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KEY POINTS

e Acute and chronic inflammation triggered after hypoxia-ischemia (Hl) is a critical mediator
of secondary cell loss and subsequent injury and repair during the tertiary phase.

e HI can co-occur with perinatal inflammation or infection, and modulation of the immune
responses to HI by pre-existing inflammation can be associated with either exacerbation
or attenuation of neural injury.

e There is mixed clinical and preclinical evidence for the reduced efficacy of therapeutic
hypothermia in the presence of perinatal infection/inflammation.

e Recent preclinical data suggest that targeting acute inflammatory processes after HIl may
be a viable strategy for treating inflammation-sensitized HI.

INTRODUCTION

Hypoxia-ischemia (HI) before or at birth is the single most common cause of perinatal brain
injury in term infants, affecting approximately 1.5 to 3/1000 live births annually in high-
income countries, leading to approximately 1 million neonatal deaths and life-long disabil-
ities in survivors around the world." Exposure to Hl is also a significant contributor to the
multifactorial etiology of preterm brain damage. A large cohort study reported that rates
of hypoxic-ischemic encephalopathy (HIE) in preterm infants were significantly higher
than at term, with moderate-severe HIE in 37.3/1000 preterm-born infants.?

Other etiologies associated with neonatal encephalopathy include perinatal infec-
tions, placental pathologies, and maternal comorbidities.® The amniotic cavity is main-
tained sterile in a healthy pregnancy. Pathogens can invade the amniotic cavity via
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placental transfer from maternal blood or ascend from the lower genital tract, causing
intra-amniotic infection and fetal inflammation and infection.* Intrauterine inflamma-
tion can also be induced in the absence of microbes by endogenous molecules asso-
ciated with cellular stress and damage.® Intra-amniotic infection or inflammation
induces an inflammatory response in the fetal tissues in direct contact with amniotic
fluid and subsequently can lead to a robust systemic and cerebral inflammatory
response and associated brain injury.®

Retrospective cohort studies have reported inflammatory placental pathology and
fetal inflammation in approximately 43% of term-born infants, in the absence of evi-
dence for sentinel events. Moreover, histologic funisitis was an independent risk factor
for neonatal encephalopathy.” Histologic chorioamnionitis is reported in nearly 95% of
preterm births at 21 to 24 weeks of gestation and in about 10% of deliveries at 33 to
36 weeks and is associated with an increased risk of MRI abnormalities at term equiv-
alent age and delayed brain maturation.®° Babies can also be exposed to infectious mi-
croorganisms during birth or postnatally. Early-onset sepsis occurs within 72 hours
after birth and is associated with microorganisms acquired in utero or during birth; its
incidence is reported as 0.56 to 0.79 per 1000 live births in term-born infants and
13.5 per 1000 in very preterm infants.'®'" In turn, neonatal sepsis is associated with
an increased risk of developing brain injury and adverse neurodevelopmental
outcomes.?

Importantly, these inflammatory insults can also occur in combination with HI and
have a cumulative contribution to the pathogenesis of perinatal brain injury. For
example, compared with the population, a higher incidence of early neonatal infec-
tions is reported in term infants with HIE."®> Chorioamnionitis and fetal vasculitis are
also commonly observed in term infants with perinatal asphyxia.® In a subset of the
high-dose erythropoietin for asphyxia and encephalopathy trial participants, nearly
40% (124 of 321) had evidence of histologic chorioamnionitis.'* These placental pa-
thologies are associated with acute electroencephalographic (EEG) abnormalities,
injury severity on MRI, and adverse neurodevelopmental outcomes in term infants
treated with therapeutic hypothermia.’>'®

To change outcomes, we need to improve our understanding of the pathogenesis of
perinatal brain injury and the complex interactions between different etiologies. Inflam-
mation is the common mediator of neural injury for multiple perinatal insults."” This re-
view discusses the role of acute and chronic inflammation in mediating neural injury
after HI, modification of neuro-inflammatory responses with a combination of HI and
inflammatory insults and potential interventions.

