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countries, the incidence increases up to 26 per 1000 term newborns, with fewer survivors
(Douglas-Escobar and Weiss, 2015). Perinatal HI brain injury has been causing a global
public health problem and major burdens to the society.

Inflammation has been considered as an important contributor in the pathophysiology of
cerebral HI injury. HI triggers immediate and robust activation of brain resident cells and
subsequent infiltration of circulating peripheral leukocytes. The initial inflammatory
response to hypoxia-ischemia leads to secondary neuronal injury that can last for several
days, followed by an anti-inflammatory response toward resolution of inflammation.
Numerous experimental studies have depicted the important functions of resident immune
cells and peripheral innate immune cells in promoting brain injury and ensuing tissue repair
and remodeling in the various stages of the hypoxic-ischemic cascade (Bhalala et al., 2014;
Hagberg et al., 2012; Hagberg et al., 2015). However, the exact mechanisms of their
activation and interaction with brain cells in the immature brain following hypoxia-ischemia
remain largely unknown. Furthermore, T and B lymphocytes have been recently implicated
in delayed neuroinflammation in neonatal HI injury. Advancing our understanding of the
interactions between the immature hypoxic-ischemic brain and the immune system may
provide the new insights for manipulating specific subsets of immune cells to achieve the
therapeutic benefit.

In this review, we aim (a) to summarize the development of innate and adaptive immune
responses in human and animal neonates with HI brain injury, (b) to highlight their
contributions to neonatal HI brain injury, and (c) to assess the therapeutic potential of
immunomodulatory targets in neonatal HI brain injury.

2. Animal models of neonatal HI brain injury

Neonatal hypoxic-ischemic encephalopathy (HIE) in the term newborns often results from
perinatal asphyxia. It directly leads to 23-25% of neonatal death worldwide, and also causes
a high risk of developing long-term devastating impairments in the neonates who survive
perinatal asphyxia (Black et al.,, 2010; Rocha-Ferreira and Hristova, 2016). Perinatal
asphyxia is mainly caused by systemic hypoxemia and/or reduced cerebral blood flow. A
variety of risk factors have been recognized, including maternal hypotension, maternal
cardiac arrest, clotting of placental arteries, placental abruption, uterine rupture, and
inflammation (Locatelli et al., 2008). In term newborns, severe asphyxia globally affects the
cerebral cortex and selectively damages the sensorimotor cortex, basal ganglia, and
thalamus, which results in prominent cortical and deep gray matter injuries (Folkerth, 2005;
Gopagondanahalli et al., 2016).

To study the underlying mechanisms of neonatal HIE at term, the neonatal rodent animal
models have been widely used to mimic human condition. Postnatal day (PND) 7-10
rodents have brain maturity equivalent to that of 36—40 week old human fetus (term/near
term infant) (Rumajogee et al., 2016). The Rice-Vannucci model of neonatal HIE in the
PND7-10 Sprague-Dawley rat is an extensively studied pre-clinical model, in which the
unilateral ligation of common carotid artery is followed by at least 90 min of exposure to 8%
hypoxia (Goren et al., 2017; Northington, 2006; Patel et a/., 2015; Rice et al., 1981; Wood et
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al., 2016). The ligated carotid artery alone does not cause brain damage since the circle of
Willis compensates the cerebral blood flow. However, hypoxia lowers oxygen tension and
reduces blood flow in the ipsilateral hemisphere, which promotes brain damage. The
cerebral cortex, the hippocampus, the deep gray matter and the periventricular white matter,
suffer the most HI injury. This model shows many clinical features that occur in human HIE
patients, such as the extent of brain injury, the epilepsy development, and the learning and
memory disabilities. More research has adapted this model to the term-equivalent mice
(PND7-10). However, it should be noted that different strains of mice have the prominent
difference in susceptibility to hypoxia-ischemia insult. Compared to 129Sv (HI resistance)
and C57BL/6 mice (high mortality), CD1 mice display maximum neonatal HI brain injury
with very low mortality rate (Sheldon et a/., 1998). Adapting this model to the neonatal mice
has also revealed that the duration of hypoxic exposure producing a moderate to severe
injury in mice is significantly shorter (20-60 min) (Burnsed et a/., 2015; Reinboth et al.,
2016; Ten et al., 2004).

The incidence of neonatal HI brain injury is higher in the preterm newborns than in the term
newborns. Although the risk factors of perinatal asphyxia in the preterm newborns are
similar to those observed in the term newborns, the immature brain of the preterm newborns,
particularly those with a very low birth weight (born before 32 weeks), is highly vulnerable
to HI injury. Two major reasons have been documented: 1) The poorly functioning hearts
and lungs typically seen in the preterm newborns can cause hypoperfusion; 2) The immature
brains possess poor auto-regulatory capacity (Huang and Castillo, 2008). In preterm infants,
cerebral white matter is poorly vascularized compared with cerebral cortex. Thus, HI insult
predominantly induces the white matter injury with marked oligodendroglial loss, also
called periventricular leukomalacia (PVL), resulting in motor, sensory, and cognitive
impairment in the preterm infants. In addition, the abnormalities of hippocampus and
cortical gray matter are also found in the premature brain (Brown et al., 2009).

PND2-6 rodents, similar to 23—-36 weeks of gestation in human, have shown similarities
with the preterm infants in cellular development in the brain. For example, late
oligodendrocyte progenitors (04*/017) most sensitive to hypoxia-ischemia are predominant
at PND2 and differentiate into immature oligodendrocytes at PND7, which is similar to the
development of late oligodendrocyte progenitors in human fetus at 24-32 weeks. The
optimized hypoxia-ischemia Rice-Vannucci rodent models can mimic many aspects of brain
white matter injury in the preterm newborn. PND3 and PND6 rat HI models have been used
to resemble PVL in the immature brain (Jantzie et al., 2015; Zhu et al., 2017). In a PND5
mouse HI model, hypoxia-ischemia induces a pattern of diffuse white and focal gray matter
injury similar to that in preterm infants with PVVL (Albertsson et al., 2014).

3. Neuro-immune communication in neonatal HI brain injury

The pathophysiology of HIE results from a reduction in blood flow and oxygen delivery to
the brain. Neurons have been identified as a primary target in selectively vulnerable regions.
Severe acute HI insult leads to rapid neuronal death via necrosis, whereas energy failure
following less severe or prolonged HI insult causes slower neuronal death mainly through
apoptosis (Nakajima et a/., 2000). Hypoxia-ischemia induced neuronal death have been

Prog Neurobiol. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 4

found in two phases (Vannucci and Hagberg, 2004). The severe HI insult causes primary
energy failure leading to primary neuronal death, which is related to the significant reduction
in energy (adenosine triphosphate (ATP)) and increased intracellular lactate production. The
low levels of ATP cause failure of the energy-dependent cell membrane ion channels that
maintain cell integrity, which results in an acute intracellular influx of calcium and sodium
and cell membrane depolarization, as well as accumulation of extracellular glutamate. In
addition, accumulated lactate directly increases reactive oxygen species (ROS) levels. These
changes ultimately lead to rapid cell swelling and necrosis. The further injury in the
secondary energy failure depends on the extent of primary energy failure. The severe HI
insult reduces the latent period characterized by recovered blood flow and restored cerebral
metabolism, promoting the onset of secondary energy failure. The secondary energy failure
occurs at least six hours after the primary injury. This phase leads to delayed neuronal death
with predominant apoptosis, which is related to several mechanisms, such as excitotoxicity,
oxidative stress, and inflammation (Millar et al., 2017). The delayed neuronal death
contributes to a major proportion of final brain cell loss after HI insults (Figure 1).

The immune system is dispersed throughout the body to protect against disease-causing
microbes and help in wound healing, as well as to maintain homeostasis. For a long period
of time, the brain is considered to be free from normal immune surveillance. Growing
evidence indicates that the privilege is only restricted to the brain parenchyma, but the
immune responses in ventricles, choroid plexus and meninges are similar to those in other
organs (Galea et al., 2007; Louveau et al., 2015; Shechter and Schwartz, 2013). In the
healthy state, blood-brain barrier (BBB) prevents the infiltration of peripheral immune cells,
and limits the entry of blood neurotoxic compounds into the central nervous system (CNS).
Furthermore, the brain-immune interactions are limited by the immunosuppressive
environment created by glia and neurons in the brain, as well as due to the quiescent
phenotype of microglia under physiological conditions. However, CNS immune privilege is
greatly undermined under the neuroinflammation condition.

Emerging evidence has demonstrated that hypoxia-ischemia induces the inflammatory
responses in the brain parenchyma and the peripheral immune system, which play a critical
role in mediating secondary neuronal death (Algra et al., 2013; Wang et al., 2010). In the
neonatal brain, an immediate innate immune response occurs within minutes after the HI
insult. It is thought that stressed or dead neurons directly result in the diffuse activation of
neuroglial cells following injury in the immature brain. Activated neuroglial cells have direct
influences on the neuronal apoptosis by releasing a large amount of pro-inflammatory
cytokines and ROS. Furthermore, the release of matrix metalloproteinases (MMPSs) and
inflammatory mediators (chemokines and pro-inflammatory cytokines) from activated
neuroglial cells helps in recruitment and activation of peripheral immune cells, including
granulocytes and monocytes/macrophages. These activated peripheral inflammatory cells
release neurotoxic agents, such as pro-inflammatory cytokines, nitric oxide (NO), ROS, and
myeloperoxidase, to further enhance neuronal death (Figure 2).

On the other hand, there is increasingly persuasive evidence that the immune system in the
context of HI brain injury also plays a beneficial role in supporting tissue healing (Bhalala et
al., 2014; Hagberg et al., 2015). The reparative process is capable of promoting a release of
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mediators that lead to the resolution of neuroinflammation. For example, phagocytosis of
dead cells by microglia/macrophages promotes the production and release of anti-
inflammatory cytokines, which help to suppress neuroinflammation and protect against
death of remaining viable neurons. Some cells, such as microglia, which are initially
associated with the inflammatory process, also produce the neuronal growth factors essential
for axonal sprouting, neurogenesis, and angiogenesis. Thus, attempts to control the balance
between the neurodestructive and neuroprotective effects of immune system may represent a
promising therapeutic strategy for treating neonatal HI brain injury.