Acute Inflammatory Response After Hypoxia-Ischemia

HI events trigger a cascade of inflammatory processes, which play a crucial role in the
evolution of injury over weeks. Reperfusion after HI is typically associated with tran-
sient recovery of mitochondrial function and cerebral metabolism during the latent
phase. Despite no reduction in cerebral perfusion, this transient recovery can be fol-
lowed by secondary deterioration of oxidative metabolism from 6 to 8 hours and ulti-
mately bulk cell loss.'® The acute pro-inflammatory processes during the latent phase
have been shown to contribute to the progression of secondary deterioration and cell
loss (Fig. 1).

Microglia are the resident immune-responsive cells. They are involved in immune
surveillance, synaptic pruning, neuronal hemostasis, and establishing network con-
nectivity in the developing brain.’® Exposure of the microglial pattern recognition re-
ceptors to damage-associated molecules released after HI, leads to diffuse
microglia activation.?® “Activated” microglia undergo morphologic and functional
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Fig. 1. Flow diagram showing inflammatory processes during the latent, secondary, and ter-
tiary phases of Hl injury, modulation of early inflammatory processes with pre-existing inflam-
matory challenge and potential neuroprotective treatments for inflammation-sensitized Hl.
Created with BioRender.com

changes, including upregulation of toll-like receptors expression, initiation of phago-
cytosis, and increased production of effector molecules like reactive oxygen species
and inflammatory cytokines, and these inflammatory mediators can directly activate
extrinsic cell death pathways.® It is important to appreciate that microglial activation
is complex and encompasses multiple states; thus, this term should be considered to
be short-hand for a highly polymorphic reality.?’

Intense microglial activation and upregulation of pro-inflammatory cytokines like tu-
mor necrosis factor (TNF), interleukin (IL)-1p and IL-6 have been observed as early as 2
to 3 hours after Hl in preclinical studies.?? The degree of acute neuro-inflammatory
response was associated with neuronal loss within 24 hours after HI, and attenuation
of the excessive early neuro-inflammation is neuroprotective.?? In contrast, in neonatal
mice, complete depletion of microglia significantly exacerbated brain injury at 3 days
after HI, highlighting an endogenous neuroprotective role of acute microglial activa-
tion.?® Consequently, the field has tended to focus on the functional categorization
of microglia into M1 (activated: pro-inflammatory) and M2 (anti-inflammatory) pheno-
types after Hl and targeting induction of M2 phenotype for neuroprotection.’® Howev-
er, it is now recognized that such phenotypic classification may overly simplify the
complexity of dynamic changes in microglia that are intricately associated with their
local environment changes.?! Understanding the temporal pattern of diverse micro-
glial transcriptional changes after neonatal HI will aid the development of treatment
strategies.

Astrocytes are important in maintaining homeostasis and a stable environment for
normal neuronal function. Astrocytes respond to HI with morphologic changes such
as hypertrophy of the cell body and processes, increased intermediate filaments,
and changes in gene and protein expression.?* Astrocytes can contribute to the
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evolution of injury by producing inflammatory cytokines, disrupting trophic support to
neurons and glia and propagating injury to the previously undamaged areas.?® Studies
in near-term fetal sheep have provided evidence that opening of connexin 43 hemi-
channel (the predominant astrocytic connexin) during the latent phase of recovery
significantly contributes to spreading neural injury and increases seizure burden.?®
ATP and other neuroactive molecules released from hemichannels can act as
damage-associated molecules to activate inflammatory pathways.?® In addition, the
opening of hemichannels may increase calcium influx, and in turn increased intracel-
lular calcium can contribute to neuronal and oligodendrocyte death.?® Like microglia,
multiple astrocytic activation states and phenotypic plasticity are also being
recognized.?’

In addition to resident immune cell activation, Hl is associated with a profound
systemic inflammatory response. Neonates with HIE have increased peripheral leuko-
cytes and elevated plasma concentrations of proinflammatory cytokines on the first
day of life, which are associated with injury severity and adverse neurodevelopmental
outcomes.?® Peripheral immune cell activation and infiltration into the brain also plays
a significant role in acute neural damage after HI. Recruitment of peripheral immune
cells into the brain is facilitated by chemokine upregulation and transient disruption
and increased permeability of the blood-brain barrier after HI?®; in addition, alter-
ations of the blood-cerebrospinal fluid barrier may facilitate immune cell infiltration.>°

Studies in neonatal rodents have examined the temporal profile of peripheral immune
cell recruitment into the brain after HI. In P9 mice, circulating neutrophils in the blood
increased 12 hours post-HI, followed by infiltration into the brain, with cerebral neutrophil
counts peaking at 24 hours, and then declining by 72 hours post-HI." Similarly, other
preclinical studies have shown waves of cerebral infiltration of peripheral monocytes,
gamma-delta-T cells, natural killer cells, and peripheral B and T cells after neonatal
HI.2:33 More importantly, early depletion of peripheral immune cells in different models
was consistently neuroprotective.®'*2 These data denote that acute peripheral immune
cellinfiltration contributes to the secondary phase of damage after HI. However, the pre-
cise time course of expression of different cells and their role in injury evolution needs
further investigation. Peripheral immune cells can exacerbate neuro-inflammatory
response by promoting glial activation, formation of neutrophil extracellular traps, and
increased production of reactive oxygen species and pro-inflammatory cytokines.**

Tertiary Phase: Chronic Inflammation

The secondary phase of cell death lasts approximately 72 hours after severe Hl. It re-
solves into a tertiary phase involving both ongoing cell death and repair and reorgani-
zation.'® Serial imaging studies in term neonates with HIE have reported that subtle
abnormalities in the regional signal intensity seen in the first few days after birth
become more apparent by the end of the first week, and an MRI scan after 1 month
can show gross changes such as volume loss, cysts, gliosis, and impaired myelina-
tion.* Similarly, preclinical studies have shown delayed evolution of injury over weeks
after HI.*® There is limited understanding of the mechanisms of this delayed evolution
of injury, but there is evidence to support the role of chronic neuroinflammation.

In preterm fetal sheep exposed to severe HI, diffuse white matter loss and matura-
tional arrest at 3 to 7 days post-HI evolve into severe cystic injury and white matter
atrophy over 2 to 3 weeks.®” The development of these cystic lesions in fetal sheep
was preceded by intense local microgliosis. Treatment with a TNF inhibitor during
the tertiary phase attenuated cystic white matter damage and improved neuro-
repair, supporting the concept that inflammation is a key mediator of the delayed evo-
lution of injury.®® Region-dependent, biphasic microglial activation over 2 weeks after
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HI was also observed in neonatal mice.* In term-equivalent fetal sheep, neuronal loss,
white matter damage, development of lesions, and EEG dysfunction at 7 days after
30 minutes cerebral ischemia were associated with persistent microgliosis and astro-
gliosis and upregulation for pro-inflammatory microglia.*® Altered microenvironment
with chronic microglial activation and reactive gliosis in the tertiary phase also contrib-
utes to impaired maturational processes, leading to microstructural abnormalities.*°

Beneficial Effects of Microglia

Along with detrimental effects, microglia activation may also play a role in tissue
remodeling and neurorepair. Based on activation of specific cell surface receptors,
microglia phagocytose cellular debris and provide neurotrophic support for the surviv-
ing cells by releasing growth factors.*’ In response to chronic stress in mice, IL-4
signaling-driven hippocampal microglia triggered neurogenesis mediated by brain-
derived growth factor.*? Studies in mouse models of spinal cord injury have shown
that exosomes from the M2 subtype of microglia can modulate astrocyte activation
and promote axonal regrowth.*® Microglia can also aid in myelin regeneration, and
in part, this reparative microglial response is mediated by infiltering peripheral immune
cells.**

Peripheral immune cell infiltration during the tertiary phase corresponds with the
period of initiation of repair and regeneration. For example, there is a biphasic pattern
of myeloid cell recruitment into the neonatal mouse brain after HI, with a second peak
1 week post-HI.* Similarly, peripheral adaptive immune cells (T lymphocytes) were
recruited into the brain at 1 and 2 weeks, and CD69-expressing B lymphocytes
were upregulated in the damaged brain up to 3 months post-HI in neonatal mice.*®
The relative contribution of immune cell to protection and repair after HI in the imma-
ture brain needs extensive further research.