4. The role of innate immune cells in neonatal HI brain injury

4.1. Brain innate immune cells

4.1.1. Microglia—Microglia are derived from a distinct population of erythromyeloid
progenitors that migrate into the brain starting at embryonic day 8.5 until the blood-brain
barrier is formed (Matcovitch-Natan ef a/., 2016). A large number of microglia are present in
the developing periventricular white matter, comprising up to 20% of total glial population.
Microglia are long-lived, and seldom need replacement from the bone marrow (BM) under
physiological conditions (Perry et al., 2010). Although both microglia and BM-derived
monocytes/macrophages are positive for CD11b, microglia show intermediate expression of
CD45 (CD11b*/CD45!M) compared to high levels of CD45 in monocytes/macrophages
(CD11b*/CD45M). In addition, these cells express low levels of major histocompatibility
complex class Il (MHC-I1), which accounts for a non-terminally differentiated state.
Compared to adult microglia, neonatal microglia are slightly more active in normal
condition, with higher levels of MHC-II and costimulatory molecules, such as CD86 and
CD40. Neonatal microglia also have different proliferative responses to granulocyte-
macrophage colony-stimulating factor and macrophage colony-stimulating factor, and are
less dependent on astrocytes for the expansion (Santambrogio et a/., 2001).

Microglia are crucially important myeloid cells to act as the first and main form of immune
defense against invading pathogens and environmental insults in CNS. In the healthy state,
resting microglia show highly ramified and motile processes, forming a 3D non-overlapping
network required for CNS immuno-surveillance of individual domain (Ransohoff and Perry,
2009). Microglia actively engage in synapse pruning and neurogenesis, and later, maintain
homeostasis in the developing brain (Matcovitch-Natan et a/., 2016; Ransohoff and Perry,
2009). However, in the presence of an insult, microglia become activated with the rapid
alterations in morphology, including increased cell body size and retraction of processes.
Depending on the severity of injury, microglia can further be activated, becoming
phagocytic, and travel to the injury sites and remove cellular debris (Kreutzberg, 1996).
Besides their role as active phagocytes, microglia release pro-inflammatory cytokines and
MMPs that initiate the neuroinflammation and result in the breakdown of the BBB (ladecola
and Anrather, 2011). As a result, the peripheral inflammatory cells infiltrate into the CNS
and disrupt the immune privilege, which exacerbates neuroinflammation and subsequent
CNS injury.

Hypoxia-ischemia results in notable microglial activation in the neonatal brain. A
retrospective clinical study has shown that substantial microglial infiltration is detected in
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the polymorphous layer of the dentate gyrus of infants who died from HIE, whereas the
infants dying of trauma or sepsis have dramatically fewer microglia (Del Bigio and Becker,
1994). In a rat model of HI brain injury, microglial activation is detected as early as 2 hours
following HI insult (Chen et al., 2015; McRae et al., 1995). Undoubtedly, microglia are
activated by early neuronal death, while activated microglia play a central role in triggering
neuroinflammation that leads to delayed cell death of other neurons and subsequent
immature cerebral injury. Microglial contribution to secondary energy failure after hypoxia-
ischemia is characterized by classic M1 activation that these cells exert toxic effects on
neurons and glia in the surrounding zone through the release of pro-inflammatory cytokines
(TNF-a, IL-1B, IL-6 and IL-18), complement factors, proteases, and excitotoxic amino acids
(Cowell et al.,, 2002; Hagberg et al.,, 1996; Hedtjarn et al., 2002; Rocha-Ferreira and
Hristova, 2015). In addition, the excessive production of ROS and NO by activated microglia
can induce oxidative injury in the developing brain (Kaur et a/., 2013). One of the most
potent mechanisms by which M1 activation is provoked is through the release of IL-1p and
IL-18. Caspase-1, a cysteine protease, is essential for the proteolytic maturation and
secretion of these two key pro-inflammatory cytokines. Caspase-1 is expressed primarily in
microglia after HI insult, and caspase-1 deficiency significantly attenuates HI brain damage
in neonatal mice (Liu ef a/., 1999). Arvin et al. have demonstrated that an anti-inflammatory
drug, minocycline, blocks the microglial responses and substantially reduces neonatal HI
brain injury (Arvin et al., 2002). These data support that early inflammatory responses of
microglia aggravate neonatal brain HI injury. Thus, there is a growing interest in inhibiting
the M1 activation of microglia for the development of novel therapeutic strategies in the
neonatal HI brain injury.

Microglia have also been implicated as an equally crucial player in the resolution of
inflammation and reparative processes after acute HI brain injury. Phagocytosis of debris by
activated microglia is critical for the recovery of injured brain during the delayed phase after
neonatal stroke (Faustino et al., 2011). Selective ablation of microglia leads to elevated
levels of pro-inflammatory cytokines and chemokines and exacerbation of brain injury in
neonatal and adult stroke models (Faustino et al., 2011; Lalancette-Hebert ef a/,, 2007). In
the adult stroke model, the injection of microglia protects neurons against the ischemia-
induced neuronal damage by preserving the levels of brain-derived neurotrophic factor
(Hayashi et al., 2006). A number of studies in adult stroke suggest that the initial M1
activation of microglia after ischemia may be followed by a switch to an anti-inflammatory
M2 phenotype that results in the resolution of inflammation, clearance of debris and reactive
species, and tissue repair (Hagberg et al,, 2015; Hu et al., 2012; Patel et al., 2013). Presently,
the mechanisms of resolution of the pro-inflammatory phase in the injured brain after
neonatal hypoxia-ischemia are not very clear.

4.1.2. Astrocytes—Astrocytes are the most prevalent in the CNS, which outnumber
neurons by over five-fold. Astrocytes contiguously tile the CNS in a non-overlapping
manner (Sofroniew and Vinters, 2010). In the healthy state, astrocytes are long-lived
postmitotic cells whose turnover is low (Horner et al., 2000; Sofroniew and Vinters, 2010).
Astrocytes exert essential functions in the maintenance of the BBB integrity and neurons
nearby. These cells are also responsible for glutamate uptake, suggesting that they may
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prevent excitotoxic neuronal damage (Anderson and Swanson, 2000). In addition, they
regulate the homeostasis of extracellular ions, including calcium and potassium, and are
involved in the antioxidant defense of the CNS (Lian and Stringer, 2004; Ricci et al., 2009).
Astrocytes express a number of innate immunity-related functional receptors, mediating
astrocyte responses to various kinds of CNS insults through a process commonly defined as
reactive astrogliosis that is a pathological hallmark of CNS damage (Pekny and Pekna,
2014).

Pro-inflammatory cytokines and reactive species released by damaged neurons under Hl
conditions can trigger astrogliosis. Astrogliosis is prevalent within the white matter of up to
40% of infants with HI brain injury (Rezaie and Dean, 2002). Astrocytes in PND7 rat
neonates are abundant within the penumbral zone 24 hours after hypoxia-ischemia (Derugin
et al., 2000). These findings indicate that astrogliosis may initiate detrimental effects on the
developing brain after hypoxia-ischemia. One of mechanisms is that following HI injury
impairment of glutamate transporters on astrocytes directly causes the accumulation of
extracellular glutamate, which contributes to deleterious events in the developing brain
(Dallas et al., 2007). Of particular interest regarding detrimental functions of reactive
astrocytes is growing evidence that astrogliosis mediates the innate immune response in the
inflamed brain following hypoxia-ischemia. Despite not being viewed as traditional
inflammatory cells, reactive astrocytes produce large amounts of pro-inflammatory
cytokines, such as TNF-a, IL-1a and B, and IL-6, at the site of neuroinflammation in the
ischemic brain in adult stroke (Tuttolomondo et a/., 2008; Van Wagoner et al., 1999). These
pro-inflammatory cytokines exacerbate toxicity of NO, promote both apoptosis and necrosis
of neurons, and inhibit neurogenesis (Barreto et al,, 2011; Stoll et a/., 1998). Furthermore,
reactive astrocytes secrete various inflammatory chemokines that attract migration of
peripheral immune cells, such as neutrophils, into the injured site to further worsen the HI
injury (Kim, 1996; Koh et al., 2015; Miller et al., 2005).

On the other hand, astrocytes release a number of cytokines, many of which in addition to
pro-inflammatory role, have anti-inflammatory effects on the adult ischemic brain at later
times (Dong and Benveniste, 2001). A line of evidence indicates that reactive astrocytes
enhance production of anti-inflammatory cytokines, including IL-9, IL-10, and IL-11, and
facilitate tissue repair by Toll-like receptor 3 (TLR3) activation (Bsibsi et al., 2006). Thus,
these data suggest that the astrocytes may also play an important role in the inflammation
resolution and tissue repair in neonatal HI brain injury.

4.2. Peripheral innate immune cells

4.2.1. Neutrophils—Neutrophils are the most abundant peripheral immune cells, which
comprise up to 75% of cells in the blood. Neutrophils as granular cells are considered as
short-lived cells in circulation with approximately 5 days and 12 hours in humans and mice,
respectively (Furze and Rankin, 2008). They are continuously generated in the bone marrow
and are cleared by the bone marrow and liver macrophages after a short life. Neutrophils are
a major component of the innate immunity and are the first peripheral immune cells to reach
the site of inflammation after the injuries. Neutrophils are professional peripheral leukocytes
that release large amounts of innate immune effector molecules, such as lytic enzymes,
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cytokines, chemokines and free oxygen radicals, to defense against invading pathogens
(Amulic et al., 2012). In adult rodent stroke models, accumulation of neutrophils within the
brain has been observed as early as 4-6 hours after ischemia, and remain there for 2-3 days
(Jin et al,, 2010; Matsuo et al., 1995). Neutrophils are capable of reducing microvascular
flow and releasing large amounts of cytotoxic agents including proteases, cytokines, and free
oxygen radicals into the vasculature and brain parenchyma, greatly contributing to ischemic
brain injury (Gidday et al., 2005; Matsuo et al., 1995; Schmid-Schonbein, 1987). Several
lines of evidence have demonstrated that neuroprotective effects can be achieved by
administration of neutrophil inhibitory factors after cerebral ischemia in adult animals
(Ikegame et al., 2010; Jiang et al., 1995; Jickling et al., 2015).

Impaired infiltration of neutrophil has been observed in neonates, and neonatal neutrophils
also show reduced extravasation from blood vessels (Anderson et al., 1990). Impaired
recruitment to sites of inflammation may be due not only to the reduced expression of
adhesion molecules in neonatal neutrophils, but also to relatively high production of IL-6 by
neonatal monocytes and antigen-presenting cells (APCs), which suppresses neutrophil
migration to inflammatory sites, (Levy, 2007). Neutrophils have been observed in blood
vessels of neonatal rats within a few hours after hypoxia-ischemia, but do not infiltrate into
the brain during the first 42 hours of recovery post HI insult (Hudome et al., 1997). By
contrast, another study has revealed that neutrophil infiltration starts at 24 hours and peaks at
72-96 hours post HI insult in PND?7 rats (Benjelloun et al., 1999). Although the reports are
variable, the data suggest that accumulation of neutrophils after hypoxia-ischemia in
neonatal brain is in a much less extent than that in adults.