Sustained Inflammation in Infants with Neonatal Encephalopathy

Consistent with the preclinical data for persistent inflammation after HI, there is
mounting evidence from recent clinical trials that alterations in inflammatory response
persist well beyond the early postnatal period in both preterm and term infants with
neonatal encephalopathy. Term neonates with HIE treated with therapeutic hypother-
mia were reported to have higher plasma concentrations of TNF, IL-2, IL-8, and IL-6 at
school age than age-matched controls.*® Prospective cohort studies in term infants
with neonatal encephalopathy showed altered cytokine levels in whole blood samples
in response to endotoxin exposure during the first 4 days of life, including lower pro-
duction of pro-inflammatory mediators IL-8, IL-2, IL-6, TNF, granulocyte-macrophage
colony-stimulating factor than healthy controls.*” The difference in baseline and
endotoxin-stimulated TNF production was associated with injury severity on MRI.
Hypo-responsiveness to stimulation with gram-negative bacterial cell wall mimetics
lipopolysaccharide (LPS) was also reported in children with cerebral palsy.*® In
contrast, preterm-born children with periventricular leukomalacia and cerebral palsy
were reported to have increased plasma concentration of TNF-a and hyper-
responsiveness to inflammatory stimulus at 7 years of age.*® These findings highlight
that the initial response to HI has the potential to either program the immune system
for an aggravated response to a secondary inflammatory challenge or induce toler-
ance to it.

Complex Interaction Between Hypoxia-Ischemia and Inflammatory Insult

Given the high incidence of perinatal inflammation, babies are likely to be exposed to
multiple injurious insults. Therefore, there is a need to consider whether pre-existing
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inflammation would modify the adaptation to HI and the severity of subsequent neural
injury. In a small cohort study in preterm infants, Stark and colleagues showed that his-
tologic chorioamnionitis was associated with increased cerebral oxygen consumption
on the first day of life,°° suggesting that pre-existing inflammation could potentially
accelerate metabolic decompensation during HI and alter post-HI recovery. Similarly,
in term neonates undergoing therapeutic hypothermia, the presence of histologic cho-
rioamnionitis was associated with worsening of metabolic acidosis within the first 6 hours
after birth,%" implying that the combined insults can exacerbate the severity of HIE.

The additive effect of HI and inflammation is not unexpected. However, consider-
able preclinical evidence shows that depending on the order, severity, and time inter-
val between the insults, inflammation can modulate the response to HIl in a positive
(tolerance) or negative (sensitization) manner.5? For example, in preterm fetal sheep
exposed to a chronic low dose of LPS (100-250 ng/day for 5 days), superimposed
with bolus injections of 1 pg, there was significantly reduced white matter damage
with HI at 4 hours after the last bolus of LPS.%®

In contrast, sensitization is seen with the shorter or longer intervals between the in-
sults. In P7 rats, exposure to LPS at 2 or 72 hours before HI also exacerbated neural
injury.>* Aggravation of neural injury was associated with altered immune responsive-
ness to HI, involving TLR4 and the recruitment of the MyD88 adaptor protein and
increased NF-kpB signaling.>® In P9 mice, exposure to LPS 14 hours before HI was
associated with a greater acute rise in proinflammatory markers, microglia activation,
and neutrophil infiltration compared to Hl alone and resulted in progressive exacerba-
tion of diffuse to cystic neural injury over 15 days post-HI.>¢

Sensitization has also been demonstrated in an excitotoxic model of perinatal brain
damage. Excitotoxicity is a major mechanism leading to secondary neuronal cell death
in neonatal HIE.'® Intracerebral injection of ibotenate, an agonist of glutamatergic
NMDA and metabotropic receptors, at P5 or P10 induces cortical neuronal cell death,
mimicking cell death observed in HIE and related animal models.®”-°8 Pre-treating the
mouse pups (P1-P5) with systemic administration of pro-inflammatory cytokines (IL-
1beta, IL-6, or TNF-alpha) significantly exacerbated the excitotoxic neuronal cell death
through recruitment of reactive microglia and de-sensitization of glutamate receptors
via GRK2 inhibition.>® Similarly, pre-treatment with a Th2 cytokine (IL-9) in mouse pups
exacerbated ibotenate-induced neuronal cell death through mast cell recruitment and
histamine release.®%:%’