Interestingly, neutropenia induced prior to HI insult does reduce brain swelling as well as
long-term brain injury (Palmer et al., 2004). However, neutropenia is not protective when it
is induced after hypoxia-ischemia (Palmer et al., 2004). In term infants with HIE, the
significantly elevated number of peripheral neutrophils in the first 96 hours of life is
associated with the poor neurodevelopmental outcomes (Morkos et a/., 2007). A recent study
suggests that the neuroprotective effects of granulocyte colony-stimulating factor (G-CSF)
may be further enhanced if the peripheral neutrophils are depleted in a rat neonatal HI model
(Doycheva et al., 2014). Hence, neutrophils contribute to the exacerbation of neonatal brain
damage, even though they do not rapidly accumulate in the developing brain after hypoxia-
ischemia. A number of studies suggest that intravascular neutrophils may induce
microvascular dysfunction and worsen brain damage by reducing red cell flow and oxygen
delivery and subsequent energy metabolism during and after neonatal hypoxia-ischemia
(Hudome et al., 1997; Palmer et al., 2004; Schmid-Schonbein and Lee, 1995).

4.2.2. Monocytes/Macrophages—Monocytes are important blood-borne cells that are
involved in phagocytosis, bactericidal activities and antigen presentation to T lymphocytes.
Blood monocytes are direct precursors of macrophages or dendritic cells (DCs) in tissues.
Two functionally distinct subsets of blood monocytes have been identified by surface marker
profiles and unique functions: Ly6CM and Ly6C'® monocytes. Ly6C" monocytes, which
express high levels of the chemokine receptor CCR2 and low levels of another chemokine
receptor CX3CR1, are termed “inflammatory” monocytes. Ly6C!® monocytes are initially
termed “patrolling” monocytes that express high levels of CX3CR1 and are negative for
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CCR2. Ly6CNi monocytes are highly mobile and selectively migrate to inflammatory sites in
response to the chemokine gradients and activation of endothelial cells. However, Ly6C'®
monocytes remain in the circulation with longer half-life and accumulate in peripheral
tissues under homeostatic conditions.

During CNS inflammation, circulating monocytes are recruited to the brain and give rise to
CNS macrophages (Ajami et al., 2011; London et al., 2013). Myeloid cell infiltration peaks
at 24 hours following neonatal HI insult, and the infiltrating cells consist predominantly of
monocytes (CD11b*Gr1!o-Ly6Cinthiy (Hagberg et a/, 2015). In an adult stroke model, the
deficiency of CCR2 or its ligand CCL2 results in a smaller infarct size and impaired
infiltration of monocytes and macrophages, as well as reduced production of pro-
inflammatory cytokines (Dimitrijevic et al., 2007; Hughes et al., 2002). On the other hand,
CCR2 deletion in bone marrow-derived monocytes/macrophages leads to delayed
exacerbation and hemorrhagic conversion of the infarctions, suggesting that CCR2* bone
marrow-derived monocytes/macrophages play an essential role in maintaining integrity of
the neurovascular unit after ischemia (Gliem et al., 2012). In line with these results, CCR2
knock-out (KO) male mice exhibit markedly reduced numbers of activated macrophages in
the damaged brain after neonatal hypoxia-ischemia, but experience long-term spatial
learning deficits (Pimentel-Coelho et a/,, 2015). CCR2/Ly6C" monocytes can differentiate
into anti-inflammatory Ly6C'°F4/80M macrophages. Therefore, depletion of infiltrating
CCR2 monocytes may cause a reduction of beneficial macrophages in damaged brain at
later phases, which compromises mechanisms of tissue repair. These findings point to the
multi-functions of CCR2 monocytes/macrophages, which may contribute to tissue protection
and regeneration, in addition to the detrimental effects on HI injury.

Ly6C!°CX3CR1N monocytes are thought to accumulate at inflammatory sites less efficiently
and to give rise to resident tissue cells. Ly6C!® monocytes dominate in infarcted hearts on
day 4 after myocardial infarction and attenuate inflammatory properties, as Ly6C!°
monocytes/macrophages are recruited via CX3CR1 to orchestrate tissue repair (Nahrendorf
et al., 2007). These cells not only are involved in the phagocytosis of debris, but also play a
key role in regulating extracellular matrix production and angiogenesis. Moreover,
deficiency of Nr4al, a transcription factor for the development of Ly6C!® monocytes, leads
to the increasing atherosclerosis in adult mice (Hanna et a/., 2012). Therefore, Ly6C!°
monocytes may represent an anti-inflammatory subset. However, in adult transient ischemia
models, CX3CR1 deficiency protects the brain against ischemic damage, which is correlated
with a M2 pattern of macrophages in the ischemic region (Fumagalli et a/., 2013). These
findings suggest that CX3CR1 favors a monocyte-mediated inflammatory milieu in the
ischemic brain. Selective depletion of Ly6C!® monocytes in Nr4al deficient bone marrow
chimeras not only has no influence on the structural and functional outcomes, but also does
not affect the activation or the number of macrophages after cerebral hypoxia-ischemia in
adult mice (Michaud er a/, 2014). Gliem et al. have demonstrated that Ly6C!° phagocytes
within the lesion compartment are not recruited via CX3CR1 but are rather derived from
CCR2*Ly6C" monocytes, suggesting that Ly6CN/CCR2* monocytes may give rise to
Ly6C!9/CX3CR1* macrophages in the brain parenchyma in absence of Nr4al transcription
factor (Gliem et al., 2012). Thus far, there is very limited data available on the function of
Ly6C'® monocytes/macrophages in the neonatal HI model. These discrepancies in other
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models highlight the necessity to understand the role of this subset in the initiation and
resolution of inflammation in the neonatal injured brain.

4.2.3. Dendritic cells—Dendritic cells (DCs) are professional APCs that act as bridge
between innate and adaptive immune systems. DCs specialize in antigen capture, processing,
and presentation to T lymphocytes to induce either tolerance or adaptive immunity. The
healthy brain parenchyma is recognized as being devoid of resident DCs. However, DCs
have been seen in the meninges, choroid plexus and cerebrospinal fluid (CSF) of rats
(McMenamin et al., 2003). Vessel-associated CD11c* dendritic cells are considered as the
APCs in a model of allergic encephalitis, which drive the activation of pathogenic CD4* T
cells (Greter et al., 2005). In a rat stroke model, the increased number of DCs expressing
0X-62 and OX-6 (MHC-I1) in ischemic brain has been observed as early as 1 hour, with a
further increase at day 6, and the number of DCs in the brain is positively correlated with the
infarct size (Kostulas et al., 2002). Moreover, DCs not only produce the pro-inflammatory
cytokines, such as TNF-a, IL-1B, IL-6, and IL-12, in the ischemic brain, but also may
initiate the T cell response in the inflammation secondary to brain ischemia (Felger et al.,
2010; Kostulas et al., 2002).

The identity of the APCs in neonatal HI brain injury is still not clear. Pentraxin 3, a pattern
recognition receptor prominently expressed on DCs, is induced by the transcription factor
NF-kB in the early inflammatory phase (Doni et al., 2003). A study globally looking at the
inflammatory gene profile after neonatal hypoxia-ischemia has demonstrated the activation
of Pentraxin 3 in the immature brain (Hedtjarn et al., 2004), suggesting that DC may be
involved in the inflammatory responses to neonatal HI insult. In addition, neonatal HI insult
leads to activation of DCs with upregulation of costimulatory molecules, CD86 and MHC-II,
in the injured brain and the periphery (Winerdal ef a/., 2012). A significant increase in the
percentage of DCs expressing CD86 occurs in the damaged brain one week after HI insult,
which persists at three months (Winerdal et a/., 2012). Thus, these results provide evidence
that active antigen presentation may exist in the inflamed brain and spleen during the
delayed and tertiary phases after HI insult. Whether the presence of DCs contributes to the
development of chronic inflammation after neonatal hypoxia-ischemia needs to be
elucidated.

5. The role of adaptive immune cells in neonatal HI brain injury

5.1. T cells

The adaptive immune system creates the inflammatory response, anti-inflammatory
response, or memory of immunological threats in CNS inflammation by recognizing specific
antigens presented by APCs that result in the clonal expansion of effector cells. T cells, a
major cell type of adaptive immunity, differ from other lymphocytes (B cells and natural
killer cells) by the expression of T-cell receptor on the cell surface. T cells are functionally
heterogeneous, and mainly consist of four subsets, including helper T cells, cytotoxic T
cells, suppressor T cells and memory T cells. CD4* T cells are referred to as helper T cells,
acting through cytokine production, while CD8* T cells are primarily cytotoxic. In adult
stroke models, infiltration of T cells into the injured brain has been detected as early as a few
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hours, and lasts days after ischemia (Brait et a/., 2010; Chu et al., 2014). However, in
neonatal HI models, the infiltration of CD4* and CD8* T cells to the immature brain occurs
in the delayed and tertiary phases, usually starting after 24 hours and with a peak at 1 week
and 2 weeks after HI insult, respectively (Benjelloun et al., 1999; Winerdal et a/., 2012). A
clinical study has shown that blood mononuclear cells in newborns are still in a relatively
undifferentiated status, with low expression of surface markers (Wang and Lu, 2008). Thus,
the delayed infiltration of T lymphocytes into the injured brain of neonates may be due to
the immaturity of lymphoid cells during this developmental stage. Current support for the
notion that T cells play a neurotoxic role in a short term in acute ischemic brain injury
results from the findings that both blocking T cell migration and depletion of T cells reduce
infarctions after ischemia in adult animals (Becker et al., 2001; Hurn et al., 2007; Liesz et
al., 2009). However, data of their function during the acute stage in neonatal HIE is still
missing. Growing evidence suggests that T cells likely play a more important role in the
chronic inflammation in neonatal models. In neonatal HI injury, CD4" T lymphocytes are
detected in the damaged brain hemisphere with the first peak one week post HI insult,
whereas recruitment of CD8" T cells peaks two weeks after HI insult (Winerdal et af., 2012).
Another more pronounced activation of CD4" and CD8* T cells with upregulated expression
of activation markers, CD69 and CD25, is observed in the damaged brain as well as in the
spleen even after three months (Winerdal et a/., 2012). Whether the long-term effects
enhance toxic damage or, conversely, are important for resolution of inflammation is still
entirely unknown. Thus, the persistent T cell activation after HI insult stresses the need to
clarify the role of T lymphocytes in chronic neuroinflammation in neonatal HI brain injury.

B lymphocytes, unlike T cells, express B cell receptors that mediate the antibody responses
by binding to a specific antigen. In addition, B cells present antigen, produce cytokines and
regulate the activities of T cells in many inflammatory diseases. Neonatal B cells is naive,
lack antigenic exposure, have only a partially developed surface immunoglobulin repertoire,
and is deficient in neonatal antibody production (Basha et a/., 2014), suggesting that B cells,
similar to T cells, also exhibit immaturity in neonates. Winerdal et al. have recently
demonstrated that the percentage of B lymphocytes expressing activation marker CD69
preferentially increases in the damaged hemisphere two days after neonatal hypoxia-
ischemia, and returns to baseline three months after hypoxia-ischemia (Winerdal et al.,
2016). Notably, a decrease in B lymphocyte activation and frequency is associated with
larger infarctions (Winerdal et al., 2016). Thus, B cells may play a critical role in the
resolution of inflammation and tissue repair in neonatal HI brain injury. In lines with these
results, absence of B cells leads to larger infarct volumes in adult stroke and increases the
numbers of microglia, monocytes, and activated T cells in the ischemic brain (Hurn et a/.,
2007; Ren et al., 2011). 1L-10-secreting B cells have been found in rodent models of
neonatal HIE and adult stroke (Offner and Hurn, 2012; Ren et al., 2011; Winerdal et al.,
2016). Adoptive transfer of 1L-10-secreting B cells into B-cell deficient mice reduces the
infarct volumes following adult ischemic stroke (Bodhankar et al., 2013a). Therefore, B cell
protection against neonatal brain injury is most likely mediated through anti-inflammatory/
immunomodulatory cytokine, 1L-10.
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6. Molecular mediators of inflammation in neonatal HI brain injury

6.1. Pro-inflammatory cytokines

As the HI cascade progresses, dead and dying neuronal cells release danger signals that
trigger the innate immune responses in the brain. These danger associated molecular pattern
molecules (DAMPS), including IL-33, high-mobility group protein B1 (HMGB1), and ATP,
initiate a downstream pro-inflammatory cascade by activating pattern recognition receptors,
such as TLRs and scavenger receptors, on the surface of microglia, astrocytes, brain
endothelial cells and perivascular macrophages (Gadani et al., 2015; ladecola and Anrather,
2011). Early pro-inflammatory mediators in this cascade include pro-inflammatory
cytokines, such as TNF-a, IL-1B, and IL-6 (Table 1), leading to the beginning of post-
ischemic neuroinflammation.

TNF-a is a key inflammatory mediator implicated in the pathogenesis of HI brain injury.
Although astrocytes and neurons are able to produce TNF-a, it is assumed that microglia are
the major source of this cytokine during neuroinflammation (Hanisch, 2002; Welser-Alves
and Milner, 2013). Human infants who suffer from HIE have higher levels of TNF-a in the
peripheral blood and CSF, which is positively correlated with the severity of brain injury
(Aly et al., 2006; Liu and Feng, 2010; Silveira and Procianoy, 2003). In neonatal rats with
HIE, the levels of TNF-a in serum or lesioned brain are significantly increased as early as 4
hours after hypoxia-ischemia (Li et al., 2014; Szaflarski et al., 1995). Hence, TNF-a may
play a detrimental role in mediating the initial inflammatory response in neonatal HIE. TNF-
a KO mice display the reduced infarct volumes in adult stroke model (Hallenbeck, 2002).
TNF-a mainly acts through TNF-receptor-1 (TNF-R1) that is widely expressed on neurons
and glia. The activation of TNF-R1 containing an intracellular death domain causes
apoptotic cell death as well as necrotic cell death (Wajant et a/., 2003). Aberrant TNF-a/
TNF-R1 signaling is associated with increased oligodendrocyte progenitor death after LPS-
sensitized HI injury in the developing brain (Li et a/., 2008; Wang et al., 2014b). TNF-a also
induces neuronal apoptosis and enhances the expression of MHC-I1 and intercellular
adhesion molecules 1 (ICAM-1) in astrocytes, leading to breakdown of BBB and infiltration
of peripheral leukocytes (Hallenbeck, 2002). Indeed, the apoptotic rate of neurons is
positively associated with the levels of TNF-a in neonatal rat brain with HI damage (Li ef
al., 2014; Wang et al., 2013). By contrast, in TNF-R KO adult mice, the infarct size is
exacerbated 24 hours following ischemia (Bruce et al., 1996). TNF-a signals are also
mediated through TNF-R2, a receptor that is expressed on neurons and mediates survival
signaling. NF-xB inhibition results in a switch to activation of the INK/AP-1 signaling,
which preserves TNF-a production and reduces brain damage after neonatal HI insult. It
should be noted that when NF-xB is inhibited, TNF-R2 expression increases (Nijboer ef al.,
2009). Thus, TNF-a may contribute to neuroprotection through TNF-R2 signaling in certain
phases after neonatal hypoxia-ischemia.

Similar to TNF-a., mRNA expression of IL-1p in lesioned forebrain of neonatal rats with
HIE is markedly increased at 3 hours after acute HI injury (Hagberg et al., 1996). The
elevated IL-1p levels in CSF or umbilical blood of human newborns are correlated with HIE
severity more than other proinflammatory cytokines (Aly et al., 2006; Liu and Feng, 2010).
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Several lines of evidence indicate that the administration of IL-1 receptor antagonist and
IL-1p provides the neuroprotective and neurotoxic effects on neonatal brain injury,
respectively (Boutin et al., 2001; Cai et al., 2004; Rosenzweig et al., 2014), suggesting that
IL-1p is functionally detrimental in the pathogenesis of HIE. IL-1p can directly induce
neuronal apoptosis and promote the expression of chemokines in microglia and astrocytes,
as well as increase BBB physical permeability, leading to potentially enhanced immune cell
infiltration into the CNS (Rothhammer and Quintana, 2015). Inflammatory actions of IL-1p
are mediated by the type | IL-1 receptor (IL-1R). Recent evidence has shown that IL-18
decreases the proliferation and survival rates of neural precursor cells by activating IL-1p/
IL-1R signaling and upregulating p53 and p53-mediated genes, which leads to cell cycle
inhibition and Puma/Bax-mediated apoptosis in neural precursor cells (Guadagno et al.,
2015). Moreover, increased IL-1p production by microglia and astrocytes is linked to
upregulated expression of IL-1R on oligodendrocytes and increased apoptosis of
oligodendrocytes in periventricular white matter of neonatal brain (Deng et al., 2014; Xie et
al., 2016). Thus, IL-1p is detrimental to immature brain with neonatal HIE through
inhibiting the proliferation and survival of brain cells, such as neurons and oligodendrocytes.

Another representative pro-inflammatory cytokine, IL-6, is also induced by hypoxia-
ischemia and follows a similar time-course of expression as IL-1p in neonatal rats with HIE
(Hagberg et al.,, 1996; Li et al., 2014). In term infants who suffer from HIE, the levels of
IL-6 are greatly elevated in blood and CSF after perinatal asphyxia, which is significantly
associated with increased severity of HIE and neurological outcome (Aly et al., 2006;
Chiesa et al., 2003; Savman et al., 1998). Thus, these findings strongly suggest that I1L-6 acts
as a critical inflammatory mediator of neonatal brain damage. IL-6 has been implicated as a
regulator of neurogenesis in neuroinflammation. IL-6 alone inhibits neurogenesis, which is
primarily through inducing the nonspecific cell death and reducing the neuronal
differentiation and accumulation (Monje et a/., 2003). IL-6 has been also suggested to
promote hypoxia-ischemia-induced neuronal apoptosis in neonatal rats (Li ef a/., 2014). In
summary, these data suggest that rapid release of IL-6 following hypoxia-ischemia
exacerbates neonatal brain injury by directly inducing the neuronal apoptosis and inhibiting
neurogenesis.

6.2. Anti-inflammatory cytokines

Besides pro-inflammatory cytokines, activation of microglia/macrophages and astrocytes in
response to neonatal hypoxia-ischemia also leads to the production of 1L-10, a key immuno-
regulatory cytokine antagonizing the pro-inflammatory response (Table 1). Immediately
after birth, the concentration of 1L-10 is higher in the serum of asphyxiated neonates than
that in normal neonates (Okazaki et al., 2006). Although the levels of IL-10 are induced at 6
hours in serum and brain of neonatal rats by hypoxia-ischemia, they peak at 48 hours and
return back to normal by 7 days (Li et al., 2014). In newborn mice subjected to intracerebral
injection of ibotenate, an inducer of white matter lesions mimicking cerebral palsy, systemic
treatment with IL-10 alone has no detectable effects, while 1L-10 co-administered with
IL-1B reduced the toxic effects of IL-1p (Mesples et a/., 2003), suggesting that exogenous
IL-10 is neuroprotective in inflammatory contexts. IL-10 exerts its anti-inflammatory actions
in leukocytes and glial cells by regulating multiple layers, such as inhibition of pro-
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inflammatory cytokines, upregulation of pro-inflammatory cytokine antagonists,
downregulation of pro-inflammatory cytokine receptors, and inactivation of NF-xB
(Landskron et al., 2014). Although some effects are mediated by hemeoxygenase-1, a heat-
shock protein inhibiting pro-inflammatory cytokine synthesis and inducing anti-apoptotic
processes (Lee and Chau, 2002), most of actions are attributable to the signal transducer and
activator of transcription 3 (STAT3)/ SOCS3 signaling (Donnelly et al., 1999; Ito et al.,
1999). Besides anti-inflammatory activity, IL-10 also protects hippocampal neurons against
apoptotic cell death in ischemic brain injury. IL-10 has been shown to block the activity of
pro-apoptotic protein caspase-3 (Bachis et a/., 2001), which has been implicated in
participating in glutamate-induced neuronal apoptosis.

Growing evidence indicates that IL-6 plays ambivalent roles in acute ischemic brain injury,
depending on the phases of ischemia (Table 1). In adult stroke models, ischemic brain
damage is aggravated in IL-6-deficient mice or in anti-1L-6R antagonistic antibody-treated
mice (Herrmann et al.,, 2003; Yamashita et a/., 2005), suggesting that IL-6 plays a protective
role in ischemic brain injury. IL-6 has the anti-inflammatory actions by inhibiting the
synthesis of TNF-a and IL-1p, as well as by stimulating the production of their endogenous
antagonists. Moreover, several studies have linked IL-6 to neuron protection against
apoptosis by reducing N-methyl-D-aspartate toxicity (Ali et al., 2000; Fang et al., 2013; Liu
et al., 2011). In human neonates with perinatal asphyxia, the levels of IL-6 are significantly
higher and show a biphasic pattern with early and delayed peaks (Jenkins et al., 2012). 1L-6
enhances anti-apoptotic activity of astrocytes through the IL-6/STAT3 signaling in neonatal
rats with HI brain injury (Gu et al., 2016). Thus, it is possible that IL-6 protects neurons and
glia from apoptotic cell death at a delayed phase in the immature brain, but a significant
anti-inflammatory role of IL-6 after neonatal HI insult has not been fully elucidated yet.