The increased infiltration of peripheral immune cells also contributes to ongoing neural
damage. For example, monocytes infiltrating the brain after inflammation-sensitized HI
in neonatal mice transformed into pathologic microglia, which persisted for months after
theinsult.®? In rats exposed to a combination of LPS and Hl in utero on embryonic day 18,
the peripheral blood mononuclear cells were hyper-reactive and had a robust proinflam-
matory response to LPS stimulation until adulthood.®® These data suggest a potential
increase in long-term vulnerability to subsequent inflammatory challenges. Importantly,
altered inflammatory profile could modulate the protective effect of neurotherapeutics.

Efficacy of Therapeutic Hypothermia for Inflammation-Sensitized
Hypoxia-Ischemia

Therapeutic hypothermia is now standard care for term neonates with moderate-to-
severe HIE in high-income countries. Despite significantly reducing death and disability,
therapeutic hypothermia is only partially neuroprotective, with a number needed to treat
of 7 ([95% CI 5-10], 8 studies, 1344 infants).®* Further, a recent large randomized
controlled trial has raised concerns that therapeutic hypothermia did not improve
outcomes in low- and middle-income settings.®® The reason why some infants do not
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benefit from therapeutic hypothermia is not entirely understood. However, it is postu-
lated that hypothermia treatment might not be effective for neonates with
inflammation-sensitized HI injury.*

Small studies have reported that in neonates with HIE treated with therapeutic hy-
pothermia, placental abnormalities, including histologic chorioamnionitis, were inde-
pendently associated with brain injury severity and adverse neurodevelopmental
outcomes.’®® These findings suggest that therapeutic hypothermia might be less
effective in neonates with prior exposure to perinatal inflammation. By contrast,
other studies reported no association between placental pathology and MRI find-
ings and neurodevelopmental outcomes after hypothermia treatment.®”-¢ Similarly,
neonates with sepsis being treated with hypothermia had greater requirements for
intensive care support, but they did not have higher mortality.®® However, the
impact on neurodevelopmental outcomes is unknown. Studies with large sample
sizes and better-quality evidence are still needed to address the concerns about
the effectiveness of therapeutic hypothermia in neonates sensitized with prior infec-
tion/inflammation.

Evidence from preclinical studies also supports these concerns. In P7 rats
exposed to systemic LPS injection followed by HI after a 4 h delay, LPS sensitization
significantly increased brain area loss, apoptosis, microgliosis, and astrogliosis
compared with vehicle-HI controls, and treatment with hypothermia did not amelio-
rate these effects.”® In contrast, studies in P7 rats using gram-positive bacterial mi-
metics to induce inflammatory sensitization 8 hours before HI reported that
hypothermia was highly neuroprotective,”! suggesting that hypothermia can still be
effective in the presence of gram-positive bacterial infections. Recently, 2 studies
have examined hypothermic neuroprotection for LPS-sensitized HI in newborn pig-
lets (human term-equivalent).”>”2 Both these studies reported that hypothermia did
not improve acute EEG recovery, MR spectroscopy parameters, and cell survival.
These studies used short, sub-optimal durations of therapeutic hypothermia (14—
24 hours) and thus there is a need for large animal translational studies using clinical
protocols of hypothermia.