6.3. Chemokines

Chemokines are chemotactic cytokines that are involved in the recruitment of leukocyte in
response to inflammation and play a fundamental role in mediating cellular communication.
Chemokines are classified into four families (a (CXC), B (CC), ¥ (C), and neurotactin
(CX3C)) on the basis of the presence and position of the conserved cysteine residues. The a-
chemokines are predominantly chemotactic to granulocytes whereas the p-chemokines are
the agonists for mononuclear cells, including monocytes, dendritic cells, lymphocytes, and
NK cells. In addition, the -y-chemokines are recognized as chemoattractants for lymphocytes
and the neurotactin is mainly chemotactic to neutrophils. In a rat neonatal HI model,
expression of a- and B-chemokines precedes infiltration of peripheral immune cells into the
immature brain (Bona et al., 1999), thus suggesting that these molecules may mainly
mediate the recruitment of peripheral leukocytes following neonatal HI brain injury.

CXCLS8 (also known as IL-8) as a key a-chemokine is well known to neonatologists as a
serum marker for neonatal sepsis (Berner et al., 1998; Ng and Lam, 2006). Elevated levels of
CXCLS8 in the CSF of term newborns are associated with the severity of HIE and poor
neurological outcome (Savman et al., 1998). Microglia are considered as a potential
production site of CXCLS8 in the injured brain. In an adult rat stroke model, enhanced
production of CXCLS8 locally results in a rapid influx of blood polymorphonuclear
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leukocytes, primarily neutrophils, to the sites of cerebral ischemia, thereby causing local
inflammation (Domac and Misirli, 2008). CXCLS8 also induces the accumulation of
leukocytes in the microvessels of an injured area, which can obstruct these small vessels and
decrease blood flow, leading to local brain ischemia. CXCL12 (also known as SDF-1,
stromal cell-derived factor-1), is another interesting a-chemokine, whose expression is up-
regulated in the ischemic penumbra, specifically in perivascular astrocytes after brain injury
in PND7 mice (Miller et al., 2005). CXCL12 plays a neuroprotective role in promoting
angiogenesis and migration of neuronal and endothelial progenitor cells to the ischemic
tissues (Fan et al., 2010; Ohab et al., 2006). However, CXCL 12 receptor antagonists can
attenuate the infiltration of peripheral immune cells into the ischemic hemisphere, which
improves recovery of sensorimotor function after adult ischemia (Ruscher et a/., 2013).
Thus, CXCL12 signaling most likely contributes to the deleterious homing of inflammatory
cells in adult stroke. CXCL1 is also known to serve as a neutrophil chemoattractant in the
ischemic brain. An intriguing study recently has revealed that hypoxia contributes to the
activation of the HIF-1/TIM-3 axis in microglia and astrocytes, inducing the production of
CXCL1 that causes increased infiltration of neutrophil and subsequent neuroinflammation in
adult HI brain injury (Koh et al., 2015). Whether hypoxia-ischemia induced CXCL1 can
promote neonatal brain injury needs to be determined in future studies.

Similar to the a-chemokine, the B-chemokines also enhance post-ischemic inflammation. In
the neonatal brain, one of the most important p-chemokines is CCL2 (also known as MCP-1,
monocyte chemotactic protein-1), whose expression is significantly upregulated by acute HI
insult in activated microglia (Faustino ef a/., 2011; Galasso et al., 2000). Hughes et al. have
found that CCL27/~ mice develop a smaller infarct size in the adult stroke model (Hughes et
al., 2002). Consistently, myelin basic protein-JE transgenic mice overexpressing CCL2 have
a larger brain infarct size after focal brain ischemia, accompanied by increased infiltration of
macrophages and neutrophils into the ischemic region (Chen et al., 2003). Thus, these
studies offer the direct evidence for a detrimental role of CCL2 in ischemic brain injury.
Another p-chemokine, CCL5 (also known as RANTES), can recruit a variety of immune
cells into inflammatory sites. It has been implicated in HI pathophysiology as the
significantly higher levels of CCL5 are measured in term neonates with HIE (Shalak et al.,
2002). Adult mice lacking CCL5 have smaller infarct volumes and decreased BBB
permeability, accompanied by reduced recruitment of leukocytes and platelets, after focal
brain ischemia and reperfusion (Appay and Rowland-Jones, 2001). Since the similar
protective effects are noted in bone marrow chimeras with CCL5~/~ hematopoietic cells
(Terao et al., 2008), it is suggested that blood cell-derived CCL5 mediates the inflammatory
responses leading to tissue injury in the adult ischemic brain. The chemokines for
lymphocyte infiltration remain largely elusive in neonatal HI brain injury. CCL12 and
CCL20 play an essential role in exacerbating adult murine experimental autoimmune
encephalomyelitis (EAE), a CD4* T cell-driving neurological injury (Reboldi et af., 2009).
Whether they also play a role in acute HI injury in the immature brain needs to be
investigated. Further understanding of these insights in neonatal HIE could provide new
therapeutic strategies for clinical interventions.
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6.4. Adhesion molecules

Adhesion molecules, including integrins, selectins, and immunoglobulin superfamily, are
essential for the recruitment of peripheral leukocytes into the injured brain. Pro-
inflammatory cytokines and chemokines induce the expression of surface adhesion
molecules in leukocytes and endothelial cells, promoting the adhesion and transendothelial
migration of leukocytes. Adhesion molecules initially mediate a low affinity binding
between leukocytes and endothelial cells, a process manifested as leukocyte rolling, which
results in a later high affinity binding and firm adhesion. Hypoxia-ischemia upregulates
expression of a number of genes involved in the adhesion process in the neonatal brain, such
as CD44 antigen, ICAM-1, vascular cell adhesion molecule 1, decorin, thrombospondin 1,
integrin B-2, and CD9 antigen (Hedtjarn et a/., 2004), suggest that adhesion molecules may
play a critical role in the neonatal HI brain injury.

Upregulation of selectins on endothelial cells mediates a low affinity binding of leukocyte at
the early stages in the ischemic cerebral microvasculature through interaction with
glycoproteins on the surface of leukocytes, such as P-selectin glycoprotein ligand-1. All of
selectins, including L-, P-, and E-selectin, participate in neutrophil rolling. However, in the
immature brain, E-selectin appears to be less important as the blockade of E-selectin is not
able to reduce the neutrophil recruitment to the brain inflammatory sites (Bernardes-Silva et
al., 2001). By contrast, the administration of P- (but not L-) selectin neutralizing antibody
inhibits neutrophil recruitment up to 85% compared to controls (Ley ef al., 1995). P-selectin
deficiency also leads to the smaller infarct size and significantly reduces infiltration of
neutrophil in acute adult stroke (Connolly et al., 1997). Thus, P-selectin may play the most
important role in initiating the infiltration of peripheral inflammatory cells following
endothelial cell stimulation in neonatal HI brain injury.

The activation of leukocyte-expressed integrins promotes a tight binding to the members of
immunoglobulin gene superfamily on inflamed endothelial cells, which allow firm adhesion
of leukocytes to the endothelium after rolling. Mac-1 (CD11b/CD18) and LFA-1 (CD11a/
CD18) are the major -2 integrins that are expressed on neutrophils and bind to two
immunoglobulin superfamily members, ICAM-1 and ICAM-2. However, monocytes and
lymphocytes bear B-1 integrins, such as VLA-4 (CD49d/CD29), binding to vascular cell
adhesion molecule 1 on endothelial cells. Thus far, the role of integrins and the
immunoglobulin superfamily in neonatal HI brain injury remains largely unknown.
Preclinical studies in adult stroke models have indicated that blockade of LFA-1/Mac-1
offers neuroprotective effects on ischemic brain and ICAM-1 deficiency results in a smaller
infarct size and dramatically less infiltration of neutrophil (Chen et al., 1994; Connolly et al.,
1996; Garcia et al., 1996). Thus, adhesion molecules-directed infiltration of peripheral
leukocytes is a key determinant in adult ischemic brain injury. Additional work is needed to
clearly define the role of adhesion molecules in mediating innate inflammatory response to
neonatal HI insult and to explore the significance of the adhesion molecule as a therapeutic
target in neonatal brain injury.

Prog Neurobiol. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal. Page 17

7. MiRNA modulation in neuroinflammation

MicroRNAs (miRNAs) are small noncoding RNAs (18 to 24 nucleotides) that negatively
regulate the expression of target genes by degradation or translational inhibition of mMRNA
targets. As a single miRNA can target numerous mRNAS and several mMRNAs are subject to
regulation by more than one miRNA, these molecules are integral parts of gene expression
networks that are capable of determining cell identity and function. Numerous studies have
highlighted the vital role of miRNAs in normal development of the CNS (Bernstein et al.,
2003; Bhalala et al., 2013; Davis et al., 2008; De Pietri Tonelli et al., 2008). In recent years,
emerging evidence suggests that miRNAs act as key modulators during immune cell
development/differentiation and immune response in the CNS. The dysfunction of miRNAs
can lead to neuroinflammation that contributes to pathological conditions, such as
autoimmune CNS injuries and adult stroke (Bhalala et a/., 2013; O'Connell et al., 2010;
Satoorian et al., 2016; Soreq and Wolf, 2011). A clinical study has shown that neonatal HIE
alters the expression profile of miRNAs in the umbilical cord blood (Looney et al., 2015).
Furthermore, LPS /n vitro stimulation rapidly alters the levels of a large number of mMiRNAs
in the cord blood from infants, suggesting that miRNAs may play the key roles in
modulating the innate inflammatory responses in the newborn (Chen et a/., 2014). Several
miRNAs that are implicated in inflammatory gene regulation and modulation of TLR
pathways might modulate the processes that enable the neuro-immune communication in the
developing brain following HI injury (Figure 3).

A prominent example is miR-210, a signature of hypoxia. MiR-210 is significantly induced
by transient focal ischemia and neonatal hypoxia-ischemia in the injured brain in adult and
neonatal animal models (Jeyaseelan et al., 2008; Ma et al., 2016). It has been revealed that
hypoxia synergizes with TCR and CD28 signaling to increase expression of miR-210 in
activated T cells through HIF-1a,, a key transcriptional factor of Th17 differentiation (Wang
et al., 2014a). Interestingly, miR-210 subsequently functions to inhibit HIF-1a in a negative
feedback loop and thereby negatively modulates pathogenic T cell differentiation in hypoxia
(Wang et al., 2014a). In addition, TLR-induced NF-xB1 is known to bind the miR-210
promoter and induce its expression. In murine macrophages, miR-210 targets NF-xB1 and
acts as an important negative feedback regulator for LPS-induced inflammatory response (Qi
et al., 2012). Thus, miR-210 seems to be a significant molecular brake on inflammatory
reactions. In addition to miR-210, miR-146a and miR-124 have been shown to inhibit
neuroinflammation. The upregulation of miR-146a after LPS stimulation has been observed
in monocytes derived from newborn cord blood (Lederhuber et a/., 2011). Several lines of
evidence support that miR-146a serves as a negative feedback regulator of the TLR-
mediated NF-xB activity by targeting TRAF6 and IRAK1 in myeloid immune cells and
microglia (Boldin et al., 2011; Saba et al., 2012; Taganov et al., 2006). Notably, a recent
study has shown that thymosin B4, a G-actin-sequestering molecule with anti-inflammatory
features, inhibits microglia activation and neuroinflammation in neonatal rats following Hl
insult, which is associated with upregulated expression of miR-146a (Zhou et al., 2015).
Another CNS enriched miRNA, miR-124, is down-regulated in the brain of rats subjected to
the transient focal ischemia (Zhu et a/., 2014). MiR-124 is highly expressed in
microglia/CNS macrophages where it is directly involved in the maintenance of microglia/
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macrophage quiescence by targeting both the master transcription factor C/EBP-a and its
downstream gene, the myeloid cell differentiation-associated transcription factor PU.1
(Ponomarev et al., 2011). MiR-124 also contributes to the alternative M2 activation of
macrophages and microglia, since forced overexpression of miR-124 leads to an increase of
M2 markers, such as IL-10, TGF-B, and arginase-1 (Ponomarev et al., 2011). Thus, it is
possible that miR-124 reduces neuronal apoptotic death and promotes tissue repair by
controlling the balance of M1/M2 microglia/macrophages in the hypoxic-ischemic brain.

Conversely, miR-155 as a pro-inflammatory factor is directly linked to the classic M1
activation of microglia/macrophages. This miRNA enhances the expression of several key
inflammatory mediators, including the inducible nitric oxide synthase, TNF-a, and IL-6, by
targeting two negative regulators of AKT and IFN signaling pathway, Src homology 2-
containing inositol phosphatase 1 (SHIP-1) and suppressor of cytokine signaling molecule 1
(SOCS1) (Cardoso et al., 2012; O'Connell et al., 2009). Furthermore, miR-155 inhibits the
alternative M2 phenotype by downregulating SMAD2, a key component of the TGF-$
signaling pathway, as well as C/EBP-B, a transcription factor responsible for the expression
of arginase 1, IL-10 and CD206, further supporting that miR-155 plays a key in skewing
microglia/macrophage activation to classic M1 phenotype (Louafi et a/., 2010; O'Connell et
al., 2008; Ruffell et al., 2009). In the adult stroke model, the expression of miR-155 is
significantly affected. Inhibition of miR-155 reduces the ischemic inflammatory responses,
which contributes to the reduced brain tissue damage and promotes brain repair and
functional recovery (Caballero-Garrido et al., 2015; Pena-Philippides et al., 2016).

MiRNA research in neonatal HI brain injury is still in its infancy thus far. In light of the
pivotal roles of miRNAs in modulating neuroinflammation in adult CNS injuries, further
studies need to define the exact roles of the miRNAs in neonatal HI brain injury in the next
few years. A better understanding of miRNAs functioning in the neuroimmune interactions
may have important therapeutic implications.

8. Long-term immunological consequences of neonatal HI brain injury

An intriguing study has provided evidence that the activation of APCs and T lymphocytes
exists at three months after neonatal hypoxia-ischemia in the ischemic brain and periphery
(Winerdal et al., 2012), indicating that the long-lasting inflammation persists in neonates
with HIE. T lymphocytes that infiltrate into the brain three months post HI insult are
CD4*CD45RB!° memory phenotype and auto-reactive (Winerdal et al, 2012), suggesting
that autoimmunity develops after neonatal HI brain injury. A detrimental role of autoimmune
response in the development of ischemic brain injury emerges from the stroke studies.
Autoreactive T cells and elevated levels of antibodies against brain antigens have been
observed in adult stroke patients (Bornstein ef a/., 2001; Dambinova et a/., 2003). Blocking
of autoreactive T cell response with artificial T-cell ligands reduces lesion volume 96 hours
after stroke (Subramanian et al., 2009). Thus, it is possible that neonatal hypoxia-ischemia-
induced autoimmunity may mediate neurodevelopmental impairments. Activation of
peripheral T cells specific for brain antigens may increase the risk of brain injury later in life
at a certain time point where the BBB allows the migration of autoreactive T cells into the
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CNS. Therefore, there is a need for further investigations to address if perinatal HI brain
injury causes the development of autoimmune CNS diseases in later life.

In preterm infants with cerebral palsy, at least in some patients with perinatal brain injury, a
long-lasting inflammation is observed as increased levels of TNF-a in the plasma and the
supernatants of peripheral blood cells after LPS stimulation are measured (Lin et a/., 2010).
Indeed, another study has revealed that microglia remains activated many years after
traumatic brain injury in human adult (Gentleman et a/., 2004). Although most studies only
focus on the inflammatory responses during a short period after ischemic brain injury, the
long-lasting immune responses may be of importance for future investigations as well. This
long-term innate inflammatory responses could have detrimental effects on the development
of the disease and/or on the clinical symptoms. Taken together, additional studies should
further determine whether there is a long-term innate inflammatory process in the patients
who suffer neonatal HIE and to define how it impacts on the development of immature
brains. Understanding of such a pathophysiological event could shed lights on therapeutic
interventions.

9. Bench to bedside: promising anti-inflammatory/immunomodulatory

therapies for neonatal HI brain injury

Neonatal HI brain injury encounters an enormous therapeutic challenge. Currently,
hypothermia is the only properly validated treatment for term HIE. However, it has a narrow
therapeutic time window of less than 6 hours (before the secondary phase of energy failure),
as well as an area of uncertainty regarding the optimal timing of initial cooling, and depth
and duration of therapy (Dixon et al., 2015). In addition, it is not always effective for
neonates with severe HI injury. Hence, there is an urgent need to develop additional new
therapies to treat neonates suffering from HIE. Growing evidence supports that inflammation
plays a crucial role in the pathophysiology of neonatal HI brain injury. Post-HI inflammation
not only promotes the exacerbation of neurological deficits, but is also involved in tissue
repair in the recovery phase of neuronal injury. In order to create immune-related therapeutic
strategies, it may be necessary to control the balance between pro-inflammatory and anti-
inflammatory effects by targeting specific mediators and subsets of inflammation. Therefore,
anti-inflammatory/immune-modulatory strategies represent the attractive therapies for the
treatment of neonatal HI brain injury. These treatments not only bring great hope to extend
the therapeutic window, but could also be used in combination for treating neonates with
severe HIE.

9.1. Hypothermia

Although only 1 in 6 newborns with moderate to severe HIE could benefit from therapeutic
hypothermia (TH), moderate hypothermia initiated before 6 hours of life and continued for
48-72 hours is the only therapeutic option that reduces mortality and improves neurological
outcomes in the clinical setting (Davidson et al., 2015; Shankaran et al., 2005; Shankaran et
al., 2012). In addition to directly preventing neurons from oxidative injury and apoptosis,
animal and clinical studies suggest that TH can regulate the inflammatory responses and has
immunosuppressive effects on the neonatal HI brain injury. A randomized controlled trial of
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systemic hypothermia in neonatal HIE has revealed that hypothermia therapy is associated
with markedly lower counts of whole white blood cells, as well as with lower counts of
neutrophils and lymphocytes (Jenkins et al., 2013). Compared to HIE newborns with adverse
outcome, the serum levels of pro-inflammatory cytokines, such as IL-1p, IL-2, and IL-6,
have been significantly reduced in HIE newborns with favorable outcome at 24 hours of TH
treatment (Orrock et al., 2016). These evidence strongly suggest that TH regulates the
peripheral immune responses in human neonates with HIE. In a neonatal animal study,
hypothermia treatment for 72 hours significantly reduces the expression of pro-inflammatory
cytokines and NO in rat microglia (Matsui and Kakeda, 2008). Another study also detects
the inflammatory responses in the brains of PND?7 rats treated with TH for 24 hours after
hypoxia-ischemia. In the hypothermia treated group, the upregulated gene expression of
GFAP is reversed, and the number of astrocytes is greatly reduced at day 3 and 7 (Xiong et
al., 2009). Importantly, the mRNA levels of inflammatory cytokines TNF-a and IL-6 in the
brains are lower (Xiong et al., 2009).

HMGB1 that initiates expression of inflammatory cytokine genes may mediate the
immunosuppressive role of TH. A line of evidence supports this hypothesis that the levels of
HMGBL are significantly lower in the blood of HIE infants treated with TH compare to that
of untreated HIE infants (Nakamura et a/., 2013). The activation of Janus kinase 2/STAT3
signaling pathway mediated by 1L-6 results in expression of a series of genes involved in
inflammation and apoptosis. Mild hypothermia attenuates phosphorylation and action of
STAT3 (Choi et al., 2011), which might be another possible mechanism of hypothermia-
induced immunosuppression.

9.2. Anti-inflammatory agents

9.2.1. IL-1 receptor antagonist—IL-1p, a major cytokine exacerbating neonatal Hl
brain injury, is an attractive therapeutic target. The administration of recombinant human
IL-1 receptor antagonist (rhlL-1ra) blocking the inflammatory action of IL-1 protects against
ischemic brain injury in the adult stroke model (Loddick and Rothwell, 1996). A
randomized phase Il study of rhiL-1ra has shown that rhlL-1ra treatment greatly improves
the clinical outcome of patients at 3 months after adult stroke (Emsley et a/., 2005).
Importantly, it is safe and well tolerated in the patients. In the rat models of neonatal brain
injury induced by prenatal LPS and/or hypoxia-ischemia, systemic administration of
lowdose of IL-1ra attenuates neurological injury and associated functional deficits (Girard et
al., 2012; Girard et al., 2010). Further elucidation of the therapeutic efficacy of postnatal
systemic IL-1ra administration in clinical trials of term neonates with brain injury is needed.

9.2.2. Neutralizing antibodies—Blocking antibodies directly against the inflammatory
mediators and/or immune cells represents a promising anti-inflammatory therapeutic
strategy in neonate HI brain injury. TNF-a as a potent pro-inflammatory cytokine induces
the neurotoxic effects after neonatal HI injury. Pretreatment with intravenous anti-TNF-a
antibody significantly prevents the development of ischemic brain injury in the rat model of
adult stroke (Lavine et al., 1998), suggesting that anti-TNF-a. may possess therapeutic value
in treating neonatal HI brain injury. However, Nijboer et al. have demonstrated that NF-xB
inhibition preserves hypoxia-ischemia-induced TNF-a expression by switching to JNK/
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AP-1 activation and thereby provides neuroprotective effects through a TNFR2 dependent
mechanism in neonatal HI models (Nijboer et al., 2009). Thus, further studies are necessary
to understand whether direct blocking of TNF-a after HI insult can protect against neonatal
brain injury in preclinical experimental models.