Antibiotic Treatment for Perinatal Infections

The efficacy of broad-spectrum antibiotics for managing perinatal infections has been
examined for preterm or pre-labor rupture of membranes at term, intra-amniotic infec-
tions, and neonatal sepsis.”* There is no convincing evidence for maternal and
neonatal benefit with antibiotic use for prelabor rupture of membranes at term.”®
Indeed, prophylactic antibiotic treatment for preterm rupture of membranes appears
to be associated with increased neonatal mortality (Relative Risk 1.57) although there
may have been reduced maternal infection.”® In a randomized control trial in women
presenting with spontaneous preterm labor (n = 4221), maternal administration of
erythromycin for preterm labor with intact membranes was associated with increased
risk of functional impairments and cerebral palsy among the children at 7 years of
age.”” Large randomized control trials are needed to assess the benefits and risks
associated with antibiotic regimens for treating early-onset neonatal sepsis. Pro-
longed use of antibiotics can be associated with antibiotic resistance and longer-
term adverse outcomes such as necrotizing enterocolitis and brain injury, especially
in preterm neonates without proven infection.”* Further, in infants undergoing thera-
peutic hypothermia, the pharmacodynamics of antibiotics may also be modulated
by cooling,”® suggesting the need for careful assessment of dosage and potential
adverse effects in infants with perinatal infection and HIE.
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Preclinical Studies of Anti-Inflammatory Therapies for Inflammation-Sensitized
Hypoxia-Ischemia

In preclinical studies, targeting acute inflammatory processes after inflammation-
sensitized HI may confer neuroprotection.”® For example, in P7 rats exposed to
systemic LPS injection and HI after a 4 h delay, intranasally administered of NF-kf
inhibitor (Tat-NBD peptide) at 10 minutes post-insult, reduced atrophy of cortex,
striatum, and hippocampus at 1 week post-HI.%° Similarly, early blockade of periph-
eral immune cell trafficking into the brain early after LPS-HI using agents such as che-
mokine receptor antagonist for monocyte blockade, fingolimod for lymphocyte
blockade significantly reduces brain tissue loss and improved cognitive function in
neonatal rodents.52-8°

Recent studies have focused on examining the neuroprotective potential of clini-
cally available anti-inflammatory drugs. In P7 rats exposed to gram-negative or
gram-positive bacterial mimetics (using LPS or Pam3CysSerlLys4) sensitized HI,
treatment with 5 doses (22.5 mg/kg, intraperitoneal [i.p.]) of azithromycin starting
2 hours post-HI was associated with improvement in intact tissue volume and senso-
rimotor function at P35.%" Similarly, in P4 mice with Staphylococcus epidermidis-
potentiated HlI, i.p. injection of antibiotic vancomycin given 2 minutes after the insult
was associated with reduced cortical, deep gray matter and white matter loss at
9 days post-HI.2?

Recombinant erythropoietin has potent anti-inflammatory properties, and there is
preclinical evidence that potentially it could be used to reprogram microglia toward
beneficial functions.®® However, in P17 ferret kits, repeated doses of erythropoietin
at 0, 24, 48 hours and 7 days after inflammation-sensitized HI provided no signifi-
cant neuroprotection.®* Clinically, high-dose erythropoietin given from 24 hours af-
ter birth to 32 weeks postmenstrual age did not improve neurodevelopmental
outcomes in extremely preterm infants, suggesting that it is not an effective
strategy.®®

SUMMARY

Inflammation is critical in mediating both secondary and tertiary phase injury and
neuro-repair processes after Hl. Inflammatory challenges associated with perinatal in-
fections can commonly co-occur with HI. Preclinical studies show exacerbation of
neural damage after Hl in the presence of pre-existing inflammation and that therapeu-
tic hypothermia may be ineffective for the neural injury associated with a combination
of inflammation and HI. However, this needs further investigation in translational large
animal studies with optimal duration of hypothermia, as there is no conclusive clinical
evidence for the lack or reduced efficacy of neuroprotection with therapeutic hypo-
thermia in neonates with sepsis or chorioamnionitis. Immunomodulatory and anti-
inflammatory agents have shown promising neuroprotective effects for
inflammation-sensitized HI in neonatal rodents. These studies were limited by the rela-
tively early start time of treatments. Future studies are needed to assess whether these
treatments will still be beneficial if started with a clinically realistic delay after the insult
and if they will have an additive neuroprotective effect with therapeutic hypothermia.

Best Practices

The current practice for HIE with pre-existing inflammation

e There is considerable speculation in the field that hypothermia treatment might not be
effective for neonates sensitized with prior infection/inflammation.
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Major recommendations

e Large animal translational studies using clinical protocols of hypothermia and clinical studies
with large sample sizes and better-quality evidence are needed to resolve the concerns about
the effectiveness of therapeutic hypothermia for inflammation-sensitized HI injury and to
test novel add-on therapies.
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