Anti-neutrophil strategies after HI insult have shown neuroprotective effects in adult stroke
models (Black et al., 2010; Chalak et al., 2012; Rocha-Ferreira and Hristova, 2016). In
neonatal models, neuroprotection of neutrophil depletion has not been observed unless
neutropenia is induced prior to HI insult (Palmer et al., 2004), thus making it less relevant
for clinical applications. G-CSF, a cytokine essential for BM cell proliferation and
maturation, shows protective effects in adult and neonatal animal models of cerebral
ischemia by inhibiting inflammation and neuronal apoptosis, as well as by stimulating
neuronal differentiation (Folkerth, 2005; Gopagondanahalli et a/., 2016; Rice et al., 1981,
Rumajogee et al., 2016). However, it promotes the development of neutrophilic granulocytes
and leads to neutrophilia, which may ultimately exacerbate neuronal injury. Doycheva et al.
have demonstrated that administration of anti-neutrophil antibody with GCSF after cerebral
hypoxia-ischemia reduces the brain injury and significantly improves neurological function
by decreasing blood neutrophil accumulation in a neonatal rat model (Doycheva et al.,
2014). Thus, anti-neutrophil strategies would be more effective in neonatal rats when co-
administration of anti-neutrophil antibody with other anti-inflammatory and/or antiapoptotic
candidates, such as G-CSF.

Programmed death-ligand 1 (PD-L1) is mainly induced in non-hematopoietic cells as well as
APCs and placental cells within an inflammatory microenvironment. PD-L1 binds to PD-1,
an inhibitory receptor expressed on T cells, which controls the activation and proliferation of
T cells and assures T cell tolerance. Interestingly, PD-1 reduces stroke severity, but its ligand
PD-L1 appears to play a pathogenic role in ischemic brain injury (Bodhankar et a/., 2013b).
Injection of anti-PD-L1 monoclonal antibody causes a reduction in hemispheric infarct size
and neurological deficit scores as well as the reduced infiltration of inflammatory cells with
concurrent enhancement of CD8*CD122* Treg cells in the lesioned brain in the stroke
models (Bodhankar et al., 2015). A human anti-PD-L1 mAb (MEDI4736) is currently being
evaluated in 25 ongoing or planned clinical studies in multiple tumor types, with exciting
results in >800 treated patients (Ibrahim et a/., 2015). This antibody has high affinity and
specificity for PD-L1 and sustained exposure up to 1 year of dosing. Moreover, no
immunogenicity impacting its bioactivity is reported thus far. Therefore, it is encouraging to
test the efficacy of anti-PD-L1 antibody in the preclinical study of neonatal HI brain injury,
as well as to make use of humanized anti-PD-L1 antibodies for immediate clinical trials for
ischemic brain injury.

9.3. Immunomodulatory therapies

9.3.1. IL-10—IL-10 as a known anti-inflammatory cytokine has multiple
immunomodulatory actions against inflammation after cerebral hypoxia-ischemia. In adult
stroke models, IL-10 treatment after ischemia protects against ischemic brain injury
(Dietrich et al., 1999; Spera et al., 1998). Moreover, several lines of evidence reveal that
administration of IL-10 after maternal LPS exposure reduces white matter injury and rescues
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sensorimotor development impairment in neonatal rodent models (Mittal ef a/., 2010; Pang
et al., 2005; Wallace et al., 2010). Thus, IL-10-based immunomodulatory approaches may be
a promising strategy for the treatment of neonatal HI brain injury. Recombinant human
IL-10 has been tested in phase | trials in healthy volunteers and patients with different
diseases (Asadullah et a/., 2003). Pharmacokinetics of IL-10 at the doses ranging from 0.1 to
100 pg/kg in healthy volunteers indicates that maximum serum concentration and AUC are
linearly correlated to dosage. In addition, IL-10 displays a short half-life in vivo and is
eliminated through the kidney. Systemic administration of IL-10 in patients shows positive
immunomodulatory effects without serious adverse effects at doses up to 25 pg/kg, but
higher dose of IL-10 may result in the systemic side effects. Gene delivery to the injury sites
provides the possibility of locally increasing the levels of therapeutic products, while
minimizing exposure of healthy tissues to avoid deleterious side effects often related to
systemic administration. Adenoviral-mediated gene transfer of IL-10 to the lateral ventricle
post ischemia provides effective release of transgene IL-10 in the CSF, which markedly
reduces the infarct volumes and attenuates the neuronal damages in the adult stroke model
(Ooboshi et al., 2005). These findings encourage us to further investigate the therapeutic
potential of IL-10 therapy for neonatal HI brain injury.

9.3.2. Immunologic/hypoxic tolerance—Immunologic/hypoxic tolerance provides
another example of protective immunomodulation. It is a phenomenon in which a weak and
non-injurious insult to the organs prevents the organs from a subsequent injurious insult.
Adoptive transfer of splenocytes from myelin basic protein-immunized animals protects
naive adult animals against cerebral ischemia (Becker et al., 2003). Similarly, in adult stroke
model, ischemic postconditioning after reperfusion decreases infarct volumes and reduces
the neurological dysfunction by blocking immune cell infiltration, as well as by attenuating
peripheral lymphopenia associated with immunodepression (Joo et al., 2013). Emerging
evidence shows that in the neonatal rat brain, mild hypoxic pre- or post-conditioning after
hypoxia-ischemia reduces brain tissue loss. Neuroprotection offered from hypoxic
preconditioning might be mediated by modulating glial activity, inflammation, and apoptosis
(Galle and Jones, 2013). Taken together, these animal studies justify additional
investigations in this direction in neonates with HI brain injury.

9.3.3. T cell-based therapy—Over the past few years, the therapeutic potential of Treg
cells has been highlighted in the field of ischemic brain injury. Treg cells act as a major
immunomodulator after adult stroke by counteracting production of pro-inflammatory
cytokines and by regulating infiltration and/or activation of microglia and lymphocytes in
the ischemic brain v/a 1L-10 signaling (Liesz et al., 2009). Adoptive transfer of Treg cells,
even up to 24 hours post ischemia, leads to a reduction in brain infarct size and a prolonged
improvement of neurological functions lasting up to 4 weeks (Li et a/., 2013a). This therapy
simultaneously dampens peripheral inflammation, especially the production of IL-6 and
TNF-a in the blood, and corrects immunosuppression, as well as preserves blood-brain
barrier integrity by inhibiting peripheral neutrophil-derived MMP9 (L. et al., 2013a; Li et al.,
2013b). Boosting endogenous Treg cells can also be beneficial to the ischemic brain
damage. Recently, a line of evidence has indicated that /n7 vivo amplification of endogenous
Treg cells by a CD28 superagonistic monoclonal antibody reduces brain injury and

Prog Neurobiol. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 23

attenuates the neuroinflammation after adult cerebral ischemia (Na et a/., 2015). Thus, these
results suggest a novel Treg-based cell therapy for the treatment of hypoxic-ischemic brain
injury. Since this strategy targets the delayed phase of the brain injury, leading to a wide
therapeutic time window, it would be desirable for clinical applications. However, the role of
T lymphocytes in neonatal HI brain injury is not well understood, and the implications of
full translational potential of Treg-based cell therapy remain to be defined.

9.3.4. Umbilical cord blood cell/hematopoietic stem cell-based therapy—Stem
cells hold great promise of new therapies for a wide range of diseases, including
experimental cerebral ischemia. Systemic injection of lineage-negative bone marrow-derived
hematopoietic stem cells (Lin™-HSCs) 24 hours after cerebral ischemia reduces infarctions
and attenuate neuronal apoptosis (Schwarting ef a/., 2008). Lin~-HSC therapy negatively
regulates gene expression of pro-inflammatory cytokine and chemokine receptor in the
spleen, and reduces T cell and macrophage infiltration into ischemic hemispheres
(Schwarting et al., 2008), suggesting that HSCs play an immunomodulatory role in
mediating neuroprotection in ischemic brain injury.

Cord blood (CB), a rich source of HSCs, has been used to treat neurological diseases in
animal models (Bliss et al., 2007; Schira et al., 2012). Autologous transplantation of CB has
several advantages, such as easy access, no risk of incompatibility, minimal ex vivo
manipulation, and storage properties. Growing evidence strongly supports that umbilical
cord blood cell (UCBC) transplantation offers the neuroprotective benefits in animal models
with neonatal HIE. Intraperitoneal injection of 10 x 108 UCBCs 24 hours after hypoxia-
ischemia in PND7 rats improves motor performance (Meier et al., 2006). In line with these
results, 2 x 108 UCBCs injected i.p. in PND?7 rats even 3 hours after hypoxia-ischemia also
shows functional improvements of sensorimotor reflexes 4 days after insult (Pimentel-
Coelho et al., 2010). In another study, impaired motor asymmetry and motor coordination in
PND?7 rats with HIE can be significantly improved when 1.5 x 104 human UCBCs are
injected i.v. even one week after hypoxia-ischemia. However, some groups have reported
that intravenous administration of human UCBCs 24 or 48 hours after hypoxia-ischemia in
rodent models leads to no significant improvement in either brain injuries or motor function
(de Paula et al., 2009; Ohshima et al., 2016). Thus, a number of parameters, such as optimal
dose, timing, administration route, duration of therapy, and immunosuppression, still need to
be further investigated in order to provide better guidance for the full translation to clinical
applications. Recently, a single i.p. injection of 2 x 10 rat UCBCs at 3 days after HI insult
in PNDY rats attenuates neonatal HI brain injury (Nakanishi ef a/., 2017), suggesting that an
experimental system of allogeneic transplantation is essential for studying the therapeutic
potential of UCBCs.

The mechanisms of UCBC beneficial actions after acute hypoxia-ischemia seem to include
multiple aspects. Among them, modulation of immune responses emerges as a key feature of
UCBC therapy for neonatal HI brain injury. UCBCs can reduce survival of microglia after
hypoxia /in vitro (Jiang et al., 2010), and inhibit activation of microglia in the cerebral cortex
after hypoxiaischemia in neonatal rats (Pimentel-Coelho ef a/., 2010). Administration of
human UCBCs modulates the balance of neuroinflammation, attenuates reactive gliosis, and
down-regulates the expression of the major astrocytic gap junction protein connexin 43,
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which in turn restores BBB function and substantially reduces the inflammatory cell influx
into the brain (Wasielewski et al., 2012). It has been also reported that human UCBC
treatment preserves the number of CD8* T cells in the spleen and rescues the decreased
spleen size in adult rats after stroke (Vendrame et al., 2006). Moreover, human UCBCs
increase the levels of 1L-10 and reduce the production of TNF-a in the spleen of adult rats
with ischemic brain injury (Vendrame et al., 2006). Taken together, these findings suggest
that in addition to exercising the anti-inflammatory effects on the brain, UCBCs act through
immunomodulatory mechanism outside the brain.

A clinical phase I trial of autologous CB infusions in 23 term infants with HIE has thus far
been accomplished at Duke University Medical Center (NCT00593242). In this study, up to
4 dose infusions of 10-50 million cells per dose are feasible and well tolerated, and no
obvious infusion adverse reactions are observed, indicating the feasibility and safety of
autologous CB therapy (Cotten et al., 2014). This group is continuing to conduct a
randomized phase Il trial of autologous CB cells for neonatal HIE to provide further safety,
feasibility, and efficacy information (NCT02612155). To date, a number of clinical trials
have also been completed or listed for treatment of children with cerebral palsy using
UCBGCs. A pilot study has revealed that autologous CB infusion is well-tolerated in 15 of 20
children aged 2-10 years with cerebral palsy. Although neurological improvements are
noted in 25% of participants, this study suggests the safety and potential of autologous CB
therapy in children with cerebral palsy (Lee et a/., 2012). Autologous UCBCs is currently
being used for treating cerebral palsy in two clinical trials conducted by different groups in
USA. A highly encouraging trial at Duke University (NCT01147653) have been completed,
but the results are not published yet. The other one at Georgia Regents University
(NCT01072370) is recruiting additional patients for a large study.

10. Conclusions

Perinatal hypoxia-ischemia around the time of birth is a primary cause of neonatal deaths
and long-term neurological deficits. Over the past two decades, the understanding of cellular
processes and molecular mechanisms underlying neonatal HIE has been greatly advanced.
The large body of accumulated evidence suggests that inflammation is of a key contributor
to the pathogenic cascade of HIE. Inflammation plays an equally crucial role in participating
in early or late brain injury after HI insult as well as in repair and recovery of brain tissues.
Various immune cells and molecular mediators of inflammation, including cytokines,
chemokines, and adhesion molecules, are involved in the brain-immune crosstalk in these
processes that follow energy deprivation. If acute inflammation is not resolved properly, it
will be shifted to chronic inflammation and adversely affect the developing brain, which
increases the vulnerability of the brain to HI injury. It is possible that long-term
consequences of hypoxia-ischemia in the perinatal period increase the future risk of a variety
of neurological diseases, especially autoimmune CNS injury, in the adult/elderly.

The relationship between the brain and the immune system during the perinatal period is
complex and still remains incompletely understood thus far. A large number of
inflammatory mechanisms and pathways, including miRNA pathways, after cerebral
ischemia have been assessed in the extensive studies in adult stroke or other CNS injuries.
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Although many neurodegenerative disorders have similar pathogenic mechanisms, the
mechanisms underlying the immune responses to cerebral ischemic injury are likely
different between the adults and the neonates. Therefore, a hot frontier in future research of
neonatal HIE involves efforts to further understand the detrimental and beneficial
components of immune system after neonatal hypoxiaischemia, as well as their causative
role and molecular mechanisms in secondary neuronal injury and long-term neurological
impairments. In the longer perspective, these insights could lead to development of new
immunotherapies that may significantly improve the neurological outcomes of HIE, and
extend the therapeutic time window. To date, a number of antiinflammatory/
immunomodulatory interventions have been proved to be neuroprotective in preclinical
experimental models, and present the translational potential. Some of these strategies have
even been pursued in clinical trials for adult stroke patients. More work needs to be done to
apply the findings into infants with perinatal brain injury in the future.
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Abbreviations

APCs antigen-presenting cells
ATP adenosine triphosphate

BBB blood brain barrier

BM bone marrow

CB cord blood

CNS central nervous system

CSF cerebrospinal fluid

DAMPs danger associated molecular pattern molecules

DCs dendritic cells

EAE experimental autoimmune encephalomyelitis
G-CSF granulocyte colony-stimulating factor

HI hypoxic-ischemic

HIE hypoxic-ischemic encephalopathy

ICAM-1 intercellular adhesion molecule 1
HMGB1  high-mobility group protein B1

KO knock-out
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Lin™-HSCs lineage-negative bone marrow-derived hematopoietic stem cells
MHC-11 histocompatibility complex class Il
miRNAs  microRNAs
MMPs matrix metalloproteinases
NO nitric oxide
PD-L1 programmed death-ligand 1
PND Postnatal day
PVL periventricular leukomalacia
rhiL-1ra  recombinant human IL-1 receptor antagonist
ROS reactive oxygen species
SHIP-1 Src homology 2-containing inositol phosphatase 1
SOCs1 suppressor of cytokine signaling molecule 1
STAT3 signal transducer and activator of transcription 3
TH therapeutic hypothermia
TNF-R1 TNF-receptor-1
TLR Toll-like receptor
uCBC umbilical cord blood cell
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Figure 1. The pathogenesis of hypoxic-ischemic encephalopathy
Neonatal hypoxia-ischemia results in deprivation of energy substrates, oxygen and glucose,

to the brain tissue, and transforms the cells to anaerobic metabolism. The reduction in ATP
contributes to the failure of the energy-dependent cell membrane ion channels, which causes
an acute intracellular influx of calcium and sodium and cell membrane depolarization, as
well as accumulation of extracellular glutamate. This cascade consequently leads to cell
swelling and necrotic cell death. If the initial insult is prolonged or severe, it may result in a
secondary delayed energy failure within hours that most cell death occurs due to the
apoptosis. During this phase, excitotoxicity, inflammation, and continual uptake of
intracellular calcium as well as release of reactive oxygen species are observed. After the
secondary phase of injury, another chronic phase of injury occurs within days and continues
for months, maybe up to years. This phase includes astrogliosis, chronic inflammation, and
tissue repair and remodeling, which further contribute to loss of brain cells and cerebral
atrophy.
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Figure 2. Early inflammatory response to neonatal hypoxia-ischemia in the developing brain
Neonatal hypoxia-ischemia leads to necrotic neuronal death that releases danger associated

molecular pattern molecules (DAMPs). Resident immune effector cells (microglia and
astrocytes) first sense these danger signals through pattern recognition receptors, such as
TLRs and cytokine receptors, which results in inflammatory activation of microglia and
astrocytes. Activated glia cells have a direct neurotoxic role in promoting the neuronal
apoptosis by releasing a large amount of pro-inflammatory cytokines, nitric oxide (NO) and
reactive oxygen species (ROS). In addition, synthesis and release of chemokines and matrix
metalloproteinases (MMPs) by activated glia, together with DAMPs, increase blood-brain
barrier (BBB) permeability, which contributes to the recruitment of peripheral inflammatory
cells to injured brain, leading to further exacerbation of neuroinflammation and subsequent
neuronal death.
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Figure 3. Proposed miRNA pathways in modulating activation phenotypes of microglia/
macrophages in the developing brain with HI injury

Following rapid activation of TLRs, NF-xB induces miR-210 expression in microglia/
macrophages; however, miR-210 serves as a negative feedback regulator for the M1
activation by targeting NF-xB. Similarly, TLR-driven NF-kB activation upregulates the
expression of miR-146a, which in turn down-regulates NF-kB activity by targeting two NF-
kB upstream signaling transducers, TRAF6 and IRAK1. CNS enriched miRNA, miR-124, is
down-regulated upon the LPS stimulation in microglia/macrophages. MiR-124 promotes the
quiescent state of microglia/macrophages by direct repression of C/EBP-a and its
downstream PU.1, two myeloid cell differentiation-associated transcription factors.
Furthermore, miR-124 also contributes to the M2 phenotype of microglia/macrophages by
increasing the production of I1L-10 and TGF-. In contrast, miR-155 expression is induced
by TLR stimulation. This miRNA targets two negative regulators of M1 activation, SHIP-1
and SOCS1, thereby enhancing the M1 inflammatory responses. In addition, miR-155 is
able to inhibit the M2 phenotype by targeting SMAD?2, a protein involved in the TGF-$
pathway, and C/EBP-, a transcription factor important for the expression of M2 markers.
Thus, dysregulation of these miRNA pathways may skew microglia/macrophage activation
to classic M1 phenotype that induces secondary neuronal death. Accordingly, decreasing the
levels of miR-155 or increasing the levels of miR-146a or miR-124 might switch the
activation to alternative M2 phenotype, thereby protecting the neurons against apoptosis and
promoting the resolution of inflammation and tissue repair in the developing brain with HI
injury.
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Cytokines act as the mediators of inflammation in neonatal hypoxic-ischemic brain injury

Cytokine

Human

Animal

Animal

TNF-a

Upregulated in blood and
CSF at 24h, newborns (Aly
et al., 2006; Liu and Feng,
2010; Silveira and
Procianoy, 2003)

Upregulated in serum and
lesioned brain as early as 4h
after HI, P7 rats (Li et al,
2014; Szaflarski et al., 1995)

1) Increases oligodendrocyte progenitor death and neuronal
apoptosis by TNF-receptor-1 binding (Hallenbeck, 2002; Li et
al., 2008; Wang et al., 2014b); 2) enhances peripheral leukocyte
infiltration by upregulating the expression of MHC-11 and
ICAM-1 in astrocytes (Hallenbeck, 2002); 3) promotes neuronal
cell survival by TNF-receptor-2 binding (Nijboer et al., 2009).

IL-18

Upregulated in serum and
CSF at 24h, newborns (Aly
et al., 2006; Liu and Feng,
2010)

Upregulated in lesioned brain
at 3h after HI, P7 rats
(Hagberg et al., 1996)

1) Induces apoptosis of oligodendrocytes and neural precursor
cells by IL-1 receptor binding and p53 activation (Deng et al.,
2014; Guadagno et al., 2015; Xie et al., 2016) 2) enhances
peripheral leukocyte infiltration by upregulating the expression
of chemokines (Rothhammer and Quintana, 2015).

IL-6

Upregulated in serum and
CSF within 24h, newborns
(Aly et al., 2006; Chiesa et
al., 2003; Jenkins et al.,
2012; Savman et al., 1998)

Upregulated in lesioned brain
at 3h after HI, P7 rats
(Hagberg et al., 1996; Li et
al., 2014)

1) Induces nonspecific cell death and reduces the neuronal
differentiation and accumulation (Monje et al., 2003); 2)
promote HI-induced neuronal apoptosis (Li ef al., 2014); 3)
protects neurons against apoptosis by reducing N-methyl-D-
aspartate toxicity (Ali et al.,, 2000; Fang et al., 2013; Liu et al.,
2011); 4) enhances astrocyte survival through I1L-6/STAT3
signaling (Gu et al., 2016).

IL-10

Upregulated in serum within
24h, newborns (Okazaki et
al., 2006)

Upregulated in serum and
lesioned brain from 6h after
HI and peaked at 48h, P7 rats
(Li etal, 2014)

1) Inhibits pro-inflammatory cytokines (Lee and Chau, 2002;
Landskron et al., 2014); 2) downregulates pro-inflammatory
cytokine receptors (Landskron et al., 2014); 3) inactivates NF-
xB (Landskron et al., 2014); 4) protects neurons against
apoptosis (Bachis et al., 2001; Lee and Chau, 2002).
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